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INTRODUCTION 

Simulations of thermal and hydrological evolution fohowing the potential emplacement of a 
subterranean nuclear waste repository at Yucca Mountain, NV (e.g., Buscheck and Nitao, 1992, 
1993a, b, 1994), provide data that suggest the inevitability of dependent, simultaneous chemical 
evolution in this system (e.g., Glassley, 1993). These chemical changes will modify significantly 
both the magnitude and structure of local porosity and permeability; hence, they will have a 
dynamic feedback effect on the evolving thermal and hydrological regime. Yet, despite this 
intimate interdependence of transport and chemical processes, a rigorous quantitative analysis of 
the postemplacement environment that incorporates this critical feedback mechanism has not been 
completed to date. As an initial step in this direction, the present document outlines the 
fundamental chemical and transport processes that must be accounted for in such an analysis, and 
reviews the inventory of existing software that encodes these processes in explicitly coupled form. 
A companion report describes the prioritization of specific capabilities that are needed for modeling 
post-emplacement reactive transport at Yucca Mountain. 

A myriad of experimental studies that couple water-rock interaction and transport through 
porous media have demonstrated the interdependence of chemical reaction and fluid transport 
Physical manifestations of this coupling observed in the laboratory inclu,de complete healing of 
natural and synthetic fractmes @n and Dailey, 1989), large decreases in permeability (up to 97%) 
as a function of small reductions (a few percent) in the porosity of non-fractured rocks having 
i&i&y low permeability and porosity (Camp, 1964, Scheidegger, 1974; Pearson, 1976; Brace, 
1977; McClure et. al., 1979; Morrow et al., 1981; Keith et aL, 1983; Vaughan, 1985; Moore et 
al., 1986; Pyrak-Nolte et al., 1987; Verma and Pruess, 1988; Lin and Daily, 1989). and 
substantial sealing of flow pathways in crushed material characterized by extremely Large initial 
ratios of reactive surface area to fluid volumes (Rimstidt and Newcomb, 1989). In natural systems 
having thermal and hydrological regimes similar to those of the model simulations, complete 
sealing of fractured rocks overlying the driving heat source have been described (e.g., Krupp and 
Seward, 1987). All of these results suggest that heat and fluid transport within the altered zone of 
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the repository block at Yucca Mountain may be affected significantly by on-going chemical 
evolution. The magnitude of this reaction-transport coupling is such that thermal-hydrological 
simulations that do not explicitly account for this effect are almost certainly incapable of providing 
reliable simulations of post-emplacement thermal and hydrological history. 

Any quantitative model of thermal, hydrological, and chemical evolution at the Yucca 
Mountain site must provide explicit mathematical coupling of these processes and be encoded 
within a reliable software package. A model of this kind is essential in order to address repository 
design and performance issues (Issues 1.4, 1.5, 1.10, and 1.11 of the Site Characterization Plan), 
and for ESF design. Currently, there are several computer programs in the public domain that 
constitute such a reactive transport simulator. However, the rigor with which the codes address 
each of the coupled processes relevant to the repository block varies, depending upon the specific 
application envisioned by the developer. The extent to which each of these programs can 
satisfactorily address the specific needs of the altered zone task is addressed in this report. The 
modeling requirements that must be satisfied are diverse. Listed below are those major issues, and 
topics withii them that ate most important for reactive transport modeling. 

I. Fluid Flow 
Heat transfer 
Mass transfer 
Dual porosity 
Heterogeneous permeability/porosity matrix 
Phase separation (boiling, unsaturated conditions, two-phase flow) 
Changes in stress field 

IL Chemistry 
Multicomponent 
Speciation 
Mineral precipitation/dissolution, with and without kinetics 

’ Sorption 
Surface complexation 

/ I‘ Ion exchange 
. . Range of ionic strengths and activity coefficient models 

Redox disequilibria 
Solid solutions 
Isotope systematics 
Nucleation 
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Colloids 

III. Coupling 
Change in porosity due to reactions (e.g., mineral dissolution and 

precipitation, change in mineral volume with hydration or 
dehydration, etc.) 

Change in permeability with porosity 

IV. Numerical Methods 
Finite difference/element 
Lagran~ulerian reference frame 
Adaptive gkding 
Scalable dimensional range (microns to kilometers) 
l-2-3 Dimensional 

V. Other Topics 
Documentation 
Proprietary 
QA status 
Verification/validation studies 
Graphic Post-Processor 

The following descriptions of the individual computer programs considered in this xxiew are 
referenced to the subjects and topics listed above. It must be pointed out that the current limitations 
of numerical processors, the absence of well constrained models and theoretical constructs for .,. 
certain flow and reactive transport problems, and the general absence of experimental ‘studies 1 ‘,. 
against which codes can he tested, make it curnxtly impossible to construct a code that embodies . 
all of the needed capabilities. This review of existing codes provides a snapshot of what the curmnt 
capabilities axe. 

. . DESCRIPTIONS OF SELECTED REACTIVE TRANSPORT SOFThiRE - 

The codes described below were selected for consideration on the basis of their availability, 
but the list is not exhaustive. Other codes do exist which are either proprietary, and thus not 
available for our use until quality assurance issues are resolved, are still in the development stages 
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and not yet available for release, or have only recently been available to us. We also axe certain that 
other codes are available of which we ate not aware: As time goes on, other codes will be added to 
this list, as we become aware of them, and as they are made available to us. 

The codes below axe described in alphabetical order. Note that the equations used to solve for 
heat flow, fluid flow, and solute transport in all of the codes ate quite similar. Hence, in the 
following discussions, a detailed presentation of them is only given in the first description 
(1DRTZACT). In the other descriptions, functions ate presented only if they significantly differ 
from those in the synopsis of 1DREIACT. 

1DREACT: (Steefel, 1993; Steefel and Lasaga, 1994): This program is a comprehensive, one- 
two-dimensional reactive transport simulator that accounts for single-phase advective, diffusive, 
and dispersive mass flux, conductive and convective heat flow, advective solute transport, 
kinetically controlled fluid-rock mass transfer along fracture surfaces, and permeability variations 
that arise from porosity changes caused by mineral precipitation/dissolution. 1DREACT 
necessarily incorporates a variety of simplifying assumptions; nevertheless, the program provides a 
versatile and convenient numerical laboratory for modeling reactive transport in hydrothermal 
systems with imposed thermal gradients associated with emplacement of a nuclear waste 
repository. Moreover, the current program represents a well-designed, rigorously tested, and 
clearly documented point of departure for future advancements. 

. 

1. Fluid Flow: 1DREACT models heat transport and fluid flow by simultaneous account of the 
conservation of thermal energy, which can be expressed as (Steefel and Lasaga, 1994) 

and the fhrid continuity equation, which is defined by (Steefel and Lasaga, 1994) 

where p refers to density, CT,, denotes isobaric heat capacity, T $.ands for temperature, f signifies 
time, L represents thermal conductivity, 4 defines porosity, the subscripts f and m refer to the 
fluid phase and bulk medium, respectively, and the fluid flux, u/, is obtained from Darcy’s law, 
which can be written as (Steefel ad Lasaga, 1994) 
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Uf =--pyYfg) , : 

where k denotes permeability, p stands for dynamic viscosity, P  represents pressure, and g is 
the gravity vector. As is common practice, these conservation and continuity equations reasonably 
neglect as second-order effects the potential thermal energy contributions from  radioactive decay or 
chemical reactions and fluid mass contributions from  hydration or dehydration reactions. The 
continuity equation is further simplified by presuming that the both the fluid and rock matrix are 
essentially incompressible, which leads to VW uf = 0. Moreover, in the context of these equations 
the fluid phase is presumed to be pure H,O, and its properties (pf, pf, and Cp,f) are evaluated 

using several approximations to more rigorous formulations. Again, these simplifications are 
typical (in fact, they are incorporated in most of the programs evaluated in this review) and not 
unreasonable. 

lDREAC!T perm its definition of up to six zones of distinct initial porosity (and permeability) in the 
model system However, in its present configuration the code cannot model any aspects of two- 
phase flow or variations in the stress field - 

P. Chemistry: The reaction module of 1DREACT explicitly accounts for multi-component chemical .I 
systems, complexation reactions in the fluid phase, and surface-controlled m ineral 
dissolution/precipitation kinetics. The conservation of solute mass is described by (Steefel and 
Lasaga, 1994) 

~+V+$71-nPo)-R- i-1 ’ 

where U, refers to the total solution concentration of the jth chemical component(accounting for a 
primary jth solute and the IVi j-bearing complexes), u/u1 and DVU, represent the advective and 
diffusive/dispersive fluxes, D stands for the dispersion/diffusion coefficient, and R,* denotes the 
reaction rate term , which is the product a,,~,,, summed over the IV, m inerals, where v,,~ refers to 
the stoichiometric coefficient of the jth primary solute in the m th m ineral and r,,, is the 
precip@ tion/dissolution rate for that m ineral, The surface-controlled kinetic rate is given by 
(Steefel and Lasaga, 1994) 
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where K refers to the aqueous dissolution constant for the mth mineral, Q stands for the 
associated ion activity product (defined by the numerator of the product term), yj signifies the 
activity coefficient of the subscripted primary solute, A, denotes the reactive surface area, and k, 
is the reaction rate constant, whose temperature dependence is accounted for by an Arrhenius 
equation (Steefel and Lasaga, 1994): 

where rz is the rate constant at 25’C, E, represents the activation energy, R stands for the gas 
constant, and T &notes temperature (in Kelvin). 

Similar to the transport equations, these specific statements of solute-mass conservation and the 
kinetic rate law are obtained following several simplifying approximations: all complexation 
(homogeneous) reactions are considered reversible (i.e., local equilibrium is imposed on the fluid 
phase; hence, there is no provision for treating redox disequilibria), the dispersion/diffusion 
coefficient of each aqueous solute is considered identical, and the rate laws ate strictly linear and do 
not account for the inhibiting or catalyzing effect of specific aqueous solutes. With the possible 
exception of uniformly reversible complexation reactions, these approximations are not terribly 
restrictive. Moreover, the kinetic description avoids imposition of the local equilibrium constraint 
on fluid-rock (heterogeneous) reactions, there is no theoretical limit to the number of chemical 
components and species that can be considered, and the nucleation process associated with mineral 
precipitation is explicitly accounted for (supersaturation catalyzes “instantaneous” growth of a l.O- 
micron radius crystal). In addition, it is possible to run 1DREACT using both standard and 
customized thermodynamic databases. 

The present release of 1DRFNCT does not explicitly account for the effects of sorption, colloids, 
ion exchange, or solid solutions. Also, because the program calculates activity coefficients from 
an extended Debye-Htickel formulation, it’s range of applicability is limited to systems 
characterized by relatively dilute aqueous solutions. 

. plug: Temporal variations in the volume fraction of specific minerals as a function oft 
irreversible dissolution/precipitation am explicitly accounted for with 
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where V, refers to the standard molal volume of the subscripted mineral, and used to calculate the 
dependent change in porosity from 

ip=l-g& - . 
a=1 

By assuming an idealized permeability structure composed of three mutually orthogonal sets of 
smooth parallel fractures having uniform aperture 6 and spacing d (isotropic permeability), the 
functional relationship between flow porosity, @,,, and permeability, k, can be defined as 
(Phillips, 1991) 

hs2 k- 
36 ’ . 

where qJ, = 8 /d, and variations in & as a function of $J are restricted to the those affecting 
fracture aperture. 

This relationship among permeability, porosity, and dissolution/precipitation incorporates another 
key simplifying assumption beyond those already noted for the fracture network; namely, all 
mineral dissolution/precipitation is restricted to the Eractum surfaces themselves (Le., reaction- 
controlled porosity changes within the rock matrix am not accounted for; hence, this matrix is 
effectively impermeable from a chemical standpoint). This approximation leads to the constraint 
that the sum of mineral surface areas must equal the total surface area of rock in contact with the 
fluid. In sum, these permeability-structure and reaction assumptions create a permeability- 
porosity-reaction model that is significantly reduced in complexity relative.to that which holds in 
natural systems; however, as noted by Steefel and Lasaga (1994), such simplification is 
unavoidable at the current stage of theoretical development. Moreover, even this ideal&d model 
can be used effectively to address the first-order effects of permeability evolution that results from 
mine~dissolution/piecipitation in reactive flow systems. ‘i” 

Numerical Methods: 1DREACI’ discmtizes the partial differential equations that represent the 
transport and reaction processes using an integrated finite difference scheme (Steefel and Lasaga, 



1994; Steefel, 1993; Mars@, 1986; Patankar, 1980), and employs a one-step or “global implicit” 
method to solve the coupled nonlinear transport and reaction equations simultaneously (Kee et al., 

1985). As discussed by Steefel and Lasaga (1994), there are pros and cons to these choices as 
well as several alternatives. The principal advantage of the integrated finite d.Berence method is 
that variable grid spacing (which permits dynamic adaptive girding) and fluid velocities are readily 
incorporated. Moreover, in 1DREACT this method is implemented using Patankar’s (1980) 
“power--law” scheme for the transport terms, which ensures that the appropriate (upwind- 
weighted or fully-centered) difference formulation is used depending on the relative importance of 
advective and dispersive/diffusive transport The one-step solution method has two important 
potential advantages relative to the alternative two-step strategies: first, the global convergence 
properties of this method are at times superior, and second, in the typical case where a wide range 
of reaction rates must be accounted for, it is often possible to take larger time steps for a given 
numerical-stability tolerance. 

The numerical methods ‘used in 1DREACT permit incorporation of many useful features that 
facilitate enhanced numerical stability, run-time performance, and modeling flexibility; these 
include dynamically calculated time steps, adaptive girding, and basis (i.e., primary solute) species 
switching, as well as the option to run the program in either transient or stationary--state mode. In 
transient mode, mineral volume fractions and surface areas are held constant for the duration of 
each time step; in stationary-state mode, these mineral properties are held constant until the solute 
concentrations achieve a quasi-stationary state (Lichtner, 1988, 1992). The latter option is an 
efficient method for modeling systems where the rate of variation in mineral properties is much 
slower than the rate at which solute concentrations achieve a stationary state (Steefel, 1993). 

1DREACT can be used to conduct both one- and two-dimensional simulations. The= ,are no 
restrictions with regard to the physical scales which can be represented. In this regard, note that in 
situations where the relative reaction rates of minerals can be considered constant, it is possible to 
perform scale transformations on the simulation results (Lichtner, 1993). 

V. Other Tonics: An excellent user’s manual is available for 1DwACT (Steefel, 1993). To date, 
the code has been used to address the local equilibrium approximation and porosity-permeability 
relationships in hydrothermal systems (Steefel and Lasaga, 1994), as well as the quantitative 
differences between fluid-rock reactions in advective- and diffusive-dominant environments 
(Steefel and Lichtner, 1994). Program development is on-going, and the code is not proprietary at 
present. 



Basin2: (Bethke, 1985; Bethke et al., 1993) Basin2 is a numerical model developed to 
trace through time the evolution’ of ground water regimes within sedimentary basins. It 
therefore is unique with respect to the other codes described in this document in that it is 
meant to be applied over a larger spatial area and evolve over longer time periods. 
However, Basin2 uniquely combines some features of fluid flow and chemistry that could 
be useful for modeling some key aspects of the hydrology of Yucca Mountain 

. T. f%nd mow ; Basin2 uses a finite-difference technique to solve the fluid and heat floti 
and transport equations. It is formulated in Lagrangian coordinates and considers two- 
dimensional flow in heterogeneous, anisotropic, and accreting domains. The user supplies 
a description of the finite difference grid and boundary conditions over which the 
calculation is performed. Basin2 can simulate flow through an unlimited number of strata 
that can variable longitudinal hydrologic and lithologic properties. Faults can also be 
included in the grid 

The code takes into account density and heat capacity variations of the rock and fluid 
as a function of pressure-temperature conditions. It also accounts for density and heat 
capacity change of the fluid with salinity variations. Fluid viscosity values are generated 
internally using a look-up table based on data in (Phillips et al., 1981). The stress field 
generated during compaction is also calculated and used to predict porosity changes based 
on the simple empirical relation: 

where #o is the initial reducible porosity, 41 is the irreducible (final) porosity, p is the 
compressibility of the reducible pore volume, and o, is the effective stress (Bethke et al., 
1993). Permeability is then calculated from porosity using the relationship: 

log k, = A@ + B 
where kz is the permeability in the x-direction, and A and B are empirical fitting 
parameters. The user defines the permeability in the z direction as a simple function of k=. 
The user also defines the heat flow into or out of the basin along all the boundaries. 

JI+III. Chemistrv and Coupling: Two simple methodologies to couple fluid chemistry with 
flow are used in Basin2. Built into Basin2 ate solubiities of 4 silica polymorphs (quartz, 
chalcedony, cristobalite, amorphous silica) and calcium sulfate (anhydrite). The solubilities 
of these phases are assumed to be a function of temperature only (for silica) and 
temperature and pressure (for ‘anhydrite). The code computes the saturation state for these 
phases in each finite difference volume and adjusts the amount of phase present to insure 
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saturation. Equilibrium is assumed at all locations. The code then updates the porosity and 
permeabilities based on the relationships above for the subsequent fluid flow calculation. 

A more general method for coupling mineral precipitation/dissolution to fluid flow 
makes use of the chemical modeling code React. A React simulation for the appropriate 
fluid composition is carried out over the temperature range of the basin. React calculates the 
amounts of mineral phases present at each temperature using a rigorous speciation 
calculation. Basin2 is then linked to React using interface tables generated by React. In each 
finite difference element, Basin2 assumes equilibrium of secondary mineral phases with- 
host fluid based on the masses listed in the React output file. The rock porosity and 
permeability is adjusted appropriately. 

Although each of these approaches is based on reasonable assumptions regarding 
local equilibrium in basins, no reaction kinetics are considered Also, neither of these 
approaches is consistent with a rigorous mass balance for elements. If a mineral is 
calculated to be supersaturated, it is allowed to be present regardless of whether sufficient 
mass is present to form it. All the mass may have been used up in precipitating minerals in 
adjacent elemental volumes. 

JV. Numerical Methods: Basin2 solves the equations describing flow through a deforming 
medium using a finite difference technique (Bethke, 1985). It works with a curvilinear 
coordinate system that follows basin stratigraphy. This approach maintains an axis of the 
coordinate system that is parallel to the direction of greatest permeability. This approach 
introduces a small but finite error into the calculation. Basin2 automatically adjusts the time 
step of the flow calculation based on criteria involving the amount of sediment produced, 
the size of the last time step, and limiting maximum values for changes in temperature, 
pressure and salinity during the step. 

V. Other Topics: In order to apply Basin2 to hydrologic problems at Yucca Mountain, 
some of the features of the code that are irrelevant must be turned off. These include 
features such as erosion and uplift rates, rock compaction, sedimentation rates, and a few 
others. This can be done by choosing appropriate input parameters. 

Basin2 contains three algorithms for calculating the extent of reaction of organic 
materials. Although developed to predict petroleum generation, it may be simple a matter to 
modify the kinetic relations to be useful in modeling the alteration of organic matter (such 
as diesel fuel) present in the vicinity of the waste package. 

Basin2 also has an excellent graphics post-processor that can be used to visualize the 
numerical results. 
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Basin2 is documented in a 225 page users manual (Bethke, et al., 1993) and several 
publications from the literature (Bethke, 1985); Bethke, 1986; .Bethke et al, 1988). There 
have been no explicit verification/validation studies performed with the code, but there is a 
test library of simulations that could be used for that purpose. The code is a commercially 
available product, and cannot be modified at will without the consent of the owner. 

FEHM: FBHh4 is a finite element code used in a variety of applications (Zyvoloski,l983~ 1986; 
Zyvoloski, et al., 1988; Zyvoloski and Dash, 1991). This code was designed to &scribe heat and 
mass transfer in porous media, as may be encountered in hydrothermal systems and nuclear waste 
repositories. It’s application has primarily been in evaluation of transport problems in the hot-dry 
rock project, and the Yucca Mountain Site Characterization Project’s performance assessment 
efforts. Much of this work is in the process of being documented, and is not referencable. 

1. Fluid Flow Heat and mass transfer are explicitly considered in the code. Heat budgets during 
boiling are accounted for through thermodynamic functions that describe the properties of water. A 
temperature-dependent Henry’s law treatment of dissolved species accounts for partitioning 
between liquid and vapor phases. Saturation conditions are explicitly calculated at each time step. 
The user determines how often output for these parameters is retrieved. Humidities are not part of 
the current output file, but are calculated internally and can be readily included. Boiling, 
unsaturated conditions, and two-phase flow are provided for. Dual porosity flow regimes, as well 
as equivalent continuum approaches, am options. These am selected by the user when a simulation 
is initialized. Fluid velocities are not currently explicitly provided in the output files. However, 
velocities am implicitly considered in the computational scheme. Explicit listing of velocities can be 
added to the code. The stress state is updated with each time step, or at appropriate time steps, 
depending upon the rate of change of stress. The code is designed to account for changes in heat 
transfer as stress conditions change. The code is also designed to evaluate effects of physical 
changes on stress state, using either a linear porosity deformation model, or a Gangi stress model. 

P. Chemism Reaction kinetics ate incorporated via a forward and reverse rate law for each 
reversible reaction describing the behavior of each species. The effective rate law for each maction 
is then represented by 

a[$] /at =f aj ( kfer fi [Si] W - kmv fi [Si]b(i)) 
i=l i=m+l 
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where Sj is the concentration of solute species j, Si is the concentration of j in reactant species 1 
through m and in product species, m+l through n, b(i) is the appropriate exponential for the 
forward or reverse reaction, aj is the stoichiometric coefficient, and the k terms are the forward 
(for) and reverse (rev) rate constants for the appropriate reactions. Temperature dependence of the 
rate constants is derived from the Arrhenius expression 

k = A exp (WRT) 
where A is the pm-exponential factor, E is the activation energy, R is the gas constant, and T is 
temperature , in degrees Kelvin. Similar laws are used for the kinetics applied to sorbed species 
(discussed below), but concentrations are defined in terms of bulk rock density, fluid density, 
porosity, and specific isotherm parameters. 

The code relies on user-defined reactions to describe the rates of reactions, and reaction 
stoichiometry. The net reaction, defining the speciation state for each species, is determined from 
the sum of the forward and reverse reactions. Temperature dependence of the reactions is 
accounted for via the rate expressions described above. The code can currently handle up to ten 
species. Activity coefficient models are not employed in the code; activity is assumed to be 
equivalent to concentration. Further code modifications are in progress to increase the total number 
of species that can be considered. 

Sorption isotherms can be computed using Langmuir or modified Freundlich approaches. 
The kinetics of, sorption can be included, in which case forward and reverse rates are user 
specified 

Couoling: Effect of dissolution and precipitation on porosity, permeability, and mechanical 
properties: The code is not currently designed to change porosity or permeability as dissohttion or 
precipitation occur. However, a version of the code has been used in which user-defmedand 
constructed modules were employed to make changes in porosity and permeability as dissolution 
or precipitation .occurred (Robinson and Glassley, 1995, in prep.). Modification of the code to 
explicitly account for the impact of dissolution and precipitation on porosity and permeabiity, at 
appropriate time steps, is in progtess. The code is not currently designed to deal with the effects of 
permeability and porosity on mass transfer although, as with the effect of dissolution and 
precipitation on porosity and permeability, user-defined modules have been developed to consider 
this effect (Robinson and Glassley, 1995, in prep.). Full coupling of these processes will be 
incorporated in a new version of the code. 

N. The code is fully two-dimensional and thmedimensional. An automatic 
finite-element mesh generator is available for use with the code. Non-orthogonal meshes can be 
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used. The cell dimensions for each lithologic unit are independent of those from other units. The 
user defines the region to be considered in terms of blocks. A given block then uses the same type 
of ‘element, although element size may vary within the block, depending upon the calculational 
needs. For two-dimensional simulations, dnoded quadrilaterals or 3-noded triangles can be used 
as elements, while three-dimensional simulations can use 8-noded hexahedrons or 6 noded 
triangular prisms. Properties of individual lithologic units can be included, and permeability 
anisotropy accounted for. The standard model employed for YMSCP simulations is on the scale of 
kilometers. However, simulations of mineralogical systems on the scale of millimeters or microns 
seems possible, provided the distribution of properties is not too complex. This situation, 
however, still needs to be evaluated, because of potential numerical problems at locations where 
dramatic changes in chemistry occur due to contrasting mineralogy. 

V. Other Tonics: A users manual, in draft form, is available, and documents describing application 
of the code to different problems can be obtained. The code is undergoing a 
verification/certification process. It is not proprietary. 

LEHGC: The LEHGC code (Lagrangian-Eulerian-HydroGeochemical-Code) is an enhanced 
version of the HYDROGEOCHEM code (Yeh & Tripathi, 1990) The major improvement over 
HYDROGEOCHEM is that the numerical solution procedure has been modified to implement 
elements of the Lagrangian approach for the advective component of transport. This hybrid 
Lagrangian-Eulerian scheme allows larger time steps to be used in advection-dominated 
calculations and causes less numerical dispersion than traditional Eulerian schemes. LEHGC 
retains most of the features of HYDROGEOCHEM, which are described in most detail in the 
manual for that code (Yeh & Tripathi, 1990) 

I Fluid Flow: LEHGC is a two-dimensional finite element code that provides for fluid advection 
and dispersion/diffusion. The elemental grid can be a homogeneous porous media or can account 
for discrete fractures. It can also provide for heterogeneous and anisotropic media. In all cases, it 
provides for saturated/unsaturated flow conditions. Because there is no heat transport considered in 
this code, it cannot account for boiling or any type of two-phase behavior for water. The 
relationship between moisture content and pressure head must therefore be supplied by the user. 
There is no provision for stress fields generated during reactive transport. 

Il. Chemistry LEHGC incorporates a very comprehensive chemical model. It currently provides 
for aqueous complexation, adsorption/desorption, ion exchange, precipitation/dissolution, redox 
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reactions, and acid-base reactions. Redox reactions and acid-base reactions are essentially a special 
case of aqueous complexation reactions. 

The speciation algorithm is a conventional one that uses the total analytical concentration of 
each element as the primary dependent variable. The total amount of element is divided up between 
those fractions in solution as free or complexed species, as adsorbed species, ion exchanged 
species, and as precipitated solids. This calculation is constrained by the mass action equations that 
describe these equilibria. Local equilibrium is assumed at all points along the reaction, that is, all 
these reactions are assumed to be at equilibrium throughout the system. * No mineral 
precipitation/dissolution or other types of chemical kinetics am considered 

Equilibrium constants rather than free energies of formation are used to define 
thermodynamic equilibrium. Standard Debye-Htickel activity coefficients am used to calculate 
species activities from species concentrations. 

The treatment of adsorption is based on the fundamental relationship: 

where Biy is the activity of the i-th adsorbed surface species, Kiy is the equilibrium constant of the 

i-th adsorbed species, X, ‘: is the activity of the k-th aqueous component species, afk is the 

stoichiometric coefficient of the k-th aqueous component in the i-th adsorbed species, YF is the 

activity of the k-th adsorbed species, and b$ is the stoichiometric coefficient of the k-th aqueous 

component in the i-th adsorbed species. The treatment uses the double layer theory to calculate 
activities of surface species (Davis & Leckie, 1978). 

Ion exchange is defined by the mass action expression: 

where Al is the activity of the i-th aqueous species, Bj is the activity of the i-th ion-exchanged 
species, v, is the charge of the i-th species, and M, is the number of ion exchanged species. It is 
difficult to derive simple analytical expression for anything but homovalent exchange. IAHGC can 
rigorously compute the Jacobian matrix for heterovalent ion exchange reactions. 

It should be noted that the treatments of sorption and ion exchange arc linked to a fictive 
sorbing compound or ion exchanger, and not to real minerals actively precipitating and dissolving 
during.me reaction. The amount of sorbiig compound or ion exchanger must be provided as input 
by the user. The code is not capable of linking the precipitation/dissolution process to sorption and 
ion exchange. For example, if during the reactive transport simulation, a zeolite phase were to 
precipitate, the code would not apply appropriate ion exchange properdes to that mineral precipitate z 
for the corresponding mass of precipitate. This type of scenario could not be rigorously modeled in 
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one step with the LEHGC code. However, reasonable approximations could be generated using a 
cmfully chosen sequence of simulations. 

The most recent version of LEHGC provides for multiple surface complexation and ion 
exchange sites. It also provides for colloid transport although there is not yet any documentation to 
describe how it is implemented. 

Counling: The hydrologic and chemical constraints are coupled using the direct substitution 
approach. In this approach the chemical equilibrium equations are substituted into the hydrologic 
transport equations to result in a set of nonlinear partial differential equations. Different sets of 
dependent variables can be chosen for this approach (Yeh 8z Tripathi, 1989). In LEHGC the total 
analytical concentrations of aqueouscomponents are used as the dependent variables. 

LEHGC does not currently provide for changes in matrix porosity/permeability with mineral 
precipitation/dissolution. 

. Numerical Metha l The algorithm for solving the fluid flow problem is the finite-element 
Gale&in model in 2-D for an incompressible fluid. LEHGC solves the standard equations which 
relate pressure head, moisture content, and hydrologic conductivity. The solutions to these 
equations provide the temporal-spatial distribution of pressure head, moisture content, and the 
Damy’s velocity. No adaptive girding is currently coded. 

V. Other Topics; Because LEHGC is an updated version of HYDROGEOCHEM, much of the 
documentation for HYDROGEOCHEM and its hydrologic modeling code predecessors 
(FEMWATER and FEMWASTE) apply to LEHGC. However, there is currently no 
comprehensive manual for LEHGC and it is difficult to determine exactly what changes have been 
made in developing LEHGC from these earlier codes. 

Some veri&ation and validation work has been performed using HYDROGEOCHEM (Yeh 
& Tripathi, 1990) and LEHGC (Siegel et al., 1993, Siegel, 1993). This work has demonstrated 
that the ion exchange and sorption modules can correctly simulate some simple ion exchange and 
sorption experiments. 

The development plan for LEHGC includes developing capabilities to mom rigorously model 
unsaturated conditions, heat transport, and full 3D capabilities. 

PRECIP: (Noy, 1991). This code was originally developed for modeling dissolution and 
precipitation reactions accompanying fluid flowin hot, dry rock geothermal systems. It was later 
employed for modeling mineral evolution in hypemlkaline systems (Clark et al., 1992; Khoury and 
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Mild~~~ki, 1992) and for modeling cement pore fhtid chemistry (Savage et al., 199% Savage and 
Rochelle, 1993). Its emphasis is on reaction ‘relationships and phase equilibria, rather than on 
hydrological properties. 

I. Fluid Flow; The code does not compute heat transfer, although calculations can be done in 
either an isothermal system, or one in which a temperature gradient exists along the flow path. The 
code does deal with mass transfer. The user defines an hydraulic head gradient for the system, 

. which will thus control the computed Damy velocities, given the other system properties. Only 
single-phase systems are considered. The transport and reaction equations are fully coupled and 
solved simultaneously. Hence, via a user-defined porosity-permeability relationship, full account 
can be taken of changes in hydrological properties on mass transport. The code only considers a 
porous medium, the properties of which may evolve through time as reaction proceeds, but it does 
not have the capability to deal with dual porosity systems. The assumption is made that the system 
under consideration is a single phase, fully saturated system. Humidities are not a relevant part of 
the calculations. The stress state is not considered in the calculations. 

JI. Chemistrv; Reaction kinetics are incorporated as a function whose rate is dependent upon the 
saturation ratio. The general form of the equation considered in the code is 

Rate=ak{Wm- lln 
where a is the effective surface area of the mineral, k is the rate constant, and W is the saturation 
ratio which is defined as the activity product (Q) divided by the equilibrium constant (IQ for the 
reaction. The exponents m and n are reaction specific constants. Although specific values for these 
exponents have been incorporated in the code, user-defined values can be added, as can other user- 
defmed rate functions. Temperature-dependence of the rate is incorporated into the rate constant, 
and in the function that describes W. 

The reactions to be consider& am hydrolysis reactions for the solids of interest, and these am 
directly incorporated into the code. Total mass of each component is accounted for in mass 
conservation equations that include the kinetic expressions for each phase, as well as longitudinal 
dispersivity and pore water diffusion terms. Incorporation of terms for porosity in these 
conservation equations then allows solution of the hydrologic and chemical conditions 
simultaneously, as a function of kinetics. Sorption and ion exchange are not considered. 

The code relies on user-defined reactions to describe the rates of reactions, and reaction 
stoichiometry. The net reaction, defining the speciation state for each species, is determined from 
the sum of the hydrolysis reactions. Temperature dependence of the reactions is accounted for via 
the rate expressions described above. Activity coefficient models am not employed in the code. 
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Thus, activity-composition relationships are not defined. Either activity can be assumed to be 
equivalent to concentration, or user-defined routines can be used to compute these. AS the code 
currently exists, computational results are presented as concentrations. 

III. Counling: The code computes changes in porosity, based on volume changes due to 
precipitation or dissolution of solids. To translate porosity change into a change in permeability, a 
user-defined function must be added to the code, such a function is not explicitly incorporated into 
the code, as supplied. Nevertheless, the chemical, transport and dissolution and pm&&ion 
effects arc solved simultaneously, thus avoiding the common difficulty of sequential calculations 
for transport and chemistry. 

Numerical Metha The code is solely one-dimensional. SimulatiOnS of mineralogical systems 
are done on the scale of millimeters or microns, to meters. The actual scale is determined by the 
flow velocity, and reaction rates, of the system under examination. 

V. Other Topics: Documentation &scribing application of the code to different problems has been 
published. Code development is continuing. Verification and validation activities have taken the 
form of published applications of the code (described above). Some experiments are planned to test 
the simulations. 

STELE: (Coudrain-Ribstein and Morel, 1987; Coudrain-Ribstein et al., 1989a, b; Coudrain- 
Ribstein and Marsily, 1989; Made and Jamet, 1993a). This code was constructed by merging the 
transport code METIS (Goblet, 1989), with the chemical transport code CHIMERE (Coudrain- 
Ribstein and Jamet, 1989). STELE (or its component parts) has been applied to model the 
evolution of sedimentary basins (Coudrain-Ribstein and Marsily, 1989), evolution of aquifers in 
which hydrothermal fluids have been injected (Co&rain-Ribstein et al., 1989a, b; Coudrain- 
Ribstein and Gouze, 1993), uranium transport in soils (Jamet et al., 1993), and ore formation in 
Mississippi Valley type ore deposits (Schmitt et al., 1991). It has also been employed in the code 
comparison exercises of the Chemval project (Made and Jamet, 1993b). 

I. Fluid Flow: There is currently no capability to account for boiig, condensation, or two-phase 
flow. Heat and mass transfer are computed under conditions assuming complete saturation. Heat 
transfer is treated via the temperature dependence of the dynamic fluid viscosity, described by the 
Bingham formula (Made and Jamet, 1993a), and.by taking into account dispersion and convection 
during fluid flow. Darcy velocities are computed using 
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where k is the intrinsic permeability (m2)s m is the fluid viscosity (kg/m s), P is the pressure 
(kg/m sz), r is the mass per unit volume of fluid, n is the gravitational constant (9.91 n&z), and z 
is the vertical distance (m). Since boiling is not considered, only liquid velocities are considered. 
Dual porosity conditions are considered. Stmss is not considered. 

JI. Chemistrv: Reaction kinetics are treated using the rate law 
Sz = (Ml) (XX’1 (Bj) - ~‘I’O (Bj)), 

where GI is the geochemical flux (mol/Ls), dl is a kinetic term (s), TOT1 (Bj) is the concentration of 
component Bj at equilibrium with some mineral phase, and TOT0 (Bj) is the total aqueous 
concentration of Bj. This expression reduces to the classic relationship for reaction kinetics when 
considering only single phases 

Q = W-(Q/K)) 

bhere b is the rate constant, Q is the activity product, and K is the equilibrium constant. Further 
development of this portion of the code would be useful, to take into account the current state-of- 
the-art. 

Sorption can be treated using a partition coefficient approach, defined by Kd values. 
Speciation calculations are done using a user-selected thermodynamic data file. Two 

activity coefficient models (Davies or Bromley; Mad6 and Jamet, 1993a) can be used. Saturation 
and precipitation or dissolution conditions are determined using standard mass action laws, 
employing the selected activity coefficient models. There is no limit to the number of species 
considered. 

Counling: Hydrological properties are assumed to remain constant throughout a simulation. 
There is no capability for updating porosity, permeability, or mechanical properties as dissolution 
or precipitation occurs in the currently available versions of the code. Mass transfer is assumed to 
occur under constant volume conditions. Hence, them is no coupling between mass transfer and 
changes in hydrological properties. Deposition and dissolution of material is treated as a bulk 
process in which moles of material are deposited or removed per meter3 of porous media. 

. Numcal Me&& : All computations am two-dimensional, using an orthogonal finite element 
girding.scheme. Adaptive girding is not employed, although non-uniform girding is possible. The 
code is designed to conduct simulations on the scale of meters to kilometers. The primary 
application has been in the study of basin and ore deposit development, evaluating flow regimes in 
hydrothermal systems. 
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V. Other Tonics: Adequate documentation exists as users manuals (in French), and numerous 
publications describing application of the code to different problems. These applications constitute 
a verification effort. It has also been extensively employed in the Chemval project, which 
represents an international verification and validation activity. 

COMMENTS 

It is clear that no single code currently satisfies all of the potential modeling needs the 
project has. Code development and/or modification of codes will be necessary to obtain simulation 
capabilities required for Technical Site Suitability and License Application needs. However, the 
specific development or modification activity that needs to be undertaken will depend upon the 
codes selected for use. Test cases will be developed that can be used for all of the codes, and the 
results compared. From these results, a few codes will be selected for development/modification 
and use. The criteria to be used in selecting the codes will be developed next The companion paper 
that describes and prioritizes modeling needs (Glassley et al., 1995, in prep.) should be consulted 
for a further description of selection criteria. 
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