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1. PURPOSE 

As directed by a written development plan (CRWMS M&O 1999a), an analysis of the effects of 
salts and precipitates on the repository chemical environment is to be developed and documented 
in an AnalysesA4odel Report (AMR). The purpose of this analysis is to assist Performance 
Assessment Operations (PAO) and the Engineered Barrier Performance Department in modeling 
the geochemical environment within a repository drift, thus allowing PA0 to provide a more 
detailed and complete in-drift geochemical model abstraction and to answer the key technical 
issues (KTI) raised in the NRC Issue Resolution Status Report (IRSR) for the Evolution of the 
Near Field Environment (NFE) Revision 2 (NRC 1999). The purpose of this ICN is to qualify 
and document qualification of the AMR's technical products. 

The scope of this document is to develop a model of the processes that govern salt precipitation 
and dissolution and resulting water composition in the Engineered Barrier System (EBS). This 
model is developed to serve as a basis for the in-drift geochemical modeling work performed by 
PA0 and is to be used in subsequent PA0 analyses including the EBS physical and chemical 
model abstraction effort. However, the concepts may also apply to some near and far field 
geochemical processes and can have conceptual application within the unsaturated zone and 
saturated zone transport modeling efforts. 

The intended use of the model developed in this report is to estimate, within an appropriate level 
of confidence, the pH, chloride concentration, and ionic strength of water on the drip shield or 
other location within the drift during the post-closure period. These estimates are based on 
evaporative processes that are subject to a broad range of potential environmental conditions and 
are independent of the presence or absence of backfill. An additional intended use is to estimate 
the environmental conditions required for complete vaporization of water. The presence and 
composition of liquid water in the drift (i.e., pH, chloride concentration, and ionic strength) are 
potentially important to corrosion and radionuclide transport calculations performed by PAO. 

2. QUALITY ASSURANCE 

The Quality Assurance (QA) program applies to the development of this AMR. The PA0 
responsible manager has evaluated the technical document development activity in accordance 
with QAP-2-0, Conduct of Activities. The QAP-2-0 activity evaluation (CRWMS M&O 1999b) 
has determined that the preparation and review of this technical document is subject to Quality 
Assurance Requirements and Description (QARD) requirements (DOE 2000). Preparation of 
this analysis did not require the classification of items in accordance with QAP-2-3, 
Classijkation of Permanent Items. This activity is not a field activity. Therefore, an evaluation 
in accordance with NLP-2-0, Determination of Importance Evaluations, was not required. With 
regard to the development of this AMR, the control of electronic management of data was 
evaluated in accordance with AP-SV. 1 Q, Control of the Electronic Management of Information. 
The evaluation (MacKinnon 2000) determined that current work processes and procedures (e.g., 
in accordance with AP-SIII.3Q Submittal and Incorporation of Data to the Technical Data 
Mmgement System) are adequate for the control of electronic management of data for this 
activity. I 
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3. COMPUTER SOFTWARE AND MODEL USAGE 

3.1 COMPUTER SOFTWARE 

All computer calculations were performed on an IBM-compatible personal computer identified 
with CRWMS M&O bar code 131042. This computer uses a Microsoft Windows 95 operating 
system and is located in Grand Junction, Colorado. 

The software used in this analysis include: 

0 EQ3/6 v7.2b [STN: 10075-7.2bLV-00, Wolery 1992a and 1992b, Wolery and Daveler 
1992, CRWMS M&O 1999eI with the solid-centered flow-through addendum [CSCI: 
URCL-MA-110662 V7.2b, MI: 30084-M04-001 (Addendum Only), CRWMS M&O 
1998al. The software was obtained fi-om Configuration Management and installed on an 
IBM-compatible computer. It is appropriate for the application and is used only within 
the range of validation in accordance with AP-SI.lQ, Sofhyare Management. No 
macros or software routines were developed for, or used by, this software. 

0 Mathsoft Mathcad7 Professional, a commercially available software package for 
technical calculations. This software was used to perform and display the routine 
algebraic calculations developed in Section 6.4.1. Attachment I provides a printout of 
each Mathcad worksheet developed and used in this AMR. Every equation and 
calculation is displayed in this printout. Calculated values are represented graphically 
and have been hand-checked using a calculator to verify the software provided correct 
results. Because the software requires every equation to be displayed sequentially and in 
detail, a qualified individual can reproduce these calculations from the printout in 
Attachment I without recourse to the originator. No macros or software routines were 
developed for, or used by, this software. 

Microsoft Excel 97, a commercially available spreadsheet software package. 
Applications of this software in the AMR are restricted to tabulation and visual display 
of results. Visual inspection of these tabulations and charts confirms that the 
spreadsheet applications provided correct results. No macros or software routines were 
developed for, or used by, this software. 

3.2 MODELS 

The previous precipitatedsalts analysis used for performance assessment near-field geochemical 
analysis is documented in chapter 4 of the Total System Performance Assessment-Viability 
Assessment (TSPA-VA) Analyses Technical Basis Document (TBD) (CRWMS M&O 1998b). 
No model warehouse DTN is available. The model and analysis developed in the current 
document supersedes those presented in the TBD. 
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4.1 DATA AND PARAMETERS 

The PrecipitatedSalts analysis requires the following types of input: 1) relevant thermodynamic 
properties of potentially important ground-water constituents, 2) experimental data used for 
model validation, and 3) values for model input parameters. These inputs are described in the 
following subsections. 

4.1.1 Thermodynamic Constants and Salt Properties 

The thermodynamic data used in the model simulations are generally from the databases in 
GEMBOCHS.V2-EQS-DATAO.PIT.R2 generated by GEMBOCHS.V2-JEWEL.SRC.R3 02- 
aug-1995 16:19:24. These databases include the unqualified PIT and COM databases @TN: 
M09911SPATHD62.002) that come with the EQ3/6 v7.2b software package [CSCI: URCL- 
MA-110662 V7.2b, Wolery 1992a and 1992b, Wolery and Daveler 19921. Development of a 
Pitzer database, called PT4, for this AMR is discussed in Section 5 .  Although the original source 
databases are unqualified, model validation in Section 6.5.1 confirms the assumption that these 
unqualified data are of sufficient quality to be used in the development of a Pitzer database for 
the specific intended use (Assumption 5.3, Section 5.3). This assumption allows the input status 
for the unqualified EQ3/6 source thermodynamic data to be “N/A - Reference Only.” 

In-Drift Frecipitates/Salts Analysis 

4. INPUTS 

The qualified YMP database @TN: M0009THRMODYN.001) is used in this AMR to help 
justify and confirm Assumption 5.3. It is also used in another model developed in this AMR, the 
Condensed Water Model, presented and discussed in Sections 5.6,6.3.4, 6.4.3, and 6.6.4. 

The aqueous solubilities of various binary Na and K salts at 100°C are presented in Table 1. Each 
value represents the maximum amount of the specified salt that can be dissolved into pure water 
at the given temperature. These values are useful for model validation. 

Table 2 lists handbook values of the equilibrium relative humidity of saturated aqueous solutions 
in contact with an excess of solid-phase sodium and potassium salts. These values represent the 
maximum relative humidity at which a salt is stable at the given temperature. The equilibrium 
relative humidity of many of these salts and others are plotted versus temperature in CRWMS 
M&O (ZOOOa, p. 6-12). These values are useful for estimating whether a particular salt is stable 
when subjected to a given relative humidity and temperature. 
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NaN03 
KN03 

85.0 180. 21.2 
101.1 247 24.4 

Table 2. Equilibrium Relative Humidity for Saturated Aqueous Solutions in Contact Wdh an Excess of 
Solid-Phase Sodium and Potassium Salts (Dean 1992, p. 11.6) 

96 
65.5 
82 
30.4ga 

NaCl 
KCI 
Na2C03 1 OH20 

NaF 
KF 

K2C032H20 

60 
80 
60 
16.39 

Na2S04 1 OH20 

ks04 
NaN03 

KNOB, NaN03, and NaCl 
TIC: 239897 (accepted da 
a Weast and Astle 1981, I 

-- 
Equilibrium Relative Temperature of 

Humidity Measurement 

76.4 80 

96.6" 
22.9' 

4.1.2 

Three sources of experimental data from Lawrence Livermore National Laboratory (LLNL) are 
relevant to this model. They are Rosenberg et al. (1999a and 1999b) and CRWMS M&O 

Experimental Data Used for Model Validation 
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(2000a). These experimental data are used only as corroborating information and are not used to 
develop the model or to produce direct output for TSPA. The quality of these data is discussed 
in section 6.5.1. 

In each of these reports, experimental data are reported for the evaporation of synthetic J- 13 well 
water in a beaker that was open to the atmosphere and maintained at a constant elevated 
temperature. In the Rosenberg et al. (1999a) experiment named evapl, synthetic average 5-13 
well water was evaporated without contact with tuff or other non-precipitated rock material. The 
experiment began with 30 liters of synthetic average J-13 well water with a measured 
composition as shown in Table 3. The water did not include A1 or Fe. A peristaltic pump was 
used to pump this water into a 1-liter Pyrex beaker at a constant rate while a hot plate was used to 
maintain a water temperature of 85°C to evaporate the water. Water samples were collected after 
the 30 liters had been evaporated to approximately 30 mL. Results of this experiment are 
included in Table 3. The solids that had accumulated at this stage were identified by x-ray 
diffraction (XRD) to be amorphous silica, aragonite, and calcite. Analysis of solids after 
complete evaporation indicated the additional presence of halite, niter, thermonatrite, and 
possibly gypsum, anhydrite, and hectorite. 

In another Rosenberg et al. (1999a) experiment (named evap4), the pH of the evaporating water 
was monitored. The experiment used approximately the same J-13 starting solution as evapl 
(Table 3). The pH data are presented in Table 4 as a function of concentration factor. The 
concentration factor is the ratio of the initial water mass divided by the water mass at the time of 
analysis. 

Table 3. Water Chemistry Data From Experimental J-13 Well Water Evaporation (Rosenberg et al. 1999a, 
evapl: p. 17, evap4: p. 20) 

(CRWMS M&O 1999c) 
a not reported 
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Table 4. pH Data From Experimental J-13 Well Water Evaporation (Rosenberg et ai. 1999a, evap4: p. 19) 

Concentration 
Factor 

1 .oo 8.65 

1157. 110.18 
(CRWMS M&O 19%) 

In a similar evaporation experiment reported in CRWMS M&O (2000% p. 6-16) (called Batch 
l), a synthetic 100-times concentrated (1OOx) average J-13 well water was dripped through a 
column of heated tuff into a teflon beaker. The beaker was open to the atmosphere and 
maintained at a constant temperature of 9OoC and relative humidity of 85 percent. The starting 
and final solution compositions are displayed in Table 5. The recipe for the synthetic lOOx J-13 
well water did not include Si, Al, or Fe, likely because these components have limited solubility 
or are minor constituents (A1 and Fe). A lOOx concentration of these components cannot be 
prepared without making adjustments, such as raising the pH to an unrealistic value. A true lOOx 
5-13 water can only be realistically derived by evaporating unconcentrated J-13 in a container 
open to a fixed fugacity of carbon dioxide and allowing supersaturated minerals to precipitate 
from solution during the process (as was done in Rosenberg et al. (1999a)). 

Synthetic Topopah Spring tuff pore water was evaporated in an experiment reported in 
Rosenberg et al. (1999b). The experiment, named evap3, was performed following the same 
procedures as in Rosenberg et al. (1999a) presented earlier. The only difference was the starting 
water composition. Both the starting and final solutions are presented in Table 6. Rosenberg et 
al. (1999b, p. 2) determined by mass ratio that the final solution had an approximate 
concentration factor of 1243 f 10 percent. XRD analysis at this concentration factor detected 
gypsum. After complete evaporation, tachyhydrite was also detected. 
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Table 5. Water Chemistry Data From Experimental J-13 Well Water Evaporation (CRWMS MBO 2000a, 
p. 4-17 and p. 6-16) 

DTN: LL000202905924.117 (Table SO01 34-002) 
a not reported 

Table 6. Water Chemistry Data From Topopah Spring Pore Water Evaporation Experiment (Rosenberg et 
at. 1999b, p. 17) 

(CRWMS M80  1999d) 
a not measured 
estimate from pH paper 

4.1.3 Model Input Parameters 

The Precipitates/Salts model input parameters are: 

Concentration or activity of each modeled component i in the incoming seepage (C,!) 
[units: madvolume, moles/mass, or moles/volume] 

ANL-EBS-MD-000045 REV 00 ICN 02 16 January 2001 



In-Drift Precipitates/Salts Analysis 

Temperature (7) [units: degrees Celcius] 
0 Relative humidity (RH) [units: nondimensional or percentage] 

Fugacity of carbon dioxide VCO~) [units: nondimensional] 
0 Seepage rate (Q? [units: masdtime or volume/time] 
0 Relative evaporation rate (I?) [units: nondimensional], defined below 

The modeled incoming seepage includes the following components: Na, IC, Ca, Mg, C1, F, CO3, 
SO4, NO3, SiOz, Fe@I), Al, H, and H20. In the Precipitates/Salts analysis, representative water 
from well 5-13 is used as the incoming seepage. The specific composition used originates from 
the data in Hmar et al. (1990, p 4.2) and is displayed in Table 7. The status of these data is 
currently to be verified. The PrecipitatedSalts Model is intended to incorporate seepage 
composition data from thermohydrological-chemical (THC) modeling when they become 
available. 

Table 7. Average Composition of Water from Well J-13 (Harrar et al. 1990) 

Constituent 
Ca 

K 

Nos 
Alkalinity (as HCOB) 
CI 
F 

SO4 
Fe 
AI 

pH (standard units) 
DTN: M00006JI 3W 

Average 5-13 
Concentration 

(mglL) 
13 
2.01 
45.8 
5.04 
28.5 
8.78 
128.9 
7.1 
2.2 
11 8.4 

B 
17.41 
'RCM.OOO 

Standard Deviation 
Input 5-13 

molal 
3.24E-4 3.23E-4 

0.21 8.27E-5 8.2E-5 
2.29 1.99E-3 1.99E-3 
0.61 1.29E-4 1.3E-4 

1.01 E-3 1.02E-3 
1.03 1.42E-4 1.4E-4 
8.6 2.1 1 E-3 2.15E-3 
0.61 2.01E-4 2.0E-4 
0.29 1.15E-4 1.2E-4 
1.03 1.92E-4 . 1.92E-4 
not reported not reported 5.4E-7 
not reported not reported l . l E a b  
0.44 7.41 7.4 

a These calculated molalities and pH are used as input in this AMR. They were determined from a 
previous unqualified data set and were not adjusted after the original unqualified data were 
superseded. These molalities and pH closely approximate the molalities and pH of the qualified data 
set and are within the qualified standard deviations reported. 

These values are assumed based on data presented in Harrar et al. (1990) (Assumption 5.2.5). 
They correspond to 0.03 mg/L Fe and 0.03 mg/L AI. 

The model is designed for constant temperatures (7) in the range of ambient (-20°C) to 
approximately boiling (-95"C), relative humidity (RH) between 0 and 100 percent, and fugacities 
of carbon dioxide Cfc02) between lo-'' and lo-'. However, the actual values used in the analyses 
described in this document do not completely cover the entire design ranges. In the analyses, T 
was varied between four values (95"C, 75OC, 45OC, and 25OC) to develop a response surface that 
is intended to cover the range of values anticipated. The fc02 values used in the model 
predictions are lo-', lo", and lo4. 

ANL-EBS-MD-000045 REV 00 ICN 02 17 January 2001 



In-Drift Precipitates/Salts Analysis 

RH as a function of time was taken from the values reported in chapter 3 of the TBD for the 
waste package surface (CRWMS M&O 1998~). These values, displayed in Figure 1, are from a 
simulation in which no bacWill is used in the drift. They are used as a reference only and not as 
direct input so they are not required to be qualified. Instead, they are used to justify an 
assumption regarding the general trends of RH as a function of time in the potential repository, 
i.e., that except for early times, RH increases as a function of time until it levels off. 

The relative evaporation rate (or flux) (R? is defined in this AMR by the equation: I 
where is the steady state evaporation flux and @ is the incoming seepage rate (or flux). The 
model is designed for a range of R'" from 0 to 1. The values used in this analysis are: 0, 0.1, 0.5, 
0.9, 0.99, and 0.999. These values are used to generate a lookup table that is intended to cover 
the range of values anticipated. 

160 

h 

e. 120 E 
3 
!! 
P) 

80 E 
I- 

80% 

60% 

40% 

20% 

+Temp 

40 0 +I 0% 
10 100 1000 10000 

Time (yrs) 

CC-noBFjl2-04-newaverageSNF 
DTN: SNT05071897OO1.010 

Figure 1. Previous Predictions of Relative Humidity and Temperature on the Waste Package Surface 
Over Time. 

4.2 CRITERIA 

Section 4.2.1 provides a summary of the applicable Nuclear Regulatory Commission (NRC) 
review and acceptance criteria outlined in its Issue Resolution Status Report (IRSR) that apply to 
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model development. A listing of the project features, events, and processes (FEPs) that 
potentially apply to this AMR are provided in Section 4.2.2. 

4.2.1 NRC Evolution of Near Field Environment IRSR Criteria 

The wording for the IRSR criteria listed below is generally taken from Section 4.3.1 of NRC 
(1999). These criteria apply to subissues 4.1 (coupled thermohydrological-chemical (THC) 
effects on seepage and flow), 4.2 (waste package chemical environment), 4.3 (chemical 
environment for radionuclide release), 4.4 (effects of THC processes on radionuclide transport 
through engineered and natural barriers) and 4.5 (coupled THC processes affecting potential 
nuclear criticality in the near field). 

4.2.1.1 Data and Model Justification Acceptance Criteria 

1. 

2. 

3. 

4. 

5 .  

Consider both temporal and spatial variations in conditions affecting coupled 
thermohydrological-chemical (THC) effects on the chemical environment for radionuclide 
release. lrJRC (1999), Sections 4.1.1, 4.2.1, 4.3.1, 4.4.1, and 4.5.11 

Consider site characteristics in establishing initial and boundary conditions for conceptual 
models and simulations of coupled processes that may affect the chemical environment for 
radionuclide release. W C  (1999), Sections 4.1.1,4.2.1,4.3.1,4.4.1, and 4.5.13 

Collect sufficient data on the characteristics of the natural system and engineered materials, 
such as the type, quantity, and reactivity of material, in establishing initial and boundary 
conditions for conceptual models and simulations of THC coupled processes that affect the 
chemical environment for radionuclide release. W C  (1999), Sections 4.1.1, 4.2.1, 4.3.1, 
4.4.1, and 4.5.11 

Use sensitivity and uncertainty analyses (including consideration of alternative conceptual 
models) to determine whether additional new data are needed to better define ranges of 
input parameters. W C  (1 999), Sections 4.1.1,4.2.1, 4.3.1, and 4.4.11 

If the testing program for coupled THC processes on the chemical environment for 
radionuclide release from the engineered barrier system is not complete at the time of 
license application, or if sensitivity and uncertainty analysis indicate the additional data are 
needed, identify specific plans to acquire the necessary information as part of the 
performance confirmation program. [NRC (1999), Sections 4.1.1,4.2.1,4.3.1, and 4.4.11 

4.2.1.2 Data Uncertainty and Verification Acceptance Criteria 

1. Use reasonable or conservative ranges of parameters or functional relations to determine 
effects of coupled THC processes on the chemical environment for radionuclide release. 
Parameter values, assumed ranges, probability distributions, and bounding assumptions 
must be technically defensible and reasonably account for uncertainties. [NRC (1999), 
Sections 4.1.1,4.2.1, 4.3.1,4.4.1, and4.5.11 
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2. 

3. 

4. 

5 .  

Consider uncertainty in data due to both temporal and spatial variations in conditions 
affecting coupled THC effects on the chemical environment for radionuclide release. lrJRC 
(1999), Sections4.1.1,4.2.1, 4.3.1, 4.4.1, and4.5.11 

Properly consider in the evaluation of coupled THC processes the uncertainties in the 
characteristics of the natural system and engineered materials, such as the type, quantity, 
and reactivity. of material, in establishing initial and boundary conditions for conceptual 
models and simulations of THC coupled processes that affect the chemical environment for 
radionuclide release. [NRC (1 999), Sections 4.1.1, 4.2.1, 4.3.1, 4.4.1, and 4.5.11 

Use available data to ensure consistency in the initial conditions, boundary conditions, and 
computational domain used in sensitivity analysis involving coupled THC effects on the 
chemical environment for radionuclide release. [NRC (1999), Sections 4.1.1, 4.2.1, 4.3.1, 
4.4.1, and 4.5.11 

Assess in the performance confrmation program whether the natural system and engineered 
materials are functioning as intended and anticipated with regard to coupled THC effects on 
the chemical environment for radionuclide release from the EBS. [NRC (1999), Sections 
4.1.1,4.2.1,4.3.1, and4.4.11 

4.2.1.3 Model Uncertainty Acceptance Criteria 

1. Use appropriate models, tests, and analyses that are sensitive to the THC couplings under 
consideration for both natural and engineering systems as described in the following 
examples. The effects of THC coupled processes that may occur in the natural setting or due 
to interactions with engineered materials or their alteration products include (i) 
thermohydrologic (TH) effects on gas and water chemistry; (ii) hydrothermally driven 
geochemical reactions, such as zeolitization of volcanic glass; (iii) dehydration of hydrous 
phases liberating moisture; (iv) effects of microbial processes; and (v) changes in water 
chemistry that may result from interactions between cementitious, or WP, materials and 
groundwater, which, in turn, may affect the chemical environment for radionuclide release. 
[NRC (1999), Sections 4.1.1,4.2.1,4.3.1, and 4.4.11 

2. Investigate alternative modeling approaches consistent with available data and current 
scientific understanding, and appropriately consider their results and limitations. N C  
(1999), Sections4.1.1,4.2.1,4.3.1,4.4.1, and4.5.11 

3. Provide a reasonable description of the mathematical models included in its analyses of 
coupled THC effects on the chemical environment for radionuclide release. The description 
should include a discussion of alternative modeling approaches not considered in its final 
analysis and the limitations and uncertainties of the chosen model. FJRC (1999), Sections 
4.1.1, 4.2.1,4.3.1,4.4.1, and4.5.11 

4.2.1.4 Model Verification Acceptance Criteria 

1. The mathematical models for coupled THC effects on the chemical environment for 
radionuclide release must be consistent with conceptual models based on inferences about 
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the near-field environment, field data and natural alteration observed at the site, and 
expected engineered materials. Ir\sRC (1999), Sections 4.1.1,4.2.1,4.3.1,4.4.1, and 4.5.11 

2. Appropriately adopt accepted and well-documented procedures to construct and test the 
numerical models used to simulate coupled THC effects on the chemical environment for 
radionuclide release. W C  (1999), Sections 4.1.1,4.2.1,4.3.1,4.4.1, and 4.5.11 

3. Abstracted models for coupled THC effects on the chemical environment for radionuclide 
release must be based on the same assumptions and approximations shown to be appropriate 
for closely analogous natural or experimental systems. Abstracted model results are verified 
through comparison to outputs of detailed process models and empirical observations. 
Abstracted model results are compared with different mathematical models to judge 
robustness ofresults. W C  (1999), Sections 4.1.1,4.2.1,4.3.1,4.4.1, and 4.5.11 

4.2.2 Features, Events and Processes (FEPs) 

Table 8 lists the Yucca Mountain Project FEPs (CRWMS M&O 2000b) that are discussed in this I 
document. Because the Precipitates/Salts model pertains to scenarios with or without backfill, 
FEPs that concern backfill are included. 

Table 8. FEPs Applicable to the Precipitates/SaAs Analysis 

2.1.04.02.00 2.1.04au Physical and chemical properties oi 
backfill 

2.1.04b Backfill evolution 
2.2.08~ Redissolution of precipitates directs 

more corrosive fluids to containers 
ACC: MOL.20000705.0098 

Any resolution of these FEPs is discussed in Section 7.5. 

4.3 CODES AND STANDARDS 

4.3.1 Codes 

This AMR was prepared to comply with the DOE interim guidance (Dyer 1999) which directs 
the use of the proposed NRC high-level waste rule, 10 CFR Part 63 (64 FR 8640). Subparts of 1 
this proposed rule that are applicable to data include Subpart B, Section 15 (Site 
Characterization) and Subpart E, Section 114 (Requirements for Performance Assessment). The 
Subpart applicable to models is also outlined in Subpart E Section 114. 

4.3.2 Standards 

ASTM C 1 174-97 (1998) Standard Practice for Prediction of the Long-Tern Behavior of I 
Materials, Including Waste Forms, Used in Engineered Barrier Systems (EBS) for Geological 
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Disposal of High-Led Ruthactive Waste was used as guidance in the preparation of this 
analysis. 

5. ASSUMPTIONS 

5.1 PROCESSES MODELED 

The processes modeled by the Precipitates/Salts model are: 

0 Vaporization of incoming seepage water, 
0 Precipitation of dissolved solids resulting fiom vaporization, and 
0 Dissolution of precipitates. 

The Precipitates/Salts model does not simulate interaction with potential materials within the 
drift, such as tuff, grout, backfill, or waste package materials. It is composed of two sub-models. 
An EQ3/6 Pitzer model is used to predict equilibrium aqueous chemistry, precipitation, and 
dissolution when the relative humidity is above 85 percent. Below 85 percent, a Low Relative 
Humidity (LRH) salts model is used. 

A model for the composition of condensed water vapor underneath the drip shield is included in 
this AMR to investigate the effects of temperature and carbon dioxide fugacity. 

5.2 GENERAL ASSUMPTIONS 

5.2.1 Standard State of Water or Brine 

As discussed in Section 6, a brine at standard state has an equilibrium relative humidity that is 
equivalent to the activity of water in the brine. Standard state in this sense implies that the brine 
has a flat interface with the air and that the behavior of the water molecule (HzO) is not 
influenced by solid surfaces. Non-standard state effects due to interface curvature and 
adsorption would tend to decrease equilibrium relative humidity values and allow for stable brine 
solutions at lower relative humidity values than standard state brines. 

For the Precipitates/Salts Model, non-standard state water is not considered. Only dissolved salts 
are considered to affect liquid-vapor equilibrium. The small amounts of water held in double 
layers and adsorbed to solid surfaces are assumed to have negligible roles in radionuclide 
transport and waste package corrosion. Although water held by the surface tension effects of 
capillary binding are likely more important than water in double layers or adsorbed to solids, 
even capillary forces under very dry conditions (in the range of negative 500 meters water 
pressure head) have a limited effect on H20 activity in solution (Walton 1994, p. 3481). The 
assumption of standard state water (Assumption 5.2.1) will not affect the uncertainty in the 
model and therefore no further confirnation of this assumption is necessary. This assumption is 
used throughout. 

I 
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5.2.2 Redox Conditions 

The redox conditions within the drift are assumed to be oxidizing at all times (Assumption I 
5.2.2). No reduced chemical species or redox reactions are included in the model. For the 
elements with multiple oxidation states (C, S, N, and Fe), the oxidation states in this model are 
C(IV), S(VI), N(V), and Fe(III). Thus, total concentrations of these elements in the model are 
not distributed among other oxidation states. Reducing conditions would preclude use of this 
model; therefore, no further confirmation of this assumption is necessary. This assumption is I 
used throughout. 

5.2.3 Equilibrium Conditions 

The model assumes equilibrium chemical conditions (Assumption 5.2.3). Chemical reactions I 
are assumed to occur rapidly compared to anticipated seepage and evaporation rates. However, 
several slow-forming minerals are not allowed to precipitate (see Section 5.4). The assumption 
of equilibrium conditions will not affect the uncertainty in the model and therefore no further 
confirmation of this assumption is necessary. This assumption is used throughout. 

5.2.4 Relative Humidity vs. Time 

Figure 1 shows the general trend of how RH changes over time. Basically, RH decreases to low 
values shortly after emplacement of high temperature waste containers and as the containers cool 
over time, RH begins to rise until it levels off in the long term below but near 100 percent. The 
Precipitates/Salts model uses an approximation that RH rises to 50 percent at about 200 years 
and to 85 percent at about 1100 years (Assumption 5.2.4.1). Although RH at a given location I 
may reach these values at different times, the assumption is that these are reasonable 
approximations for the times at which these values are achieved. Uncertainty in the timing will 
not affect the results of this model. The Precipitates/Salts model requires only an estimate of the 
timing of these relative humidity values as a seed to generate the results that are independent of 
time. Thus, the timing of these relative humidity values cancels out in the final results. 

The second assumption about relative humidity and time is that relative humidity rises from 50 
percent to 85 percent linearly with the logarithm of time (Assumption 5.2.4.2). 
approximation is based on the predictions shown in Figure 1 (DTN: SNT05071897001.010) and 
more recent predictions (DTN: SNOOOlT0872799.006). This assumption is used to develop 
lookup tables that are independent of time. It is also a reasonable simplifying approximation for 
predictions that have a degree of uncertainty. No further confrmation of this assumption is 
necessary. 

This I 

5.2.5 5-13 Well Water Composition 

In this AMR, J-13 well water is assumed to have the approximate average composition reported 
in Harrar et al. (1990) (Assumption 5.2.5). This composition is presented in Table 7 where it is 
compared to qualified values for average J-13 well water @TN: M00006J13WTRCM.000). 
The J-13 evaporation calculations in this AMR occurred prior to qualification of the average J-13 
well water composition. The comparison in Table 7 shows that the input values used in this 
AMR are either identical or nearly identical to the qualified values for the components that are 
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qualified. Those that are not identical are clearly within the qualified standard deviations. 
Therefore, Assumption 5.2.5 is justified for the major ions and pH and no further confirmation of 
this assumption is necessary for these constituents. 

For Fe and Al, the input values are approximated from additional data tabulated in Harrar et al. 
(1990). These values are based on few data and, like the major ions, are assumed to approximate 
representative J-13 sample concentrations (Assumption 5.2.5). The justification for the Fe and 
A1 input values is twofold. First, the source of the data is the same source used to qualify the 
major ions and pH (Harrar et al. 1990). Second, while the actual dissolved concentrations of Fe 
and A1 in the analyzed samples are debatable due to a sparse data set and/or solubility limits, the 
consequences of varying the values of these constituents over their apparent ranges is negligible. 
For Fe, the input value does not control the aqueous Fe concentration in the calculations. Rather, 
the aqueous concentration is controlled by Fe mineral solubilities. For Al, the range of reported 
concentrations is 0.008 to 0.11 mg/L (Harrar et al. 1990, p. 4.3). The affects of these A1 
concentrations on Precipitates/Salts model output (i.e., predictions of pH, ionic strength, and 
chloride concentration) are negligible compared to the acceptable range of uncertainty in these 
predictions (Section 6.5.1). For these reasons, Assumption 5.2.5 is also justified for Fe and Al. 
No further confirmation of this assumption is necessary. 

5.3 ION INTERACTION 

Modeling the behavior of electrolytes in concentrated aqueous solutions typically requires the 
use of Pitzer ion-interaction equations. These semi-empirical equations, documented in the 
EQ3NR manual (Wolery 1992b, pp. 44-64), are used to estimate activity coefficients that correct 
for non-ideal electrolyte behavior in saline waters. The code EQ3/6 (version 7.2b) has the option 
of using Pitzer equations and includes two Pitzer-based thermodynamic databases. The Pitzer 
option extends the working range of the model calculations from a maximum ionic strength of 1 
molal (using the B-dot equation) to 6 molal (Pitzer and Kim 1974, p. 5701) or possibly to 10 or 
15 molal or higher (Clegg and Whitfield 1991, p. 295). 

The two Pitzer databases included with EQ3/6 version 7.2b are the HMW and PIT databases 
(DTN: M09911SPATHD62.002). The HMW database, based on the work of Harvie et al. 
(1984), is an internally consistent database with 9 elements and 17 aqueous species. Of the 
aqueous species, two contain sulfur (HSOi and SOi’), three contain magnesium (Mg”, MgCO3 
(aq), MgOW), five contain carbon (COi2, HCOi, CaC03 (as), MgCO3 (aq), C02 (as)), two 
contain calcium (Ca’2 and CaCO3 (as)), and five contain hydrogen or hydroxide @, OK, 
HCO;, HSOi, MgOW). The remaining ions are Cl-, K+, and Na’. Unfortunately, many 
elements important to the Precipitates/Salts model are not included in the HMW database, 
including Al, Fe, Si, F, and N. An additional limitation is that the HMW database is only 
applicable to water at 25°C. 

’ 

The PIT database contains a much larger set of aqueous species than the HMW database and 
allows simulation temperatures spanning the range applicable to the Precipitates/Salts model. It 
does not include any carbon or silica species. However, the Pitzer coefficients for common 
aqueous species in the PIT and HMW databases are either identical or nearly identical. In 
addition, the equilibrium coefficients for the common aqueous and mineral species are nearly 
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identical. The differences are presumably because of modifications required for internal 
consistency within the HMW database. 

In this analysis, it is assumed that the unqualified thermodynamic data sets in the EQ3/6 software 
package (DTN: M0991 lSPATHD62.002) are of sufficient quality to provide a starting point in 
the development of a Pitzer database for the specific intended use described in Section 1 
(Assumption 5.3). The model validation presented in detail in Section 6.5 confirms that this 
assumption is justified. No further codinnation of this assumption is necessary. 

The EQ3/6 Pitzer model was developed to predict aqueous reactions that include species that 
neither the HMW nor PIT database contains. Specifically, it was designed to predict the 
interactions of Na, K, Ca, Mg, C1, F, CO3, SO4 NO3, Si02, Fe(III), Al, H, and H2O at low and 
high ionic strength and temperatures ranging from 20°C to 95°C. To do this, a new database 
called PT4 was developed based on assumptions analogous to those used by Reardon (1990) in 
his extension of a Pitzer model for cement pore water (Assumption 5.3.1). Reardon (1990) used I 
the aqueous Pitzer coefficient data of Harvie et al. (1984) (i.e., the HMW data) but added 
aqueous species for silica (H3Si04, H2SiO?', and Si02 (as) [also called &SiO:]), ferric iron 
(Fe(OH)i), and aluminum (Al(OH).+-) [also called AlOi]. The Pitzer coefficients for H3SiOi, 
Fe(OH)i, and Al(0H)i were assumed by Reardon to be identical to those of HSOi, while the 
coefficients for H2SiO:- were assumed to be identical to those for SO:-. The Pitzer coefficients 
for Si02 (aq) (or &SiO:) were assumed to be analogous to those for C02 (as) (or H2C02). The 
model was successful1 y used to predict the sequence of phase transformations involved when 
concrete is attacked by sulfur dioxide (Reardon 1990, p. 188). The same Pitzer coefficient 
analogies were assumed to be reasonable for the development of the PT4 database. Because this 
assumption is reasonable (Reardon 1990) and the resulting developed database is validated in 
Section 6.5.1, no further confirmation of this assumption is necessary. 

The developed PT4 database (DTN: M09912SPAPT4PD.001) is a modification of the PIT 
database. Like the database developed by Reardon (1990), the PT4 database is not optimized for 
peak performance, and the modifications are not calibrated to additional laboratory data 
(although they may be validated by them). Instead, the modifications are based on analogies and 
simplifying assumptions to estimate ion interaction so that predictions of hydrogeochemical 
evolution can be made. The PT4 database was developed for the EQ3/6 salts model simply to 
satisfy model validation criteria that permit a fairly broad range of uncertainty (Section 6.5.1). 
Thus, validation of such a database does not need to be held to the same high standards as a 
universal Pitzer database that is inversely generated from a complete data set. 

The Pitzer coefficients for the aqueous species in PT4 are the same as in the PIT and HMW 
databases. Aqueous species in the HMW database that are not in the original PIT database (i.e., 
carbonate species) were added to the PT4 database with the same Pitzer coefficients as in the 
HMW database (Assumption 5.3.2). The four anions and one neutral species that Reardon 
(1990) added by analogy were added to PT4 with the same binary and mixing coefficients that 
Reardon (1990) used (Assumption 5.33). Because the resulting developed database is validated 
in Section 6.5.1, no further confirmation of these assumptions is necessary. F- and NO< basis 
species were already established in PT4 because they came with the PIT database. These species 
and the origin of their Pitzer coefficients are listed in Table 9. 
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PT4 Database Aqueous Species 
With Pitzer Coefficients 

AI3', Ca'2 CaC03 (aq), Cr, C02 
(aq), C O l ,  F-, H', HCOB, HSOi, 
K', MgZ", MgC03 (aq), MgOH', Na', 
NO<, OH, sod2- 
Si02 (aq) 

AI(OH)i, Fe(OH)i, and H3SiOi 

Additional tables summarize the aqueous species with Pitzer parameters that were added to the 
PIT database to generate the PT4 database. Table 10 shows which cation-anion pairs were added 
that have specified cation-anion Po, p', p", and C4 interaction parameters in the Pitzer equations. 

Pitzer Interaction Coefficients 
Assumption 

Equivalent to coefficients in the PIT 
and/or HMW databases 

Equivalent to coefficients involving 
CO2(aq) in HMW 
Equivalent to coefficients involving 
HSOA- in HMW 

Table 11 shows which anion-anion pairs were added that have specified 8 interaction parameters. 
Because the added species having Pitzer parameters were either anionic or neutral, no cation- 
cation interaction parameters were added. Table 12 shows which cation-neutral species and 
anion-neutral species pairs were added that have h interaction parameters, and Table 13 shows 
which anion-anion-cation combinations were added that have specified ip interaction parameters. 

HzSiO? 

Table 9. Aqueous Species in the PT4 Database and the Origins of Their Pitzer Coefficients 

Equivalent to coefficients involving 
sod2* in HMW 

Cf 
so2- 

MgOH* 
H' 

Table 10. Cation-Anion Pairs Added to the PT4 Database 

FelOH);. HSOA- 

(OH- ICa2+ 
DTN: M09912SPAPT4PD.001 

Table 11. Anion-Anion Pairs Added to the PT4 Database 

Anion Anion 
cr, cof-, so? 
Cl-, HCOB, OH-, Sod2- 

HsSiOi, AI(OH)i, 

DTN: M09912SPAPT4PD.001 
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HC03 
HCOj 
cos" 
H3SiOi 
H3SiOi 
HZSiO?' 
H~Si04'- 

Table 12. Cation-Neutral and Anion-Neutral Species Pairs Added to the PT4 Database 

Ci-, SO?, HZSiO? Mg", Na' 
co32. K', Na' 
CI, SO$, OH-, H~Si04'- K', Na' 
C I  Na', H' 
S04'-, H'SiO? K', Na', Mga 
C I  Ca", Mg2', Na' 
OH- K', Na' 

1 Neutral Species iso4 Cation or Anion 1 
Si02 (aq) 

coz (aq) 

Ca", K', Mga, Na', CI, 

Ca" K', Mga, Na', CI, 
so2 

AI(OH)i, Fe(0H)i 
AI(OHL, Fe(0HL 

DTN: M09912SPAPT4PD.001 

ci- H', Na' 
Sod2-, HzSiO? K',.Mg2", Na' 

Table 13. Anion-Anion-Cation Interaction Parameters Added to the PT4 Database 

I Anion I Anion I Cation I 

DTN: M09912SPAPT4PD.001 

For the PT4 database to claim applicability over a temperature range of up to 100°C, temperature I 
derivatives of the cation-anion parameters had to be known or estimated. For those that were not 
available in the PIT database it was assumed for the purposes of the PrecipitatedSalt analysis 
that a median value of the known values could be used (Assumption 5.3.4). Thirty values from I 
the PIT database were used to determine the median values for the dpo/dT, dp*/dT, dp2/dT, and 
dC4/dT derivatives. These values, which were 0.000605, 0.00248, -0.385, and -0.0000930, 
respectively, were assigned to the non-zero cation-anion parameter coefficients added to PT4. 
The actual temperature derivatives may be much different. How this simplifying assumption 
affects the accuracy of the model results is not directly investigated; however, the database as a 
whole is validated based on model validation criteria in Section 6.5.1. No further confirmation 
of this assumption is necessary. 

EQ3/6 uses ion activity products of basis species to calculate mineral saturation indices. The 
basis species used in the PT4 database include: A13+, Ca+2, Cl-, F-, Fe3', H20, &, HCOi, K', 
Mg2+, Na+, NOi, Si02 (as), and SO,"-. These species are the same basis species included in the 
COM database. They are also the same basis species included in the PIT and HMW databases 
for those elements that these databases have in common with this list. This is convenient 
because minerals defined in the COM, PIT, and HMW databases can be pulled into the PT4 
database without having to redefine the reaction and recalculate the equilibrium constants. 

Although A13' and Fe2+ are the basis species for Al and Fe in PT4, the Precipitates/Salts model 
utilizes the basis-switching option in the EQ3/6 input files to switch these basis species to 
Al(OJ3)i and Fe(OH)i. Al(0H)i and Fe(0H)i are the predominant or major A1 and Fe(II1) 
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species in the alkaline'pH range of most of the Precipitate/Salts analyses and thus will improve 
code numerics and reduce the number of iterations required for convergence. 

At this point it is important to recall that the objective is to develop a database (PT4) that 
simulates the interactions of Na, K, Ca, Mg, C1, F, C03, S04, N03, Si02, Fe(III), Al, H, and H2O 
at low and high ionic strength and temperatures ranging from 20°C to 95°C. At low ionic 
strength, Pitzer interactions are not important. Thus, it is desirable at low ionic strength to have 
the database act like the COM or YMP database in which ion pairing is the dominant control on I 
equilibrium calculations. To make this happen, aqueous species that are potentially important to 
basis species equilibrium activity calculations must be defined in the PT4 database. Without 
them, the mineral saturation indices, which are defined in terms of the basis species equilibrium 
activities, will be inflated, and calculated elemental solubilities may be low. 

For example, if A13+ and Al(0H)i were the only possible aqueous species for A1 in a dilute 
alkaline solution, then for a given total concentration of Al, the equilibrium activity of Ai3+ 
would be too high and would cause saturation indices of Al minerals to be too high. For the 
aluminum system, there are a number of other hydrolysis products (e.g., A10H2', Al(OH)2+, and 
Al(OH)3 (aq)) and other potentially important complexes (e.g., AlF4, AlF3 (aq), AlF2+, AlF2+, 
AlS04+, and Al(s04); according to the COM database) that could account for a considerable 
portion of the total dissolved Al concentration. Because the hydrolysis products are 
thermodynamically more favored than A13+ for dilute alkaline solutions, then including them 
would considerably reduce the calculated activity of Ai3+. In turn, this would considerably 
reduce the calculated saturation indices of Al minerals and, hence, considerably increase the 
calculated solubility of Al in solution. According to the A1-F and &so4 ion pairing data in the 
COM database, the Al solubility could be m e r  increased by the presence of a high 
concentration of F or so4. Thus, it is important to consider all potentially important aqueous 
species when calculating saturation indices, at least when Pitzer equations do not account for all 
ion interactions. 

Table 14 lists the aqueous species in the PT4 database. This table also shows the sources of the 
thermodynamic data for these species. No Pitzer coefficients are available for the aqueous 
species added to improve solubility calculations. Therefore, no Pitzer coefficients (or 
coefficients of zero) were given to these aqueous species in the PT4 database. 

Validation of the PT4 database is demonstrated for the intended use in Section 6.5.1. 
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List of Species in Type 
A1*'+Ca+2, CI, F, Fe2+, H', HS?HCOi, K', 
Mg , Na+, Nod, Si& (aq), SO4 
AI3', AI(OH)i, Ca+2, CaC03 (aq), Cf, C02 
(aq), Cos2-, F', Fe(OH)4, H', HHSiO2-, 
H3Si04, HCOi, HS04, K', Mg +, MgC03 
(aq), MgOH', Na', NO;, OH-, SO? 
AI(oH)~+, AI(OH);, AIpH)3 (as), Fe(OH);, 
Fe(OH)3 (aq), 

AIF;, AI?', AIF3 (aq), AIFi. AISOC, 
AI(S04h-, CaF', CaNOJ', FeCh', Feci2', 
FeCIi, FeF>, FeF;, FeN032+, FeSO;, MgF' 
MaOH' 

Table 14. Aqueous Species in the PT4 Database and the Source of Their Thermodynamic Data 

Source of 
Thermodynamic Data a 

PIT and/or COM 
database 
PIT and/or COM 
data base 

COM database 

COM database 

CHV database 

1 PT4 Database Species Type 

Basis Species 

Aqueous Species with Pitzer 
Coefficients 

Aqueous Hydrolysis Products 
Added to Improve Solubilw 
Calculations for AI and Fe(lll) in 
Alkaline Solutions 
Other Aqueous Complexes 
Added to Improve Various 
Solubility Calculations 

DTN: M09912SPAPT4PD.001 
a All sources from databases in EQ36 version 7.2b software package (DTN: M09911SPATHD62.002) 

5.4 MINERALS AND GASES 

The PT4 database contains all minerals and gases originally within the PIT database plus COz (g) 
and a number of carbonates, silicates, and other minerals that were not present in the PIT 
database. The additional gas and mineral phases were added because of their potential 
importance in the aqueous system to be modeled. 

Table 15 lists minerals included in the PT4 database, the source of the thermodynamic data, and 
where they occur in natural settings. The added reaction data from the COM database were 
copied directly from the COM database. For the additional minerals that were not in any of the 
EQ3/6 databases, equilibrium constants were calculated from Gibbs free energies according to 
the relationships described in Stumm and Morgan (1996, pp. 41-44). The Gibbs fiee energies 
(M09912SPAGIBFE.000) are handbook values and therefore are accepted data. Because the 
PIT database itself is not internally consistent, the addition of these minerals is assumed not to 
threaten database consistency (Assumption 5.4.1). These minerals are included in the PT4 I 
database because of their potential to precipitate. 

Minerals that would likely either form very slowly or not form at all under the expected 
conditions within the drift are prevented from precipitating in the model when their calculated 
saturation indices exceed zero. Table 16 lists the minerals in the PT4 database that were 
suppressed in the analyses presented in this AMR and the reasons for their suppression 
(Assumption 5.4.2). This assumption is not designated to be verified because it is investigated I 
in a calculation described in the next paragraph. The only suppressed minerals that became 
supersaturated in the calculations used to develop the PrecipitateslSalts model lookup table 
calculations (Table 18, Table 19, and Table 20) were quartz, maximum microcline, K-feldspar, 
albite, albite low, tridymite, diaspore, and dolomite. 
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There is evidence that albite low may precipitate authigenically at low temperatures (Fishman et 
al. 1995). In the EQ3/6 calculations, albite low precipitates if allowed to do so (DTN: 
M00003MWDMIN45.011). However, the effects on the Precipitates/Salts model output (Table 
18, Table 19, and Table 20) are negligible, primarily because Al is a minor constituent of the 
incoming seepage and albite low is a minor component of the precipitating mineral assemblage. 
This was determined by a separate set of EQ3/6 calculations in which albite low was allowed to 
precipitate (DTN: M00003MWDMIN45.011). 

Table 15. Minerals Included in PT4 Database 

Alunite 

Aragonite 

I Epsomite 

Glauberite 

Chemical Formula 
Source 

ICOMb 

'KMgCl3:6H20 I PIT 

'KF Data 
Si02 COM 

CaF2 PIT 
lCaNaa( C03)2:5HB COM 
FeOOH COM 

Na~Ca(S04)z PIT 
Kzco3 Data 
'Cas04 PIT 
NaCl PIT 
Fe203 COM 

Occurrence 

Hydrothermal mineral, sulfuric acid solution acts 
uDon K-rich feldSDard 
T-Zeolite Rock forming or hydrothermal 
weathering of Basalt, authigenic product of saline 
lakes ds ', ' 
Evaporite, late stage (caprock) some 
amvadaloidal cavities in basalt' 
Evaporite, non marine e 

Carbonate-less stable at low T than Calcite, 
hydrothermal , associated with gypsum & iron 
ored 
Chlorite schists, Metamor hic, Alteration product 
of periclase & serpentine 
Evaporite, majar mineral in Na-CI-COpS04 brine' 
Common chemical sedimentarv minerald 

8 

Marine evaporite usually massive to granular 
crvsta Isd 
EvaDorite 

~ ~~ _ _ _ _ _ _ _ _  

Low temperature amorphous form of quartz, 
hydrothermald 
Zeolite '8' 

Zeolite from devitrified tuff '" 

T Carbonate, often marined 
Lake bed deposits, efflorescence on cave walls, 
Mg-sulfate spring waters d*' 

T Usually hydrothermal veins 
Rare hydrous carbonate - evaporited 
common weathering product of iron bearing 
minerals, also inorganidbiogenic precipitated 
Saline lakes with Na-Ca-SOd brines' 
Evaporite, mineral name unofficial (IMA) 
Common sulfate, evaporited 
EvaDorite. maior satt in closed basinsd 
T hydrothermal iron oxide, wide distributiond 
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Kaolinite 

Mirabalite 
M ontmor-Ca 

AlzSi205(OH)4 COM T Clay-Phyllosilicate Mica %roup, secondary 

Na2S04: 1 OH20 PIT Evaporite, Ca-SO4 brine' 
Cao.issMgo.33 Ali.67 COM Smedite clay, altered volcanic ashd 

mineral, feldspar alteration 

Sidh(OHh 
M ontrnor-K 
Montmor-Na 
Montrnor-Mg 
Mordenite 

Nahcolite 
Natron 

Niter 
Nontronite-Ca 
Nontronite-M 
Nontronite-K 
Nontronite-Na 
Nontronite-H 

Sellaite 
Sepiolite 

(Na,K)o.ssMSoss Al1.67 COM Smectite clay, altered volcanic ashd 
Si4010(OH)2 Montmorillonite 

Mgodll.67 Si4010(OH)2 COM Srnectite clay, altered volcanic ashd 
Cao 2mNa0.slAI0 e4Si5.osO12: COM T-Zeolite, basaltic setting, above water table' 

NaHCQ3 COM Evaporite" 
Na2CO3: 1 OH20 COM Soda, unstable at atmospheric conditions, 

KNOs PIT Eva DO riteg 

3.468H20 

changes to therrnonatrite" 

Thenardite 

COM 

I I 

SiO? ICOM IT Rock formina or hvdrothermald 
MgFz PIT Evaporiteg 
MgdSiaOl5( OH)2:6 H20 COM Associated with serpentine. May ppt. from 

alkaline saline water in arid environments e 

FeC03 COM Found in clay ironstoned 
NaN03 Data Common in arid regions with caliche, also called 

KCI PIT Evaporite - late precipitated 
CaC 122 M gC 121 2 H20 PIT 
Na2S04 PIT Nonmarine evaporitee 
Na&O?:H?O COM Drv lakes. stable form or natrone 

nitratited-g 

Major mineral in Ca-Mg-Na-CI brinee 

Trona Na3C03HC03:2H20 Data Evaporite, lake deposits dve 

TronaK I K~NaH(C03)2:2H20 COM Evaporite, lake deposits 
Villiaurnite I NaF Data Rare evaDoriieg I 
DTN: M09912SPAPT4PD.001 
aMineral found in PIT database (DTN: M0991 lSPATHD62.002) 
bMineral added from COM database (DTN: M0991 lSPATHD62.002) 
'DTN: M09912SPAGIBFE.000 
dKlein and Hurlbut 1999 
eEugster and Hardie 1978 
'Murphy and Pabalan 1994 
%onnenfeld 1984, pp. 149,459 
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Illite 

K-Feldspar 

Table 96. Minerals in the PT4 Database that are Suppressed for the PrecipitatedSaIts Model Lookup 
Table Calculations 

Ko.BMg~.25Al~.sSb.501dOH)~ 

KAlSLjOe 

I Chemical Formula 
I i n e r a i  . 

Corundum 

Data 
Source 

COMb 
COM 
COM 
PIT 

COM 

COM 

PIT 

COM 
PIT 
PIT 
COM 

COM 

Reason for Suppression 
Rock forming sodium plagioclased 
Rock forming sodium plagioclase d*f 

Rock forming sodium plagioclase dsf 

Accessory mineral in metamorphic rocks or rock 
forming in silica deficient igneous rocksd 
Rock forming mineral, Below 268OC, low temp 

Rock forming mineral,yigh temp 1470 to 1728%, 
above 268OC at 1 atm 
Major constituent in bauxite, associated with 
corundum in emery rock, in dolomite and chlorite 
schistd 
T Carbonate. often marined 

form d*f 

Similar to spinel associated with corundumd 
Temperature too high 
General term for mica-like minerals, clay, alkali 
deficient, common in shalesd 
Rock formina Dotassium feldsDardBf 

Maximum Microcline I KAISi308 I COM I Rock forming potassium feldspard 

I I 

Tridvmite Isio? I COM 

Common high temperature mineral, contact 
metamorphism of argillaceous rocksgoor in silica. 
Or accessory in mafic igneous rocks 
Rock formina. stable 870°C to 147OOC d,f 

DTN: M00003MWDTAB45.013 
aMineral found in PIT database (DTN: M0991 lSPATHD62.002) 
bMineral added from COM database (DTN: M0991 lSPATHD62.002) 
'See text in this section about suppressing albite low. 
dKlein and Hurlbut 1999 
'Murphy and Pabalan 1994 

5.5 SALT STABILITY AT LOW RELATIVE HUMIDITY 

Several simplifying assumptions were used in the development of the Low Relative Humidity 
( L W  salts model. Simplifying assumptions are necessary because the chemical evolution and 
dissolution of salt assemblages in natural evaporite systems are not well-understood or easily 
predicted. Because of procedural requirements, these assumptions are included before the 
importance of relative humidity is discussed and the model is presented in Section 6. Potential 
confbsion may be reduced by reading Section 6 first. The assumptions presented below affect 
the model development in Section 6.4.1 and the results in Sections 6.6.2 and 6.6.3. 

The LRJ3 salts model covers the time period in which the relative humidity is less than 85 
percent. Above 85 percent, the EQ3/6 Pitzer model is used. Due to a lack of data for the most 
current EBS design, the TH model results plotted in Figure 1 are used to approximate the time 
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required for RH to rise to 85 percent. According to these data, it will rise to 85 percent after 
about 1100 years (Assumption 5.2.4.1, above). 

The LRH salts model assumes a constant seepage rate (m and constant seepage composition 
(Assumption 5.5.1). However, because abstractions may be used to divide the modeling period I 
into a sequence of time periods having constant conditions, these assumptions are not designated 
to be verified. 

The dissolved solids in the seepage composition are restricted to Na, K, NO3, SO4, C1, and CO3 
(Assumption 5.5.2). According to the EQ3/6 Pitzer model results (Section 6), these components I 
are the most soluble in evaporated J-13 well water. The other components are almost entirely 
precipitated at lower ionic strengths in evaporated J-13 well water (Section 6). Thus, the 
assumption that other components need not be considered in this submodel will not considerably 
affect the conclusions. Therefore, this assumption is not designated to be verified. 

The model begins by precipitating all dissolved solids in incoming seepage. Boiling 
temperatures and a relative humidity below 50 percent are predicted to occur for many years 
within the drift (Figure 1). These conditions are predicted to result in dry conditions. The 
precipitated salts are considered to accumulate in a “reactor” which can be any location between 
the seepage entry point and the waste package. Two possible positions for such a reactor are 
atop the drip shield and within a specific portion of the backfill above the drip shield, if backfll 
is present. In this simple model, a storage capacity is not considered. There is no limit to the 
amount of salt that accumulates in the reactor, and the mass of brine that drains out of the reactor 
at the end of the time increment is equivalent to the mass of brine produced within the time 
increment. 

The previous Precipitates/Salts model (CRWMS M&O 1998b) suggests that sodium and 
potassium nitrate may be the last salts to precipitate because of 1) their high solubility, 2) the 
EQ3/6-predicted evaporative evolution of J-13 well water, and 3) the hygroscopic nature of the 
nitrate salts. CRWMS M&O (2000% p. 6-12) shows that the equilibrium relative humidity of 
sodium nitrate under boiling conditions (-120°C according to Saxton et al. 1928, V. 3, p. 326) is 
approximately 50 percent. Because the early TH results indicate that the temperature falls to 
approximately 12OOC when the RH rises to about 5 0  percent (Figure l), it is assumed that nitrate 
salts accumulate until the RH in the reactor rises to 50 percent (Assumption 5.5.3). This is not I 
an unreasonable assumption based on the relationship between salts, brine stability, and relative 
humidity (Section 6.1). This assumption is conservative and is therefore not designated to be 
verified. 

The amount of brine produced in the LRH model is controlled by the effective solubilities of the 
dissolved salts and the assumed fraction of moles of these salts in the reactor that are allowed to 
dissolve as a function of time. For the nitrate salts, the entire amount of accumulated nitrate salts 
are allowed to dissolve as soon as the RH reaches 50 percent (Assumption 5.5.3, above). For the 
remaining salts, the fraction of moles that have accumulated in the reactor that dissolve within a 
time increment is approximated as a function of time. Specifically, this fraction is assumed to 
increase exponentially from zero to one as time increases from a RH of 50 percent to 85 percent 
(Assumption 5.5.4). Thus, at 85 percent RH, all accumulated salts are dissolved. A more I 
analytical approach would be to predict dissolved concentrations as a function of RH and to 
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deplete the solid phases accordingly by mass balance, but such an approach would be based on 
poorly understood salt interactions in concentrated brines of evaporite systems. The simplified 
approach taken in the LRH salts model at least ensures that the concentrations and dissolution of 
non-nitrate salts generally increase with increasing RH, as would be expected, and that all of 
these soluble salts will be dissolved by the time 2W reaches 85 percent. At the same time, this 
simplified approach conserves mass, maintains charge balance, and estimates the amount of 
water in the produced brine as a function of time. Furthermore, this assumption provides 
reasonably conservative results for the intended use and is therefore not designated to be 
verified. 

The amount of water in the brine generated during each time increment is controlled by the 
amount of dissolved salts in the reactor during the time increment and the assumed effective 
solubilities of the salts. It is assumed that the mass of water (my) in the generated brine at time 
increment j can be estimated from the following equation: 

mi W =C- Mo“. j 

a S a  

where and Sa are, respectively, the dissolved moles of anion a at time increment j and 
effective solubility (molal) of anion a in the reactor (Assumption 5.5.5). This equation, which I 
represents the summation of the contributions of each dissolved salt to the total mass of water in 
the reactor, is supported by the literature (Kinsman 1976, p. 274). Again, however, predicting 
the effective solubilities of salts in a mixed, high temperature, 5-13 salt system is not possible 
with a high degree of certainty. Therefore, the actual values of the effective solubilities are 
assumed to be 24.4 molal for nitrate salts (based on the pure phase solubility of KNO3, presented 
in Table 1) and approximately 3 to 4 molal for the non-nitrate salts (Assumption 5.5.6). The 3 to I 
4 molal range for the non-nitrate salts is chosen to provide a good fit between the LRH salts 
model and the EQ3/6 Pitzer model at 85 percent relative humidity. This range is reasonable 
because it is within the range of the solubilities listed in Table 1 for pure Cl, COS, and SO4 salts. 
This simplifying assumption does not affect the uncertainty in the model and is therefore not 
designated to be verified. 

Two additional assumptions for the LRH salts model involve the treatment of carbonate. First, 
the carbonate in the LRH salts model is assumed to be “soluble” carbonate (Assumption 5.5.7). I 
The “soluble” carbonate is determined from the EQ3/6 Pitzer model results of evaporated J-13 
water to a water activity of about 0.85. For evaporated J-13 water, this water activity occurs at 
an ionic strength of approximately 10 molal. According to the EQ3/6 results, a considerable 
amount of carbonate precipitates with Ca and Mg, but carbonate continues to concentrate. At a 
water activity of approximately 0.85, the remaining carbonate is considered “sol~ible” because 
the only salts it can form are K or Na salts. This reasonable assumption does not affect the 
uncertainty in the model and is therefore not designated to be verified. 

The second assumption involves estimating carbonate exchange with the atmosphere. The LRH 
salts model cannot be used to directly equilibrate the carbonate with the partial pressure of 
carbon dioxide. However, the amount of dissolved and precipitated carbonate can be constrained 
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by charge balance. To achieve the 0.85 activity of water end point, the carbonate concentration in 
the incoming seepage is adjusted to achieve a Na:C03 ratio equivalent to the ratio of the EQ3/6 
model results at 0.85 activity of water (Assumption 5.5.8). This reasonable assumption does not I 
affect the uncertainty in the model and is therefore not designated to be verified. 

The final assumptions involve charge balance. Because of the assumptions regarding the 
treatment of carbonate and the inability of the LRH salts model to calculate and track pH, the 
model will inevitably use an incoming seepage that is not perfectly charge balanced. The model, 
however, is designed to mitigate the effects of the charge balance error by maintaining the charge 
imbalance throughout the calculation. Na concentrations and moles in each phase and each time 
increment are calculated by charge balance in the LRH salts model in a manner that maintains 
any original charge imbalance (Assumption 5.5.9). The valency of the carbonate is assumed to I 
be between 1 and 2 depending on the pH calculated by the EQ3/6 Pitzer model for evaporated 
seepage (Assumption 5.5.10). For example, for a pH around 10, a valency of 1.33 is chosen to I 
reflect an average valency of two parts HCOi and one part CO:-. For pH of about 9 or below 
and 11 and above, valencies of 1 and 2 are chosen, respectively. This reasonable assumption is 
not designated to be verified because it does not affect the uncertainty in the model. 

5.6 CONDENSED WATER MODEL 

A model to predict the pH and ionic strength of condensed water underneath the drip shield or on 
other unreactive surfaces in the drift is also developed in this AMR. The only assumption 
required for this model is that the composition of the condensed water can be predicted based on 
equilibrium between pure water and the fugacity of carbon dioxide at a given temperature 
(Assumption 5.6). This assumption implies that the water does not react with dust, salts, or I 
other material that would provide an additional source of ions. This model and its output are 
developed for downstream users who accept this assumption. Therefore, this assumption is not 
designated to be verified. 

6. MODEL 

6.1 REVIEW OF SALTS/PRECIPITATES PROCESSES 

6.1.1 Evaporation, Relative Humidity, and Salt Precipitation 

Within a drift environment, water exists in two phases, liquid and vapor. Because these two 
phases are in contact with one another throughout time (except in the event that all liquid water 
vaporizes), Brownian motion causes water molecules to exchange constantly between the two 
phases. According to the Maxwell-Boltzmann law, a fraction of the molecules in one phase has 
the energy required to make the transformation to the other phase, and vice versa, for as long as 
both phases exist (Mahan 1975, pp. 131-139). 

Under equilibrium conditions, there is no net movement of water molecules fiom one phase to 
the other, Le., the non-zero evaporation rate equals the non-zero condensation rate. For liquid 
water to be in equilibrium with the vapor phase, the partial pressure of water vapor must equal 
the saturation vapor pressure of the liquid water at the conditions of the system. 
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Relative humidity is the ratio, expressed in percent, of the measured water vapor pressure and the 
saturated water vapor pressure at the same temperature and total pressure. This definition applies 
to water in its standard state. In porous media or on solid surfaces, there are other mechanisms 
that decrease the saturation water vapor pressure of the liquid, such as capillary binding of water 
by surface tension, osmotic binding of water in double layers, and direct adhesion of water 
molecules to solid surfaces by London-van der Waals forces (Koorevaar et al. 1983, p. 63). For 
the current Precipitates/Salts model, it is assumed that these effects are negligible (Assumption 
5.2.1). 

Dissolved salts in water also decrease the saturation water vapor pressure because they reduce 
the chemical activity of water in the solution. The chemical activity of the water molecule, 
which is proportional to the mole fraction of water in the aqueous solution, is equivalent to the 
equilibrium relative humidity of the solution (Kinsman 1976, p. 274). As a result, brines reach 
liquid-vapor equilibrium, and thus stability, at relative humidity values below 100 percent. This 
effect on brine stability is considered in the Precipitates/Salts model. 

Because the relative humidity within the potential drift is expected to be below 100 percent for 
many years during the pre- and post-closure periods, dilute ground water is not expected to be at 
liquid-vapor equilibrium within the drift during this time. For any dilute ground water that 
resides or flows into the drift during this period, there is a net transfer of liquid water to the vapor 
phase which results in increasing concentrations of dissolved salts in the remaining liquid water. 
If the vaporization rate is rapid compared to the flux of liquid water flowing into the drift, brines 
will develop within the drift. In addition, if the relative humidity is sufficiently low, dissolved 
salts will precipitate until either a more stable brine develops or dry conditions result. 

6.1.2 Formation and Chemistry of Brines and Salt Precipitates 

As water evaporates from solution, dissolved solids concentrate until they become supersaturated 
with respect to a solid phase whereupon, assuming conditions are favorable and precipitation is 
rapid, the solid phase will precipitate. If the solid phase is a binary salt and the concentrations of 
the two reactants (multiplied by their stoichiometric coefficients) are not equal, then the reactant 
having the lower relative concentration (multiplied by its stoichiometric coefficient) will become 
depleted in solution while the other reactant will continue to concentrate within the solution 
(Eugster and Hardie 1978, pp. 243-7, Eugster and Jones 1979, pp. 614-629). This mechanism is 
known as a chemical divide (Drever 1988, p. 235-6). A chemical divide determines which 
reactant concentrations are predominantly controlled by the solubility of a precipitating phase 
(i.e., those that become depleted in solution) and which reactant concentrations are only partially 
controlled by a precipitating phase (i.e., those that continue to concentrate in solution despite 
partial precipitation). 

The chemical divide during evaporative precipitation is demonstrated by thermodynamic 
calculations and studies of saline lakes and sabkhas. Garrels and Mackenzie (1967) 
thermodynamically simulated the evaporative evolution of Sierra Nevada spring water into a 
strongly alkaline sodium carbonate brine observed in natural saline lakes in the western United 
States. In these calculations, calcite precipitated first, depleting the aqueous calcium 
concentration. Calcite precipitation is an important evolutionary step because the chemical 
divide for calcium and carbonate will determine whether the evaporating water will become 
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carbonate poor or carbonate rich (Eugster and Hardie 1978, pp. 244). In this case, the water 
became carbonate rich. Next in the calculations, precipitation of sepiolite depleted the 
magnesium concentration. Continued evaporation resulted in a sodium carbonate brine with a 
pH near 10. 

Studies of saline lakes in the western United States show that alkaline sodium carbonate brines, 
such as the brine derived by Garrels and Mackenzie (1967), are common (Eugster and Hardie 
1978, p. 240). Many of these same alkaline brines occur in volcanic terrain and have high silica 
content (Jones et al. 1967). These waters are also enriched in chloride, sulfate, and to some 
extent potassium. Although potassium is a highly soluble salt, studies of naturally occurring 
brines indicate that it is largely removed during evaporative precipitation. The likely 
mechanisms for this removal are ion exchange reactions on clay minerals, silicate gels, and 
volcanic glass (Eugster and Hardie 1978, pp. 246). 

In the late stage of evaporation, the highly soluble components precipitate. In carbonate-rich 
brines, these salts include, but are not limited to, Na, C1, SO+ COJ, and Si02 (Eugster and Hardie 
1978, p. 244). The predominant dissolved solids in carbonate-poor brines, such as brines 
resulting from the evaporation of sea water, are Na, Ca, Mg, C1, and SO4 (Eugster and Hardie 
1978, p. 244). Other dissolved solids that have been observed to become enriched in some 
brines include F, Br, Sr, PO4, and B (Eugster and Hardie 1978, p. 239-241). N03, although it is 
highly soluble, is not mentioned (and perhaps not investigated) in these studies. 

The sequence of salt precipitation by evaporation depends on the chemistry of the solution and 
the environment. The relative and total concentrations of the dissolved salt species and the 
solubilities of the solid salt phases determine when a dissolved species becomes supersaturated, 
when it begins to precipitate, which other species precipitate with it, and which species continue 
to concentrate in the remaining solution. 

The aqueous solubilities of various combinations of binary Na and K salts at 100°C are presented 
in Table 1. Each value represents the maximum amount of the specified salt that can be 
dissolved into pure water at the given temperature. These handbook values are useful in 
assessing semi-quantitatively the relative solubilities of different salts in an aqueous solution 
containing many different dissolved solids. For example, Table 1 indicates that sulfate salts and 
sodium fluoride are some of the least soluble of these salts. 

In naturally occurring brines, high sulfate concentrations are attributed to the dissolution of 
gypsum in geologic strata or the oxidation of sulfides such as pyrite which are widespread in the 
western United States (Eugster and Hardie 1978, pp. 243). In a carbonate-poor (calcium-rich) 
brine, such as a brine derived from the evaporation of sea water, sulfate precipitates as gypsum 
or anhydrite before halite precipitates (Kinsman 1976, p. 275). In carbonate-rich alkaline brines, 
sulfate precipitates as a sodium salt (Eugster and Hardie 1978, pp. 246). Based on the data in 
Table 1, sulfate salts would be expected to precipitate due to evaporation prior to halite or other 
more soluble salts, given approximately equal concentrations of sulfate and chloride in the 
solution. 

Another indication of the likely sequence of salt precipitation is evident in the comparison of 
hygroscopic properties, i.e., the abilities of different brines or salts to absorb water from the air. 
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Table 2 lists literature values of the equilibrium relative humidity of aqueous solutions saturated 
with a given salt. Lower values in this table imply lower chemical activities of H20 (see 
previous section) and therefore higher salt solubilities. This relationship is apparent when 
comparing the values in Table 1 and Table 2. 

For evaporating seawater, when the chemical activity of H20 falls below 0.93 due to net 
evaporation of water into air having a relative humidity less than 93 percent, calcium sulfate 
precipitates (Kinsman 1976, p. 273). In this same water, when the chemical activity of HzO 
falls below 0.77 due to net evaporation of water into air having a relative humidity less than 77 
percent, halite precipitates (Kinsman 1976, p. 274-5). Thus, as water evaporates, the chemical 
activity of water in the brine decreases, forcing less hygroscopic, less soluble salts to precipitate 
before more hygroscopic, more soluble salts. Based on the values in Table 1 and Table 2, it 
follows that the sequence of precipitation in a calcium-poor (carbonate-rich) brine is likely 
sodium sulfate followed by halite. 

The most reliable method for determining the sequence of precipitation reactions, however, is to 
track the aqueous activities of the dissolved components during evaporation and precipitation. 
When the ion activity product of a salt exceeds the solubility equilibrium constant of the 
precipitation reaction, the salt will begin to precipitate, assuming the rate of the reaction is 
sufficiently rapid (Stumm and Morgan 1996, pp. 351-9). Precipitation will stop as soon as the 
ion activity product falls to the point where it is equal the solubility equilibrium constant of the 
reaction. 

Evaporative precipitation generally results in the precipitation of dissolved solids from solution. 
One exception is carbonate because it equilibrates with carbon dioxide and can degas. 
Degassing of carbon dioxide in alkaline brines results in the reaction: 

which causes the pH to rise (Drever 1988, p. 244). This pH rise is enhanced by the decrease in 
carbon dioxide solubility as salinity increases (Eugster and Jones 1979, pp. 614). However, 
despite carbon dioxide degassing, continued evaporation results in the precipitation of sodium 
carbonate salts, such as trona (Jones et al. 1977, p. 64; Eugster and Hardie 1978, p. 246). 

For silica, wetting and drying cycles tend to cause much of the silica precipitation in alkaline 
brines. At Lake Magadi in Kenya, complete evaporation causes the formation of silica crusts 
that do not easily dissolve during the following wetting cycle due to slow kinetics. As a result, 
only the most soluble salts, e.g., Na, K, C1, and SO4 dissolve into the recharged interstitial waters 
(Eugster and Hardie 1978, pp. 245-6). 

6.1.3 Potential Brines and Salt Precipitates at Yucca Mountain 

A number of simulations and experimental studies have been performed in the past few years to 
directly assess evaporative precipitation effects within and near the potential repository in Yucca 
Mountain. According to these studies, water entering the drift will have variable composition as 
a function of time as a result of the boilinghndensation and reaction of both heated and 
condensed waters with minerals and gases in the fractures of the host rocks (Arthur and Murphy 
1989; Glassley 1994; Murphy 1993; Wilder 1996; Lichtner and Seth 1996; Glassley 1997; 
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Hardin 1998, Section 6.2.2). These reacted, or thermally perturbed, fluid compositions may flow 
down fracture pathways and enter potential emplacement drifts where they could undergo 
reaction with introduced materials or be boiled again depositing mineral precipitates containing 
salts (Glassley 1994; Murphy and Pabalan 1994; Wilder 1996; Lichtner and Seth 1996). The 
total amounts of salts deposited within the drifts will depend on the composition of ambient 
water within the unsaturated zone. 

As temperature increases, a number of changes may affect the geochemical behavior of the near- 
field environment. Mineral stabilities and phase equilibria are temperature dependent, and the 
rates at which reactions occur will generally increase at higher temperatures. Both continuous 
reactions such as the gradual dehydration or shift in cation composition of a solid phase, and 
discontinuous reactions such as the disappearance of a phase outside of its stability range, will 
occur as temperature increases (Glassley 1994; Murphy 1993; Hardin 1998, Sections 5 and 6). 
The higher temperatures in the near-field may result in regions where attainment of 
thermochemical equilibrium can be assumed (Glassley 1994). 

The increased temperatures are predicted to vaporize much of the water in the near-field as an 
above-boiling zone forms within the drift and in the very near-field (Glassley 1994). This 
transition would increase the capacity of the system to transport moisture as volatiles and would 
result in precipitation of dissolved solids from boiling fluids in the near-field. Condensation of 
water in cooler regions above the potential repository horizon may dissolve new material, which 
could be transported through fractures back down into the boiling zone with subsequent boiling 
and phase precipitation. 

Because boiling of fluids will occur, mineral precipitates including salts will form in the region 
of boiling. Water undergoing boiling/evaporation or reacting with precipitated salts will become 
concentrated in a number of dissolved constituents either in close proximity to, or within, 
potential emplacement drifts (Hardin 1998, Section 6.2.2). Such fluids represent a second end- 
member for reaction with the EBS. Currently these fluid compositions are primarily constrained 
by the results of geochemical mass-transfer calculations for simplified systems designed to 
simulate the evaporatiodboiling that would occur within a thermally perturbed repository 
environment. Results from two such calculations (Murphy and Pabalan 1994; Wilder, 1996; 
Hardin 1998, Section 6.2.2) are discussed here. 

In one calculation (Wilder 1996; Hardin 1998 Section 6.2.2), 5-13 water evaporates/boils along a 
temperature rise from ambient to 95°C at equilibrium with atmospheric gases. These calculations 
represent 95 percent evaporation. The second set of calculations (Murphy and Pabalan 1994) 
starts with model water evolved at 75°C (heated 5-13 water that has reacted with tuff) and heats 
it instantaneously to 100°C in equilibrium with atmospheric oxygen and the calculated COz 
fugacity. (This latter parameter value is higher than atmospheric values and was derived from a 
coupled reactive transport calculation in which both gas and fluid flow were calculated.) The 
compositions resulting from this second set are given up to about 99.6 percent evaporation. Even 
though the results of these two calculations are not directly comparable (because they represent 
different compositional systems and different controls on the gas phase), they appear to be 
roughly consistent. Relative to ambient compositions these fluids have, in general, high ionic 
strength (greater than 1 molal stoichiometric ionic strength for the 99.6 percent evaporated case), 
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are enriched in alkalis, chloride, sulfate, and other ligands (F-, and HCO;), and have higher pH 
(-9.5). 

Because mineral precipitation occurs throughout these calculations (calcite, silica polymorphs, 
etc.), these compositions do not represent simply concentrated ambient values, but are selectively 
concentrated. In both sets of calculations, the dissolved Ca content is low ( G O  mgkg) because 
calcite precipitation depletes the fluid of Ca. However, other elements that are conservative 
within the aqueous phase are orders of magnitude higher than at ambient conditions. For 
example, at the 99 and 99.6 percent evaporation points, chloride concentrations are about 100- 
times and about 250-times higher, respectively, than the average value for 5-13 water (Murphy 
and Pabalan 1994). 

Modeling results of water evaporation indicate that resultant composition may be profoundly 
affected by the gas phase assumed to be in equilibrium with the evaporating water and whether 
the system behaves as open to the atmosphere or in a closed manner (Wilder 1996; Hardin 1998, 
Section 6.2.2). In equilibrium with the atmosphere gas, initial J-13 well water evolves to higher 
pH 0 9 . 5 )  and lower Eh (4500 mV) at high degrees of evaporation, compared to the case where 
the system is isolated from the atmosphere for which the final values are pH < 6.8 and Eh > +650 
mV. The model results are very sensitive to the constraints on C02 fugacity (Murphy and 
Pabalan 1994), with different solid phases precipitating for lower C02 fugacities. When refluxed 
water is nearly completely evaporated, more calcite precipitates in an open system compared to a 
closed system (Glassley 1993; Murphy and Pabalan 1994). These results emphasize the need to 
have a model that incorporates consistently the evolution of near-field gas composition, and the 
need to have such constraints defined for each scenario. 

In another modeling study, Lichtner and Seth (1996) used a multiphase, multicomponent, 
nonisothermal reactive transport code to simulate the evolution, vaporization, and condensation 
of groundwater through the vertical centerline of the repository during the boiling period. This 
type of code does not fix local gas fbgacities within the grid block, but evaluates them based on 
multiphase reactions. Their results predict that in the vicinity of the potential repository, the pH 
rises to about 10 and chloride concentration increases to approximately 100 mgiL in the vicinity 
of the drift. Lichtner and Seth (1996) indicate that a 10-fold increase in 5-13 fluid concentrations 
(for conservative elements) could be a reasonable water composition entering the drift through 
fractures during the boiling period. Quartz and calcite were predicted to dissolve where water 
condenses and precipitate where water evaporates (Lichtner and Seth 1996). 

6.1.4 Precipitates/Salts Model Developed for the TSPA-VA 

The conceptual model developed in Section 6.2 evolved from the salts/precipitates model 
developed for the TSPA-VA (CRWMS M&O 1998b). The purpose of the TSPA-VA model was 
to derive a set of bounding analyses for the timing, accumulation, and total amount of salts that 
accumulate and dissolve in the drift and the effects of these salts and evaporative processes on 
the chemical composition of the water. The model considered the elements Al, C, Ca, C1, F, Fe, 
H, K, Mg, N, Na, S, and Si. 
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6.1.4.1 Salt Precipitation Results 

The EQ3/6 results of the TSPA-VA model suggested that the most soluble components, Na, Si, 
S, C1, K, N, and F, increase in concentration in proportion to the amount of vaporization. 
Changes in carbonate concentrations were similar; however, because carbonate concentration 
was a function of pH and the partial pressure of carbon dioxide, deviations from direct 
proportionality occurred. As the water became more saline and approached an ionic strength of 
1 molal, the pH increased to values between 10.3 and 11.7 (CRWMS M&O 1998b). 

Precipitation reactions caused concentrations of Ca, Al, Mg, and Fe to decrease or remain 
essentially unchanged as water vaporized. As a result, approximately 98 percent or more of these 
dissolved solids were precipitated as the seepage water became 98 percent vaporized. Ca 
concentrations were controlled primarily by calcite (CaCO3) or wollastonite (CaSi03), depending 
on the pH and the partial pressure of carbon dioxide. 

Na and K accounted for more than 99.9 percent of the positive charge. As a result, Na and K 
salts were responsible for the overwhelming majority of all salt precipitation in the late stage 
calculations. The elements Si, Cl, S, C, F, and N and their stable hydrolyzed species were the 
primary sources of negative charge in the seepage water. 

For precipitation occurring at ionic strength greater than 1 molal, a simple spreadsheet 
calculation was used. Normative binary salts were chosen to precipitate based on handbook 
solubilities, relative ion activity products, and conservation of mass and charge. All Ca 
precipitated as calcite due to its low solubility and an excess of carbonate. Next, sodium sulfate 
precipitated. The high concentration of sodium relative to sulfate caused the complete depletion 
of sulfate while depleting the sodium concentration by approximately 20 percent. 

The spreadsheet calculation was not capable of predicting the changes in pH. Because silica salt 
solubility is a function of pH at high pH, it was difficult to determine which salt would be the last 
to precipitate. After collaboration with researchers at LLNL, who were performing J-13 
evaporation experiments, it was determined that nitrate would precipitate last along with 
potassium due to its high solubility. Because there was slightly more nitrate than potassium in 
the reflux water, some nitrate was precipitated as sodium nitrate. Consistent with mass balance 
and charge balance constraints, the rest of the components, Na, C1, C, F, and Si, precipitated as 
NaCl, Na2C03, NdC03,  NaF, NazSi205, and Na2SiO3. The total accumulation of these 
normative salts on the waste package was directly proportional to the seepage rate. 

6.1.4.2 Salt Dissolution Results 

At early times, the high temperature and low relative humidity in the drift allowed all normative 
salts in the TSPA-VA analysis to precipitate and all seepage water to vaporize. The dissolution 
of salt phases was essentially instantaneous once the relative humidity exceeded the maximum 
allowed for a stable solid phase. Such rapid dissolution is consistent with the observation that 
puddles of dissolved salt (primarily NaCl brine) occur overnight on salt flats when the relative 
humidity rises above the maximum equilibrium relative humidity for solid-phase NaCl but 
remains far below the dew point (Kinsman 1976). These same puddles then dry up during the 
day as soon as the relative humidity falls below the critical relative humidity. 
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The first critical value of relative humidity encountered as the potential drift cools was 
determined to correspond to the nitrate phases. At about 160 years, the relative humidity was 
predicted to rise above 50 percent and the temperature to fall to about 117 "C. This was taken to 
be the approximate relative humidity value that would cause N a 0 3  to dissolve. Also, the 
temperature at this time was below the boiling point of a concentrated solution of NaN03, which 
is around 120 "C (Saxton et al. 1928, V. 3, p. 326). Thus, NaN03 condensed water from the in- 
drift gas phase and dissolved to a saturated solution at this point in time. KN03 was also allowed 
to dissolve at this relative humidity value. 

The next threshold was encountered at approximately 80 percent relative humidity, which 
corresponded to approximately 800 years. NaC1, NaF, Na2C03, NaHC03, Na~Si20~, and 
NazSi@ were assumed to dissolve at this point. Except for NaCl, there are few data available on 
the maximum relative humidity values for these solid phases. 

The final threshold was crossed at 1,250 years when the relative humidity exceeded 
approximately 90 percent. Na2SO4 was no longer stable and was determined to completely 
dissolve, representing the last of the highly soluble salts precipitated throughout the boiling 
period. This left CaCO3 as the only normative salt remaining and accumulating on a potential 
waste package beyond 1,250 years. 

6.2 CONCEPTUAL MODEL 

The conceptual model presented in this section describes the processes that control the aqueous 
compositional changes and precipitation and dissolution of salts and minerals within the drift 
resulting from H20 vaporization and condensation. Because the conceptual model is designed to 
provide bounding and scoping calculations, it is only intended to approximate the effects of the 
complex processes involved. 

The conceptual model is that boiling and evaporation of water within the drift will cause 
dissolved solids in the water to concentrate and precipitate. The degree of vaporization of H20 
and precipitation of salts and minerals may change with time as conditions change. The 
precipitates that form will depend on the temperature, gas fugacities, vaporization rate, seepage 
rate, and seepage composition. 

' 

. 

High temperatures and low values of relative humidity are expected to create dry conditions 
within the drift during the early years. Although potential seepage water entering the drift during 
the dry period may not remain long enough to initiate considerable corrosion or other potentially 
deleterious effects, as it boils away it will deposit its dissolved, nonvolatile constituents as salts 
and minerals. These phases, which may range from relatively insoluble minerals like silicates 
and carbonates to salts with high solubilities, have the potential to affect water composition 
within the drift after temperatures fall to the point that stable brines develop. 

Because salts are typically hygroscopic, their accumulation within the drift will reduce the 
duration of dry conditions. Relative humidity values above the critical value for a salt will cause 
that salt to condense water from water vapor and form a brine (Kinsman 1976). How large of an 
effect this process may have on in-drift water chemistry is one of the questions that this model 
attempts to assess. 
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As drift temperatures fall, relative humidity rises. Eventually, the average rate at which 
incoming water enters the drifl will exceed the evaporation rate, and the result will be an 
evaporated water composition within the drift that is no longer controlled by the relative 
humidity and the solubilities of the soluble salts. As a result, the evaporated water composition 
within the drift will become more dilute over time as the temperatures fall. The end point of the 
conceptual model is when temperature and relative humidity within the drift reach ambient 
conditions. When ambient conditions are achieved, the incoming seepage and water chemistry 
within the drift are no longer markedly altered by evaporative processes. 

6.3 MODEL DESIGN 

The PrecipitatedSalts model was developed to simulate the conceptual model. The intended use 
of the model is to estimate, within an appropriate level of confidence, the pI3, chloride 
concentration, and ionic strength of water on the drip shield or other location within the drift 
during the post-closure period, based on evaporative processes that are subject to a broad range 
of potential environmental conditions. An additional intended use is to estimate the 
environmental conditions required for complete vaporization of water. These specific outputs 
(pH, chloride concentration, ionic strength, and conditions required for complete vaporization) 
are important for total system performance calculations conducted outside of this AMR. 

The appropriate level of confidence for the model is the ability to predict chloride concentrations 
and ionic strength within an order of magnitude (factor of 10) and pH within a pH unit for 
expected conditions within the drift. Although these are not highly stringent criteria, this level of 
confidence nevertheless greatly reduces the potential ranges of these variables, thereby 
considerably reducing uncertainty. At the same time, the fairly broad range of acceptable 
uncertainty is necessary because it allows for model validation for the intended use. Without a 
broad range of acceptable uncertainty, the currently available laboratory and handbook data 
might not have been able to support development of a quantitative model that could be 
convincingly validated for the intended use. 

The Precipitates/Salts model consists of two sub-models that handle the two predominant 
regimes described in Section 6.2. The first regime occurs at low relative humidity where the 
solubilities of soluble salts control the water chemistry. In this regime, incoming seepage water 
either completely evaporates, thereby precipitating all dissolved solids in the seepage, or it 
evaporates to a stable brine. The model used to simulate this regime is referred to as the Low 
Relative Humidity salts model. It is a simple bounding model that consists of a set of 
simplified algebraic calculations performed within a Mathcad file. 

In the second regime, the relative humidity is higher. In this regime, the steady state water 
composition is controlled by the ratio of the rates of evaporation and seepage. This ratio is 
always less than one in this regime. If it were not, steady state conditions would either be dry (if 
the relative humidity were sufficiently low) or consist of a steady state brine, either of which are 
simulated using the LRH model for the first regime. The model used to simulate this second 
regime is referred to either as the EQ3/6 Piker model or the High Relative Humidity (HRH) salts 
model. This model is simulated using the geochemical code EQ3/6. Like the LRH model, it 
relies on simplifying assumptions that are justified for the intended use of the model. The HRH 
model is not intended to meet the strict criteria generally applied to the development of universal 
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Pitzer databases. The simplifying assumptions (Section 5.3) are justified for the intended use by 
comparing model predictions of pH, chloride concentration and ionic strength to laboratory data 
(Section 6.5) and ensuring that these outputs are predicted within the fairly broad range 
permitted for uncertainty. 

The two sub-models are designed to provide a piece-wise continuous Precipitates/Salts model for 
all time periods simulated. 

6.3.1 Input Parameters and Boundary Conditions 

6.3.1.1 Seepage Water Composition 

The elements in the model include Na, K, Ca, Mg, C1, F, C, S, N, Si, Fe(III), Al, H, and 0. The 
incoming seepage water composition ( C i )  over time will eventually be provided by the THC 
model. For this document, however, average 5-13 well water is used. Its composition is 
presented in Table 7. 

6.3.1.2 Time Period Modeled 

The model is designed to apply to periods of time in which the inputs are either constant or 
abstracted for constant input conditions. For changing input conditions of an entire target 
modeling period, the period is divided into discrete blocks of time in which the input conditions 
are abstracted to constants. 

6.3.1.3 Locations Modeled 

The Precipitates/Salts model can be used to describe evaporative processes at any location where 
evaporative processes occur. Possible locations are on the drip shield, on the waste package 
surface, and in the backfill if backfill is present. 

6.3.1.4 Temperature and Gas Composition 

The temperature and gas composition in the near-field geochemical environment of the 
repository will change over time. The important gas components for the Precipitates/Salts model 
are carbon dioxide and water. Fugacities of carbon dioxide within the drift over time will be 
provided by a separate performance assessment analysis. Relative humidity values for a given 
cell and time increment will come fiom TH modeling results when they are available. 

In this AMR, relative humidity values (RH) from 0 to 100%, temperatures (0 of 25OC, 45OC, 
7S°C, and 95"C, and carbon dioxide gas fugacity values v&) of lo-', and lo6 are modeled. 

6.3.1.5 Relative Evaporation Rate 

Relative evaporation rate (R'") becomes important in the model after the relative humidity rises 
above 85%. This AMR presents calculations for the following relative evaporation rate values: 
0, 0.1, 0.5, 0.9,0.99, 0.999, and 1.  
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6.3.2 Model Output 

Model output consists of calculations for pH, chloride molality, and ionic strength (in molality) 
for the input parameter values described in Section 6.3.1. A complete set of these outputs is 
summarized in this AMR by a set of lookup tables that can be used to interpolate model output 
for input conditions within the ranges modeled. 

The ionic strength ( I )  parameter in the figures and lookup tables in this AMR is not the true ionic 
strength calculated by an equilibrium code, except when it is called the true ionic strength. 
Instead, it is an approximation based on the following equation: 

where Cj is the molality of component i. This approximation is identical to that used in the 
colloids model (CRWMS M&O 1998b), and is particularly appropriate for the Precipitates/Salts 
model lookup tables because the colloids model is the primary downstream user of the ionic 
strength calculations. In the case of the LRH salts model, the approximation is simply the sum 
of the Na and K molalities because Ca and Mg are not tracked by the model. As observed in the 
EQ3/6 HRH model, the contributions of Ca and Mg to the ionic strength are small. This is 
especially true when the ionic strength is high, as is the case in all of the LRH salts model 
calculations. 

6.3.3 Model Limitations 

The conceptual model is a simplification of evaporative salt processes and their effects on the 
chemistry and quantity of liquids and salts at a particular location. Prediction of the actual salts 
and brines that would form in the drift due to these processes cannot be determined with a high 
degree of confidence using available thermodynamic data. Therefore, this model is designed to 
approximate the overall effects of evaporative processes on salt and brine formation so that 
bounding calculations can be performed to assess the potential implications of these processes on 
total system performance. 

6.3.4 Condensed Water Model 

An additional model named the Condensed Water model was requested for inclusion in this 
AMR. This model is designed to predict the composition of condensed water that may form on 
dry inert surfaces, such as the underside of the drip shield. The conceptual model is that pure 
water vapor condenses on dry inert surfaces wherever the temperature and relative humidity 
permit. The model does not attempt to predict the timing, amount, or location of the condensed 
water. Rather, it simply predicts the equilibration of pure water with the local temperature and 
fugacity of carbon dioxide so that values for pH and ionic strength can be determined. Because 
these surfaces are assumed to be free of dust, salt, and other sources of dissolved solids 
(Assumption 5.6, above), concentrations of dissolved solids other than carbonate are zero. 
EQ3/6 is used to predict the equilibrium chemistry at carbon dioxide gas fugacity values ( f c ~ ~ )  of 
lo-', lo4, lo-', and lo-' and temperatures (7) of 25"C, 45"C, 75"C, and 95°C. 
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6.4 MODEL IMPLEMENTATION 

The LRH and HRH models are linked together at a RH of 85 percent. At this RH, the 
equilibrium activity and mole fraction of water in solution should be approximately 0.85 
(Kinsman 1976, p. 275). As presented later, the EQ3/6 Pitzer calculations of the HRH model 
indicates that evaporation of average 5-13 well water to a water activity and mole fraction of 
about 0.85 occurs at an ionic strength of around 10 molal. At this point in the EQ3/6 
calculations, Na, K, NOS, Cl, COS, and so4 are highly concentrated in the evaporated solution, 
but because the EQ316 Piker model may be close to or beyond its range of validity at this ionic 
strength, salt reactions at higher ionic strengths (lower relative humidity) are reserved for the 
simpler LRH salts model. 

Sections 6.4.1 and 6.4.2 present the details of how the LRH and HRH salts models are 
implemented. The assumptions implicit in the implementation are addressed in Section 5. 

6.4.1 Low Relative Humidity Model 

In the LRH salts model, seepage water enters a specified location within the drift where it is 
subjected to evaporation processes. This location is called a “reactor” in this document. 

At early times, the relative humidity (RH) is sufficiently low to vaporize all incoming water and 
maintain dry conditions within the reactor. As a result, only the dissolved solids in the incoming 
seepage accumulate during this time. The accumulation for component i is equivalent to the 
cumulative mass of component i (M:’) entering the reactor during time t. It is calculated using 
the equation: 

where C,? is the incoming seepage concentration (masdvolume) of component i and is the 
incoming seepage rate (Assumptions 5.5.1, 5.5.2, 5.5.7, and 5.5.8). This equation is derived by 
dimensional analysis. 

As explained in Section 5.5, accumulated nitrate salts will dissolve in the model when the RH 
rises to approximately 50 percent (Assumption 5.5.3). At this RH, a nitrate brine is determined 
by the model to be stable and will not evaporate to dryness due to the hygroscopic nature of 
nitrate salts. The model calculates the mass of water in this brine using equation 2. For brine 
generated from evaporated average J-13 well water, the nitrate brine is mostly a KNO3 brine. 
However, because the average J-13 well water contains a higher molality of NO3 to K, the 
remainder of the nitrate brine is NaN03. 

During the time RH rises from 50 to 85 percent, the model simulates brine generation. This time 
period is divided into equal time increments in which all brine generated during a time increment 
flows out of the reactor at the end of the time increment (However, as discussed later, the model 
allows for some mixing between time increments.). Brine is generated by gradually dissolving 
the Cl, C a ,  and SO4 sodium and potassium salts that have accumulated (and potentially 
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continue to accumulate) in the reactor. 
following equation: 

The model dissolves these salts according to the 

4(1,-tpPK) 

(for i = C1, CO3, or SO4) (Eq. 6) 
p=-Pm =10 

where_f;j. is the dissolved fraction of moles of Cl, co3, and SO4 in the reactor at time incrementj 
and t j  is the time (Assumption 5.5.4 The constants and p5” are the times when RH reaches 
50 and 85 percent. Thus, at time ? the fraction dissolved is 0.0001, while at time p5” it is 1.0 
and the salts are completely dissolved. The value ofAJ increases exponentially as t j  approaches 
p5%. This equation is an empirical equation that was derived in this AMR to approximate a 
smooth and reasonable transition from a concentrated nitrate brine to a dilute brine equilibrated 
with a relative humidity of approximately 85 percent. For NO3 and K, the fraction dissolved is 
one as soon as RH reaches 50 percent. 

2; 

The moles of each component i in the reactor at a given time incrementj (MI: j )  is the sum of the 
moles in the reactor that are dissolved and undissolved. Because the model requires brine 
generated during a time increment to flow out of the reactor at the end of the time increment, 
MI: is calculated by taking the moles in the reactor from the previous time increment (MI: j-l ), 
subtracting the dissolved fraction from the previous time increment, and adding moles from 
seepage during the current time increment (MI?), i.e.: 

However, because equation 7 does not allow mixing between time increments, the nitrate brine 
generated in the first time increment would be completely removed by the second time 
increment. Therefore, mixing is incorporated into the LRH model by subdividing each time 
increment into half increments, such that the moles in the cell at each half time increment (MI:) 
is calculated from the equation: 

where k is the set of all integers from 1 to 2j. These calculations are then converted back to 
by the equation: 
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From these calculations, the moles of dissolved solids in the brine generated at each time 
increment (A4: j )  can be calculated from the equation: 

~ 4 : j  = j f i ,  j 

and the mass of water in the generated brine at each time increment (my) can be calculated from 
equation 2 (Assumption 5.5.5). These calculations allow determination of the mass fractions of 
each component i (CjJ [units: masdmass] in the generated brine at each time increment using the 
equation (Assumption 5.5.6): 

M:j c . .  =- 
my '?J 

To this point, only equations 5 and 8 are used for Na calculations because these two equations 
involve incoming seepage only and are not affected by the processes that occur within the 
reactor. The moles, mole fractions, and mass fractions of Na in the reactor are calculated by 
charge balance after the values for the other components are determined (Assumptions 5.5.9 and 
5.5.10). The general equation is: 

a a 

where Bi,j represents A4:j,  or C,,j depending on which Na calculation is being 
performed: Na moles in reactor, dissolved Na moles in reactor, or dissolved Na mass fraction. K, 
a, and zj represent potassium, anions, and the valency of component i, respectively. The third 
term in equation 13 is included to maintain any original charge balance error (E) introduced by 
the incoming seepage. In this way, any potential errors in the charge balance calculations 
themselves will not affect the results of the model. E is calculated from the equation: 

where C,S and C,S represent the concentrations of cations and anions in the incoming seepage 
(Freeze and Cherry 1979, p. 97). An example calculation using the LRH model is provided in 
Attachment I. 

6.4.2 High Relative Humidity Model 

Evaporative concentration of dissolved solids in dilute water is typically performed using a 
geochemical equilibrium code, such as EQ3/6. Pure water is removed from the original solution, 
and depending on mineral saturation indices and interaction with the gas phase, this causes the 
dissolved ions to concentrate in solution, precipitate, or degas. These reactions are routinely 
simulated to an ionic strength of about 1 molal using traditional ion activity correction equations 
such as the B-dot equation (Wolery 1992b, p. 38). 
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The HRH model is simulated using the ion-interaction Pitzer equations in EQ3/6 version 7.2b. 
The ion-interaction model was adopted to increase the model’s upper ionic strength limit to 
approximately 10 molal. The EQ3/6 software package, however, includes Pitzer databases that 
can only be used for a subset of the elements and conditions required for the HRH model. Ion- 
interactions involving C03, Si, Al, and Fe(III) at high ionic strength and high temperature cannot 
be simulated using the Pitzer databases in the EQ3/6 software package. Thus, a Pitzer database 
called PT4 was developed from the PIT database of EQ3/6 for the HRH model. The 
development of PT4 and the associated assumptions are discussed in Section 5. 

The EQ3/6 HRH model is used in two modes, a simple evaporation mode and a mode that 
simulates both flow-through and evaporation simultaneously. The first mode is used to predict 
the simple evolution of a given solution as water evaporates. The second mode is used to predict 
the evaporative evolution of a constant incoming seepage. These modes are described in the 
subsections that follow. 

6.4.2.1 Simple Evaporation 

The simple evaporation mode is used in this analysis to predict the evolution of a given water 
composition at a given temperature and carbon dioxide fbgacity as it concentrates by evaporation 
to a water activity of approximately 0.85. Such calculations are especially useful in model 
validation when analytical results of laboratory evaporation studies are compared with HRH 
model predictions. 

Evaporation may be accomplished by the titration feature in EQ3/6 in two ways in this analysis. 
The traditional way is to declare an evaporation reactant (e.g., “H20) and assign it an 
“aqueous” reactant type and a rate constant (rkl) of -1 .O. Then reaction progress is allowed to go 
from 0 to about 55.5, which is the approximate number of moles of water in a kilogram of water. 
The actual maximum reaction progress must be finely and iteratively adjusted to achieve the 
final target ionic strength. The other method is to declare the evaporation reactant is a “special” 
reactant and include the molalities of H and 0 (approximately 111.0 molal and 55.5 molal, 
respectively). For “special” reactants, the rate constant (rkl) is set at -1.0 and the reaction 
progress is varied from 0 to nearly 1 .O. 

6.4.2.2 Evaporation with Solid-Centered Flow-Through 

The EQ3/6 HRH model simulates evaporation within the drift using the solid-centered flow- 
through mode. In this mode, seepage into the reactor is at a constant rate. In the current version 
of the HRH model, the solid-centered flow-through addendum for EQ3/6 version 7.2b is used 
[CSCI: URCL-MA-110662 V7.2b7 MI: 30084-M04-001 (Addendum Only), CRWMS M&O 
1998al. This addendum has the limitation that the flux of equilibrated solution out of the cell is 
equal to the flux of incoming water. Thus, any evaporation of water within the cell will result in 
a net outward flux of mass within the cell. 

For the EQ316 HRH model, it would be more realistic for the flux of equilibrated solution out of 
the cell to be the difference of the fluxes of incoming seepage and evaporation. This would be a 
more realistic representation of conditions within the drift because (assuming constant climate 
conditions) as evaporation rates decrease with time, water volumes within the drift will increase 
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and eventually level off due to the emergence of a steady flow-through regime. In this way, the 
volume of solution within the cell would not decrease and the dissolved solids would not flush 
from the cell as quickly. Version 8 of EQ3/6, which at the time of this writing is not qualified 
for use on the Yucca Mountain Project, allows simulation of this more realistic approach. 

The current version of EQ3/6 (7.2b) with the solid-centered flow-through addendum is still 
useful, however, because it can approximate the evaporative evolution of incoming seepage. 
Although the total volume and mass within the cell decreases with time, the expected steady state 
concentrations are generally achieved by the model given a sufficient number of pore volumes of 
incoming seepage. Thus, if the model is used to evaluate the chemical evolution of evaporated 
incoming seepage in a flow-through cell during a time period that has a sufficiently high number 
of pore volume flushes (e.g., more than loo), then the model will correctly approach the 
expected steady state concentrations. 

The steady state concentrations are primarily controlled by the seepage composition and the 
relative evaporation rate (R'") defined in equation 1 (Section 4). For example, a R'" value of 0.9 
(i.e., an effective evaporation rate equal to 90 percent of the incoming seepage rate) implies that 
the steady state concentration of a highly soluble dissolved component in the cell (e.g., C1) will 
be 10 times the concentration in the incoming seepage. The derived general equation (confirmed 
by model results) is: 

where C y  is the steady state molal concentration of soluble component i in the reactor (or cell) 
and C,: is the molal concentration of the component in the incoming seepage. This equation 
must be used with caution, however, because less soluble components may reach solubility 
limits. These limits may also be affected by the evolution of the pH and fixed partial pressure of 
co2 (g). 

The solid-centered flow-through option of the EQ3/6 version 7.2b addendum is implemented by 
defining two reactants and reactant types, a displacer and a special reactant. The incoming 
seepage is the displacer and water evaporation is the special reactant (not the customary 
"aqueous" reactant type). By setting the displacer reactant rate constant (rkl) equal to 1.0 for all 
simulations, the reaction progress is equivalent to the number of liters (or pore volumes) entering 
the cell. The reactant rate constant (rkl) for the evaporation reactant is then set equal to negative 
R', thus setting the relative evaporation rate. 

6.4.3 Condensed Water Model 

The Condensed Water model (see Section 6.3.4) uses EQ3/6 to predict the pH and ionic strength 
of the condensate under a full range of potential temperatures and carbon dioxide fugacities. The 
qualified YMP thermodynamic database is used for this analysis. The results are plotted and I 
tabulated in a set of lookup tables so that downstream users can easily incorporate the predicted 
compositions into their analyses. 
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6.5 MODEL VALIDATION 

This section presents the validation performed for the HRH and LRH models, which together 
compose the Precipitates/Salts model. Model validation is a process for determining and 
documenting the adequacy of the scientific bases for a model and to demonstrate the model is 
appropriate and adequate for its intended use. The intended use for the Precipitates/Salts model 
is described in Section 1. 

6.5.1 HRH Model Validation 

For the HRH model, model predictions are compared against four sets of experimental data and 
against predictions using the qualified YMP database at low ionic strength (less than 1 molal). 
The ftrst three sets of experimental data consist of LLNL results from the evaporation of 
synthesized average 5-13 water or Topopah Spring Tuff pore water. These three comparisons are 
presented in Sections 6.5.1.1 through 6.5.1.3. The fourth data set, presented in Section 6.5.1.4, 
consists of the handbook solubilities of ten simple salts whose solubilities exceed one molal. No 
other experimental data have been located that are appropriate for validation purposes for this 
model. In Section 6.5.1.5, predictions using the qualified YMP database are compared to 
predictions using the FT4 database. 

The validation criteria for the HRH model are: 

1. The model predicts the results of laboratory evaporation experiments within an order 
of magnitude (factor of 10) for chloride concentrations and ionic strength and within a 
pH unit for pH predictions. 

2. The model predicts handbook solubilities within an order of magnitude (factor of 10) 
for chloride concentrations and ionic strength. 

This level of confidence is justified because it greatly reduces the potential ranges of these 
variables, thereby considerably reducing uncertainty. The LLNL experimental data are currently 
in the process of being qualified. Although some of the LLNL experimental data may be 
determined not to meet the strict standards required for instrument calibration and documentation 
(e.g., pH data), these data are nevertheless believed to be of high quality and sufficiently accurate 
for model validation purposes. As for the handbook solubility data, they are accepted data and 
are therefore qualified, but they do not include pH data. 

As shown in detail in the following subsections, the model validation criteria are met in every 
case. The LLNL pH data were predicted within a pH unit or better, the chloride concentrations 
were predicted within 20 percent, and the ionic strength, as approximated using equation 4, was 
predicted within a factor of 2. In addition, handbook solubilities for the ten simple salts having 
solubilities greater than 1 molal were easily predicted within an order of magnitude and almost 
always within a factor of two, implying criteria for chloride and ionic strength predictions are 
met for these data as well. The results also compare favorably with the results obtained using the 
qualified YMP database over its ionic strength range. These results demonstrate that the HRH 
model is likely valid for its intended use. 
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6.5.1.1 Evaporation of Average 5-13 Well Water at 85°C 

Rosenberg et al. (1999a) evaporated synthesized J-13 water at 85°C in a Pyrex beaker, as 
described in Section 4.1.2. The results (presented in Table 3 and Table 4) were modeled by the 
HRH model using the PT4 database and the evap4 starting composition. Figure 2 shows close I 
agreement between the laboratory measured pH and modeled pH. The modeled pH is assumed 
to be controlled by the fbgacity of carbon dioxide, which is fixed at to approximate the I 
laboratory condition of a beaker open to the atmosphere. Water in evap4 was concentrated to 
157 times the original solution. According to the EQ6 calculations, its ionic strength 
approximation (equation 4) was around 0.34 molal compared to the 0.25 molal ionic strength 
approximation calculated from the data. 

As shown in Figure 3, Figure 4, and Figure 5, the modeled evaporation results approximate the I 
Na, F, HC03, C1, K, No3 and so4 concentrations when compared to the laboratory data. 
However, as shown in Figure 5 and Figure 6, the modeled evaporation results underestimate the 
aqueous Si and Ca concentrations by one to two orders of magnitude when compared to the 
laboratory data. Also, in Figure 6 the modeled results underestimate the aqueous Mg 
concentration by two orders of magnitude when compared to the laboratory data. The 
differences in the Si, Ca, and Mg concentrations do not invalidate the model, however, because 
the intended use of the model is to predict pH, C1 concentration, and ionic strength within 
acceptable limits, which the model does well. 

The discrepancies in the Si, Ca, and Mg concentrations and pH may be due to errors or 
uncertainty in the PT4 thermodynamic database or to kinetic limitations of precipitation 
reactions. The relatively short laboratory experiments may not have permitted equilibrium 
precipitation of chalcedony, calcite and sepiolite. Precipitation of calcite when the pH is below 
10 results in the release of a proton from the bicarbonate ion. Thus, slow precipitation of calcite 
can also explain why the model predicts lower pH than observed. These minerals precipitate in 
the model at a concentration factor of 157 as shown in Figure 7. Later, at a concentration factor 
of 1000, the model results also predict fluorite precipitation. Mineral identification by XRD was 
not presented for this laboratory experiment. 

Another possible explanation for the discrepancies is the assumed carbon dioxide fugacity. In a 
solution that is boiling or evaporating from a beaker, it is possible that the atmospheric partial 
pressure of carbon dioxide is below atmospheric values because of an increased partial pressure 
of water vapor and a net flux of vapor flowing out of the beaker. If this is the case, the actual 
carbon dioxide hgacity would be lower. A lower assumed carbon dioxide fbgacity would 
increase pH predictions. 
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Figure 2. pH and Ionic Strength Predictions vs. J-13 Evaporation Data from Rosenberg et al. (1999a) 
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Figure 3. Na, C03, and F Predictions vs. J-13 Evaporation Data from Rosenberg et al. (1999a) 
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Figure 4. CI and K Predictions vs. J-13 Evaporation Data from Rosenberg et al. (1999a) 
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Figure 5. NOs, SO4, and Si Predictions vs. J-13 Evaporation Data from Rosenberg et al. (1999a) 
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Figure 6. Ca and Mg Predictions vs. J-13 Evaporation Data from Rosenberg et ai. (1999a) 
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Figure 7. Mineral Precipitation Predictions for J-13 Evaporation Experiment of Rosenberg et ai. (1 999a) 
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6.5.1.2 Evaporation of 1OOx Average 5-13 Well Water at 9OoC and 85 Percent Relative 
Humidity 
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As described in Section 4.1.2, a synthesized concentrated J-13 solution was evaporated in an 
open beaker and the results reported in CRWMS M&O (2000% Sections 4.1.20 and 6.5.3, Batch 
1). The original synthesized solution contained major ions that were approximately 100 times 
(1OOx) the average J-13 well water composition. After contact with crushed tuff at 90"C, the 
solution was dripped into a teflon beaker open to the atmosphere where the solution evaporated 
to a volume of approximately five percent the original volume, based on the concentration 
factors reported. The actual volume or mass decrease in the solution was not reported. 

The laboratory results (presented in Table 5 )  were simulated by the HRH model at 90°C using 
the PT4 database. Figure 8 shows the predicted change in pH and ionic strength as a function of 
the concentration factor. No pH measurements were reported. The fbgacity of carbon dioxide 
(COz) was fixed at 103.4 and the temperature set at 85°C. The ionic strength approximation 
(equation 4) for the final experimental solution was around 3.7 molal, which is the approximate 
ionic strength approximation calculated by the model. 
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Figure 8. pH and Ionic Strength Predictions for 1OOx J-13 Evaporation Experiment by CRWMS MBO 
(2000a, Batch 1) 

Figure 9, Figure 10, and Figure 11 show that the modeled results closely approximate the Na, F, 
C1, K, N03, HC03, and SO4 concentrations when compared to the laboratory data (Batch 1). To 
compare the results to the data, the reported nitrate concentration factor of 20.7 is used to 
represent the concentration factor of the solution. As shown in the figures, the agreement 
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l.E+Ol 

between the Na, F, C1, K, and SO4 data and predictions indicate that the concentration factor of 
the solution is well-represented by the nitrate concentration factor. 

----F 
F Data 

In Figure 12, the modeled concentrations underestimate Ca and Mg by about 2 orders of 
magnitude or more when compared to the laboratory data (Batch 1). At a factor of around 2000, 
the model’s underestimation of Ca and Mg species occurs due to the precipitation of minerals 
such as calcite, brucite, sellaite, fluorite, and villiaumite, as shown in Figure 13. One 
explanation for a larger amount of predicted precipitation might be that mineral precipitation is I 
kinetically limited in the experiment, whereas there is no such limitation in the model. 
Laboratory analysis of the precipitates was not performed. Other possible explanations are errors 
or uncertainties in the PT4 database and/or the assumed carbon dioxide fugacity. 

1.E-03 1 I 

1 10 100 1000 10000 
Concentration Factor 

DTN: LL000202905924.117 
DTN: M00003MWDVAL45.012 

Figure 9. Na and F Predictions vs. 1OOx J-13 Evaporation Data from CRWMS M&O (2000a, Batch 1) 
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Figure 10. CI and K Predictions vs. 1OOx J-13 Evaporation Data from CRWMS M&O (2000a, Batch 1) 
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Figure 1. NO3, Sod, and COS Predictions vs. 1 OOx J-13 Evaporation Data from CRWMS M&O (2000a, 
Batch 1) 
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Figure 12. Ca and Mg Predictions vs. lOOx J-13 Evaporation Data from CRWMS M&O (2000a, Batch 1) 
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Figure 13. Mineral Precipitation Predictions for 1 OOx J-13 Evaporation Experiment of CRWMS M&O 
(2000a, Batch 1) 
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6.5.1.3 Evaporation of Topopah Spring Tuff Pore Water at 75OC 

Rosenberg et al. (1999b) evaporated synthesized Topopah Spring water at 75°C in a Pyrex 
beaker as described in Section 4.1.2. The results (presented in Table 6) were modeled by the 
HRH model using the PT4 database. Figure 14 shows close agreement between the laboratory 
measured pH and modeled pH, which both fell from about 7.7 to about 6.3. The modeled pH is 
controlled by the fugacity of carbon dioxide, which is fixed at 
laboratory condition of a beaker open to the atmosphere. The water was concentrated to 1243 
times the original solution. According to the EQ6 calculations, its ionic strength approximation 
(equation 4) was approximately 5 molal compared to the 2.8 molal ionic strength approximation 
calculated from the data. 

to approximate the I 

Figure 15 and Figure 16 show that the modeled results closely approximate the measured Na, 
Mg, Ca, C1, and K concentrations. At a concentration factor of 1243, modeled results 
underestimate the measured Si and SO4 concentrations by 1 to 1.5 orders of magnitude as shown 
in Figure 17. N03, HC03, and F laboratory data are not reported in Rosenberg et al. (1 999b). 

Figure 18 shows predicted mineral precipitation. Precipitation of chalcedony and anhydrite are 
responsible for limiting the predicted Si and SO4 concentrations in the concentrated solution. 
The higher concentrations measured in the experiment could possibly be the result of slow 
precipitation and, thus, nonequilibrium conditions. Gypsum, which is similar to anhydrite, was 
identified by XRD in the laboratory experiment at the 1243 concentration factor. Upon complete 
evaporation, tachyhydrite, which also was predicted to precipitate (Figure 19, was identified by 
Mu). Other minerals predicted to precipitate (calcite, carnallite, fluorite, sellaite and halite) 
were not observed in the laboratory experiment. Their absence may be the result of kinetic 
factors inhibiting their precipitation or of minuscule quantities making identification difficult. 
This assumes that the model predictions are accurate, which may not be the case due to possible 
errors and uncertainty in the PT4 database. Nevertheless, the HRH model results for pH, 
chloride concentration, and ionic strength strongly agree with the laboratory results, thus 
satisfying model validation criteria. 
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Salt 
NaCl 
KCI 

Table 17. Comparison of Handbook Aqueous Solubilities of Sodium and Potassium Salts at 100°C With 
Values Calculated Using the EQ3/6 HRH Model. 

Pure Phase 
Handbook Aqueous Solubility &loooc 
Solubility at 100°C Calculated 

(molal) a EQ3/6 HRH vodel 
(molal) 

6.70 7.21 
7.60 6.12 

&so4 11.38 
NaN03 121.2 

0.83 
3.60 

I KNO~ 124.4 13.60 I 
a See Table 1 for references. 

DTN: M00003MWDVAL45.012 

exceeds range of model 

6.5.1.5 Comparison of PT4 and YMP Database Predictions 

The three evaporation experiments described in Sections 6.5.1.1, 6.5.1.2, and 6.5.1.3 were also 
simulated using the qualified YMP thermodynamic database. In these simulations, the B-dot 
equation was chosen to estimate activity coefficients because the YMP database does not contain 
Piker parameters. Minerals suppressed in these simulations were the same as those that were not 
allowed to precipitate in the PT4 simulations. Ionic strength was kept within the range of the B- 
dot equation, i.e., below 1 molal. 

The predictions using the PT4 and YMP databases are compared in Figure 19, Figure 20, and 
Figure 21. These figures show a high degree of agreement and confirm Assumption 5.3. The 
only considerable deviation is the pH in the Topopah Spring Tuf'f simulation at a concentration 
factor of around 100. This deviation is within a pH unit, which is within the allowable range of 
the first validation criterium established for experimental data (Section 6.5.1). Experimental 
results are only available for a concentration factor around 1000. As shown in Figure 14, these 
data compare favorably with the PT4 predictions. 
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The first criterium is met by using the HRH model results to bound the LRH model. The major 
ion ratios in the incoming seepage are adjusted to achieve the ratios in the evaporatively 
concentrated final solution predicted by the HRH model. Thus, the chloride concentrations and 
ionic strength approximations (sodium plus potassium) predicted by the LRH model at 85 
percent relative humidity (approximately 10 molal ionic strength) are within 20 percent of the 
targeted HRH values. As for pH, it is fixed for the entire LRH model range at the value provided 
by the HRH model. 

The second criterium is met by examining calibration parameters, apparent trends based on the 
HRH model, and supporting information on salt solubilities. For chloride and ionic strength, the 
LRH model is calibrated on each end of its applicable range. On one end, it is calibrated by the 
results of the HRH model (previous paragraph), and on the other end it is calibrated to the 
approximate solubilities of sodium and potassium nitrate salts (Table 1). This range covers a 
water activity of about 0.85 to 0.5, corresponding to an equilibrium relative humidity of about 85 
to 50 percent. The model, which has a reasonable theoretical basis and relies on reasonable 
assumptions and simplifications (Section 6.4. l), provides a smooth and reasonable transition for 
chloride and ionic strength over this range. Because of the boundary conditions on each end of 
this range and the incorporated (effective) solubility limits of the non-nitrate salts, the results are 
expected to be within the order-of-magnitude criteria. 

Fixing pH for the entire LRH model range at the values provided by the HRH model at the 
LRH/HRH boundary is expected to satisfy the criterium that pH is either predicted within a pH 
unit or is conservative. Figure 22 suggests pH may peak before the HRH/LRH boundary (about 
10 molal ionic strength). This figure also shows that for the HRH model range (ionic strength 
less than about 10 molal), pH increases by about one and a half pH units while the concentration 
factor increases by about three and a half orders of magnitude. The LRH model range covers 
about one half an order of magnitude, a much smaller concentration factor range (log scale). 
Thus, fixing pH at the value provided by the HRH model at the LRWHRH boundary is believed 
to be justified based on the specified criteria. 

In summary, the LRH model is likely valid for its intended use per AP-3.1OQ Rev. 2 ICN 0, 
Sections 5.3 .c.3 and 5.3 .c.4. Model validation criteria are achieved for the following reasons: 

1. The boundary conditions on each end of the applicable range are reasonable and 
justified within specified criteria. 

2. Over the applicable range of the model, the results exhibit reasonable trends supported 
by accepted solubility data, a scientific basis for estimating effective solubilities of 
non-nitrate salts, and conservation of mass and charge. These results are also justified 
within specified criteria. 

6.6 MODEL RESULTS 

The Precipitates/Salts model results are divided into two major subsections corresponding to the 
submodel used. Section 6.6.1 presents the results of the EQ3/6 High Relative Humidity (HRH) 
salts model and Section 6.6.2 presents the results of the Low Relative Humidity (LRH) salts 
model. 
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6.6.1 High Relative Humidity Model Results 

The EQ3/6 HRH model was used to predict the evolution of water subjected to simple 
evaporation and to simple evaporation combined with titration of incoming seepage. The first 
subsection (6.6.1.1) presents the results of simulating the evaporation of average 5-13 well water. 
Section 6.6.1.2 presents the results when a constant incoming seepage is allowed. 

6.6.1.1 Evaporation of Average 5-13 Well Water 

Evaporation of average 5-13 water, as given in Table 7, was simulated using the EQ3/6 Pitzer 
model using the PT4 database. The temperature was increased to 95°C and the carbon dioxide 
fbgacity was fixed at 1E-3. Figure 22 shows the modeled pH values approach 10, then fall to 
about 9 as the concentration factor approaches 10,000. Concentration factors are calculated by 
dividing the number of moles of HzO in one liter of pure water (55.5 moles) by the number of 
moles of H20 remaining in solution. The calculated true ionic strength rises sharply to over 25 
molal, which is likely far beyond the range where the model is valid. Although the 
Precipitates/Salts model uses EQ3/6 to produce deliverable outputs up to a maximum calculated 
true ionic strength of approximately 10 molal, results beyond this range are presented in this 
section to show what the model does at these extreme values. 

As shown in Figure 23 and Figure 24 the elements C, C1, K, Na, N, and S appear to simply 
concentrate as the concentration factor increases because they do not precipitate at all or 
precipitate only in small quantities. Figure 24 shows F concentrating until fluorite precipitates, 
as seen in Figure 27. Figure 24, Figure 25, and Figure 26 show elements Si, Al, Ca, Mg and Fe 
precipitating in considerable quantities relative to their concentrations. 

Figure 27 predicts calcite and chalcedony as having the most moles precipitated. Sepiolite and 
fluorite (at later time) are the next most abundant. The model predicts precipitation of several 
smectite type clays (montmorillonite-Ca, nontronite-Na, nontronite-Ca) and a zeolite 
(clinoptilolite-hy-Na) at several orders of magnitude less than chalcedony and calcite. 
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6.6.1.2 Results of Evaporation with a Constant Incoming Seepage 

The Precipitates/Salts model asserts that when the evaporation flux exceeds or equals the flux of 
incoming seepage, the water within the control volume will become increasingly concentrated 
such that the only possible steady state conditions are complete vaporization (i.e., dry conditions 
with salt deposits) or a brine system that is controlled by the relative humidity. These cases 
generally involve highly concentrated systems that the EQ3/6 HRH model cannot simulate. 
However, when the flux of incoming seepage is less than the evaporation flux, a steady state 
condition that can be predicted by the EQ3/6 HRH model will develop after a sufficient number 
of pore volumes. 

The evolution of water upon the drip shield or other location within the drift as temperature falls 
and relative humidity rises over time can be generalized 8s an evolution from a brine to 
increasingly dilute water that becomes more and more like the incoming water over time. 
However, for an abstracted period when the incoming seepage composition and flux are constant 
and the temperature and evaporation flux are constant, the system will reach a steady state a+s 
described in Section 6.4.2.2. 

Figure 28 shows the C1 results for a simulation where the relative evaporation rate (I?’”> is 0.99, 
the starting solution is average 5-13 well water evaporated to 10 molal true ionic strength (water 
activity of approximately 0.85), and the incoming seepage is average J-13 well water. The C1 
concentration is plotted as a function of pore volume. The number of pore volumes is 
determined in this report as the cumulative number of liters of incoming seepage for a given cell 
having a capacity of one liter. 

The figure shows that the model converges to a steady state solution after about 10 pore 
volumes. This appears to be true for any starting solution, i.e., the steady state solution appears 
to be independent of the initial starting solution within the cell, as suggested by equation 15. The 
relative evaporation rate and incoming seepage composition are the important input parameters. 
The independence of the initial starting solution is important because it negates the need for 
building additional response surfaces for different starting compositions. 

The steady state response surfaces represent the parameter values that are predicted after a 
sufficient number of pore volumes have flushed through the cell to achieve steady state 
conditions. Figure 29, Figure 30, and Figure 31, display the EQ3/6 HRH model results for 
average 5-13 well water seepage equilibrated with carbon dioxide fugacities of lo-’, lo”, and 
loa, respectively. These plots show that pH is more sensitive to the carbon dioxide fugacity than 
to the relative evaporation rate. 

Figure 32 shows the results for C1 for all temperatures and carbon dioxide fugacities modeled. 
The results indicate that the CI concentration for an incoming seepage of average J- 13 well water 
is not sensitive to temperature or carbon dioxide fugacity. Instead, it shows that equation 15 can 
be used to predict the C1 concentration for incoming seepage similar to 5-13 well water. 

The results for ionic strength are presented in Figure 33, Figure 34, and Figure 35 for carbon 
dioxide fugacities of lo3, and loa, respectively. Although they indicate that the ionic 
strength is slightly affected by carbon dioxide fugacity and temperature, they show that the ionic 
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6.6.2 Low Relative Humidity Model Results 

The results that are displayed in Figure 36 through Figure 41 are for an incoming seepa e flux of 
one liter per year of average J-13 well water and a fixed carbon dioxide fugacity of 10- . Figure 
36 is a plot of the cumulative mass of each component entering the reactor over time. The 
fraction of each component in the reactor that is dissolved as a function of time is presented in 
Figure 37. These values except for Na were predetermined by the LRH salts model. Na values 
were calculated by the model by charge balance. 

8 

Figure 38 includes some of the output sought from the Precipitates/Salts model. It displays a 
plot of aqueous component concentrations as a function of time. Mass balance calculations @e., 
the moles of dissolved plus solid-phase components in the reactor, the moles of dissolved 
components in the reactor, and the cumulative masses of water and dissolved solids generated in 
the brine) are plotted as a function of time in Figure 39, Figure 40, and Figure 41. 

The results are fairly insensitive to the fugacity of carbon dioxide. Nevertheless, the effects of 
varying the fugacity of carbon dioxide are incorporated into the lookup tables described in the 
following section. The temperature was fixed a 95°C for all runs of the LRH salts model 
because lower temperatures correlate with relative humidity values that are incongruously high 
for the LRH salts model. 

The equations in Section 6.4.1 (i.e., equations 5 through 14) and repeated runs of the LRH model 
show that the lookup table values are insensitive to the incoming seepage flux and the 
cumulative masses and volumes of salts and brine. In other words, altering the seepage flux will 
not alter the results displayed in Figure 38. The complete Mathcad calculation is presented in 
Attachment I. 
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6.6.3 Precipitates/Salts Model Lookup Tables 

The outputs required from the Precipitates/Salts model are the values for pH, C1 concentration, 
and ionic strength for a given set of inputs intended to encompass the likely scenarios that could 
occur. These outputs are summarized in a set of lookup tables presented Table 18 through Table 
20. For the Precipitates/Salts model, the important independent variables are the incoming 
seepage composition (Cis), relative humidity (RH), temperature (T), relative evaporation rate 
(R?, and the fugacity of carbon dioxide UCO~). These lookup tables include outputs from the 
LRH salts model (RH -= or = 85 percent) and the EQ3/6 HRH salts model (RH > 85 percent). 

The LRH salts model incorporates a hnctional relationship between RH and time. This 
relationship is apparent in equation 6. For the lookup tables, time is avoided as an independent 
input variable by imposing a linear relationship between RH and time (Assumption 5.2.4.2). By 
definition, the parameters JM and e’% in equation 6 are the times when RH equals 50 and 85 
percent, respectively. Increasing RH linearly with time from 50 to 85 percent provides the 
abstraction used to generate the lookup values for RH less than or equal to 85 percent. 

The ionic strength values presented in the lookup tables are an approximation of the true ionic 
strength, as described in Section 6.3.2 (equation 4). An additional approximation is required for 
lookup table pH values when the RH is less than or equal to 85 percent. Because pH cannot be 
calculated using the LRH salts model, it is approximated by using the EQ3/6 HRH model to 
perform a simple evaporation of the incoming seepage water to a true ionic strength of 10 molal 
(Le., to a water activity of approximately 0.85). These values for pH are included in the lookup 
tables for cases in which RH is less than or equal to 85 percent. 

Finally, for the case in which the relative evaporation rate (R? is one or greater, the ionic 
strength and Cl concentrations are set at the values obtained by the LRH salts model at 85 
percent relative humidity for the given carbon dioxide fugacities and temperatures. This is done 
to approximate a reasonable transition between the LRH and HRH model results. 

The values in the lookup tables may be used to define response surfaces so that interpolations or 
extrapolations may be obtained for input values not provided in the tables. Because a number of 
input and output variables have ranges over several orders of magnitude, it is strongly 
recommended that interpolations or extrapolations be based on relationships between the 
following rnodiiied variables: AH, T, (logfc02), (log (1 - I??), pH, (log Ccl), and (log I). 
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85 
> 85 
> 85 
> 85 
> 85 

Table 18. Lookup Table for Average J-13 Well Water Seepage at fm2 = 10' 

25 0.5 6.37 4.02E-04 7.47E-03 
25 0.9 6.95 2.01 E-03 2.91 E-02 
25 0.99 7.74 1.98E-02 2.21E-01 
25 0.999 8.40 1.73E-01 1.84E+00 
25 > o r =  1 8.65 7.52E-01 7.79E+00 

>ut Parameters 
I TIOCI I R" 

~ Precil 

PH 
dry 
8.65 
8.65 
8.65 

itateslsalts Model Output 
I CI (molal) I (molal) 
 dry dry 

14.52E-02 3.49E+01 
1.87E-01 2.95E+01 

k77E-03 3.65E+01 

RH (%) 

na na 
I na na 8.65 3.06E-01 2.49E+01 

6.03E-01 1.35E+OI 
7.26E-01 8.77E+00 
7.56E-01 7.62E+00 
7.62E-01 7.39E+00 
7.58E-01 7.56E+00 
7.52E-01 7.79E+00 
2.01 E-04 3.74E-03 

~ 

81.5 

, 
na na 
na na 
na na 
na na 
na na 
na na 
95 0 
95 0.1 
95 0.5 
95 0.9 

8.65 
8.65 
8.65 
8.65 
8.65 
8.65 
6.58 
6.62 
6.83 
7.31 
8.14 
8.67 

1.98E-02 2.09E-01 

8.65 
6.42 
6.47 * 

0.99 

6.71 
7.21 

4.02E-04 7.5 1 E-03 

8.03 
I? 85 75 Io. 999 8.59 

> 85 45 0 6.21 
> 85 45 0.1 6.25 
> 85 45 0.5 6.50 4.02E-04 7.47E-03 
> 85 45 0.9 7.03 2.01 E-03 2.66E-02 

2.01 E-04 3.74E-03 

1.98E-02 2.16501 
1.73E-01 1.82E+00 
7.52E-01 7.79E+00 

> 85 I25 16.08 12.01E-04 3.74E-03 
> 85 125 10.1 16.12 12.23E-04 4.16E-03 
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60.5 
65.7 
71.0 
76.2 
81.5 

recipitates/Salts Analysis 

na na 9.75 5.69E-01 1.22E+OI 
na na 9.75 6.78E-01 8.15E+00 
na na 9.75 7.04E-01 7.18E+00 
na na 9.75 7.09E-0 1 6.99E+00 
na na 9.75 7.05E-01 7.13E+00 

Table 19. Lookup Table for Average J-13 Well Water Seepage at fm2 = 1 O 3  

> 85 
> 85 
> 85 
> 85 

85 

h u t  Parameters I PreciDitatedSalts Model Outout I 

75 0 8.23 2.01 E-04 2.5OE-03 
75 0.1 8.26 2.23 E-04 2.68E-03 
75 0.5 8.46 4.02E-04 4.38E-03 
75 0.9 9.02 2.01 E-03 2.12E-02 
75 0.99 9.56 1.98E-02 2.09E-01 

> 85 
> 85 
> 85 

85 
> 85 

45 >o r=  1 9.75 7.OOE-01 7.32E+00 
25 0 8.07 2.01E-04 3.73E-03 
25 0.1 8.11 2.23E-04 4.16E-03 
25 0.5 8.25 4.02E-04 5.71 E-03 
25 0.9 8.77 2.01 E-03 2.17E-02 

> 85 
> 85 
> 85 

25 0.99 9.45 1.98E-02 2.09E-01 
25 0.999 9.78 1.73E-01 1.82E+00 
25 > o r = I  9.75 7.00E-01 7.32E+00 

a not applicable 
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Input Parameters 
RH (%) T ("C) R" 
50.3 naa na 

50.3 na na 
51 .O na na 

PrecipitatedSalts Model Output 
PH CI (molal) I (molal) 

dry dry dry 
1126 3,76E-03 2.76E+01 
11.26 4.51 E-02 2.65E+01 

53.1 
55.2 
60.5 

na na 11.26 1.85E-01 2.26E+01 
na na 11.26 3.02E-01 1.94E+01 
na na 11.26 5.88E-01 I. 16E+Ol 

65.7 
71.0 
76.2 
81.5 
85.0 

na na 11.26 7.05E-01 8.34E+00 
na na 11.26 7.33E-01 7.57E+00 
na na 11.26 7.38E-01 7.42E+00 
na na 11.26 7.34E-01 7.53E+00 
na na 11.26 7.29E-01 7.68E+00 

> 85 
> 85 
> 85 
> 85 
> 85 
> 85 
> 85 

95 0 9.44 2.01 E-04 3.17E-03 
95 0.1 9.45 2.23E-04 3.34E-03 
95 0.5 9.57 4.02E-04 4.88E-03 
95 0.9 10.15 2.01E-03 2.12E-02 
95 0.99 10.93 1.98E-02 2.09E-01 
95 0.999 11.3 1.73E-01 1.82E+00 
95 z o r = 1  11.26 7.29E-01 7.68E+00 

> 85 
> 85 
> 85 

75 0 9.65 2.01 E-04 2.63E-03 
75 0.1 9.67 2.23E-04 2.82E-03 
75 0.5 9.81 4.02E-04 4.51 E-03 

> 85 
> 85 
? 85 
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75 0.9 10.4 2.01 E-03 2.12E-02 
75 0.99 I 1.03 I .98E-02 2.09E-01 
75 0.999 11.29 1.73E-01 1.82E+00 

> 85 
> 85 

75 >o r=  1 11.26 7.29E-0 1 7.68E+00 
45 0 9.97 2.01E-04 2.3OE-03 

> 85 
> 85 
> 85 
> 85 
> 85 

45 0.1 9.99 2.23E-04 2.53E-03 
45 0.5 10.17 4.02E-04 4.25E-03 
45 0.9 10.64 2.01 E-03 2.12E-02 
45 0.99 1 1.08 1.98E-02 2.09E-01 
45 0.999 11.28 1.72E-01 1.82E+00 

> 85 
> 85 
> 85 

45 > o r = 1  11.26 7.29E-01 7.68E+00 
25 0 10.15 2.01 E-04 2.24E-03 
25 0. I 10.18 2.23E-04 2.46E-03 

> 85 
> 85 
> 85 
> 85 
> 85 

25 0.5 10.34 4.02E-04 4.29E-03 
25 0.9 10.73 2.01 E-03 2.12E-02 
25 0.99 11.12 I .98E-02 2.09E-01 
25 0.999 11.33 1.72E-01 1.82E+00 
25 > o r = I  11.26 7.29E-0 1 7.68E+00 



In-Drift Frecipitates/Salts Analysis 

6.6.4 Condensed Water Composition and Lookup Tables 

The results of the Condensed Water model show that the pH and ionic strength of the condensed 
water is sensitive to temperature and the fugacity of carbon dioxide. The EQ3/6 input and output 
files for this model have a DTN of MOOOl1MWDEQ345.015. The summary results have a I 
DTN of MO9912SPAISP45.005. 

Figure 42 shows that the pH decreases considerably as the carbon dioxide fugacity increases 
above In this range, a higher temperature results in a higher equilibrium pH. At low carbon 
dioxide fbgacities, the pH is insensitive to the carbon dioxide fugacity and temperature. 

The ionic strength shown in Figure 43 and presented in the lookup table (Table 21) is the true 
ionic strength calculated by EQ3/6 and not the ionic strength approximation (equation 4) used in 
the seepage evaporation calculations. The true ionic strength is used here because the 
Condensed Water model does not include Na, K, Ca, or Mg in solution (Assumption 5.6). Figure 
43 shows that the true ionic strength is fairly low for all of the conditions modeled. The trends 
indicate that temperature is more important to ionic strength predictions when the carbon dioxide 
fugacity is low. When the fugacity of carbon dioxide is high, the carbon dioxide fugacity 
becomes more important than temperature to ionic strength predictions. 

The values in the lookup table may be used to define response surfaces so that interpolations or 
extrapolations may be obtained for input values not provided in the tables. Because a number of 
input and output variables have ranges over several orders of magnitude, it is recommended that 
interpolations or extrapolations be based on relationships between the following modified 
variables: T, (logfcoz), pH, and (log I). 
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Table 21. Lookup Table for Condensed Water Model. 

Input Pa 

T (“C) 
95 
95 

ameters Condensed Water Mo 
fc02 PH CI (molal) 

1 .E-01 4.70 0.0 
1,E-03 6.02 0.0 
l.E-04 6.70 0.0 
l.E-05 6.96 0.0 

I (molal) 

3.21E-06 

2.36E-06 
95 
95 
95 !l.E-06 1;::: 1::: 

,l. E-07 
11.E-09 7.00 0.0 

95 
95 
75 
75 
75 

2.63E-05 

1.33E-06 
1.07E-06 I 1.04E-06 

1 .E-04 

0.0 
75 
75 
75 
75 
45 ‘3.39E-05 

13.39E-06 I 1.1 OE-06 

l.E-01 4.47 
45 
45 l.E-04 16.03 10.0 

l.E-05 16.57 10.0 45 
45 
45 

l.E-06 16.92 10.0 
l.E-07 16.99 10.0 

45 
25 

l.E-09 7.00 0.0 
1 .E-01 4.41 0.0 

2.5OE-07 

1.E-03 1::Ai 1::; 
1. E-04 
l.E-05 6.39 0.0 

25 
25 
25 

l.E-06 1::6; 1;:: 
1. E-07 
l.E-09 7.00 0.0 
2SPAISP45.005 

25 
25 
25 
DTN: M0991 

1.60E-07 

7. CONCLUSIONS 

The In-Drift Precipitates/Salts analysis was developed to evaluate the effects of water 
vaporization (evaporation) on water composition at a given location in the EBS (e.g., the drip 
shield surface). Vaporization has a profound effect upon water composition and, according to 
the current EBS design, it will likely result in the formation of brines and salts. 

The important variables for the Precipitates/Salts model are: 

Relative humidity 
Temperature 
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0 Fugacity of carbon dioxide 
Evaporation flux 
Incoming seepage flux 
Incoming seepage chemical composition 

The presence or absence of backfill is irrelevant to this model. Although backfill may S e c t  the 
values of the important variables for a given location and time, this AMR provides lookup table 
calculations that cover the ranges of these variables regardless of whether backfill is present. 

The outputs of the Precipitates/Salts model that are important to TSPA are: 

PH 
Chloride concentration 
Ionic strength 

0 Approximate maximum relative humidity for dry conditions to exist 

These effects are important in estimating colloid mobility and corrosion rates for the drip shield 
and waste package. In addition, these effects may be important in predicting spent fbel 
dissolution rates and radionuclide transport. 

Although the list of output variables is short, the entire major ion chemistry of seepage water 
must be modeled to determine these outputs. Interactions between ions in solution, gas-phase 
carbon dioxide, and mineral precipitates are critical or are potentially critical to the 
Precipitates/Salts analysis. The following subsections summarize the conceptual model, results, 
abstraction, uncertainty, limitations, and importance of this analysis to TSPA. The developed 
data (DTNs) from this AMR are identified in subsection 8.2.2. 

7.1 MODEL AND RESULTS 

The In-Drift Precipitates/Salts analysis was performed using the EQ3/6 code where possible. To 
extend the range of the EQ3/6 high relative humidity 0 model from a calculated true ionic 
strength of around 1 molal to approximately 10 molal, a Pitzer database was developed and used 
(Section 5.3). The Pitzer database increases the concentration range of the EQ3/6 MRH model 
by about one order of magnitude. However, the model is still limited to high relative humidity 
because under equilibrium conditions the mole fraction of water in solution is directly controlled 
by the relative humidity (Kinsman 1976). An ionic strength of 10 molal implies a mole fraction 
of water around 0.85 for evaporated J-13 well water. Thus, the EQ3/6 Pitzer 0 model is 
only used for relative humidity values greater than 85 percent. An additional model, called the 
LRH (low relative humidity) salts model was developed to approximate the water chemistry for 
relative humidity values less than 85 percent. 

The LRH model is a simple bounding model. When the drift temperature is high and the relative 
humidity is below 50 percent, the model is designed to vaporize all water and precipitate and 
accumulate incoming dissolved solids. As the drift cools, the relative humidity rises. When it 
rises above 50 percent, all accumulated nitrate salts deliquesce and incoming nitrates concentrate 
to solubility limits and no longer precipitate (Section 6.4.1). This occurs because nitrate is 
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highly soluble, and nitrate salts, which are hygroscopic, are assumed to be unstable above a 
relative humidity of 50 percent (Assumption 5.5.3). Thus, at 50 percent relative humidity and 
higher, the modeled location is wet. This reasonably conservative assumption reduces the 
duration of the estimated dry period, which is important for aqueous corrosion and transport 
models. 

The LRH salts model is designed to make a smooth transition to the predictions of the EQ3/6 
HRH model as the relative humidity rises from 50 to 85 percent. The transition is highly 
simplified (Assumption 5.5.4), but it maintains mass and charge balance in the solid and liquid 
phases and restricts aqueous concentrations of the important soluble components to approximate 
effective solubilities at all times. The conceptual model is fbrther simplified by two 
requirements: 1) the volume of brine generated during a time increment flows out of the control 
volume at the end of the time increment (ie., no “ponding” or “bathtub” effects), and 2) the 
dissolved fractions of chloride, sulfate, and carbonate salts increase with increasing relative 
humidity such that complete dissolution of these accumulated salts does not occur until the 
relative humidity reaches 85 percent. While the LRH model likely oversimplifies a system that 
is much more complicated, it provides a starting point that at a minimum allows an 
approximation of an important transition &om dry conditions to the concentrated solutions 
predicted by the EQ3/6 HRH model. 

The LRH model results that are important for TSPA are a decrease in ionic strength and an 
increase in chloride concentration as the relative humidity rises from 50 to 85 percent. The 
decrease in ionic strength is a direct result of an increase in the mole fraction of water, which 
generally must increase with increasing relative humidity. 

The reason for the increase in chloride concentration as relative humidity increases from 50 to 85 
percent is not as obvious. Under equilibrium conditions, the chloride, sulfate, and carbonate salts 
will dissolve into a nitrate brine only to the point that the ion activity product equals the 
solubility product (Section 6.1.2). Because the sodium and potassium concentrations are very 
high in the initial concentrated nitrate brines (e.g., when relative humidity is between 50 and 60 
percent), the activities of the chloride, sulfate, and carbonate ions must be low to achieve ion 
activity products that equal their respective salt solubility products. As relative humidity 
increases with time, the sodium and potassium concentrations fall, allowing the chloride, sulfate, 
and carbonate concentrations to increase to maintain equilibrium with the remaining precipitated 
salts. By approximation, the LRH salts model accounts for these effects. It also approximates 
and accounts for the additive effects on solubilities for a mixture of salts. 

The LRH model results indicate that chloride concentrations increase from less than 0.004 to 
above 0.5 molal as the relative humidity increases from 50 to above 60 percent. From 60 to 85 
percent relative humidity, the chloride concentration increases by less than 40 percent. Thus, the 
increase in chloride concentration quickly approaches the high ionic strength end point of the 
EQ3/6 HRH model (see Figure 38 and Figure 23). These approximations are presented as 
reasonable upper bounds on the chloride concentrations expected when the relative humidity is 
85 percent and below for the modeled gas and incoming seepage compositions. 

Above 85 percent relative humidity, the EQ3/6 Pitzer model, or HRH (high relative humidity) 
model, is used to predict pH, chloride concentration, and ionic strength. The solid-centered 
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flow-through mode is used to predict the steady state conditions that develop as a constant flux 
of seepage of a constant composition enters the specified location (or cell) given a constant 
relative evaporation flux. 

The relative evaporation flux (Le., the evaporation flux divided by the incoming seepage flux) is 
allowed to range from zero to one. Because the HRH model is used only when relative humidity 
is 85 percent or higher, soluble salts (e.g., chloride, sulfate, and nitrate salts) are determined to be 
dissolved under these conditions. A relative humidity of 85 percent or higher requires the mole 
fraction of water in solution to be approximately 0.85 or higher. The HRH model results indicate 
that these soluble salts are dissolved when the mole fraction of water is approximately 0.85 or 
higher. 

At a relative evaporation flux of one, a stable brine of these salts develop whose composition is 
approximated by the 0.85 water activity solution determined from simple evaporation of the 
incoming water. Steady state relative evaporation fluxes greater than one are not possible 
because the mole fraction of water would have to decrease, which is not possible when the 
relative humidity is maintained at 85 percent or higher. For relative evaporation fluxes less than 
one, the solid-centered flow-through mode shows that the calculated steady state composition for 
a given scenario is primarily a function of the incoming seepage composition and the relative 
evaporation rate. As might be expected, the initial solution composition in the cell does not 
affect the steady state solution. In summary, the calculations show that as the relative 
evaporation flux decreases, as would be expected over time in the potential repository, the steady 
state water composition within the cell will trend toward the composition of the incoming 
seepage water. 

In a separate analysis, the composition of condensed water on dry inert surfaces was predicted as 
a function of the temperature and the fugacity of carbon dioxide. The potential effects of 
interaction with dust were not considered (Assumption 5.6). The results indicate that pH I 
decreases with increasing carbon dioxide fugacity but slightly increases with increasing 
temperature. The ionic strength of the condensed water, while shown to be sensitive to 
temperature and carbon dioxide fugacity, is predicted to be low for all conditions simulated. 

7.2 ABSTRACTION 

The results of the Precipitates/Salts analysis are intended as input for models that couple 
evaporative/salts effects with other processes. In these abstractions, the modeling period of the 
potential repository is divided into a set of time periods in which the inputs are abstracted to 
representative constant values. The inputs important to the Precipitates/Salts model include 
temperature, relative humidity, seepage flux, seepage flux composition, and the evaporation flux. 
Thus, for each combination of values for these inputs, a unique solution from the 
Precipitates/Salts model is needed. 

The combinations of potential values of these inputs are unlimited. Therefore, the results from a 
subset of these combinations were obtained to define the response surface for interpolating 
results for all potential input values and combinations of input values. The input variables were 
limited to a small number of values that included their approximate minimum and maximum I 
potential values. Temperature was varied between the values 25"C, 45"C, 75"C, and 95°C. The 
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fugacity of carbon dioxide was varied between the values lo-’, lo”, and lom6. The relative 
humidity was varied among a number of values between and including < 50 percent and 2 85 
percent, and the relative evaporation flux was varied between the values 0, 0.1, 0.5, 0.9, 0.99, 
0.999, and 1. 

The resulting response surfaces are defined by the set of pH, chloride concentration, and ionic 
strength results for the combinations of input values simulated. These outputs are summarized in 
a set of lookup tables presented in Table 18, Table 19, and Table 20. For the given input variable 
values of a given abstracted time increment, the steady state pH, chloride concentration, and 
ionic strength can be obtained or interpolated from these tables. 

Several trends and relationships are observed in the lookup tables for the average J-13 well 
water. First, as relative humidity increases to 85 percent, ionic strength decreases and chloride 
concentration increases. Second, an increase in the fugacity of carbon dioxide causes pH to 
decrease. Third, a decrease in the relative evaporation rate causes the steady-state pH, chloride 
concentration, and ionic strength to decrease toward incoming values. Finally, temperature 
effects, except for those implicit in the relative evaporation rate, are small, especially for 
predictions of chloride concentration and ionic strength. 

7.3 VALIDATION, UNCERTAINTY, AND LIMITATIONS 

Given accurate inputs, the Precipitates/Salts model is expected to provide results that are within 
an order of magnitude for chloride concentrations and ionic strength and within a pH unit for pH 
predictions. This degree of accuracy is expected to be acceptable because it greatly reduces the 
potential ranges of these variables, thereby considerably reducing uncertainty. 

To demonstrate the accuracy of the EQ3/6 Pitzer (HRH) model as part of the model validation 
process, results were compared to handbook solubility values and experimental data from three 
laboratory evaporation experiments conducted at LLNL (Section 6.5). Handbook solubilities 
were predicted within an order of magnitude and almost always within a factor of two (Table 
17). Of the laboratory experiments, two used synthetic average 5-13 well water and one used 
synthetic Topopah Spring tuff pore water. In each case, the pH was predicted within a pH unit 
(Figure 2 and Figure 14), and the chloride concentration was predicted within 20 percent (Figure 
4, Figure 10, and Figure 16). The ionic strength prediction, as approximated using equation 4, 
was not as accurate as the chloride prediction, but it was still within a factor of 2 (Figure 2, 
Figure 8, and Figure 14). Results at low ionic strength were compared to simulations that used 
the qualified YMP database (Section 6.5.1.5). These results fbrther support the validation of the 
developed Pitzer model. 

There were no data available to evaluate the accuracy of the low relative humidity (LRH) salts 
model. However, the model produced reasonable trends and results in chloride and ionic 
strength outputs while negotiating the transition from dry conditions to the range where the HRH 
model could take over. 

Although simplifying assumptions were required to reduce the complexity of the 
Precipitates/Salts analysis and to avoid sophisticated approaches where data were lacking, these 
assumptions tended to err on the side of conservatism. In particular, they tended to result in a 
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shorter dry period, by not allowing dry conditions above a relative humidity of 50 percent, and 
higher chloride concentrations at lower relative humidities. Judging by the accuracy of the 
model predictions compared to experimental data (Section 6.5), the greatest uncertainties of the 
Precipitates/Salts analysis for TSPA are likely the TH and THC predictions and other predicted 
inputs that feed the analysis. 

A final method used to evaluate and account for uncertainty in the Precipitates/Salts analysis is 
the generation of a set of lookup tables intended to cover the range of possible combinations of 
input values. These lookup tables can be used in several ways. Initially, they can be used to 
evaluate the sensitivity of input variables on outputs. For example, the sensitivity of pH to the 
relative evaporation flux can be evaluated by comparing the pH output for a range of values for 
the relative evaporation flux. In the Precipitates/Salts analysis, input variables that are not 
included in the tables are not sensitive inputs (except perhaps for the composition of the 
incoming seepage water, which was held constant in this analysis). Similarly, an estimate of the 
approximate maximum range of possible values of a given output variable for a range of input 
conditions can be assessed from the lookup tables (For graphically displayed relationships, see 
Figure 29 through Figure 35.). However, the primary objective of the lookup tables is to 
summarize the effects of evaporation processes for a wide range of possible conditions so that 
downstream users (e.g., corrosion modelers or developers of an in-drift geochemical model 
abstraction) can easily incorporate evaporation effects and uncertainty into coupled analyses. 

7.4 INPUT QUALIFICATION 

The EQ3/6 Pitzer (HRH) model and the look-up tables produced by it are qualified within this 
AMR. Qualification is accomplished within the AMR by justifying assumptions and validating 
the model for its intended use (Section 6.5.1). The intended use of the model is to predict pH 
and the molalities of chloride and ionic strength within acceptable limits of uncertainty. 

The low relative humidity (LRHJ model and its results are also qualified within this AMR. The I 
approximate relative humidity over time is a reasonable assumption that is used to generate an 
example simulation of the model (Section 5.2.4). The model abstraction does not require a 
history of relative humidity, only the relative humidity itself. Thus, the results can be applied to 
any location with any history of relative humidity. Also, the seepage rate af'fects the total 
amounts of salts and brine generated but it does not affect the aqueous composition, which is the 
model output. Furthermore, evaporation rate does not affect the output because the relative 
humidity and hygroscopic behavior of salts control the aqueous chemistry. 

For the condensed water vapor model, the qualified YMP database is used. The only other 
inputs for the condensed water model are temperature and the fugacity of carbon dioxide. These 
parameters are varied over their likely ranges to produce qualified look-up tables. 

7.5 FEPs 

Table 22 lists the FEPs in Table 8 and the conclusions based on the PrecipitateslSalts analysis. 
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YMP FEP 
Number 

2.1.04.02.00 

2.1.04.03.00 

2.1.04.05.00 

2.2.08.04.00 

Table 22. FEPs and the AMR Conclusions 

NEA FEP Name AMR Conclusions 
Category 

2.1.04au Physical and chemical Based on the results of this AMR, the aqueous chemistry within 
properties of backfill the backfill (if present) may be primarily controlled by 

evaporative processes and not by interactions with backfill. 
Effects of backfill on aqueous chemistry are addressed in the 
Seepage/Backfill Interactions AMR. 

Erosion or dissolution This FEP is not addressed by this AMR and therefore is not 
of backfill affected . 

This FEP is not addressed by this AMR. Backfill evolution is 
addressed in the SeepagdBackfiIl Interactions AMR. 
Although this AMR does not consider pulses, redirection of 
flow, or corrosion itself, the generation of corrosive fluids by 
evaporative processes is considered and predicted. All of the 
fluids predicted by this AMR may be directed to corrosion 
models by downstream users. 

2.1.04r 

2.1.04b Backfill evolution 

2.2.08~ Redissolution of 
precipitates directs 
more corrosive fluids 
to containers 
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ATTACHMENTS 

Attachment Title 

I Low Relative Humidity (LRH) Salts Model Calculations 
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Low Relative Humidity (LRH) Salts Model Calculations 
(k02 = le-1) 

Conceptual Model. Water seeps into "reactor" (Le, drip shield or backfill) at a constant rate during the boiling 
period. In the reactor, seepage water vaporizes and salts accumulate. Salts begin to dissolve when the relative 
humidity rises above 50%. This model (LRH) approximates the buildup and dissolution of soluble salts in the 
Na-K-N-S-CI-C system. All fluid (brine) generated during each time interval flows out of reactor at the end of each 
time interval; however, mixing is allowed between half time intervals. The end point is designed to be equivalent to 
the eva orative evolution of seepage water to a stoichiometric ionic strength of 10 molal, as calculated using the 
EQ3/6 Iitzer model. The LRH salts model is a simplified approximation of salt accumulation and eventual 
dissolution caused by increasing relative humidi . It maintains mass and charge balance and estimates brine 

evaporite system that has not been deeply studied. 
generation as a function of effective solubilities. 'y ts purpose is to provide bounding and scoping calculations for an 

Seepage - Constant rate and constant composition are assumed. Seepage Name: 

s := "avg. J-13" 

COz (9) Fugacity: 

Seepage Comp. 
(molal) (Avg. J-13) Valency Seepage Rate 

NO3 

CI 

Cs, := 0.000142~mol~kg~' z1 := 1 QS := 1.- kg 
Cs, := 0.00020~mol.kg-' 2, := 1 Yr co, := 1.10-1 

SO4 Cs, := 0.00019.m0l.kg-~ z3 := 2 

Soluble C03 Cs, := 0.00068.mol.kg-l z4 := 1 

K Cs6 := 0.00013.m0l~kg-~ z6 := 1 calculated from the EQ3/6 Pitzer model. 

Na Cs, := 0.0020~mol~ kg-' 27 := 1 precipitates with Na or K. 

Cs4 is adjusted to achieve a Na:C03 ratio 
equivalent to the final I=1 Om solution 

Soluble GO3 represents the C03 fraction that 

Charge Balance Error 

7 4 c csi.zi - c csi.zi 

c csi.zi 

i = 6  i = 1  
7 E := E = 0.206 

E = 20.61 ,,% entire calculation. 
This charge balance error is maintained for the 

i = 1  

Period 1 - Dry Conditions. Salts accumulate. No stable brine is generated. Period ends when relative 
humidity (RH) rises to level where nitrate salts are no longer stable. 

Time Nitrate Salts Become Unstable: t50 := 200syr (time when RH exceeds -50%) 

i := 1 .. 7 

NO3 Msti,, := Csi+Qs.t50 Mst,,, = 0.028mol W, := 62.gm.mol' 

CI Mst,,, = 0.04~101 W, := 35.5.gm-mol-' 

Total Accumulation in Period 1 Molecular Weight 
1 

SO4 

Soluble C03 

1 W, := 96.grn.mol- 

W, := 60.gm.mol-' 

Mst,,, = 0.038~101 

Mst,,, = 0.136-11101 
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Period 2 Calculations 

Incoming Seepage 

Moles Added to Reactor in Incoming 
Seepage During Time Increment 

Cumulative Moles in 
Incoming Seepage 

Reactor Calculations 

Moles in Reactor at Each Half 
dek Increment 

Mrhi, , := Msti, ,(initial moles) 

j := 0.. 100 

Moles in Reactor at Time fi 

Moles (Mass) of Dissolved Ions 
Generated at Time tj 

Mass of Water in Brine 
Generated at Time tj (calculated 
from anions) 

Dissolved Concentration at Time t j  

Na Moles in Reactor (calculated 
by charge balance, includes 
charge imbalance error term) 

Na Dissolved Concentration 
(calculated by charge balance, 
includes charge imbalance 
error term) 

Dissolved Moles (Mass) of Na 
in Reactor (calculated by 
charge balance, includes 
charge imbalance error term) 

Percentage Na Dissolved 
in Reactor 

Cumulative 
Water Runoff 

Cumulative Mass of 

j := 1.. 100 

i := 1 .. 7 

Msi := Csi.Qs.delt 

j := 1.. 100 

i := 1 .. 6 k := 1 .. 200 

= (previous moles) + (seepage moles) - (runoff moles) 

Mrhi,k := Mrhi, - 1 1 

i,floor 
+ ?.Msi - ?.Mrhi, - , . f  

Mri,i := Mrhi,j.2 

Dissolved Mass: 

rndi,j := Mdi,j'Wi Mdi,j := Mri,j*fi,j 

4 
Mdi,j 

rnwj := C s, 
i = 1  

Mdi , j ci,j := - 
mwj 

4 4 

j mwt, := O.kg rnwtj := mwt j -  + rnw 

4 7 

mdt, := O.kg mdtj := mdti- , + mdi,j + C mdi,j Total Dissolved 
Solids Generated at 
Time ttj i = 1  i = 6  
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Summary and Cross-Check 

Concentrations at End 
of Period 2 

NO3 C, , ,,, = 0.464 *mol. kg-' 

CI C,, = 0.752 *mol. kg-' 
1 SO4 C,, = 0.714 *mol. kg- 

Soluble C03 C4, = 2.556 *mol. kg-' 

K C, , = 0.425 *mol. kg-' 

Na C,, = 7.362 *mol.kg-' 

Cumulative Mass of Dissolved Solids 
in Incoming Seepage at End of Period 2 

Cumulative Mass of Dissotved Solids 
Generated at End of Period 2 

Cumulative Mass of Water in Generated 
Brine at End of Period 2 

Cumulative Mass of Brine 
Generated at End of Period 2 

Charge Balance Error 
Maintained Over Time 

j := 1, 10.. 100 

Concentrations Total Moles in 
Calculated by EQ316 
Model (I = 10 m) 

0.60.mol. kg" Mrl, = 1.278~103*mol 

0.85.mol. kg-' Mr,, = 2.071*10-3*mol 

0.81.mol. kg" Mr,, = 1.967*10-3mol 

2.47. mol. kg- ' Mr4, = 7.042*10-3*mol 

0.55.mol. kg-' Mr6, = 1.17*10-3*mol 

7.3 .mol. kg'* 

Reactor at End of 
Period 2 

Mr,,',, = O.O2*mol 

4 7 c Msti,,,,*Wi + 
i = 1  i = 6  

c Msti,,,O*Wi = 0.139.Q 

mdtl,, = 0.141.kg 

mwtloo = 0.300.kg 

mwtloo + mdt,,, = 0.442.h 

7 4 
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Low Relative Humidity (LRH) Salts Model Calculations 
(fco2 = l e a )  

Conceptual Model. Water seeps into "reactor" (i.e, drip shield or backfill) at a constant rate during the boiling 
period. In the reactor, seepage water vaporizes and salts accumulate. Salts begin to dissolve when the relative 
humidity rises above 50%. This model (LRH) approximates the buildup and dissolution of soluble salts in the 
Na-K-N-S-CI-C system. All fluid (brine) generated during each time interval flows out of reactor at the end of each 
time interval; however, mixing is allowed between half time intervals. The end point is designed to be equivalent 
to the evaporative evolution of seepage water to a stoichiometric ionic strength of 10 molal, as calculated using the 
Ea316 Pitzer model. The LRH salts model is a simplified approximation of salt accumulation and eventual 
dissolution caused by increasing relative humidity. It maintains mass and charge balance and estimates brine 
generation as a function of effective solubilities. Its purpose is to provide bounding and scoping calculations for an 
evaporite system that has not been deeply studied. 

Seepage - Constant rate and constant composition are assumed. Seepage Name: 

s := "avg. 5-13'' 

COz (9) Fugacity: 
Seepage Comp. (molal) Valency Seepage Rate 

NO3 

CI 

kg Qs := 1.- Cs, := 0.000142~m0l~kg-~ z1 := 1 
C q  := 0.00020~mol~kg-' 2, := 1 Yr co, := 1.10-~ 

SO4 Cs, := 0.00019~mol~kg-' z3 := 2 

Soluble C03 

K cS6 := 0.00013.m0l.kg-~ z6 := 1 calculated from the EQ3/6 Pitzer model. 

Na Cs, := 0.0020.mol~kg-' z7 := 1 precipitates with Na or K. 

CS, := 0.00062.moI.kg-' z4 := 1.33 Cs4 is adjusted to achieve a Na:C03 ratio 
equivalent to the final I=1 Om solution 

Soluble CO3 represents the C03 fraction that 

Charge Balance Error 

7 4 c csi*zi - c csi.zi 
~~ 

i = 6  i = 1  
7 E := E = 0.159 

E = 15.87 .% entire calculation. 
This charge balance error is maintainec. .dr 

c csi.zi 
i = 1  

Period 1 - Dry Conditions. Salts accumulate. No stable brine is generated. Period ends when relative 
humidity (RH) rises to level where nitrate salts are no longer stable. 

Time Nitrate Salts Become Unstable: t50 := 200. yr (time when RH exceeds -50%) 

i := 1 .. 7 

NO3 

CI 

SO4 

Soluble C03 

K 

Na 

Total Accumulation in Period 1 

MSti,, := Csi.Qs't50 Mstl,, = 0.028~101 W, := 62.gm.mol-' 

Molecular Weight 

Mst2,, = 0.04mol 

Mst3,, = 0.038mol 

Mst,,, = 0.124mol 

W, := 35.5.gm*mol-' 
1 W3 := 96.gm.mol- 

W, := 60.gm.mol-' 
1 

W, := 23.gm.mol" 

MSt6,o = O.026mol w6 := 39'gm'mOl- 

Mst,,, = 0.4mol 

i e  
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Period 2 Calculations 

Incoming Seepage 

Moles Added to Reactor in Incoming 
Seepage During Time Increment 

Cumulative Moles in 
Incoming Seepage 

Reactor Calculations 

Moles in Reactor at Each Half 
delt Increment 

Mrhi, := Mst. (initial moles) 
190 

j := 0.. 100 

Moles in Reactor at Time 'j 

Moles (Mass) of Dissolved Ions 
Generated at Time ti 

Mass of Water in Brine 
Generated at Time tj (calculated 
from anions) 

Dissolved Concentration at Time tj 

Na Moles in Reactor (calculated 
by charge balance, includes 
charge imbalance error term) 

Na Dissolved Concentration 
(calculated by charge balance, 
includes charge imbalance 
error term) 

Dissolved Moles (Mass) of Na 
in Reactor (calculated by 
charge balance, includes 
charge imbalance error term) 

Percentage Na Dissolved 
in Reactor 

Cumulative 
Water Runoff 

Cumulative Mass of 

j := 1.. 100 

i := 1 .. 7 

Msi := Csi.Qs.delt 

j := 1.. 100 

i := 1 .. 6 k := 1 .. 200 

= (previous moles) + (seepage moles) - (runoff moles) 

1 1 
Mrhi,k := Mrh,,,- + z * M ~ i  - T,Mrhi,,- , . f  k -  1 

i, floor (-) 

Mri := Mrhi,j.z 

Dissolved Mass: 

4 
Mdi, j mwj := C - 

Si i = 1  

.- Mdi, j ci,j .- - mw. 
J 

4 4 

4 4 

4 4 

Dissolved Mass: 
C7, j*mwj md,,j := Md7,i.W7 ' T 9 j  .- '- Mr7,j 

mwt, := O*kg mwti := mwt j -  + mwj 

4 7 

Total Dissolved mdto := O.kg mdtj := mdtj- + mdi,j + C mdi,j Solids Generated at 
Time ttj i = 1  i =6 

Attachment I 1-1 0 ANL-EBS-MD-000045 Rev. 00 ICN 02 







In-Drift PrecipitatedSalts Analysis 

Summary and Cross-Check 

Concentrations at End 
of Period 2 

1 NO3 C, , = 0.432 *mol. kg- 

CI C,, = 0.7 -mol. kg-' 

SO4 C, , = 0.665 *mol. kg' 

Soluble C03 C4, = 2.171 *mol. kg- 

K 
Na C7, = 6.922 *mol. kg' 

1 

c6, loo 0.396 *mol. kg" 
1 

Cumulative Mass of Dissolved Solids 
in Incoming Seepage at End of Period 2 

Cumulative Mass of Dissolved Solids 
Generated at End of Period 2 

Cumulative Mass of Water in Generated 
Brine at End of Period 2 

Cumulative Mass of Brine 
Generated at End of Period 2 

Charge Balance Error 
Maintained Over Time 

j := 1, 10.. 100 

Attachment I 

Concentrations 
Calculated by EQ3/6 
Model (I = 10 m) 

0.50.mol. kg-' 

0.71.mol.kg-' 

0.68.moi. kg-' 

2.23.mol. kg-' 

0.46.mol. kg-l  

7.0.mol. kg-' 

4 

mdtloo = 0.138.kg 

mwtloo = 0.322 okg 

Total Moles in 
Reactor at End of 
Period 2 

Mrl, = 1.278*10-3*mo1 

Mr2, = 2.071*10-3*mol 

Mr3, = 1.967*10-3*mol 

Mr4, = 6.42*10-3*mol 

Mr6, = 1.17*10-3*mol 

Mr7,100 = 0.02*mol 

7 C MSti,,,,.Wi = 0.135.kg 
i =6  

mwtloo + mdtloo = 0.46.k 

7 4 c ci,j'zi - c ci,i'zi 
i = 6  i = 1  

I 
Ej := 

1-1 3 

Ci,j*zi 
i = 1  
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Low Relative Humidity (LRH) Salts Model Calculations 
(fc02 = l e a )  

Conceptual Model. Water seeps into "reactor" (Le, drip shield or backfill) at a constant rate during the boiling 
period. In the reactor, seepage water vaporizes and salts accumulate. Salts begin to dissolve when the relative 
humidity rises above 50%. This model (LRH) approximates the buildup ,and dissolution of soluble salts in the 
Na-K-N-S-CI-C system. All fluid (brine) generated during each time interval flows out of reactor at the end of each 
time interval; however, mixing is allowed between half time intervals. The end point is designed to be equivalent 
to the evaporative evolution of seepage water to a stoichiometric ionic strenm of 10 molal, as calculated using the 
EQ3/6 Peer  model. The LRH salts model is a simplified approximation of salt accumulation and eventual 
dissolution caused by increasing relative humidity. It maintains mass and charge balance and estimates brine 
generation as a function of effective solubilities. Its purpose is to provide bounding and scoping calculations for an 
evaporite system that has not been deeply studied. 

Seepage - Constant rate and constant composition are assumed. Seepage Name: 

Seepage Comp. (molal) Valency 

NO3 Cs, := 0.000142~rnol~kg-' z1 := 1 

CI Cs, := 0.00020~mol~kg-' z2 := 1 

SO4 Cs, := 0.00019.mol.kg-1 23 := 2 

Soluble C03 Cs, := 0.00058.rn0l.kg-~ Z, := 2 

K Cs, := 0.00013.m0I.kg-~ 2, := 1 

Na Cs, := 0.0020~rnol~kg-' 2, := 1 

Charge Balance Error 

7 4 c csi.zi - csi.zi 
i = 6  i = I  

E := 7 E = 0,062 
I 

csi .ri  
i = 1  

E = 6.l80YO 

s := "avg. 5-13" 

C02 (g) Fugacity: 
Seepage Rate 

CO, := 1.10-6 

Cs4 is adjusted to achieve a Na:CO3 ratio 
equivalent to the final I=1 Om solution 
calculated from the EQ3/6 Piker model. 
Soluble CO3 represents the COS fraction that 
precipitates with Na or K. 

This charge balance error is maintained for the 
entire calculation. 

Period 1 - Dry Conditions. Salts accumulate. No stable brine is generated. Period ends when relative 
humidity (RH) rises to level where nitrate salts are no longer stable. 

Time Nitrate Salts Become Unstable: 

i := 1 .. 7 

NO3 Msti,, := Csi.Qs*t50 Mst,,, = 0.028mol W, := 62.gm.mol' 

CI Ms5 , = 0.04mol W, := 35.5-gm.m0l-~ 

SO4 Mst,,, = 0.038mol W3 := 96.gm.mol- 

Soluble C03 M S ~ ~ , ~  = 0.116mol W, := 60.gm.mol- 

t50 := 200 .y~  (time when RH exceeds -50%) 

Total Accumulation in Period 1 Molecular Weight 
1 

1 

1 

1 

1 

K MSt6,o = O.O26*mol w6 := 39'gm'md' 

Na Msb,, = 0.4mol W, := 23.gm.mol- 

Attachment I File: Salts8 jl3-le-6.mcd 1-1 5 ANL-EBS-MD-000045 Rev. 00 ICN 02 





In-Drift PrecipitateslSalts Analysis 

Period 2 Cakulatiis 

Incoming Seepage 

Moles Added to Reactor in Incoming 
Seepage During Time Increment 

Cumulative Moles in 
Incoming Seepage 

Reactor Calculations 

Moles in Reactor at Each Half 
dek Increment 

Mrhi, , := Msti, ,(initial moles) 

j := 0.. 100 

Moles in Reactor at Time fi 

Moles (Mass) of Dissolved Ions 
Generated at Time tj 

Mass of Water in Brine 
Generated at Time tj (calculated 
from anions) 

Dissolved Concentration at Time tj 

Na Moles in Reactor (calculated 
by charge balance, includes 
charge imbalance error term) 

Na Dissolved Concentration 
(calculated by charge balance, 
includes charge imbalance 
error term) 

Dissolved Moles (Mass) of Na 
in Reactor (calculated by 
charge balance, includes 
charge imbalance error term) 

Percentage Na Dissolved 
in Reactor 

j := 1.. 100 Cumulative 
Water Runoff 

Cumulative Mass of 

i := 1 .. 7 

Msi := Csi.Qs.delt 

j := 1 .. 100 

i := 1 .. 6 k := 1 .. 200 

= (previous moles) + (seepage moles) - (runoff moles) 

1 1 
Mrhi,k := Mrhi,,- + 2*Msi - Z'Mrhi,k- , .f  

Mri := Mrhi,j.2 

Dissolved Mass: 

Mdi,i := Mri,j.fi,j mdi,j := Mdi,j'Wi 

4 
Mdi,j 

mwj := s, 
i = 1  

.- Mdi , j ci,j .- - mwj 

4 4 

q,j := Ci,j'Zi - C6,j'ZS + E' 2.Citi.zi'( 1 + E )  
i = 1  i = 1  

mwt, := O.kg mwt, := mwtj - + mwj 

4 7 

mdt, := 0-kg mdtj := mdtj- , + mdi,j + C mdi,j Total Dissolved 
Solids Generated at 
Time ttj i = 1  i = 6  

Attachment I File: Salts8 jl3-1 e-6.mcd 1-1 7 ANL-EBS-MD-000045 Rev. 00 ICN 02 







In-Drift PrecipitateslSalts Analysis 

Summary and Cross-Check 

Concentrations at End 
of Period 2 

NO3 C, , = 0.45 *mol. kg-’ 

CI C, , = 0.729 -mol- kg-’ 

SO4 C, , = 0.692 *mol. kg- 

Soluble C03 C4,100 = 2.113 *mol. kg-’ 
1 K C,, = 0.412 *mol, kg’ 

Na C,, ,,, = 7.268 *mol. kg” 

Cumulative Mass of Dissolved Solids 
in Incoming Seepage at End of Period 2 

Cumulative Mass of Dissolved Solids 
Generated at End of Period 2 

Cumulative Mass of Water in Generated 
Brine at End of Period 2 

Cumulative Mass of Brine 
Generated at End of Period 2 

Charge Balance Error 
Maintained Over Time 

j := 1 ,  10.. 100 

Concentrations Total Moles in 
Calculated by EQ316 
Modell (I = 10 m) 

0.SO.irnol. kg- Mr,, = 1.278*10-3.mol 

0.71 .mol. kg- Mr2, 2.071*10-3*mol 

0.68.rnol. kg- Mij,  = 1.967*10-3*mol 

2.02 .mol. kg- Mr4, = 6.006*10~3*m01 

0.46.rnol. kg-’ 

7.0. mol. kg - 

Reactor at End of 
Period 2 

Mr6, ,,, = 1.17*10-3*mol 

Mr7, ,,, = O.O21*mol 

4 7 
Msti,loo.Wi t Msti,,,,.Wi 0.132.kg 

i = I  i = 6  

mdt,,,, = 0.135.kg 

mwtl,oo = 0.3100kg 

mwtl,DO + mdtlOO 0.445.kg 

7 4 c c i , j ’z i  - ci,j’zi 
i = 6  i = 1  

Ej := .- 
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