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Analysis of the Boundary Conditions and
Conductivity Ratios Used in Pasco Basin Modeling

by Ellen J. Quinn
r'urpose
The purpcse of this paper is to describe the sensitivity analyses that
have been performed on the Pasco Basin model for the proposed Hanford
basalt repository site. This completes the work required to meet

operating plan commitment 311446-C.

Introduction

A reasonable understanding of the flow system is needed to assess
performance of a repository site. This must include knowledge of the
head distribution and the recharge and discharge locations as well as
knowledge of the hydraulic character of the rock itself. Both types of
information are needed to understand the system since the first will
control the flow path while the latter dictates the travel time along
that path. As knowledge of a system increases, additional refinements
may be needed to incorporate the structural features which modify the
gross rock properties.

A preliminary attempt at defining the flow path has been issued by
Rockwell (RHO) (RHO-L9-44). The documented path has water traveling from
the reference repository location (RRL) toward Wallula Gap (Figure 1).
The water remains in the Grande Ronde unit and does not discharge in the
modeled area. This concept of flow is at considerable variance with
other projections of the groundwater path. Both the United States
Geological §urvey (USGS) and Pacific Northwest Laboratory (PNL), in
preliminary modeling studies, have considered a more likely flow pattern
to be some upward path of flow. Using the SWIFT code, the NRC staff
duplicated both the PNL and RHO simulations to verify their results and



(be-01-1ma-0my *4913y)
UOLIRNWES QI Wody paApad) yied Moy 1 8anby 4

962 BUIBd O

SHIL IO NN

r
4 o1 2

NIV INIS 40 HOUYIO Mtuvis - O

ANDIIED 41y
WP DM

L] LRI T

R —

mz_:r..,.m




3104.1/EJ0/82/07/15/0 3

evaluate the differences betweern the model setup;. A detailed
description of these analyses is contained in the Comparion on Models,
Lehman and Quinn, 1982. Briefly the principal difference is the choice
of boundary conditions. The largest difference is found along the
northwestern boundary of the basin while the largest difference in
downhole distribution occurs in the southeastern section of the model
(Figure 2-4). Less significant differences are present along the
northern and eastern sections of the basin (Figures 5 and 6). There are
also some differences in the choice of the ratio of vertical to
horizontal conductivity used in the models. The above differences are
recognized by RHO as important issues to be resolved before site
characterization. Workshops are being conducted to resolve the
differences in the modeling approaches and to decide on the most
reasonable set of boundary conditions given the available data. The
consensus building is scheduled for completion in October.

NRC has conducted some preliminary analyses in an attempt to (1) better
understand the flow system and (2) gain some insight into the areas which
are most important for field testing. The work that has been done is
consistent with the plans for BWIP sensitivity analyses (Attachment 1).
The two factors of interest are the boundary conditions of the system and
the ratio of vertical to horizontal conductivity. The gridding structure
and the layering used are shown on Figures 6 and 7.

The runs described are not meant to be a comprehensive sensitivity
analysis. For most runs, parameters are varied individually rather than
in concert. Similarly, no statistical sampling technique is used to
choose parameter va'ues. Parameter choice is based on the need to

evaluate particular changes in the system rather than an attempt to
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Figure 3. Major Areas of Model Agreement
(Southeastern Pasco Basin)
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Figure 8.

Current NRC Layering

Layer 1 Alluvial water Table ACuifar 300 <=
Layer 2 Dense 2asal+ Saddle Mouns ins Fm. 122 f+.
Layer 3 Interbeds Saddle Mountains Fam, 96 4
Layer & Dense 3asai+ Sac:=le Mountaing a4, 366 £+,
Layer 5 Interslows Saddle Mountains fm., 73 £, /
¥
Laver & Interseds Saddle Houn:a;ns/ﬂana:un 148 £+,
Layer 7 Dense 3asaj+ Aanaoum Fa. 462 F+,
Layer 3 Inter<lows danacum fa, ’ 320 £+,
lLaver g Dense Basal+ danapum Fa. 308 £+,
Layer 10 Interflows Grarce Ronge Fm. 350 £+,
Layer 11 Dense Basal+« (Umtanum included) 1150 -,
Laver 12 Interslows Grance 3onge Fm. 380 fe,
Layer 12 Dense 2asals+ Grance 2znge 3 2 980 &,
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prioritize the importance of all variables. A1l of the runs are
performed as steady state anaiyses.

The standard of measure is also more qualitative than quantitative.
Frequently, runs using NWFT compare the results to some known standard of
radionuclide discharge such as the draft EPA standard. In these analyses
the flow path has been set and the importance of the parameters along
that path is the principal concern. However our Pasco Basin analyses are
evaluating the sensitivity of the flow path to changes in the system.

The basis of comparison then is a significant change in the flow path as
viewed in the particle tracking plots or péessure contours,

The groundwater travel times associated with these changes in flow
direction should not be considered reliable estimates of groundwater
travel time for the site. At the time of this exercise no reported
measurements of effective porosity existed for the Hanford site. Since
the travel time will be dependent on this parameter, this is one of the
constraints on the analysis.

To complete the suite of analyses, sensitivity studies are now being
conducted for basalt using NWFT/DVM. Parameter ranges are being chosen
and the the Latin Hypercube sampling method will be used to select the
input values. These runs will determine the geochemical parameters
(solubility limits and Kd values) necessary to meet the EPA Standard.

The analyses will also evaluate the importance of borehole and shaft seal
failures and their relation to site performance. These analyses will be
conducted for operating plan committments 311448 and 311449.
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Variations of the Conductivity Ratio

Before discussing the results of the computer simulations, it is useful
to review the data base for the analysis. Three layer types with
different hydrologic characteristics exist in the section: interbeds,
interflows, and dense basalts. The interbeds, sedimentary units
deposited between flow episodes, are located in the Saddle Mountain
Formation. They comprise approximately 30% of this unit. The
interflows, the brecciated flow tops and/or bottoms of the basalt layers,
are located throughout the section. They comprise anywhere from 8-14% of
each formation. The interflows generally increase in thickness down the
section; an approximately 100' thick interflow layer occurs directly
above the Umtanum unit (Figure 9). The dense basalt layers are the
relatively intact flow centers which eccur throughout the section. The
Umtanum, a dense basalt unit in the Grande Ronde Formation, is currently
being considered as a potential repository horizon.

The values of conductivities used are principally from the tests done in
the Rockwell drillholes on the Hanford Reservation. The Rockwell
hydrology document, STS, reports the following ranges for the horizontal
conductivities:

1. 10% ft/0ay

2 - 10* rt/day

3. 10°° re/day

1) interbeds - 10°
2) interflows - 10
3) dense basalts - 10

During our recent visit to Hanford for the hydrology workshop (July
21-27), Rockwell identified the base information which was used for
selecting conductivity values in the model (Table.l). The majority of
the measureﬁents have been taken on the higher permeability zones because

these are the major pathways for water movement and because they are more
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Figure 9. Stratigraphic Column for the Upper
Portion of the Grande Ronde F¢' sation
(info. taken from DC-4)



Drill Hole

DC 12

DC 3
DC 6

DC 7/8
OC 12

DC 14

DC 15

DC 16A

RRL 2

DB Wells

Cold Creek

Basic Test Information From Drill Holes
That Exists For Modeling

Units Tested

Note: 3 dense basalt measures in Grande Ronde,
measures.

6 interflow Wanapum
11 interflow Grande Ronde

Grande Ronde dense basalt 1 measure

interflow GR 6
2 dense basalt Grande Ronde

5 interflow Grande Ronde

6 interflow Wanapum
11 interflow Grande Ronde

7 interflow SM
9 interflow Wanapum
11 interflow Grande Ronde

6 interflow SM
9 inteflow Wanapum
11 interflow Grande Ronde

4 interflow SM
4 interflow Pinkerton

1 interflow SM
5 interflow Wanapum
2 interflow Grande Ronde

22 interflow SM
14 interflow Wanapum
2 dense basalt Wanapum

5 interflow Wanapum

2 dense basalt in Ylanapum
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amendable to conventional testing. Note also that all reported values
are for horizontal conductivity; no measurements of vertical conductivity
have been taken. Since the concern for the flow path is the ratio of
vertical to horizontal conductivity, the uncertainty associated with the
value is greatly increased.

A commonly used assumption is that the vertical permeability of the dense
basalts may be one or two orders of magnitude higher than the horizontal.
No substantive argument can be made in favor of, or against this choice.
The problem is further complicated by the effect of compositing layers of
varied hydrologic character. The choice of a ratio then becomes the
result of calibration rather than an attempt to represent the hydrologic
properties of the beds.

NRC has already determined that a change in the conductivity ratio could
alter the direction of flow (Comparison of Codes, Lehman and Quinn,
1982). Extreme changes such as assigning equal vertical and horizontal
conductivities to the sequence cause particles to discharge at the
Columbia River. The critical ratio (Kv/Kh) which causes the water path
to change from principally horizontal to principally vertical flow
appears to be approximately 10-3. The conductivities used for base
analyses are shown on Table 2.

The purpose of these additional runs is (1) to test the importance of
changing isolated layers in the system; (2) to further define the value
which changes the flow direction; and (3) to determine the influence of
changes related to structure.



TA3LE

HYDRAULIC PROPERTIZS USED

&

IN PRELIMINARY MODELS

fock Unaz Kx Ky K: 2
Alluvial Aquifer 10° 103 10~% .28
Dense 3asal: 10~ 10~ 10™3 .08
terslows 10-3 10-3 10~3 .25
Interteas 10l 10t 10=3 20

*

All congucIivity in feet/day

K = hydraulic conductivity
P = porosity
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The basecase runs, using Rockwell's boundary conqitions. show particles
leaving the dense “asalt layer (Layer 11) and traveling into the lower
interflow (Layer 12) (Figures 8 and 10). Increases in conductivity in
Layer 11 did not charge the flow path just the travel time in that unit.
The pathway remains vertically downward through the unit. The effect of
changing two units in concert was more pronounced. The vertical

conductivities of the Grande Ronde layers were increased by one order of
magnitude. Particles leaving the repository layer travel downward
through the lower interflow (Layer 12) and into the next dense basalt
layer. The flow direction remains vertically downward rather than
laterally along the conductive units.

Comparable resulis can be seen by changing the conductivity of other
combinations of layers. Increasing the vertical conductivity by an order
of magnitude in the upper Grande Ronde and Wanapum units also causes
changes in flow path. The particles move out of the "Umtanum" unit and
move upward through the section. Increasing the vertical conductivity by
one order of magnitude of all the interbeds and the dense basalts layers
in the entire section (conductivity ratio = 3.1 x 10-3) causes a similar
change in pathway (Figure 11).

The difference between vertical and horizontai conductivity chosen for
the dense basalt units is large. This was simply the easiest way to
change the conductivity ratio given the original set-up. An alternate
set of conductivity values was also tested which distributed the
variation in hydrologic character more evenly through the section. The
dense “asalts were kept at the original values; the interbeds were given
horizontal conductivities of 10 ft/day and vertical conductivities of 1
ft/day. The interflows were assigned horizontal conductivities of 1
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ft/day and vertical conductivities of 10.1 ft/day. The horizontal values
used in this simulation are within the range quoted by Rockwell. Use of
these values resulted in a conductivity ratio of 2.4 x 10-3. The
resulting movement in the system was a stair step pattern of vertical and
horizontal flow. The principal discharge point was the Columbia River.
These analyses confirm that a reasonable selection of values given the
current level of data can cause flow to be changed from principally
horizontal to principally vertical flow (Figures 12-14).

The ratio of the conductivity values was also varied to determine the
importance of property changes resulting from systematic variation in
aquifer properties or from disturbances associated with tectonic

fracturing or discontinuities.

The spatially variable conductivity contained in the PNL model was added
to the Rockwell set up. PNL attempted to relate the conductivity to the
degree of fracturing associated with deformation in the basin. Areas of
increased fracturing are assigned vertical conductivities either one or
two orders of magnitude higher than base value (Figure 15). The addition
of this variable conductivity has no noticable effect on the resulting
flow path. The principal areas of conductivity change are along the
folded basin margins;the result is to change the rate of flow along the
boundaries rather than direction of flow in the basin (Figure 15a).

The influence of significant structures in the basin was also evaluated.
Two principal changes were made: an increase in conductivity beneath
portions of the Columbia River and changes in conductivity under the
Gable Mountain-Gable Butte anticline.
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The conductivity along the Columbia River was changed in two sections
(Figure 16). The vertical conductivity for each section of the river was
increased by one and then two orders of magnitude. The changes are made
to the individual portions of the river and then in combination. The
decision to alter the conductivity along the river is not based on the
assumption of faulting along this zone. It is principally an exercise to
see the effect of a linear feature with an increased conductivity. The
runs also give some useful information about the relative fracturing
required to produce upwelling along the river, assuming the validity of
the imposed boundaries. Changes of one order of magnitude cause minimal
Change in the overall flow pattern (Figure§ 17 and 18). Particles
located in the RRL region are not substéntially affected by the increase.
Neither the general direction of flow nor the number of layers
discharging to the river changes Little effect is seen even if both
sections of the river are changed 1n the same run (Figure 19).

Increasing the vertical conductivity by two orders of magnitude above the
base value results in more significant changes to flow. Along the
northern section of the river, the effect is fairly localized (Figure
20). Flow in the adjacent grid blocks is directed toward this portion of
the river; in the vertical the effect extends throughout the entire
section. A similar change along the southern section has a much more
extensive influence on the system (Figure 21). Flow throughout the Cold
Creek syncline is directed toward the river. When both areas are
assigned increased conductivity values, the lower portion of the river
still dominates the flow (Figure 22). One possible explanation is that
this lower portion dominates because of its larger extent and its

relatively greater distance from the influence of boundaries.

*
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The second structure evaluated was the Gable Mountain-Gable Butte
anticline. The character of this structure, located directly north of
the reference repository area, is stil) open to question. Alternate
suggestions are that these folded and faulted beds would be impediments
to flow or that they would provide increased conductivity in the
horizontal and/or vertical direction. The character of this structure is
important because of its location next to the reference repository
location and its position between the Cold Creek Syncline and the
Columbia River, a potential discharge location.

Several runs were made where the character of this structure was altered.
The structure was: (1) given increases in vertical conductivity 10 - 100
times over the base value, (2) given increases in horizontal conductivity
10-100 times over the base value and (3) treated as a no flow boundary.

A one order of magnitude increase in the vertical conductivity did not
significantly change the flow pattern. Particles in the RRL region still
traveled along a horizontal flow path toward Wallula Gap. The increase
in conductivity did not divert particies toward the anticline or up into
the section. A two order of magnitude did alter the flow path.

Particles adjacent to the anticline were diverted upward into the
structure but the effect did not extend far beyond the structure.

Changes in flow path are visible when the horizontal conductivity is
increased in the structure. The pressure contours show water being
diverted toward the structure for increases in horizontal conductivity of
either one or two orders of magnitude (Figure 23). Particles in the RRL
region weuld now be changed from predominantly eastern movement to a more
northern direction of flow. Treating the structure as a zone of

decreased conductivity or as a no flow boundary separates the area into
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two flow systems (Fiyure 24). Particles in the lower units north of the
river travel horizontally until they reach the end of the structure.
Within the .wo regions, the flow patterns are similar to those under
original conditions; particles in the RRL region maintain the flow path
seen in the base case runs.

One structure which has not been evaluated during this exercise is the
Tineament west of the RRL area. The structure has been identified in
satellite images and has been recognized as a barrier to flow in the
upper units in the section. The structure was not included because of
the uncertainty about its location, extent énd character. However, as
additional information about the structure becomes available, this will
need to be included in the grid and evaluated (Figure 24a).

Variation of Boundary Conditions

Because of the uncertainty generally associated with selection of
boundaries in a large scale model, some analyses of these bounds were
attempted. Most values used were intermediate between the choices of RHO
& PNL. The reader is referred to Comparison of Codes, Lehman and Quinn,
1982 for a detailed description of boundary differences. The head values
used by the two groups are shown in Figures 25 and 26. Isolated extreme
boundary choices were considered to substantiate expected results. The
following variations are considered:

1) NW boundary decreased by 25%
2)  NW boundary decreased by 40%
3)  NW boundary decreased by 60%
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4) NW boundary no flow

5) SW boundary no flow

8) decrease in NW bound by 25% and decrease in SW by 50 ft
7) NW and SW no flow

8) SE boundary given PNL values

9) Eastern boundary given PNL values

10) Northern boundary given PNL values

Figure 27 shows the areas described by abbreviated boundary descriptions.

The values on the NW boundary were gradualfy decreased to see the effect
on the flow path. A decrease of a~oroximately 25% in the value, bringing
the head to 800 ft in the gro ndwater units* shows no change in the flow
path (Figure 28). Similarly a 40% decrease in head along the boundary
does not substantially alter the flow path (Figure 29). A particle in
the RRL area still moves vertically through the dense basalt and into the
interflow. The particle then remains in the interflow and moves
horizontally toward wWallula Gap. A decrease of 60% in the head causes
flow to leave the

*The head distribution assumed down the hole was not changed. The values
were uniformly decreased by approximately 25%.



- 36 -

"Saldepunog jo uotjtuiyag /2 auanbiy.

962 MR IN (35)
Adepunog uaajseayino

(3) Aaepunog uaayse3

SHIL IO I

(MS) Aaepunog
U433 samyjnog

& LA B eFE I}
WP A

;//,/,
R —
SNIVANGOI 3100y

(N) Aaepunog uaayjaop

P ——

WV INES 10 O YI0 T e S O

(MN) Aaepunog
uJa}sap

Yyjaopn




b HAAYE =00 aee | [igse CHLORETOY 2oy PLant o SOUTAL GEURE TNy wal L T T
AL LT . . . . . e . .
\‘\Q%!ll\l\l\\\l\
B L L LT T TPy
Mt R L T T Y ey
ennne e bl LLLL LET DD OO
AL LT LT

9"‘5!!\‘Qiiﬁitiﬁistllltllll
S8sassaone R L L DT PR PP
“(\Q.l!lllQl\\!\Q(Q!

R T Ty “aue
® ALAL LA L ROy .
955 8E58N gy ')
. . LR Y

$955858856888y .

REL TN L3RI I LYY

LT AL L L e

"oes oy TrrrYYYY Aeane R LT TN

5 TRRTYRYYISIYVIIYYIN ey LT Ty LA L LYY o
; 5%y AR LT Y
A L T I T T L] AR L AL RN
Tesvenn Tl & ASNSasEsccany
¢ 3% SE858595544,
1 2 ) esasese
A

REL L R TS
AL .

IR R
ARERRLEL B0y FURRARRASNINNENNNNNS
LEEERr Y Bishnnangy
SEERARERRRRRRR RN TR YN 2 *OSNINNNNY . .

Figure 28. SWIFT Pressure Plot
Pressures Resulting From an
Approximately 25% Decrease in
Head Values Along the
Northwestern Boundary

st BARGYNE AR see LIvB AR CEONEIRY Nov PLARE » MAUTAL SEumt Iy el PLANE AL
shanAy . . . . . .

LRREETET 8oss
A AR A ETL LY

Fhh bR L L T T LT T

9\!~sltqq\qqqccqq~ctqs'nqxanqqlqtqslssitl

l“uuuu“uu-uu\«u“«su“uuugucu

.n.\guq-“nnuu“u“l“suuq«u“su"uuu!ﬂ

R AR L T T L R bt e h et LI ]

CELCE LT e PPt A

(R LA RLETTENY SRNSNESS LNy
LR L LLTETAN Al L AL LT
$98485s $595855¢8s agqn
sty SABARARARARARONALA $5559 €855 5855g
1" % SRgRRaLqngeny
LT shosan SRgctLgenacy T
‘i S5e Ty sanas 988 enseg
18 o TIrYRYYYYYIYIYIYTYTY aney SessagLtgss
"

2 SecesegRe S858tagangy LR
LR T T LA LI AL TEY

FEYY & SsSscsscngeny
e 2 ) SESRGLNSeNe
"' 172V sessane

ASARRE)

R R RN T L]
. LEARRRNREY
A S LT s *ORNENNNNY . .

Figure 29. SWIFT Pressure Plot
Pressures Resulting From an
Approximataly 40% Decrease in
Head Values Along the
Northwestern Boundary




3104.1/€EJQ/82/07/15/0
o 38 -

region along this boundary (Figure 30). At this point the water level is
well below that of the other areas. Given the water levels assigned to
the rest of the system, and the geologic character of this north western
region it is not likely that such low values would exist.

Decreasing the head by 50 feet along the southwestern boundary also did
not change the direction of flow in the RRL area. The relatively minor
effects of changing these boundaries seemed suprising; changes within
reasonable limits did not affect the flow path from the RRL. The
importance of this boundary becomes evident when one reviews the extreme
difference in boundary choices of RHO and PﬁL. When both the northwest
and the southwest boundaries are changed to no flow bounds the conditions
used by PNL, the water path turns toward the vertical (Figures 31 and
32). The effect is not as visible when only one area is turned into a no
flow region (Figures 33 and 34).

The other boundary of major significance is the SE boundary. +Yhen the
PNL head distribution is assigned to this corner particles again appear
to discharge in the system. In addition particles no longer curve along
the long flow path. Those which do not discharge along the river go
horizontally through the boundary (Figures 35 and 36).

Changes in the northern boundary have less effect on the particle in the
reference repository location. This is due to two reasons: the distance
from the repository area and the lack of major differences between the
RHO and PNL boundary choices. Addition of the PNL bound does "flatten"
the pressure contours; particles in the northern section of the basin
particles no longer exit along the northern boundary (Figure 37). The
principal direction of flow is to the southeast. Assigning the eastern
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Figure 31. SWIFT Pressure Plot
Northwestern and Southwestern Boundaries
Given No Flow Condition
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Figure 33. SWIFT Pressure Plot
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Figure 35. SWIFT Pressure Plot
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the Southeastern Portion of the Model
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boundary the PNL values changes the flow path of the lower units on the
eastern side of the boundary substantially. Particles no longer exist
along the eastern boundary. Instead, movement in all layers is westward
toward the river (Figure 28).

The previcus analysis shows that the principal sensi ivity is to
distribution o’ “ead in the southeast and large, basically conceptual
differences on the western bounds. This analysis has not included any
runs where the effect of changing several variables is evaluated. As an
example of the changes resulting from varying several parameters, the
following run was conducted. Changes were'made to three parameters: the
head values along the northwestern and southwestern boundaries and the
ratio of vertical and horizontal conductivity. The head values along the
northwestern boundary were decreased to 800 feet and the head values
along the southwestern boundary were lowered by 50 feet. The
conductivity ratio was decreased to approximately 10-3. It was felt that
all of the changes were within the uncertainty limits for the origina!l
values. With these changes particles assumed a vertical exit path from
Layer 11. Although this is a very limited result the run does indicate
that, within reasonable error ranges in the system, the water can be
redirected from principally horizontal to principally vertical flow.

Porosity Changes

Several runs were conducted where the porosity of the dense basalt unit
(Layer 11) which includes the Umtanum unit was changed. Base case runs
had assumed a porosity of 5%. The range tested event from from .05% to
10%. The following table shows the movement of particles after one time
step (10 years).
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Distance

Traveled (ft) Porositx
Particle A 60. 38 .
Particle A 14.37 1%
Particle A 31.7 . 5%
Particle A 2.87 10%
Particle A 2.87 7%
Particle A 120.78 .05%
Particle A 8.62 2%

Distance

Traveled (ft) Porosity
Particle B 31.63 1%
Particle B 8.62 1%
Particle B 12.3 . 5%
Particle B 0 10%
Particle B 0 7%
Particle B 63.25 .05%

The results show that as expected Lhe the travel time varies as a
function of the porosity chosen. In terms of an accessible environment
the distance traveled over 9,900 years varies from*:

. 05% 29,690 ft

. 5% 28,270 ft

1% 28,270 fi
1% 15,530 ft
2% 33,990 ft 30,000 yrs
5% 17,320 ft 30,000 yrs
7% 285 ft
10% 285 ft

*For the lower porosity values particles will have left Layer 11, the
layer with the porosity change. The difference in distance traveled for

the lTower porosity runs will be less distinct for longer time periods.

RN
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The choice of porosity value is not important in determining the regional
groundwater pattern. However, even these simple analyses show that it
will be a critical parameter in determining travel time.

Mode| Recommendations

1) The model has been shown to be very sensitive to changes in boundary
conditions and conductivity ratios. Changes which are within the
ranges of uncertainty for the variables can cause significant
variation in the expected flow path. Because of the uncertainty
associated with the flow path, NRC shéuld strongly emphasize the
need for Rockwell to perform sensitivity analyses before effort is
concentrated on scenario analysis. Unless the response of the
system is well documented, it will be difficult to have confidence
in scenario results. In addition, the results of the sensitivity
analyses could be used to direct field activities. Once the
tolerance of the model for current uncertainty ranges has been
established, more streamlined data collection programs can be
developed.

2) The choice of the western boundaries will have to be justified
conceptually. Although all the boundaries vary from those of PNL,
the location of these boundaries and the extreme differences in the
values makes them important in flow path analysis. Changes in these
boundaries have been shown to alter the flow path. The choice of
bounds along southern portions of the basin should be similarly

reevaluated.
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Important structures, such as the Gable Mountain-Gable Butte
Anticline and the N 96 to N 84 lineament need te be included in the
large scale model. Their effect on the flow pattern needs to be
determined both from field investigations and modeling exercises.

Field Recommendations:

1)

2)

The analyses further support the need for determination of vertical
conductivity. While measurements in the Umtanum are the most
important, the vertical measures are important on a Pasco Basin
scale. In addition since the Umtanum has been chosen as a potential
repository horizon because of its unique characteristics, the
vertical conductivity measures obtained from this unit may not be
considered reprecentive of average values.

At a minimum, the testing should include some estimate of the
vertical conductivity in other dense basalt units to provide
reasonable confidence in estimates of regional vertical conductivity
values. Such estimates could be obtained from the large scale pump
tests which have been recommended by NRC.

Porosity measurements will be needed since the travel time changes
with this parameter. Because the value, by definition, will not
vary over the same range as conductivity, it will be less important
to determine the parameters on a regional scale. The need for this
parameter has been recognized by Rockwell and tracer tests are
planned. However, it is not known what units Rockwell plans to

investigate.
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3)

4)
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The modeling results support the need to test around the important
structures. Both the character of the structures and the extent of
their influence needs to be determined.

Rockwell's current plans for drill hole exploration are concentrated
around the RRL facility. While this distribution appears to give
adequate coverage of this area, the information wili not be as
useful for calibration of a far field model. The uncertainty in the
original flow path predictions has been demonstrated in these
sensitivity analyses. Given these drilling plans, much reliance
will need to be placed on sensitivity analysis and initial parameter
review to support the chosen flow path.
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STRATEGY FOR SENSITIVITY ANALYSIS ON
THE HANFORD SITE

One of the proposed tasks for the performance assessment staff during the
next six months is a sensitivity analysis on hydrologic parameters at
BWIP. The purpose of the work is two-fold: to fulfill our obligations
for review of the performance assessment section of the SCR, and to aid
the BWIP team in evaluating the validity of the proposed flow field.
Also, the use of sensitivity analysis will‘provide further understanding
of the potential for flow from deep basalt units to discharge to the
Columbia River.

In order to explain the need for the work and the choice of parameters, a
brief explanation of the work done to date and its relation to the BWIP
team is necessary. Work done by the performance assessment staff has
concentrated on an analysis of groundwater flow patterns at the basalt
cite. This has included developing a three-dimensional finite difference
grid for the Pasco Basin and then comparing the boundary conditions of
Rockwell Hanford (RHO) and Pacific Northwest Laboratories (PNL). For a
description of these analyses, the reader is referred tc the report:
Comparison of Model Studies - The Hanford Reservation, Lehman and Quinn,
April 1982. The results of the studies have shown several areas where
additional work is necessary to define the system. The work has also
provided input to the development of the site issues discussed in the
BWIP trip reports. The modeling studies will continue to be used in the
analysis of the BWIP site suitability issues outlined for site

characterization review. .
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The work will provide a study of the model's sensitivity to changes in
the vertical to horizontal conductivity ratio and to the boundary
conditions. This portion of the work will be done on the current
three-dimensional gridding system. The effect of varying radionuclide
transport parameters i11 pe determined using a simplified pipe flow
model.

The plans for this work are similar to recommendations of Rockwell given
in their most recent modeling study - Pasco Basin modeling and Far Field
Radionuclide Migration Potential - RHO-BWI-LD-44. In this document they
recommend that a sensitivity and parametr%c analysis be conducted at a
Pasco Basin scale. This analysis would include a sensitivity analysis of
hydraulic conductivity (including anisotropic ratios), effective porosity
and boundary conditions.

By conducting these analyses, we should be paralleling the Rockwell
effort while maintaining an independent capacity to conduct the

investigations.

Ratio of Vertical to Horizontal Conductivity

An important parameter to consider in the sensitivity anlaysis is the
ratio of horizontal to vertical permeability. Currently, there are
ranges of horizontal conductivity values for various portions of the
stratigraphic section. Although the ranges are large (greater than 4
orders of magnitude), they do provide some bound for expected values of
the interbeds, interflows and dense basalts in the three formations.
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In contrast, there are no measurements of vertical conductivity for any
of the beds. Some estimates have been used, but no reliance can be
placed on these values without some field verification. The columnar
fracturing of the dense basalts could produce significant amounts of
vertical flow but the amount has not been quantified. There is also
disagreement between the PNL modeling assumptions and the RHQ modeling
work on their choice of ratio. RHO uses an overall ratio of 10.4
although they note that 10'3 might be more consistent with field
information. PNL varies the ratio spatially depending on the structures,
suspected degree of fracturing and information from transmissivity maps.

The analysis of the Kv/Kh ratio will have several aspects. First, the
ratios in the three formations will be varied by formations to see the
effect on the flow field. This work will be done using both PNL and RHO
boundary conditions, although the effort will be concentrated on RHO
values. One useful measure of comparison will be to show what ratio
would be necessary to redirect flow to the river. Some preliminary
analysis (Comparison of Models, Lehman and Quinn) do show flew going
toward the river in the Kv/Kh ratio is increased.

The second phase will be varying the ratios by hydrostatigraphic unit.
The current NRC layering system divides the formations into the various
hydrostratigraphic units interflows, interbeds, and dense basalts. The
dense basalt units appear to contain most of the vertical flow. By
varying the ratio in the different layer types individually, we will gain
some understanding about the reasonableness of the composite Kv/Kh. We
will not get a unique solution in the system: if Kv for the Umtanum unit
is a certain value then flow must go to the river. However, we will gain
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some range of values which, under the qualifying assumptions, would give
such a flow path.

Finally, the ratio will be varied spatially to reflect the structures and
suspected degree of fracturing. This has already been included in
analysis of PNL's work since a spatially variable ratio was an initial
assumption on their model. However, these changes were not included in
the RHO analysis. One portion of this work will include changing the
ratio in the river node blocks. This will allow simulation of the
proposed fault or structural weakness along the river (Geochemicaj
Interpretations of Groundwater Flow Systems in the Central Columbia
Plateau, Lehman & Quinn, February, 1982).

The results of this task will be particularly useful in the issue
analysis at the BWIP site. The need to determine the vertical
conductivity of the dense basalt units has been stated b many groups
including: NRC, PNL and the RHO Hydrology Overview Committee. This
value is important because it affects not only the travel time but the
direction of flow. However, no studies have determined the effect of
changing the conductivity values on Rockwell's flow path. By determining
the changes in flow direction, we can quantify the importance of the
parameters and determine the value range which would be acceptable.

Analvsis of Boundary Conditions

The choice of baundary conditions is a principal area of disagreement
between the RHO and PNL modeling studies. Major differences in the
choice of pressure head occur in the northern and northwest section of
the Pasco Basin. Differences in downhole pressure distribution occur



3108.2/€JQ/82/03/29/0

- 54 -

along the eastern and southeastern boundaries. The largest difference
occurs along the northwest boundary where RHO has assigned 1099 feet of
pressure head while PNL assumes a no flow boundary. At present we feel
these high pressures combined with the constant gradient in the
southeastern section of the flowpath control the particle stream)ines.

Although we would not expect identical boundary conditions for the two
models, the ranges seen in the two simulations are unreasonably large.
One method of testing these values would be to develop a regional model
to predict the head measurements at the boundary of the Pasco Basin.
However, given the time and information constraints we do not feel an in
house development of this work is Justified.

To refine our understanding of the system we will vary the pressures at
the boundaries. A1l the changes will be intermediate between the two
proposed flow systems. This analysis will help determine which portions
of the model have large uncertainties and appear to be controlling flow.
The analysis will also show how much change in the boundaries is required
to significantly divert the flow path.

Both the changes in conductivities and the changes in ratios will be
performed as a steady-state three-dimensional analysis. This is to allow
evaluation of changes in flow path. Use of a two-dimensional model for
this work would not allow as thorough an analysis of flow path changes.

The proposed analyses do not contain the random selection of input
variables associated with sensitivity studies. For example, the Latin
Hypercube sampling program will not be used. This reflects the site
specific nature of the current study. Random sel®ction of parameters or
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endiess repetitive runs are not necessary when pur problem areas a‘e
already well defined.

Two-Dimensional Analysis

Some sensitivity analysis will be performed using NWFT/CVM to obtain a
preliminary understanding of the effect of various transport factors
including Kd, solubility limit, dispersivity, porosity and leach time.
This work serves a dual function since it is also being performed to
evaluate the relationship of the EPA standard to the requirements of 10
CFR Part 60. The flow path for this anal}sis will not be varied; it is
assumed that the nuclides will travel Vertically to an aquifer and then
travel horizontally to the discharge point. The horizontal pathlength to
the discharge point is 1 mile. The composite layering used will be
consistent with that provided in the Sandia draft report - "Technical
Assistance for Regulatory Development: A Simplified Repository Analysis
in a Reference Basalt Site," Pepping, Chu and Siegel, 1982.

The variables will be input as distributions. The values for the runs
will be chosen randomly through use of the Latin hypercube sampling
technique. These vectors will then be run in NWFT/DVM to simulate flow
through the basalts to the discharge location. Output will be given in
terms of discharge rate and EPA release fraction. This work will not be
an evaluation of the site against the EPA standard. It is intended to
show the relative importance of various transport parameters.
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Products of the Sensitivity Analysis

I.  Summary of the results of the KV/Kh analysis.
II. Summary of the results of the boundary condition analysis.

II1. Summary of the results of the two-dimensional analysis.

A1l work is expected to be completed before receipt of the Site
Characterization Report for BWIP. The exact completion dates will depend
on the staff commitments required to fulfill the other analyses outlined
in the performance assessment plans for site characterization analyses
(March 2, 1982 memo) and requested by the WMHT branch.
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EXECUTIVE SUMMARY

This report considers four issues that must be addressed by a site
characterization program designed to evaluate the suitability of the
flood basalts of the Pasco Basin in central Washington as a site for the
construction of a repository for the disposal of high-level nuclear
waste. The four issues are (1) jdentification of hydrostratigraphic
units within a sequence of flood basalts; (2) mechanisms and points of
groundwater recharge and discharge; (3) solubility of radionuclides; and
(4) phase transformation of fracture filling materials. A summary of the
principal results of the studies of each of the issues is presented below.

IDENTIFICATION OF HYDROSTRATIGRAPHIC UNITS WITHIN
A SEQUENCE OF FLOOD BASALTS

Hydrostratigraphic units (HSU's) are bodies of rock that function as
distinct hydrologic systems for the problem being studied. HSU's serve to
simplify a geologically complex study area by representing it as a smaller
number of units that are more tractable for analysis by conceptual or
numerical methods. Hydrostratigraphic units have traditionally been
identified to facilitate a ~onceptual understanding of groundwater flow
systems, and the units have been defined primarily on the basis of con=-
trasts in the hydraulic properties of the different bodies of rock. Thus
HSU's have been defined, for example, on the basis of a relatively higher
or lower permeability as compared with the permeability of the neighboring
strata. For the purposes of numerical modeling, however. the HSU's must
also meet the specific criteria of the models.

In identifying HSU's to facilitate numerical modeling of a groundwater
system, it is useful to supplement the criterion of contrasts in hydraulic
properties between units with the criterion of similarity in hydraulic
properties within units. This is because in preparing numerical models it
is convenient to identify bodies of rock that can be assigned the same or
similar hydraulic properties throughout. Because of this additional
criterion, the identification of HSU's for modeling is closely linked with
the purpose for which the HSU is defined and with the magnitude of the
hydraulic properties that govern the characteristics being studied. Units
defined for a study of groundwater flux, for example, must exhibit similar
average conductivity and specific storage properties throughout their
lateral and vertical extent when measured on a scale appropriate to the
problem being studied. Further, numerical models for regional groundwater
movement are generally based on the assumptions that each separately identi-
fied elemental volume (1) behaves as a cortinuum, (2) is a statistically
representative sample of the average properties of the HSU, and (3) is
small enough that internal hydraulic gradients are essentially uniform. To
be appropriate for numerical modeling, the HSU's must also be capable of
subdivision into elemental volumes that satisfy these three assumptions.
Emphasis in this paper is placed upon the identification of HSU's for the
Purpose of numerical modeling.



The first assumption in numerical modeling=--that of continuum behavior=-
asserts that the rock behaves as a homogeneous, anisotropic porous medium
on the scale of the smallest elemental volume being studied. Flood basalt
is in reality a heterogeneous mass of fractured rock that must be shown to
behave as a porous medium on the scale of the elemental volumes used in
modeling. Thus the appropriate HSU is one that may be subdivided into
elemental volumes that exhibit continuum behavior on the correct scale.

The second assumption--that of statistical representation--asserts
that the elemental volumes being studied contain a large enough sample of
heterogeneities to be statistically representative of the rock mass as a
whole. For example, permeability is controlled by the size, shape, and
degree of interconnection of the void spaces in the rock. To be statis-
tically r-presentative, the elemental volume must contain a sufficiently
large sample of these void spaces so that the permeability of one such
volume will be similar to the permeability of any other such volume
within the HSU. The smallest elemental volume that meets the criteria
of statistical representation is called the representative elementary
volume (REV).

The third assumption asserts that the elemental volumes must be
scaled relative to the groundwater flow patterns such that the average
hydraulic gradient within the element is uniform. Uniformity is necessary
to assure that the heterogeneities within the elements are stressed in a
predictable manner. If this criterion is not met, continuum behavior
cannot be assured.

Field data on hydraulic head, hydrochemistry, geologic structure, and
hydraulic properties of the rock will be required to identify appropriate
HSU's in the Pasco Basin. These data must be collected throughout the three-
dimensional volume of rock to be characterized. Resolution of this issue
will be accomplished through the selective application of both standard and
innovative field techniques. The results will be periodically checked
through the field validation of numerical models based upon the HSU's
identified.

DETERMINATION OF AREAS AND MECHANISMS OF NATURAL GROUNDWATER
RECHARGE AND DISCHARGE FOR THE HYDROSTRATIGRAPHIC UNITS WITHIN
A SEQUENCE OF FLOOD BASALTS

Radionuclides that escape the engineered barriers and leave the dis-
turbed zone of a repository will enter the regional groundwater system.
The moving groundwater will then transport the nuclides from the recharge
areas to the discharge areas. The travel time to the accessiblas environ=-
ment -1ll depend upon the length of the flow path and the hydrologic and
geocnemical conditions encountered along that flow path. Knowledge of the
recharge and discharge areas, and of the groundwater flow putterns between
these arcas, is an important element in assessing the safety of a proposed
waste reyository.



Three fundamental conventional approaches are expected to be adequate
for resolution of this issue: (1) water budget techniques, (2) numerical
model techniques, and (3) direct observational methods.

The first two involve the use of analytical models. The water budget
technique is relatively simple, but yields only approximate results. It is
best used in reconnaissance-level studies during the early phases of the
exploration program. Numerical model techniques are the most sophisticated
and potentially the most accurate methods available for resolving this
issue. They are capable of providing detailed, quantitative information on
groundwater movement throughout the study area and are thus ideal for
identifying areas and mechanisms of recharge and discharge. The third
approach--direct observational methods~--provides important qualitative
information. These three approaches are complementary, and together are
expected to be adequate for resolving the issue.

The recommended field exploration program consists of conventional
techniques that should be capable of identifying, in a qualitative sense,
the areas and mechanisms of recharge and discharge. Quantitative reso=-
lution of this issue in terms of accurate estimates of groundwater flux will
require additional research into the field verification of the usual
assumptions of continuum behavior that are made in regional groundwater
models.

SOLUBILITY OF RADIONUCLIDES

Radionuclides released from a waste form will enter the local ground-
water system, where they will react with chemical components of groundwater,
and possibly the host rock, to form insoluble compounds and solution species
that can provide significant controls on solution concentrations and migra=-
tion rates of the radionuclides. Knowledge of the processes controlling
residence times of radionuclides in the aqueous and solid phases is required
for prediction of rates of migration of radionuclides from an underground
storage facility to the accessible environment.

Prediction of possible stable solid phases and solution species will
depend on two critical kinds of information. These are (1) complete
characterization of the chemical composition and oxidation-reduction
behavior of the groundwater, and (2) knowledge of the nature and solu-
bility of radionuclide compounds likely to form under groundwater condi=-
tions at the repository site.

Characterization of groundwater involves two categories of methodology:
sampling and chemical analysis. In general, existing methodologies are
adequate for nearly complete characterizaticn, provided certain precautions
are observed.

The inability to obtain uncontaminated, representative samples from
a repository site places a significant limitation on the reliability of



geochemical analysis of groundwater. Groundwater samples taken from
vertical boreholes drilled from the ground surface are subject to
contamination or other perturbations from three principal sources: (1)
drilling fluids and other materials may be introduced during the drilling
process, (2) groundwaters from different aquifers may be mixed by cross
flow in a borehole, and (3) exchange ~f dissolved gases may be caused

by changes of pressure and temperature during and immediately after the
sampling process. Sampling methods exist that can minimize or avoid
these sources of error.

On the other hand, samples obtained from boreholes extending hori-
zontally from a test facility at depth and analyzed in situ are likely
to be more representative of groundwaters near the repository, and less
subject to contamination, than samples obtained from vertical boreholes
originating at the ground surface.

Existing analytical methods are, in general, adequate for charac-
terization of groundwaters. The use of two or more different analytical
methods is advised for the determination of certain elements present at
low concentrations.

The determination of oxidation-reduction potential (Eh) is the only
analytical procedure subject to significant uncertainty. In natural
groundwaters, potentiometric measurement of Eh is not always reliable. 1In
some cases, it is possible to obtain reasonably close approximations of Eh
by using the results of other chemical analyses. If these methods fail, it
will be necessary to determine oxidation states of radionuclides by direct
chemical measurement. Further research is needed for development of more
reliable methods of Eh measurement.

Two methods zre available, in principle, for determination of solu-
bilities of solid rhases containing radionuclides. The solubility can be
calculated by use of thermochemical data (e.g., heat of solution, free
energy of formation) for the solid of interest and the agueous species
in equilibrium with it. Aiternatively, the solubility can be measured
directly.

To calculate a solubility, the identities of the solid phase and
associated aqueous complexes must be known. In natural systems, solid
phases likely to contain radionuclides are expected to be complex. In
general, thermochemical data are not available for these prhases because
of experimental difficulties in making the necessary measurements.

Although direct measurement of solubilities can produce useful
results, this method does not provide fundamental zhemmochemical data
needed for extrapolavion to future conditions, which might be beyond the
range of the parameter values studied.



PHASE TRANSFORMATION OF FRACTURE FILLING MATERIALS

Phase transformation of materials filling fractures in the host rock
could result in either an increase or a decrease in the rate of release of
radionuclides from a nuclear waste repository. Because flow of ground-

rate of flow. 1In addition, changes in the sorptive properties of fracture
filling materials would directly affect the rate of movement of radio=-
nuclides relative to the groundwater flow rate.

Site characterization pProcedures designed to resolve this issue
must include not only identification of existing conditions of fracture
fillings, but also assessment of the kinds and magnitudes of changes caused
in fracture fillings by repository-induced hydrothermal processes.

Existing primary and secondary mineral assemblages in the Umtanum
«asalt flow have been extensively characterized. The sorptive capacity
of the basalt has been attributed to secondary mineralization in fractures
and voids, specifically smectite clay and the zeolite clinoptilolite.

Although no experiments have been performed to investigate the stability
of secondary mineral assemblages, the thermal alteration of clay minerals
has been recognized from field data. 1In particular, the transformation of
smectite to mixed-layer illite-montmorillonite results in layer contraction,
causing an increase of pore space, reduction of icn-exchange capacity, and
decrease of swelling capacity. However, there is a lack of experimental
data regarding the stability of smectite in the range 100°C to 300°C.
Further investigations in this temperature range are needed. Similarly,
there is a need for hydrothermal experimental data on the stability of
clinoptilolite at elevated temperatures.

Prediction of the potential consequences of phase transformation
of secondary minerals will depei.d on assessment of potential hydrothermal
conditions near the repository and their effects on subsequent phase
transformations. Because little is known about the response of natural
mineral assemblages to changes in thermal conditions, resolution of
the issue must rely almost entirely on future research and the development
of new methodologies for site characterization, Existing methodologies
are limited to collection of site-specific data from field experiments
and boreholes; at best, they can provide a preliminarv data base that
could serve as a starting point for further research.

Recent attempts to theoretically model the generation of secondary
phase assemblages in the Pasco Basin basalts have had little success.
Limitations of existing theoretical models are their inability to simulate
the extensive compositional variations, metastability, and nonequilibrium
(both steady-state and time~dependent) processes that appear to exist in
low=temperature geochemical systems. This theoretical lack is compounded
by the absence of data on these effects and processes. Extension of the-
oretical concepts to the modeling stage will be critically dependent on
acquisition of experimental data for use in model verification and in data
bases for predictive modeling.




1. INTRODUCTION

1.1 BACKGROUND

The United States Department of Energy (DOE) has the responsibility
to identify sites and construct repositories for the geologic disposal of
high-level nuclear waste. These facilities will be licensed by the United
States Nuclear Requlatory Commission (NRC) under the rules and procedures
defined in the Code of Federal Regulations (10 CFR Part 60). As part of a
Program designed to identify and select candidate sites for construction of
waste repositoriez, the DOE is evaluating areas within DOE-owned reserv-
ations to determire which, if any, might exhibit desirable characteristics.
This effort has led to the selection of the Hanford Reservation in eastern
Washington for further characterization studies (Shipler and Evans, 1980).
The Hanford Reservation lies within the Pasco Basin near the center of the
Columbia River flood basalt physiographic province, which spans parts of
Washington, Oregon, and Idaho (see Figures 1.1 and 1.2).

If the DOE elects to submit an application for construction of a
repository at the Hanford Reservation, a Site Characterization Report
will be submitted to the NRC prior to the application for a license. The
Site Characterization Report will include a description of the candidate
site based on the available data and a description of site characterization
activities proposed to address the ability of the site to host a safe
repository for radioactive waste. The NRC will review the Site Charac-
terization Report and may make specific objections or recommendations
regarding the proposed program. This report considers four site charac=-
terization issues that are expected to be included among those that will
have to be addressed in a site characterization program for a proposed
waste repository at the Hanford Reservation.

1.2 GEOLOGY OF THE PASCO BASIN

Geologic data for the Columbia Plateau and the Pasco Basin have been
compiled by Myers and Price (1979). The Pasco Basin is one of several
structural and topegraphic basins within the western Columbia Plateau. 71t
1s a semiarid, sparsely vegetated steppe that occupies about 5200 km2.

The basin is underlain by three major rock units: (1) pre-Columbia River
Basalt Group rocks, (2) the Columbia River Pasalt Group, which includes
the Ellensburg Formation, and (3) late Cenozoic sediments including the
Ringold Formation, the Palouse Soil, and the Hanford Formation. A
simplified section through the Pasco Basin is shown in Figure 1.3, and
the stratigraphic nomenclature is given in Figure 1.4. The bed rock is
overlain by 0 to 220 m of fluvial, lacustrine, and glaciofluvial sediments
of Pliocene and Pleistocene age. The late Cenozoic sedimentary rocks and
the Columbia River Basalt Group rocks, which are at least 1460 m thick,
€rop out throughout the Pasco Basin. The pre-Columbia River Basalt Group
rocks do not crop out within the basin.
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Volcanoclastic sediment layers are interbedded between the basalt
flows in the upper part of the bedrock section. Throughout the section,
many of the basalt flows appear to extend laterally as single rock-
stratigraphic units across the Pasco Basin and beyond, whereas other
units are less extensive and pinch out within the basin. A few flows in
the upper part of the section were emplaced as valley fills and are of
restricted lateral extent.

1.3 REFERENCE REPOSITORY LOCATION AND REPOSITORY HORIZON

As part of the Basalt Waste Isolation Project (BWIP), studies have
been conducted at the Hanford Reservation to define suitable candidate
sites for construction of a waste repository (Woodward-Clyde Consultants,
1979; Rockwell Hanford Operations, 1980a). This work has progressed
through a series of steps leading to the selection of a preferred site
located within the Cold Creek Syncline area of the Pasco Basin. This
preferred site, designated the "reference repository location," or site
A-H, is shown in Figure '.2. Site J in the same figure has been
designated the "first alternate" (Deju, 1980b). The Umtanum flow unit,
at an appropriate depth of 1130 m below the surface, has been selected as
the reference storage horizon (Rockwell Hanford Operations, 1980bj). The
Umtanum unit is a member of the Schwana Sequence of the Grande Ronde Basalt
(see Figure 1.5). For the purposes of this report, it is assumed that a
site characterization program would Je directed t~ evaluation nf site A-H
or a similar site in the Cold Creek Syncline area and that the repository
would be constructed in the Umtanum flow. However, this use of the
reference site and horizon is intended only to illustrate issues and site
characterization methodologies. Unless otherwise noted, material presented
in this report may be considered generally applicable to other candidate
sites and horizons of the Pasco Basin.

1.4 SELECTION OF SITE CHARACTERIZATION ISSUES

The term "issues" has been used to include all characteristics of
a site that may affect its ability to host a geologic repository (Nuclear
Regulatory Commission, 1981). 1In this report, "site characterization" is
used as it is defined in 10 CFR Part 60, Section 60.2(p). Thus the term
refers to a program of laboratory and field studies undertaken to develop
the information needed toc determine the suitability of a site for a geologic
repository. The information required includes establishing the site's
existing conditions and determining the properties of the host rock. These
properties must be known in order to predict the site's response to the
changed conditions that will result from the repository construction and
operation.

This report is restricted to four selected site characterization issues
in the disciplinary areas of hydrogeology and geochemistry that are expected
to be of importance in evaluating the suitability of a repository site
within the Hanford Reservation. These issues are: (1) the identification
of hydrostratigrapnic units (HSU's), (2) the identification of areas of
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groundwater recharge and discharge to tna deep hydrologic strata, (3) the
solubility and precipitation of radionucliaes, and (4) the phase trans-
formation of fracture filling materials. This selection of issues was
based on a review of the currently available data regarding the geology
of the Hanford Reservation and the requirements of 10 CFR Part 60. The
specific issues were selected by the NRC from short lists of major issues
developed by Lawrence Berkeley Laboratory (LBL) and the NRC. The issues
selected do not necessarily reflect those that will be of greatest tech=-
nical importance in a site characterization program for a waste repository
in the Pasco Basin. Some, however, are significant issues for which
currently available data are limited and whose resolution is expected to
be of concern in reaching a determination as to the suitability of the
site for disposal of nuclear waste and in evaluating aspects of repository
design.

1.5 ARRANGEMENT AND CONTENT OF REPORT

Four major sections follow this introduction. The issue of identify-
ing HSU's is treated in Section 2. The identification of mechanisms and
areas of groundwater recharge and discharge is addressed in Section 3.

Site characterization techniques associated with prediction of radio=-
nuclide solubility are discussed in Section 4, and site characterization
methodologies related to phase transformation of fracture filling materials
are presented in Section 5,

In each section recommended site characterization methodologies that
may be used to obtain the necessary data required for resolution of the
issue are described. Descriptions of the methodologies include a presenta-
tion of the general procedures to be used, conceptual designs of testing
methods, and general measurement techniques and instrumentation needs.
Detailed descriptions of specific instrumentation systems, standards of
practice, and other details that depend upon design controlled configur-
ations or are dictated by findings developed during the progress of the
site characterization program are not included.

During the preparation this report a review was made of the current
literature to obtain data on specific conditions in the Pasco Basin;
thus the recommended site characterization procedures are those considered
most relevant to this site. The site characterization methodolegies
described are limited to those pertinent to the disciplinary areas of
hydrology and geochemistry. Where appropriate, references are provided to
methods and techniques from other disciplinary areas. The limitations
of each site characterization procedure are noted, and recommendations
are made for research and technology development that may be required
to improve existing methods or reduce uncertainties in the resolution of
an issue.
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2. IDENTIFICATION OF HYDROSTRATIGRAPHIC UNITS
WITHIN A SEQUENCE OF FLOOD BASALTS

2.1 STATEMENT OF ISSUE

An understanding of groundwater movement within the Pasco Basin will
require separation of the complex sequence of flood basalts and interbeds
into hydrostratigraphic units (HSU's). This is accomplished by identifying
bodies of rock that function as distinct hydrologic systems for the problem
being studied (Maxey, 1964). The identification of such units will depend
primarily upon observation of their behavior, tlie physical properties of
the rock, and the scale and nature of the particular groundwater flow
system to be studied.

2.2 IMPORTANCE OF ISSUE

Hydrostratigraphic units form the basis of both conceptual and numerical
groundwater flow models. These models are the primary tools that hydroclogists
use to predict groundwater flux and velocity. 1In a groundwater model, the
HSU is generally a subdomain of the model that behaves as a continuum and
has similar hydraulic properties throughout. If the actual HSU does not
behave as a continuum or does not have similar properties, then such a
model would be in error. Appropriate definition of HSU's is critical to
accurate groundwater modeling. Correct identification of HSU's will be
vital to the performance assessment of a site for nuclear waste disposal.

Hydrostratigraphic units selected for resolving a specific problem
necessarily represent a compromise between conflicting demands for accuracy
and simplicity. Accuracy requires knowledge of the details of the hydro-
geologic system. However, economic and practical limitations require that
the system be simplified. Therefore, the degree of detail used in the
model must be commensurate with the available data. It makes little sense
to produce a detailed model that calls for significant amounts of data
that cannot be made available. The most appropriate selection of HSU's
is the one that best balances these conflicting demands.

The primary consideraticn in identifying HSU's is that such identi=-
fication be strongly coupled with the specific problem to be studied.
Secondarily, it must be recognized that different HSU's may be required to
study different types of hydrologic behavior. Both of these considerations
are discussed later in this section. A general discussion of basic concepts
governing the definition of HSU's follows in Section 2.4. Recommended
approaches to the resolution of the issue are presented in Sections 2.5 and
2.6, and uncertainties that are expected to remain after the HSU's are
identified are discussed in Section 2.7. Recommendations for further
research are given in Section 2.8, Detailed technical discussions and an
illustrative example are presented in Appendices. Appendix A presents a
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review of the types of heterogeneities that are common in Columbia River
basalts. Appendix B gives the scientific basis for identification of
HSU's. Appendix C gives examples of HSU's that may be tentatively
identified from available data on the Pasco Basin.

In summary, the importance of appropriately identifying HSU's is that
these units form the basis for an understanding of the hydrology of the
site. The need for a careful and thorough understanding of this issue is
reflected in several sections of 10 CFR part 60:

1. Section 60.21(c) requires that the Safety Analysis Report
contain an analysis of the hydrologic aspects of the site
that bear significantly on its suitability for disposal of
radioactive waste.

2. Section 60.31(a) indicates that the Commission must determine
whether the DOE has adequately described the hydrologic
characteristics of the proposed site prior to construction
authorization.

3. Sections 60.111(b) and 60.112(c) require that the ability
of the geclogic setting to contain nuclear waste mus. be
adequately demonstrated; this necessitates an accurate
groundwater model.

4. Section 60.122 specifies those hydrologic conditions at the
site that may be considered favorable in their effects on
the ability of the site to meet performance objectives.

5. Section 60.123 specifies those hydrologic conditions that
would have potentially adverse effects on the ability of
the site to meet performance objectives.

2.3 CONSIDERATIONS IN DEFINING HYDROSTRATIGRAPHIC UNITS

A hydrostratigraphic unit was defined earlier as a body of rock that
functions as a distinct hydrologic system for the problem being studied.
For example, an aquifer that has a relatively higher permeability than the
neighboring aquitards could qualify as an HSU because of its specific func-
tion in the hydrologic system of transmitting water. Hydrostratigraphic
units differ from hydrogeologic units in that the HSU need not be con-
strained to cenform to lithologic units. The concept of the HSU was
originally introduced by Maxey (1964).

Traditionally, HSU's have been identified as bodies of rock with
hydraulic properties that contrast in a uniform way with the properties of
the surroundiny rock. For example, an HSU defined on the basis of its
relatively higher permeability as compared with the neighboring strata
should maintain this permeability contrast throughout its lateral extent
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even though the actual magnitudes of the permeabilities may systematically
vary. However, if the unit is being defined to subdivide the rock mass for
the purpose of numerical modeling, additional criteria will be required.

In addition to a contrast in hydraulic propertics between units, there must
be a similarity of hydraulic properties within units. Moreover, the units
must be amenable to subdivision into elemental volumes that satisfy the
requirements of (1) continuum behavior, (2) statistically representative
samples, and (3) uniform hydraulic gradients. The identification of HSU's
for the purpose of numerical modeling will be emphasized in this report,
and each of these requirements will be explained below.

2.3.1 Hydraulic Properties of Hydrostratioraphic Units

The hydraulic properties of a medium are the physical properties
that govern the flow of fluids within the medium. The primary hydraulic
properties that govern transient groundwater flux are hydraulic conduc=-
tivity and specific storage. If transport phenomena are to be studied,
additional properties are required, such as effective porosity, dis-
persivity, diffusion coefficient, and distribution coefficient. If other
phenomena such as heat transfer are to be coupled, still more physical
properties are required, such as thermal conductivity, heat capacity, and
thermal expansion coefficients. Most of these properties are discussed
by Freeze and Cherry (1979), and an example application is given by King
et al. (1981).

Whichever set of physical properties is required for a particuiar
problem, the principles used in identifying HSU's are the same. The
complex geologic structure must be simplified in order to develop either
qualitative or quantitative models of the properties being studied. In
order to simplify the discussion of HSU's, definition of these units will
be illustrated primarily with reference to the material properties govern-
ing groundwater mass flux and velocity.

Hydrostratigraphic units determined with respect to flux are not
necessarily the same as units determined with respect to, say, velocity
or chemical sorption. The flux field and the velocity field, for instance,
depend on different geometric characterisitics of the medium. Therefore,
there is a possibility that the HSU associated with flux may be different
from the unit for velocity.

Identification of HSU's for groundwater models will require a dem=
onstration that the pertinent hydraulic properties are statistically
similar over the extent of the proposed unit. That is, there must exist
test volumes on a scale smaller than the volume of the unit itself for
which repeated measurements of a given hydraulic property will belong to
the same statistical distribution. This criterion is routinely assumed
in constructing numerical models because of its value in estimating
hydraulic properties at unmeasured locations. Despite its widespread
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when these conditions exist are being developed. An approach recently
developed by long et al. (1981) is based upon the representative elementary
volume (REV) concept. The concept of the REV has developed as an attempt
to define the minimum volume of a particular geologic medium that will
exhibit homogeneous behavior with respect to groundwater flux (Hubbert,
1956, p. 227). A volume is considered representative when small increases
in the test volume have no significant effect on the averaged value of the
material property being measured. In the case of a basalt flow, the
average hydraulic conductivity of a volume element would be representative
of the average hydraulic conductivity of, say, the entablature of the flow
when further enlargement of the test volume at a given location in the
entablature results in no further significant change in the measured
average hydraulic conductivity. A discussion of geologic nomenclature as
applied to typical basalt flows is presented in Appendix A.

The principle of the REV is shown schematically in Figure 2.1. On the
scale of the single fracture, measured parameters are likely to be highly
variable. On the slightly larger scale of a principal component of an
individual basalt flow, such as the entablature, it may be possible to
identify an REV. As the scale of observation increases to include com=
binations of entablatures and flow tops, some variation in measured para=-
meters may be anticipated until enough flows are included to obtain a
sufficiently large sample of heterogeneities that the effects of the
individual units are averaged and the volume can again be considered
representative. From this discussion and Figure 2.1, it is evident that
REV's can exist on more than one scale within the same rock.

In order to have an accurate continuum analysis, the REV must be at
least as small as the HSU and must also be of a size appropriate to the
kinematic effects of the groundwater flow patterns. The reason for this
is illustrated briefly below and in detail in Appendix B. Consider the
identification of HSU's for a small-scale, detailed model. As increasing
detail is required, smaller and smaller HSU's must be defined, because
finer contrasts in hydraulic properties and finer changes in the gradient
field become significant as we look at the problem in detail. Each HSU
must be made up of at least one REV that behaves as a continuum in order
to have an accurate continuum analysis as described by Hubbert (1956).
However, the heterogeneities in the rock may be such that it does not
behave as a continuum on a scale at least as small as that of the HSU.
This would be the case for the rock shown in Figure 2.1 if the HSU desired
is much smaller than v4q. If the basalt does not behave as a continuum on
the appropriate scale, the errors associated with a continuum analysis can
be quite large.

The appropriate scale for analysis is determined primarily by the
kinematic effects of the groundwater flow patterns being studied. In order
to be mathematically modeled as a continuum, the basalt must be divisible
into discrete elements at least as large as the REV, within which the
hydraulic gradient is generally uniform. 1If the gradient is not generally
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uniform within each element and the elements are nzar the size of the
REV, continuum behavior of the elements cannot be assured. Additional
discussion of the kinematic requirements for uniform gradients is
presented in Appendix B.

In standard practice the appropriate size of an element is assumed,
without the benefit of field measurements, to verify the assumption of
continuum behavior or even to show that a representative volume exists on
any scale. All continuum models inherently assume that the volumes they
are dealing with are representative volumes, and therefore assume that the
representative elementary volume is smaller than the smallest volume
treated. Thus essentially every approach to groundwater modeling is an
"REV approach," though this may not be explicitly recognized. Many
successful models have been developed without directly demonstrating either
the size or presence of an REV. Such models have been verified by standard
head matching techniques that provide an indirect indication that the
assumptions of representative continuum behavior are acceptable. This
type of approach may or may not be successful with fractured basalts. The
extent to which the REV's must actually be verified by field measurements
cannot be specified a priori. Th2 number of such measurements required
will depend on the validity of the groundwater models developed from
standard field tests. This will be explained more fully in Section 2.6.

If a particular mass of basalt does not behave as a continuum, its
hydraulic properties may be expected to vary significantly with small
changes in test volume. It may be necessary to identify such HSU's on the
pasis of contrasts in hydrologic function with neighboring units, without
regard to questions of statistical similarity of hydraulic properties
within the unit. The mathematical treatment of HSU's that do not exhibit
continuum behavior, but must be considered in regional flow analysis,
is a difficult technical question that largely goes beyond the issue of
unit identification addressed here. A stochastic approach is the only
feasible analytic technique, but such an approach would be a topic for
research.

2.4 METHODS OF IDENTIFYING HYDROSTRATIGRAPHIC UNITS

Two basic methods are available for HSU identification: those involv=
ing observations of present behavior and those involving physical property
measurements. Direct observation of the present behavior of the ground-
water can serve to identify rock volumes that function as distinct hydro=-
logic systems. Such rock volumes are by definition HSU's, but HSU's
identified in this manner may not be applicable to the hydrologic system
when it is perturbed. For example, an HSU identified in this manner may be
correct for regional, unperturbed flow but not for analysis of flcw in the
contrnl zone. An alternative approach is to measure directly the physical
properties of the rock and water tiat control the hydrologic functions of
interest in site characterization. Thus, for the functions of flux and
velocity, for example, one would want to measure hydraulic conductivity,
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specific storage, and effective poresity. Variations in hydrologic
functions among the various bodies of rock could be inferred from such
measurements, which would then serve as the basis for identifying HSU's.
The fundamentals of these two approaches are described below. Appendix C
gives an example of the use of these methods by identifying potential
HSU's on the basis of data currently available from the Pasco Basin.

2+4.1 Observations of Present Behavior

Nbservations of present behavior include all tests that measure the
present, in situ, ambient conditions in order to identify the hydrologic
systems present within the rock. An example of such a test would be
the use of linear hydraulic gradients across a sequence of strata as an
indication that these strata, #s a unit, are behaving as a distinct and
relatively uniform hydrologic function with regard to groundwater flux.

The advantage of such "behavioral" tests is that they can be truly
long=term and large-scale indicators, because they rely upon long-term
natural perturbations. The disadvantage of behavioral tests is that
they provide only qualitative information regarding those systems
established in response to the particular perturbations that now exist at
the site. For example, a uniform hydraulic gradient across several strata
may be evidence that the strata are behaving as a single HSU in response
to the natural field gradient, but this provides no information regarding
the :.sponse of the unit to a gradient in another direction. The pertur=-
bations induced by repository excavation and operation and by some hypo-
thetical breach scenarios must be superimposed upon the natural perturba-
tions. System response to these types of activities would not be the same
as the existing natural system behavior. Interpretations of the hydrologic
system drawn from natural behavioral tests are therefore not necessarily
applicable to HSU's within the disturbed zone of the repository. These
types of tests are best suited for studying field conditions that will
remain unaifected by significant repository-induced perturbations.

Listed below with brief descriptions are examples of classes of
measurements based on present behavior.

1. Groundwater head and hydraulic gradient measurements. A uniform or
regularly changing groundwater head or hydraulic gradient can be an
indication that the strata are behaving as single hydrologic units
in response to that gradient.

2. Groundwater chemistry and geochemical gradient measurements. Uniform
or regularly changing geochemical characteristics of groundwater are
indications that the strata are behaving as single hydrologic units
with regard to ion migration under existing hydraulic and geochemical
gradients.
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3. Groundwater age dating. Uniform or regularly changing groundwater
ages are indications that the strata are behaving as single hydrologic
units with regard to groundwater movement under existing hydraulic and
geochemical gradients.

2.4.1.1 Groundwater head

Measurement of groundwater head provides an indication of the hydraulic
response of the rock to the existing boundary conditions. Any conclusions
derived from this technique may be applicable only to the hydrologic
systems established by these boundary conditions and may not be valid for
flow patterns established by other boundary conditions. Groundwater head
is expected to be most useful in indicating HSU's for the far-field, where
the perturbations introduced by the repository are not expected to be
significant. Erroneous inferences can be drawn from groundwater head Jdat
if significant pressure transients exist. This method is best suited for
flow regimes that are essentially in steady state.

As can be seen from the foregoing discussion and from Appendix B,
HSU's appropriate for modeling essentially steady-state, natural conditions
would be indicated by uniform hydraulic gradients that result in linear
variations in hydraulic head with distance. If the average gradient
through structural units of Ssignificantly different permeabilities is
uniform, the hydrologic system is behaving as if it were homogeneous. This
implies that the conditions for an REV may be satisfied on the scale of
observation of the uniform gradient and for the natural steady conditions
and direction of groundwater movement observed. Groundwater head measure=-
ments thus can be useful in identifying HSU's in the far-field, where
natural conditions are not expected to be perturbed by the repository.

2.4.1.2 Groundwater chemistry and age dating

Groundwater chemistry and age dating serve as indicators of HSU's
in much the same way as hydraulic head. Both techniques are measurements
of the behavioral response of the groundwater to natural conditions and
thus are primarily applicable to far-field analyses.

The chemical constituents of groundwater at a particula “ion
within the rock mass are a function of the initial chemistry o. water
at the recharge point, the environmental conditions along the su.surface
flow path, and the travel time from the point of recharge. BEnvironmental
conditions would include the ambient temperature, the water pressure, the
chemical constituents of the rock, the chemical constituents of the fracture
coatings along the flow path, and the antecedent groundwater chemistry.

Hydrostratigraphic units would tend to be indicated by either uniform
or reqularly changing hydrochemical conditions, whi~h are signs of hydrologic
similarity. Rapidly changing hydrochemical conditiors, on the other hand,
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might be an indication of major hydrologic changes. Information gained
from age dating is useful in the same sense, and if the data are reliable,
age dates can provide good indications of groundwater velocities. The
degree of confidence placed in hydrochemical methods should be commensurate
with the reliability of the data. It is necessary to support conclusions
based on hydrochemical data with stratigraphic and hydrologic data.

2.4,2 Rock and Water Hydraulic Property Measurements

Groundwater moves in a network of interconnected void spaces con=-
sisting of fractures and pores within the basalt flows and interbeds.
Resistance to groundwater movement results from the physical geometry of
this network of flow conduits, the compressibility of the basalt, and the
specific weight, viscosity, and compressibility of the water. Those
hydraulic properties related to the physical properties of the basalt are
the most important for field measurement, particularly properties related
to the highly variable geometry of the flow conduits. The physical
properties of the water are not highly variable under normal environmental

conditions and are consequently less difficult to characterize in the
field.

Hydraulic property measurements include all direct and indirect
analytical methods that are independent of existing ambient conditions.
That is, these methods rely either on direct measurement of a physical
parameter, such as counting the frequency of natural open fractures in
a drill core, or on indirect measurements of response to an induced
perturbation of the natural system, such as a borehole injection test.
Many hydraulic properties are measured by recording the response to an
artifically induced perturbation that is stronger than any similar natural
perturbation that would be expected to occur at the site. An example of
this would be the creation of a strong vertical hydraulic gradient within
the proposed repository horizon to measure vertical hydraulic conductivity
if no strong natural vertical hydraulic gradient exists under natural
conditions.

Examples of classes of physical property measurements are given
below along with brief descriptions:

1. Geologic and stratigraphic measurements. These include all infor-
mation obtained by direct observation on the stratigraphy and
structure of the geologic units and on the geometry of the fracture
systems, faults, and folds.

2. Hydrological measurements. These include all field and laboratory
tests involving measurement of the response of the geologic system to
induced hydrologic perturbations. This category includes all permea=
bility and tracer tests that rely upon induced hydraulic gradients.
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3 Geophysical measurements. These include all surface and borehole
tests that utilize electromagnetic, seismic, sonic, radiological, and

other means to obtain indirect information on the physical properties
of the rock mass.

4. Associated rock property measurements. These include all field and
laboratory tests that measure rock properties through other than
hydrologic perturbations. Th2y include rock compressibility, fracture
stiffness, thermal conductivity, and geochemical properties.

The first three of these classes of measurements~-the geologic and
stratigraphic, the hydrogeclogic, and the geophysical measurements--are
the most important in the identification of HSU's. They are the most
directly concerned with defining statistical similarity within candidate
rock bodies because they provide measurements of the properties that most
closely control groundwater movement .

The fourth class--the rock property tests measurement--generally
yields data needed to predict rock responje to repository-induced perturba-
tions within the disturbed zone. Some of these perturbations may locally
alter the hydraulic properties of the rock in a manner that may, in some
cases, be significant. It must be decided on a case-by-case basis whether
these changes are sufficient to constitute local redefinition of the HSU.
Because the rock property measurements are in general not fundamental to
the identification of HSU's for flux or transport, they will not be con-
sidered further here.

2.4.3 Special Considerations for the Disturbed Zone

The foregoing discussion has been primarily directed toward consider=-
ations of HSU identification for the regional and especially the basin
model where existing hydraulic head and hydrochemical information can be
used as aids in identification. 1In the disturbed zone of the repository,
the flow patterns are expected to be considerably altered as a result of
repository construction anc waste emplacement. Thus the value of existing
hydraulic head and geochemical data will not be as great as in the far-
field. The effect of this consideration will be to retain the same basic
approach to iden“ifying HSU's as for the far-field, but the role of material
property measurements will be emphasized and the role of existing "behavioral®
data de-emphasized. The creation of gradient fields by repository excavation
and waste emplacement will have to be anticipated if HSU's are to be identi-
fied on a scale that is kinematically appropriate for continuum behavicr.
The development of a test facility at wepth within the repository horizon
would help to identify the types of gradient fields to expect. Examples of
the types of tests that might be performed in such a facility are given in
Section 2.6. Similar considerations will apply > the identification of
HSU's appropriate for studying the various breach scenarios.
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2.5 RECOMMENDED HYDROLOGIC APPROACHES FOR RESOLVING
THE ISSUE OF HYDROSTRATIGRAPHIC UNITS

A field exploration program directed toward the identification of
HSU's in flood basalts is discussed here in general terms. The approach
is iterative, and specific decisions as to which tests to performm at which
locations must be made after a thorough review of all field data available
at each step in the process. The field techniques are dictated by the need
to characterize the behavior of various volumes of rock on scales appro=-
priate for the required fluid flow analysis. The approach recommended here
assumes that the analysis will be based upon continuum mechanics whenever
feasible; thus emphasis 1s placed on identifying conditions for continuum
behavior with regard to groundwater flow. The approach relies upon the use
of standard site characterization techniques and the continuing refinement
of numerical models to verify the accuracy of the field data and appropri-
ateness of the HSU's. Refined field techniques are also provided, and
should be used as needed to increase the accuracy of the groundwater model.
The standard site characterization techniques are described in this section,
and the refined techniques are described in Section 2.6.

2.5.1 Stages of Field Investigation

As previously discussed, it i1s reccmmended that analysis proceed in
stages. The first stage should be a regional analysis, the second a basin
analysis, and the third a "control zone" analysis as defined by EPA
standards. These three stages of analysis pertain to increasingly smaller
volumes. As part of each analysis, a numerical model will be developed of
the study area. An iterative procedure will be implemented for each stage,
wherein the models will be continuously refined by newly acquired data and
vsed to guide the acquisition of additional data. Although it 1s expected
that stages would be initiated successively, there i1s no reason why overlap
of stages should not occur. Indeed, i1t would be desirable to choose
potential repository locations well in advance so that excessive drilling
could be avoided in those areas.

The basic principles of data collection specific to each of the three
stages are presented in the following paragraphs. Pramary emphasis will be
placed on hydrologic and hydrochemical approaches. Geologic and geophysical
approaches, though important to the identification of the physical properties
of the rock mass, do not provide direct hydrologic informatinn, and detailed
review of these approaches 1s outside the scope of this report.

2.5.2 The Role of Groundwater Models

For th: purpose of repository siting on the Hanford Reservation, the
regional model, perhaps of the entire Coluwbia Plateau, will help determine
the boundary conditions for the smaller model of the Pasco Basin itself.

The boundary conditions acting on the Pasco Basin are important in identifi-
cation of HSU's for modeling because they determine the kinematic conditions
in the basan.
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The regional model should include enough of the Columbia River Plateau
to determine where water enters and leaves the Pasco Basin. Thus the Pasco
Basin should be entirely included within the regional model and should not
share common boundaries. It would not be inappropriate to use the whole
Columbia River Plateau, but a smaller area would also suffice. 1In any
case, the boundaries for this regicnal model should be chosen mainly for
convenience. Some logical choices might be major rivers, surface water
divides that reflect groundwater divides, areas for which considerable
well data are available, or outcrops thought to be recharge or discharge
zones. Head data should be used only from the most permeable zones, where
the majority of the water flow 15 concentrated and data are the most
accurate.

For the most part, the regional model will be based on exaisting data
because of its large areal extent. Well drilling and testing will be
limited. Identification of HSU's for this model wall mainly use the
behavioral techniques described in Section 2.4.

The basin model will be smaller and more detailed than the regional
model. More effort will be put into actively obtaining data for the basin
model. Both behavioral and direct hydraulic property testing techniques
are expected to be used. An active well drilling and testing program waill
be required.

The control zone model will be smaller and more detailed than the
basin model. It will differ from the previous two models in that the flow
systems that must be predicted will include perturbations of the existing
flow system. Therefore, greater emphasis will be placed on hydraulic
property testing.

2.5.3 Field Program Development Using Standard Technoloay

The conventional approach to identifying HSU's in the field for the
purpose of numerical modeling 1s to assume that an REV exists on a scale
kinematically appropriate for the analysis at hand. In many cases, it is
also assumed that the field measurements of hydraulic parameters are re-
presentative of average rock »>roperties on this same scale, without making
an effort to assure that the ‘-propriate volume of rock has been perturbed
by the test. Hydrostratigrar.ic units are identified praimarily on the basis
of expected or measured functional contrasts with adjacent units, and are
assigned hydraulic properties on the basis of very little information.

The conventional approach has been successful largely because the
demands for accuracy have historically not been stringent. Estimation of
many hydraulic properties to within an order of magnitude of the actual
field value 1s often considered "good." The cost of refined approaches is
generally high, and the assumotions made have proved to be acceptable for
many studies, particularly predictions of groundwater flux in porous media.
The use of this approach in flood basalts may or may not be successful.
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The conventional approach has been preferred for characterization of fluud
basalts because the high degree of fracturing commonly found in the en=-
tablatures, and particularly in the flow-top breccias, provides some con-
fidence that the conventional approach will be acceptable. Further, the
conventional approach has been used with some success in similar rock types
elsewhere on the Columbia Plateau--e.g., at Idaho National Engineering
Laboratory (Barraclough and Jensen, 1976).

As discussed earlier, verification of the numerical model is expected
to provide the most realistic indication of the appropriateness of the
HSU's and the hydraulic properties obtained with conventional techniques.
If an acceptable model cannot be developed using these techniques, refine-
ments will be required. The most obvious refinement=-which, in fact, should
be implemented from the outset of the program=--1s to assure that the volumes
perturbed by the conventional tests are on a scale appropriate to the
magnitude of the heterogeneities. For instance, if a sequence of basalt
flows 1is to be considered as a single HSU, then the hydraulic properties
should be measured in such a way that their values are averaged over the
whole sequence. 1In the refined techniques discussed in Section 2.6,
procedures for making large~scale tests are presented for measuring the
size of the REV and for considering kinematic effects.

2.5.4 Hydrologic Data Needs

Groundwater flux depends upon the material properties of hydraulic
conductivity and storage coefficient. If only steady flow 1s considered,
then only hydraulic conductivity 1s required. Effective porosity is
required in addition to the other two properties if groundwater velocaity
1s to be made a part of the definition of HSU's.

2.5.4.1 Standard tests to obtain hydrologic data

Hydraulic head and the parameters of hydraulic conductivaty and stor-
age coefficient required to evaluate groundwater flux are routinely measured
in the field using techniques that are described in a number of publications.
Field tests for these parameters have been described specifically for appli-
cation to flood basalts by Long and wWilson (1978). The application of
borehole tests to low-permeability rock has been reviewed by Wilson et al.
(1979). Other general tests providing measurements of permeability and
storage coefficient have been reviewed by Ferris et al. (1962), Zeagler
(1976), Earlougher (1977), and Raghavan (1978).

Selected papers are also available for specific types of tests.
The standard tests, their specific limitations, and key references are
listed below. General limitations to these tests are discussed in the
following subsection.

1. Slug test. Measures isotropic horizontal hydraulic conductivity
accurately and storage coefficient approximately by monitoraing
the perturbation caused by falling head in a vertical pipe under
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the influence of gravity. The principle limitations for low=
permeability basalts are long test times and small test volume.
Key reference: Cooper et al. (1967).

Pulse test. Measures isotropic horizontal hydraulic conductivity
accurately and storage coefficient approximately by monitoring the
perturbation caused by rapid injection of water into an isclated
cavity. Principle limitation in basalts is small test volume.

Key reference: Bredehoeft and Papadopulos (1980),

Injection test. Measures isotropic horizontal hydraulic conduc=

tivity accurately by monitoring the perturbation caused by injec-
tion of water under constant head or flow rate. Measures storage
coefficient accurately with observation wells. Principle limita-
tion is requirement for clean water supply. Key reterence: Doe

and Remer (1981),

Pump test. Measures isotropic horizontal hydraulic conductivity
accurately by monitoring the perturbation caused by withdrawal of
water under constant flow rate or head. Measures storage coeffi=-
Cient accurately with observation wells. Principle limitation is
pumping from significant depth in small diameter boreholes as
required at Hanford. Key reference: Stallman (1971).

Leaky aquifer tests. Measures vertical hydraulic conductivity in
dquitards with observation wells by monitoring the perturbation
caused by either pumping or injection methods. Principle limita=-
tion 1s requirement for high-permeability contrast between aguifer
and aquitard, and may be only a point measurement. Also has
limitations of pump or injection tests. Long test times and low
sensitivity for low=permeability rock. Key references: Hantush
(1956) and Neuman and Witherspoon (1972).

Tracer tests. Permits computation of effective porosity if
hydraulic conductivitv is known by measuring the linear velocity
of groundwater from the travel time and linear travel distance of
a4 tracer. Di.persion can be determined from the concentration of
tracer as a function of arrival time. Requires multiple wells.
Is only standard hydrologic test available for effective porosity
and dispersion. Principal limitations are long test times for
low=permeability media or large test volumes ana uncertainty
about representativeness of results. Nonsorbing tracers should
be used. Key reference: Freeze and Cherry (1979),

Interference tests, Measures anisotropic horizontal permeability
and detects orientation of flow barriers by monitoring the perturb=
ations caused by either pumping or injection methods. Limitations
same as those of pump or injection test. Key references: Ramey
(1975 and 1981),
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8. Numerical model calibration. Estimates regional average horizontal
or vertical hydraulic conductivity by monitoring the perturbations
caused by natural phenomena or large-scale pumping or injection
tests. Many observation wells required over large area. Principle
limitations are large data requirements, large time requirements,
low precision, and need for appropriate perturbations. Key
reference: Neuzil and Bredehoeft (1981).

9. Hydraulic head. Measures natural in situ groundwater head. A
portion of a borehole is isolated hydraulically from the balance
of the borehole and allowed to come to equilibrium with natural
pressure of the rock mass. Principle limications are difficulty
of isolation and long test times in low-permeability basalts. Key
reference: Veneruso and McConnell (1981).

Test selection will depend upon the conditions at the site and the
types of measurement required. The greatest variety of test methods is for
hydraulic conductivity. Pumping tests are the most desirable because they
are well known, can be run for very long times, and have the widest range of
available analytical solutions. Injection tests are good alternatives,
particularly for applications to low-permeability rock, where water supply
demands are not excessive and the control of injection pressure will permit
more rapid testing. Pulse or slug tests may also be appropriate for lower-
permeability zones i1f large test volumes are not required. Interference
and leaky aquifer tests should be conducted in multiple borehole clusters
to obtain information on vertical permeability, flow barriers, and hori-
zontal anisotropy. Multiple well pumping tests are particularly good for
large-scale measurements of higher-permeability zones. Tracer tests should
be considered in the design of every multiple well test to obtain measure-
ments of effective porosity and dispersion.

Hydraulic head should be measured in specific basalt horizons in a
hydraulically i1solated part of the well. 1Isolation can be achieved either
by temporary packers or a permanent seal, but in either case isolation
from the hydraulic effects of the well bore must be complete. Good head
measurements may take a considerable amount of time, particularly ain
low-permeability media, because the water pressure in the rock must recover
from perturbations caused by exposure to the open well. The effectiveness
of packer seals may be demonstrated by a four packer system that creates
three isolated zones. The seals of the two center rackers, which straddle
the test zcne, can be checked by changing water pressure in the outer zones
and monitoring the test zone for a response.

Numerical model calibration is an acceptable technique for estimating
regional average hydraulic conductivity values when field measurements are
sparse or of questionable accuracy. This 1s particularly true for vertical
conductivity, which 1s difficult to measure accurately on a regional basais
with surface borehole tests.
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2.5.4.2 Limatations of standard tests for collection of hydrologic data

In addition to the specific limitations described above, standard
hydrologic tests have several important general limitations. These
fall into three categories: (1) the size of the test, (2) the manner of
moasurement, and (3) the properties that are measured.

Size of Test. Most tests are conducted in such a way that they
perturb a relatively small volume of ruck compared to the volumes thac may
be required to ideniify statistical homogeneity for some of the larger
HSU's. Thus, although small-scale tests will be adequate to evaluate
HSU's on the order of tens of cubic meters, they may not be adequate to
evaluate larg~ - units. Methodologies are needed for field tests to identaify
hydraulic properties at a given location on a series of scales, which can
range into very large volumes, or for integrating the results of a large
number of smaller-scale tests.

Several of the standard tests described above are easily adaptable to
long-term, 'arge-scale testing. The pump test is particularly well suited
for this, as previously mentioned, and has been used effectively for thas
purpose on many occasions. Multiple well pumping or injection tests are
recommended as the best of the standard tests for long-temm, large~-scale
testang.

Manner of Measurement. Most tests are conducted from boreholes that
induce a radial perturbation. The resulting patterns of flow into the bore-
hole are therefore not occurring in response to a uniform, linear hydraulic
gradient, and the average hydraulic properties that are measured are biased
by the properties o the rock nearast the borehole. Methodologies are
necded for in situ tests that measure unbiased average hydraulic properties
over the volume of the rock.

This laimitation may be partially overcome by standard multiple well
tests, which can provide an indication of variatinns in hydraulic properties
with distance and direction. If such variations are determined to be minor,
the borehole test results will probably provide sufficient indication of
continuum behavior of the basalts. If the variations are not minor, then
a refined testing technique that produces a uniform, linear hydraulic
gradient may be required to verify continuum behavior. Such tests are
discussed in Section 2.6.

Properties Measured. Tests for measuring the properties controllxng
the vertical movement of groundwater are not well developed. The leaky
aquifer test 1s the only standard technique for directly measuring vertical
hydraulic conductivity from surface boreholes. Depending on the nature of
the heterogeneities and the duration of the test, only a point measurement
may be obtained, which may not accurately predict large-scale behavior.
Numerical model calibration provides an indirect method of estimating
vertical (or horizontal) conductivity on a regional scale. Considerable
head data and a perturbation that generates moderate vertical groundwater
movement must be available for reliable results.
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Tests for measuring effective porosity and dispersion in heterogeneous,
fractured rock are also not well developed. Standard tracer techniques are
based on porous media flow assumpticns, thus it must be known a priori that

“e volume tested behaves as a continuum. Methods for testing the assump~-
tion of continuum behavior with respect to these properties are required,
as well as methods for integrating the results of large numbers of small-
scale tests to approximate large-scale behavior.

2.5.5 Hydrochemical Data Needs

In general, any type of hydrochemical data that can be interpreted to
indicate the nature of groundwater flow patterns may be suitable to assist
in the identification of HSU's. Hydrochemical data may be used in two
basic ways: (1) to identify hydrochemical contrasts and (2) to identify
ongoing hydrochemical processes.

Analysis of data for hydrochemical contrasts involves using the
relative proportions of specific cations and anions present in the water as
indicators of hydrochemical similarity. Abrupt changes in these proportions
in water samples taken at different locations will indicate hydrochemical
contrasts, which may coincide with hydrostratigraphic boundaries. An
example of a hydrochemical contrast would be a change from water rich in
sodium bicarbonate to water rich in sodium chloride over a relatively
short distance. The apparent ability of the geohydrologic system to
maintain such an abrupt contrast over a long period of time may result
from the presence of a physical restriction to groundwater movement that
has prevented mixing. Other, nonstructural causes for such hydrochemical
contrasts are also possible, and should be considered in interpreting
groundwater movement in terms of hydrochemical data alone. An example of
a nonstructural cause for a hydrochemical contrast that could lead to a
misinterpretation of data is given in Section 2.5.5.2.

The second method of data analysis involves the use of progressive
hydrochemical change to indicate the direction and possibly the velocity
of groundwater movement. The chemical constituents and isotopic content of
groundwater are normally expected to change with time, with variations in
environmental conditions such as water temperature, znd with variations in
the chemical constituents of the rock. An example of this method is the
use of radiocactive tracers to indicate groundwater age. Another example
is measurement of the concentration of total dissolved solids (TDS) in the
water at various locations. The TDS concentration can, under favorable
conditions, progressively increase with groundwater residence time. Such
an increase may indicate the direction of groundwater movement. An example
of the use of TDS content to indicate the direction of groundwater movement
within the Mabton Interbed in the Pasco Basin is shown in Figure C.2.
Regular flow patterns with no abrupt changes in direction or velocity
are indications of continuous HSU's.
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The number of specific hydrochemical constituents, chemical reactions,
and isotopic decay patterns that can be profitably studied for input to
the identification of HSU's is very large. Data analysis for hydrochemaical
contrast r< 1es upon the detection of variations in the natural chemical
constituents of the groundwater. The specific constituents or hydrochemaical
processes that may be studied will depend upon the chemistry of the basalt,
the initial chemical composition of the water, and the environmental
conditions encountered along the groundwater flow path. Because these
factors cannot all be anticipated in advance, the specific techniques
that will prove successful cannot be known until a regional baseline study
which is broad both in terms of chemical species and areal extent can be
completed.

Application of hydrochemical data to identification of HSU's requires
a well-grounded understanding of the basic principles of interpreting fielw
data, such that maximum advantage can be taken from whatever actual field
conditions are encountered. A number ~f analytical techniques have,
however, been applied with some success to flood basalts and will be used
as examples in the following discussions of alternative approaches to the
problem of data interpretation.

2.5.5.1 Analyses to obtain hydrochemical data

Comparison of the relative proportiocns of specific anions and cations
of various waters in terms of their concentrations expressed in equivalents
per liter has been shown to be an effective approach in basalt. This
method 1s capable of indicating sharp contrasts in chemical character;
moreover, data plotted in a trilinear fashion can also indicate progressive
chemical reactions. The method is well suited for the study of 1on-exchange
processes, but also provides information on other types of reactions, such
as precipitation. A discussion of the principle graphic techniques for
data analysis 1s presented by Freeze and Cherry (1979, p. 247 Examples
of the application of these techniques to Pascc Basin flood basalts is
presented by Gephart et al. (1979, Figures III-45 and III-49). Figure
II-45 from Gephart et al. (1979), showing a trilinear diagram, 1is
reproduced as an example in Figure 2.2 of this report.

The major inorganic constituents of groundwater normally considered in
hydrochemical studies are silica, calcium, magnesium, sodium, potassium,
chloride, sulfate, carbonate, and bicarbonate. In addition, a multitude of
minor or trace constituents, as well as characteristic properties (such as
pPH), also exist, which can be used to differentiate groundwater types and
flow patterns. Examples are tritium, whose presence in significant quantity
may indicate relativel: young groundwater (Apps et al., 1973, p. III-7),
and nitrates, which can indicate recharge by irrigation water (Gephart
et al., 1979, Figure III-43).

Data indicating progressive hydrochemical change are generally derived
from studies of major and minor inorganic constituents and elemental 1sotopes.
The relative concentrations of certain lnorganic constituents 1s sometimes
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seen to change progressively along a flow path as the groundwater reacts
chemically with the rock. These trends can also be affected by such pro=-
cesses as bacterial action, and are subject to other environmental condi-
tions such as changes in temperature. Progressive change can also be seen
in areas of groundwater mixing. An example of a progressive change 1in
groundwater in the upper Wanapum Basalt was prepared by Gephart et al.
(1972, Figure III-45) and appears in this report as Figure 2.2. This
example shows a progressive shift from calcium carbonate enrichment to
sodium carbonate enrichment as the groundwater moves away from the area of
recharge.

Both stable and radiocactive isotopes can be studied from the stand-
point of progressive hydrochemical change to indicate direction of ground=-
water movement. Some 1sotopes can be used to detemmine groundwater age.

A summary of the principles behind the various 1sotopic measurements 1s
presented by Apps et al. (1379, p. III-6).

One isotope technique that has been successfully applied to the Pasco
Basin basalts 1s use of the cxygen-18/oxygen-16 ratio to identify the
direction of groundwater movement. This stable asotope techn. gue relies
upon 1isotopic exchange between water and host rock, which causes a pro=-
gressive decrease in the oxygen-18/oxygen-16 ratio with residence time.
Application of this technique t. the Mabton Interbed in the Pasco Basain
yielded groundwater flow patterms similar to those obtained from hydraulic
head and total d.ssolved solids data (Gephart et al., 1979, Figure III-44).
These results are shown ir Fiqure 2.3 and may be compared with results based
on hydraulic head and total dissolved solids data shown in Figure C.2.

The oxygen-18/oxygen=-16 ratio technigue 1s summarized along with
other stable isotope techniques by Faure (1977) and by Fritz and Fontes
(1980). Other stable i1sotope technigues that may be applicable to f.ood
basalts are the carbon-13/carbon-12 ratio, the deuterium/hydrogen rat.o,
and the sulfur-34/sulfur-32 ratio.

Additional methods involve use of radiocactive isotopes such as tritium,
carbon-14, and the uranium=234/uranium=238 equilibrium relationshaip. Tratium
1s generated in the atmosphere by cosmic ray bombardment and by themonuclear
explosions. Its half-life of 12.3 years permits age dating of water up to
25 years old by conventional methods. Carbon-14 1s also produced in the atmo-
sphere through cosmic ray bombardment. With a half-life of about 5730 years,
it 1s capable of yielding age detemminations up to 40,000 years before present
by conventional methods. Uranium=234 1s sometimes founc to be strongly out
of equilibrium with 1ts parent, uranium=238. The subseguent reapproach to
equilibrium conditions can be used to date the water, provided enough 1is
known about the in situ environment and the conditions that caused the
initial disequilibrium. Uranium=-234 has a half-life of 2.44 x 105 years,
and groundwaters as old as 5 x 103 years might feasibly be dated, although
many questions on the behavior of uranium i1sotopes in groundwater remain to
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be answered. Further discussion of these techniques 1s supplied by Apgs
et al. (1979, p. III-7). Because radiocactive isotopes can provide age data
as well as information on progressive hydrochemical change, they can be

used to determine the velocity as well as the gereral pattern of ground-
water movement.

2.5.5.2 Lamitations to hydrochemical approaches

Limitations to both conventicnal and unconventional approaches are
similar and will be discussed together in this section. Several limita-
tions are of fundamental importance.

First, all hydrochemical data are, from a hydrologic standpoint,
essentially measurements of system response to long-term, natural ground=-
water movement. Thus inferences based on these data can be interpreted
only in terms of HSU's appropriate for the naturai, regional flow system
and may not be adequate for identification of HSU's appropriate to
repository-induced flow conditions, particularly within the disturbed
zone.

Second, hydrochemical data are only indirectly indicative of hydro-
logic behavior and may, in some circumstances, be misleading. For example,
a sharp hydrochemical contrast may be the result of a geochemical barrier
fsuch as a zone with strongly reducing characteristics) rather than a
hydrologic barrier. Thus, although nuclide migration may be strongly
affected, groundwater flux may be unaffected. A hydrologic basis should
be 1dentified to substantiate any significant conclusions regarding HSU's
derived from hydrochemical data.

Third, hydrochemical terhniques, and particularly those involving
progressive chemical changes with distance or time, rely strongly in their
interpretation upon assumptions of basalt chemistry and environmental
conditions that may be difficult to verify. For example, successful
application of the uranium-234/u~anium-238 disequilibrium technique requires
detailed information on the location and environmental conditions at the
initiation of disequilibrium as well as during the subsequent reapproach
to equilibrium. This point has been succinctly made by Apps et al. (1979,
p. III-9): "“These . . . conditions can vary for each site and Create
uncertainties with this and most other dating methods since the "clock"
radionuclide 1s not isolated in a completely closed system during the
decay, but 1s subject to continuous interactions with its environment,
some of which could disturb the clear interpretation of the decay data.”

Fourth, hydrochemical data are commonly rendered unreliable by con=-
tamination during field sampling, resulting from such diverse causes as
drill bit wear against the rock, drilling fluid invasion, and interaquafer
mixing through an open well. A discussion of field sampling problems and
precautions 1is presented by Apps et al. (1979, p. III-9).
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2.5.6 Considerations in Test Program Design

The amount of data that would be required to identify HSU's sufficient
to characterize a nuclear waste disposal site is not easily specified. For
the Pasco Basin, Long and Wilson (1978) have shown that data collected from
some 12 to 15 wells may be sufficient for development of a preliminary basin
model that would serve to indicate the principal patterns of groundwater
movement and show where additional data are needed.

If the basin is believed to be essentially in a state of equilibrium,
it would be desirable to measure hydraulic heads during drilling. This
will permit more rapid head measurement because perturbations caused by the
well will be small. The head profile can be examined for indications of
zones of constant average gradient. These data can be used as early
indications of possible HSU's.

The indications provided by head measurements should be verified by
direct measurement of hydraulic properties pertinent to the problem. For
radionuclide transport, the principal hydraulic properties are hydraulic
conductivity. specific storage, effective porosity, and dispersion. Of
these, specific storage has the least importance in regional flow. Although
reasonable estirates of horizontal hydraulic conductivity can be made from
one well, the remaining parameters require multiple wel. tests.,

Site characterization will most likely be conducted in stages, begin=
ning with more general, regional scoping studies and narrowing in time
to highly detailed studies of a well-defined control zone for a specific
candidate repository location. During the regional scopinag studies of the
early stages of site characterization, hydraulic conductivity will be the
most important parameter to measure because of its significance in govern=-
ing regional flow patterns and because of its high variability. Single
wells are sufficient for these measurements because in flocd basalts and
other stratified systems, the large-scale average horizontal hydraulic
conductivities are significantly greater than average regional vertical
conductivities, and under natural flow conditions the greatest length of
flow path is generally in the horizontal direction. Multiple well tests to
permit measurement of vertical hydraulic conductivity are expensive and
will have to be used selectively at this stage of site characterizatic:.
Multiple well tests should be emphasized in areas of suspected significant
vertical groundwater flow. Vertical permeability is particularly important
to predictions of contaminant migration if flow paths to the accessible
environment cross basalt flows. Measurements of specific storage, effective
porosity, and dispersion should also be made wherever multiple wells are
available.

Horizontal hydraulic conductivity should be measured in each of the
reconnaissance wells in order to determine a continuocus profile and an
overall average. The conductivity profile would be developed from the
results of a continuous series of tests conducted in packed-off intervals
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of the well, with the aim of testing the entire depth of the well. The
purpose of this approach i1s to assure that no important water-bearing
aquifer or tight aquitard is overlooked, so that all signaficant HSU's

can be identified. The packer spacing for these tests can vary at
different depths, depending upon the sizes of the HSU's irdicated by

the head measurements or required for future modeling. The type of test
selected will depend upon rock conditions, test duration, and other con=-
siderations as discussed in Section 2.5.4. Hydrochemical data should also
be taken at this stage.

Data on vertical hydraulic conductivity, specific storage, effective
porosity, and diffusion will be taken from the multiple well sites. The
amount of available data for these parameters is expected to be less than
that for horizontal hydraulic conductivity because of the greater cost
in acquiring these data. The locations for these tests should be carefully
selected to provide representative samples for flow tops, interbeds, and
entablatuves, with emphasis on the strata in the vicinity of potential
repositcry ;.orizons.,

Preliminary indications of HSU's will be provided by contrasts in the
collected data. Head and hydrochemical data provide indirect measurements,
and should be used as guides. Primary emphasis should be placed on measured
hydraulic properties. The choice of HSU's and their average properties can
be put into the model and checked for accuracy by model verification
techniques. It should be noted that these techniques, though generally
appropriate for flux, are nct appropriate for verifying predictions of
velocity or dispersion. The best verification of transport characteristics
is obtained by inference from hydrochemical data or by direct, large-scale
tracer testing. If refinements in the initial choices of HSU's are needed,
they can be based either on additional data collected at different locations
by the same standard techniques (to improve areal coverage) or they can be
based on refined testing techniques like those described in Section 2.6 (to
improve measurement reliability).

The initial studies described above are intended pramarily to gain an
understanding of flow patterns on the scale of the basin. The results of
these studies are expected to aid in the selection of a reference
repository location within the basin and to provide boundary conditions
for the control zone. The final series of tests will be conducted to
characterize the control zone and tc focus upon specific questions that
may remain concerning the behavior of the basin. The procedures are
expected to be similar to those described above, except that the level
of detail and the demands for accuracy are expected to be considerably
greater. Specialized tests for clarifying the hydrologic significance
of specific geologic features will probably be required to complete the
basin-wide studies, but a series of refined tests will be requaired to
obtain complete information on hydraulic properties in the control zone.

Nearly every test to characterize the control zone should be a multiple
hole test, and far greater emphasis should be placed on vertical conductivity,
specific storage, effective porosity, and diffusion than in the basin-wide
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studies. Particular emphasis should be placed on determining hydraulic
properties within and in the vicinity of the reference repository horizon
as well as on identifying any geologic structures or aquifers that may
establish the limits of the control zone. There is also expected to be
heavier reliance on the refined testing techniques discussed in Section
2.6, particularly with regard to underground tests in and near the reference
repository horizon. Hydrostratigraphic units would continue to be defined
principally on the basis of contrasts in hydraulic properties, but with
increased reference to questions of continuum behavior, statistically
representative samples, and kinematic effects. Tests to characterize the
control zone must be planned to minimize borehole penetration, which may
impair site integrity. Alternative strategies could include statistical
inference, which may be gained from data collected on the periphery of the
zone, or long-term interference tests, which may also be conducted from the
periphery of the zone.

2.6 REFINED APPROACHES FOR RESOLVING THE ISSUE OF HYDROSTRATIGRAPHIC UNITS

From Appendix B it can be seen from theory that it is important to
know both the gradient field and the hydraulic properties on many scales
in order to identify appropriate HSU's and properly assign hydraulic
properties. For any subdomain of the flow region that is to be identified
as an HSU, the refined approaches, if needed, should be selected to provide
answers for the following guestions.

1. Is there an appropriate REV for the subdomain?

2. If there is an appropriate REV, are the values of the hydraulic
properties (e.g., hydraulic conductivity) statistically similar
for the REV volumes throughout the subdomain?

3. If there is no appropriate REV, how can the HSU be characterized
fcr numerical modeling?

The first step in answering these questions is to examine the nature
of any weaknesses in the preliminary conceptual model of the site. Topo=-
graph,, stratigraphy, and available data on hydraulic head distribution,
the hydraulic properties of t's basalt, and the chemical coastituents of
groundwater would already have been used to approximate the gross regional
flow system in three dimensions. One of the first steps in refinement
should be to assure that sufficient hydraulic head data are available to
adequately define the flow system. Additional measurements should be made
at important, unmeasured locations, as dictated by the preliminary flow
model. The new data should check the existing hypotheses on flow patterns
and provide direction for further measurements.

Once the flow patterns are adequately determined, it may be desirable
to verify the size of the REV in certain critical locations by field
measurements. This can be approached in either of two ways. A series of
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small-scale tests can be run and the results integrated to find the size of
the REV. Alternatively, tests of increasing size can be run in order to
obtain a direct plot like that shown in Figure 2.1.

In porous media, the kinds of data that are useful from small-scale
tests are measurements of the average hydraulic properties of equal size
volumes of rock. In fractured media, useful small-scale test data include
information on distributions of fracture orientations, fracture apertures,
fracture size, and fracture density. Orientation distributions can be
cbtained from borehole logs. Fracture aperture and size are currently
difficult to measure in situ, but can possibly be estimated in well tests
if single fractures can be isolated by packers. Fracture density can be
estimated from core data if the fracture size distribution is known (Baecher
and Einstein, 1977). 1Integration of such data and determination of the
size of the REV might be done using a4 methwd like that proposed by Long
et al. (19%21).

Altermmatively, permeability tests can be performed on many scales
at the same site. The smaller-scale tests could be standar: well tests,
whereas the larger-scale ones would be less conventional tests, which are
described below. These large-scale tests would also serve to confirm the
integration of small-scale tests at the same site. Thus some large-scale
testing may be desirable even if a decision is made to rely primarily upon
the results of small-scale tests. For both small- and large-scale tests,
it will be important to recognize that media which do nct exhibit continuum
behavior in radial flow may still exhibit such behavior in parallel flow.
Thus a further refinement of testing techniques is to utilize parallel flow
fields in hydraulic property measurement. Because these refined tests are
generally more expensive than the standard tests, it is practical to
emphasize measurements only in the directions that flow is expected to
occur in the field. Thus vertical permeability must be well quantified in
areas where vertical flow is expected to be significant. Refined tests for
vertical permeability are also described below.

2.6.1 Hydrologic Tests Used to Refine Selection of Hydrostratigraphic Units

Refined hydrologic tests will be required to overcome the limitations
to the standard approaches. These are discussed below for each major type
of limitation. BEmphasis in this discussion is given to those methods
not well described in the published literature. The specific limitations
of each method are also discussed in this section.

2.6.1.1 Large-scale hydrologic data
Large-scale average hydraulic properties are required for identifying

the large-scale HSU's appropriate for regional groundwater modeling, as
discussed in Appendix B. Large-scale hydrologic data can, in theory, be
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obtained either directly from large-scale field tests in which the pro-
perties of large volumes of rock are averaged, or indirectly by integrating
the results of a large number of smaller-scale tests. Field tests aimed at
increasing our understanding of these two approaches have recently been
completed and are in the process of analysis (Gale and Witherspoon, 1978).
The first approach, that of obtaining large-scale data directly from
large-scale field tests, has been attempted by several investigators and is
discussed in detail below. The second approach, that of integrating the
results of a large number of small-scale tests to approximate large-scale
behavior, 1s not well resolved and will require further research and com=-
parison with the results of large-scale tests, particularly for applica-
tion to fractured basalt.

The capability to perform large-scale hydrologic tests must be avail-
able if the average hydraulic properties of large HSU's are to be d:termined.
Large-scale tests can be considered to fall into two categories: (°) those
that measure natural conditions of responses to natural perturbations and
(2) those that measure responses to induced perturbations.

Natural conditions or phenomena that can be measured to estimate
large-scale hydraulic properties include hydraulic ke d, earth tides or
earthquake-induced pressure waves, geothermal gradie: s, and anomalous
pressures in geopressured regions. Examples of the applicaticn of these
techniques are provided by Nesterov and Ushatinskii (1971), anderson and
Whitcomb (1973), Ohtake (1974), Anderson et al. (1977), Kanehiro (1979),
Norton and Taylor (1979), and Neuzil and Bredehoeft (1981). Each of these
methods has the disadvantages of the general behavioral methods discussed
in Section 2.4.1. 1In particular, they are often limited to the measurement
of responses to natural perturbations occurring in a particular direction,
and thus may not provide good information on all the directional components
of a particular hydraulic property. Their principal attribute is that they
are truly large~scale tests and can provide information on some types of
large-scale properties. Hydrochemical tests are also behavioral tests but
will be discussed separately.

Perhaps of greatest interest in identifying HSU's are the large-scale
hydrologic tests that measure responses to artificially induced perturba=-
tions. The boundary conditions and orientation of the perturbation can be
known in advance and directed in such a way that the physical properties of
greatest interest can be measured. The macropermeability experiment con-
ducted at the Stripa Test Station in Sweden 1s an example of such a test.

The macropermeability experiment was designed to measure the average
permeability of approximately 200,000 m3 of low-permeability, fractured
rock. The experiment was designed to measure the in situ averaged pro-
perties of the rock mass. The general experimental design philosophy has
been described by Witherspoon et al. (1979). Flow of water into an enclosed
portion of an underground drift was measured as the net moisture pickup in
the ventilation system, and hydraulic gradients driving this seepage were
measured from boreholes in the rock surrounding the drift. A schematic
drawing of the experiment 1s shown in Figure 2.4.



R1-5

76mm HG Boreholes
Borehoies . &

A

Instr. :
Panels

7" Distribution

5

A .a-""' DUC'
' I «l _- " “Heater
ay o + ‘i PP 1 LR o \
4 S 4 Impermeable ;\“
% ' 7 inlet wall
/ \ e
Fan
* -
1’ k g e s
Lo T "
o N g
o “Computer Room

Figure 2.4. Schematic drawing of macropermeability experiment at Stripa
Test Station, Sweden. [XBL 819-11583]

v



43

Some of the results of the macropermeability experiment are shown
in Figure 2.5, which is a semilog distance-drawdown plot of hydraulic head
as a function of radial distance from the axis of the drift. The scatter
of peintes is primarily an indication of the heterogeneity of the rock, but
is due partly to a superposed field gradient. Weighted average values are
shown as small open circles.

If the rock mass had behaved, on t : a erage, as a porous medium, and
if steady-state conditions had prevailed, then the weighted average
hydraulic heads in Figure 2.5 should plot as a straight line. The solid
line drawn through the weighted average points was fitted by regression
techniques and has a correlation coefficient of 0.28, indicating very
close approximation to a straight line. Thus, in this experiment, the
rock mass, on the average, did indeed exhibit continuum behavior on the
scale of measurement of the experiment.

The averaged effects of increasing test volume can also be seen
from Figure 2.6. Average hydraulic conductivity is proportional to the
slope of the straight line between any of the weighted average data points.
An evaluation of the change in average hydraulic conductivity as a function
of test volume can be made by first computing conductivity from the slope
of the first two points, then from the average slope of the first three
points, and so on. By doing this for the data in Figure 2.5, but ignoring
the data between the drift wall and the first point, which may have been
affected by drift excavation, we obtain the results shown in Figure 2.6.
These data tend to indicate that oscillations are still occurring on the
largest scale of measurement but that they are small in magnitude for
hydraulic conductivity measurements, being within + 10% of the mean value.
Similar tests could be conducted at other locations within the rock mass
to determine the range of possible outcomes on this scale of measurement.

A limitation of large-scale underground testing is that most field
experience has been acquired in low-permeability, fractured, massive
granite. Some changes in test design may be required to adapt the macro-
permeability test concept to a stratified series of flood basalts and to
conduct the test at a potential repository site. Such modifications are
shown schematically in Figure 2.7.

With regard to seepage rate, the ventilation technique used at Stripa
proved to be very successful. Provided that the range of moisture flow
rates in basalt would be similar to those observed at Stripa, modification
could be limited to conditioning the incoming air supply to provide a more
stable humidity and temperature within the enclosed room.

Modifications to the pressure monitoring system may also be cesirable.
First, it may be necessary to avoid long radial boreholes, particularly in
a vertical direction, as they could impair the capability of a relatively
thin entablature to contain waste if the site were eventually used as a
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reposito.y. Instead, horizontal borenoles could be drilled parallel to the
axis of the drift; these boreholes could be within the dense host rock as
well as within the overlying and underlying interflows. They would have
the advantage of measuring pressure along equipotential lines rather than
along flow lines (as in radial holes), and would therefore be less likely
to alter in situ flow paths. The test design should retain, however, the
ability to measure pressure a. varying radial distances from the drift, so
that the effects of increasing test volume can be determined.

An additional conceptual modification that may be desirable for
macropermeability tests in flood basalt would be the artificial control
of boundary conditions. This is expected to be somewhat simpler in basalt
than in unbedded media because advantage can be taken of the hijher pe rme=-
ability flow-top zones. The objective would be to maintain a fixed pressure
along a boundary through control of pressure in a screen of parallel,
closely spaced boreholes. This approach has been successfully used in
granite in Sweden, where the boreholes were placed 1 m apart (Lindblom,
1979). The spacing of such boreholes in basalt would iepend upon the
permeability of the medium, and could be increased in a more permeable flow
top. If the permeability of the flow top is significantly greater than
that of the entablature, artificial head stabilization may not be required.
Additional discussion of possible design features for large-scale under=-
ground tests is presented in a subsequent subsection on vertical permeability.
Final design and dimensioning of the drift and boreholes will depend upon
the physical properties of the site.

The primary advantage of underground macro tests li%z that described
above is the ability to jenerate high gradients and directly measure
average responses on a large scale in the vertical direction. Large-scale
tests can be conducted from surface boreholes (e.g., see Miller et al.,
1978, p. 89), but the results are largely limited to the measurement of
properties in the horizontal direction, normal to the axis of the well.

An exception is the measurement of vertical hydraulic conductivity by leaky
aquifer methods (see Section 2.5.4.1), but these results are not guaranteed
to provide large-scale averages. Large-scale tests in inclined wells are
difficult to interpret for vertical conductivity and are best suited to
massive media, which do not contain preferred directions for groundwater
movement. In flood basalt, groundwater moving in response to perturbations
from an inclined well will primarily follow paths of higher permeability,
which are generally horizontal and parallel with the bedding, and the
results might be expected to be similar to those from vertical wells.
Underground testing resolves a primary limitation of testing from surface
boreholes by permitting direct, large-scale measurement of hydrologic
behavior in a vertical direction. Because of this, underground testing
will be an essential part of repository site characterization.

The conceptual design for a macro test as described above is well
suited for the identification of HSU's within the disturbed zone of the
repository, because the flow patterns established by such a test con-
figuration will be similar to those established by the repository tunnels.
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For analysis of HSU's in the far-field, however, this design is limited
because of the high cost of the test and because the convergent flow paths
that are generated are not expected to occur in the far-field. The design
of tests to resolve the limitation of convergent flow paths for far-field
analysis is discussed in the following section of this report.

The high cost of underground experiments is primarily due to the cost
of shaft sinking and preparing the underground support systems, such as the
lift, ventilation, and electrical and water supplies. It should also be
noted that these primary facilities are required for other purposes as well
as the hydrologic testing. Once these primary facilities are installed,
the i{ncremental costs of performing large-scale tests from horizontal bore-
heles or drifts will probably be about the same as drilling and testing
two or three deep surface boreholes. Although the cost of underground
testing is expected to be large, the information to be gained on the para-
meters controlling vertical groundwater movement, particularly from the
repository horizon, may be critical to the success of the site characteri=-
zation program. Because of the high costs involved, the decision to use
macro tests should be made only after the need for such a test has been
clearly established by a thorough review and sensitivity analysis involving
all available data.

2.6.1.2 1. situ generation of constant gradient,
paralle. flow fields

The measurement of hydraulic properties in flow fields with a constant
gradient provides the most powerful test for continuum behavior of a
fundamentally heterogeneo'.. rock. A constant average gradient throughout
the flow field ensures thx: the properties of each part of the volume
tested make an unbiased contribution to “7e measured data.

Hydraulic properties are, in general, determined from measurement of
the flux or velucity occurring in response to an applied gradient, or vice
versa. In the standard well test, a convergent flow pattern is produced in
which the gradient decreases logarithmically with radial distance from the
well. The emphasis of the measurement also falls off logarithmically
with radial distance. For instance, if the permeability near the well is
lower than the average permeability of the rock, flow into (or out of) the
well will be decreased. In this case, an erroneously lower value of average
permeability will be calculated from the well test results. Suppose a
volume of rock has been identified that is a good statistical sample of the
heterogeneities and is therefore a representative volume. Suppose further
that this representative volume experiences approximately linear flow
conditions in the regional flow system. Then in the recional flow system,
the heterogeneities in the representative volume are all influencing the
flux through the volume with equal emphasis. However, a radial flow well
test would be unlikely to determine the correct average value of permeability
for this volume, since its results will be logarithmically biased toward
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the properties of the materials nearest the well. Additional discussion on
the importance of parallel flow fields in testing a heterogeneous medium is
presented in Appendix B.

Rad.al flow well tests can produce appropriate average measurements
of hydraulic propercies if the heterogeneities are small in relation to
the length or diameter of the well. Larger diameter wells or longer test
intervals are therefore more likely to provide accurate average values as

long as the volume tested does not exceed the size of the HSU. An indication
of the heterogeneity of the medium can be provided by multiple well tests,
where the variation of hydraulic properties can be seen as a function of
test volume. If continuum behavior is indicated by a well test, then that
continuum behavior is probably valid. If, however, continuum behavior is
not indicated by a weil test, it may still be possible that continuum
behavior exists but was not demonstrated because of the bias inherent in
radial flow tests. The parallel flow test is the most powerful test for
continuum behavicr, and its results are conclusive. The radial flow

test 1s less powerful, and i1its results may be inconclusive. Thus the
paral.:l flow test provides a refined alternative to radial flow tests, to
be used at critical locat:ons within the flow field to resolve uncertainty
concerming continuum behavior and the correct average hydraulic properties
to use in modeling.

The guestion, then, is how can the "correct" average values of hydraulic
properties be measured in the field? The volume over which these properties
must be measured will govern the selection of HSU's suitable for regional
modeling, and the values of these properties are those that waill correctly
predict hydrologic behavior in the regional flow system.

It 1s not easy to generate parallel flow conditions in the field. In
the absence of any natural local boundaries, constant head boundaries must
be created. This can be accomplished using the configuration for a parallel
flow test, shown in Figure 2.8. Two parallel banks of wells, A and B, are
drilled on either side of the region of measurement. These banks of wells
can be drilled from the suriace, as was done by Sauty (1978). They can
also be drilled from an underground opening, as was done by Lindblom (1979).
The wells need not be vertical.

Care must be taken to account for water entering bank A and flowing
away from bank B, and vice versa. With vertical wells, for instance, it
can be assumed that (1) the component of flow that comes from one bank
of wells but does not go to (or come from) the other bank of wells 1s
proportional tc the difference between the head in the well and the head in
the formation, and that (2)

h+ &h - h
O

=N
h - h .
o



50

Plan
Schematic Flow Lines

| !
! / \ :
' - ———— !
' / .'/’ ‘\\\ \ |
' ,’ g 1 \\ :
. 4
Bank A |7 _ e . SQ N Bk B
- _ J— - -
_— - ‘O-
S T U 0 PO M 5 e g T e

sl ® S e - i
---—-o.-
-=0O -------——--_-------_---o.-

.-o. - — - - - - ----—---o-

Wells in the e RS Direction ot RN _;g‘_, Region of Measurement

Measurement Zone cOW vewesw Measurement __ o
ame———
- = it R S SR o S

i ¥ o EER R P S

e ® b R I e S e T,
-8 L vo.-
SRR .- - - ().
..<)~~ e
-’O\ - ’o

270 S e e -

~ -

-

7 T -
P T - -

i
1 '
/ ~ - |
'
\

Ground or Drift Surface

Section
Bank A Bank B

> \‘\
-
- -~
~ x '/’ Py \\
S T—‘ - . Ml ok
’——— \\
t - Pone T ot o= Region of Measurement i 10 [} O Zota T
___ZL______ m—m—————mme 1L
- -— - - R I upp—— - -
e [ o it S T NSO RSO ) SR
Z M-.-— - ---‘-------—----------- e — -
i ~=d bW ccceaa . Directionof _ _ _______J|__ ZoneM
4 Measurement head h
heAh PR IR U TS ——— B L T T T  SS—
—_—
el B o L T T R ——. S
R B R IR NP ———————— N S
. _H.
- . -—--—--—-‘-—‘———
Zone B ~ \.\~ e =« Zone B
- et ~ T e e e - -~ ol o
\ - E \\\ » z g 7
-
\\‘ ”’

- ot
- -

Schematic Fiow Lines

Figure 2.8. Banks of wells for parallel flow measurement.
(XBL 8111-4812]



51

where h + &h is the head in the A (injection) wells, h is the head in the B
(withdrawal) wells, h, is the ambient head, and n 1s an integer. Given
these assumptions, the average hydraulic conductivity of the rock between
the banks of welis can be shown to be

L
. QAB LhHwW *
where Qap is the flow from the A wells to the B wells, and L, H, and W
are geometric parameters defined in Figure 2.8.

As in any large-scale test, consideration must be given to the size
of the volume of rock that shouid be tested. This 1s probably best done
through consideration of the results of small-scale tests. For instance,
the small-scale tests could be performed in the first few boreholes drilled
for the large-scale test. Small-scale tests should give information about
the fracture geometry. An analysis of the fracture data, such as that used
by Long et al. (1981), can then be used to decide on the appropriate scale
for the test. The scale of the test and initial estimates of the hydraulic
properties will in turn determine the length and spacing of the wells.

The orientation of the test wells is another problem. Hydraulic
conductivity and dispersion both have directional properties. For the
test configuration shown in Figure 2.8, the measurement directicn 1is
perpendicular to the planes formed by the wells. If the rock is strongly
anisotropic, the direction of measurement can change the results by several
orders of magnitude. In order to define an entire three-dimensional
conductivity or dispersion tensor, a minimum of six measurements must be
made in different directions if nothing i1is known about the system, or three
measurements 1f the orientations of the principal axes are known. The
extensive drillino requirements of the parallel flow test make it imprac-
tical for defining the entire tensor. Given the choice of a single
direction of measurement for use in a regional flow model, the measurement
should be made in the direction of the natural gradient. The properties
measured will then be those that actually control flow under natural
condaitions.

Other test configqurations for generating parallel flow are also
possible. In flood basalts, the high-permeability horizons may act as
constant head boundaries relative to the overlying or underlying strata.
In this case, parallel flow can be established by drilling only one bank
of wells parallel to the permeable formation from an underground facility.
This technique would be applicable to the large-scale measurement of
average vertical permeability of a low-permeability entablature above or
below a highly conductive zone. Tue leaky aquifer method, a standard test
described earlier, will also measure vertical permeanility under similar
circumstances with fewer boreholes, but does not provide a large-scale
average value.
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These methods of generating parallel flow fields are brute force by
nature. They measure the parameters involved in the most direct possible
way and thus have few technical limitations. Perhaps the most important
technical limitation is the difficulty in obteining an accurate estimate of
the volume of water that moves opposite to the direction of measurement and
thus is not involved in the test. This volume can be estimated, however,
by approximations of the type presented above. The principal limitations
in conducting this type of test will be economic rather than technical.
They are very expensive, and may cost the equivalent of drilling and
testing 20 or more single boreholes of equal depth. They car also be very
time consuming, as it will be necessary, in general, to achieve steady-state
conditions. The extensive drilling requirements will also cause great
disturbance to the site. Despite the drawbacks, this type of test has
already been used in at least two field studies, as indicated by the
references given above. It is evident that the need for accurate, refined
measurement can, in some circumstances, justify the cost of this type of
test. But because of the high cost, it must be recognized that the use of
this type of test will have to be strictly limited to measuring critical
parameters where site disturbance has already occurred or will be tolerated.
As with the previously discussed macro tests, the decision to use this
large-scale test should be made only after the need has been clearly
established.

2,6.1.3 Large-scale measurement of vertical hydraulic conductivity

In order to measure large-scale values, a method must be developed to
directly induce a vertical hydraulic gradient over a large volume of rock
and measure the resulting flux and velocity. In principle, every pressure
perturbation creates a three-dimensional flow field that must include a
vertical component, and measurement of the resulting three-dimensional
pressure field should provide sufficient information (along with the flux
used to generate the perturbation and the geometry of the problem) to
compute the directicnal properties. In practice, however, only a few test
geometries have _cen shown to be useful. These fall into two categories.
The first method is the leaky aquifer test described in Section 2.5.4.1.
This 1s a s*andard test perfcrmed from vertical boreholes, but may not
provide a large-scale measurement. The second method consists in inducing
a vertical gradient and measuring the resulting flux (or vice versa).

This test, if properly designed, will provide a large-scale measurement.

The need for accurate large-scale measurements of vertical hydraulic
conductivity has been mentioned earlier but will be stressed again because
of its importance. The ultimate purpose of site characterization is to
demonstrate the ability of the geologic media at the site to isolate radio-
active waste. Waste deposited within the low-permeability entablature
of a thick basalt flow will move initially in a vertical direction, perhaps
only as far as the first permeable interflow zone, or perhaps farther
depending on the relative hydraulic conductivities of the zones and the
existing hydraulic gradient. This initial vertical movement cannot be
predicted unless the vertical conductivities of these basalt strata are
known over a large volume of rock.
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In order to measure large-scale vertical coninztivity, a vertical
component of flow must be generated. This can be done by two methods. The
first has been presented in the previous discussion of parallel flow.

Two banks of horizontal wells can be drailled and the vertical conductaivaty
of the rock between them can be measured. The banks of wells would be
drilled from two drifts underground, each drift having the same orienta-
tion and one lying directly above the other. A schematic representation
of this test configuration is shown in Figure 2.9. This method and its
limitations have been discussed previously.

The second method i1s to measure the flow in:o a larger horizontal
"well.” In order to distinguash the vertical component of conductivity,
it 1s necessary to measure the head distribution in vertical planes per-
pendicular to the axis of the well. Care must b taken to eliminate end
effects by measuring inflow into &nd head surrounding the central part of
the well only. This method would constitute a large-scale test similar to
that shown in Figure 2.7, but specifically designed to measure vertical
conductivaity.

Suppose the initial conditions are those of constant head everywhere
and the head distribution is measured sufficiently far from the well to
avoid steep gradients and to include a good statistical sample of the
heterogeneities. If the rock behaves as a homogeneous, anisotropic porous
medium, the isopotentials in a vertical plane will be ellaptical. In this
case, the results can be analyzed with the methods of Hantush (1966) and
Hantush and Thomas (1966), in which the shape of the i1sopotential ellipses
is used to derive the two-dimensional conductivity tensor in the vertical
plane. The vertical component of this tensor will give the vertical
conductivity. If a pre-existing, known regional hydraulic gradient exaists
at the test site, its effect can be analytically removed from the test
results and the Hantush and Thomas solution can still be used. If the
initial head distribution 1s not known, vertical permeability cannot be
determined with this test.

The measurement of head distribution around the well should be made
from an array of wells drilled parallel to the "pumping" well. Figure 2.7
shows the general well configuration required; however, more horizontal
boreholes than are shown would be necessary in order to define the
elliptical isopotentials.

In some respects, it might seem better to use isolated zones in radial
holes for monitoring head, as shown in Figure 2.4, than to use holes
parallel to the axis of the well. However, radial holes do -ot provide a
velue of head averaged parallel to the pumping well. By using horizontal
mor.itoring wells, the head measurements will automatically yield the correct
average vertical permeability for the monitored length of the pumping well.

Horizontal monitoring wells do have a major limitation: the long
sections of open borehole may create significant leakage paths and errone-
ously increase the measured permeability. The farther the monitoring holes
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are from the pumping well, the less likely this is to be a problem.
Packing off segments of the parallel holes would prevent leakage. The
effect of this procedure on average pressure measurement, however, 1s not
fully understood.

A further technical limitation of this method is the difficulty in
defining the initial conditions. The head distribution in the test zone
must be measured before the pumping well perturbs the system. Since the
pumping well and monitoring holes must all be drilled from an underground
opening, the initial head distribution might be quite complex and difficult
to define accurately because of drainage into the drilling chambers. This
can be minimized by locating the test facility far from pre-existing
excavations.

Nontechnical limitations are similar to those discussed previously for
underground testing and parallel flow measurement. Extensive and costly
excavations and boreholes are necessary for this test, and the test can be
quite time consuming. Because of the high costs involved, this test, as
well as the other large-scale tests described in this report, should be
used only after the need for such a test has been clearly established by a
thorough review and sensitivity analysis anveolvaing all available data.

2.6.1.4 General limitations to refined hydrologic tests

The refined hydrologic tests discussed above have several limitations
in common. The first limitation 1s cost. These tests are generally
performed on a large scale, require more boreholes, more time to perform,
and more underground access than the standard tests. This limatation will
reduce the usefulness of these tests in regional analysis. The second
limitation 1is that the refined tests are still generally in an early stage
of development, and additional research is required to evaluate these
techniques. A third limitation is that a methodology for analyzing data
and applying field test results to a theoretically rigorous field identifi-
cation of HSU's is still in the formative stages of development and has not
yet been fully assessed for heterogeneous, fractured rock.

2.6.2 Hydrochemical Tests Used to Refine Selection
of Hydrostratigraphic Unats

Refined hydrochemical tests for identifying HSU's involve the use of
chemical species, hydrochemical properties, or analytical techniques that
are less well established. The general approach of tooking for hydrochemical
contrasts or progressive hydrochemical changes, however, remains the same.
As with standard approaches, the refined approaches are numerous and highly
specific to the hydrochemical conditions at the site.
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The refined approaches showing greatest promise from the standpoint of
resolution of the HSU issue in flood basalts are those dealing with radio-
active isotopes that have the potential to indicate both the patterns and
the rate of groundwater movement. Chlorine=-36 may be useful for this
purpose. It is relatively free of interference and is resistant to pre=
cipitation and adsorption. With a half-life of 3.08 x 105 years, it is
potentially useful for measuring time periods of perhaps 2 x 10 years
(Apps et al., 1979, p. I1II-8). However, measurement techniques huve not
been well developed and will require further study. Refinement of measure-
ment techniques for the tritium and carbon-14 methods would increase their
usefulness as well. Apps et al. (1979, ps III-7) report that increases
in age dating capability from 25 years to 100 years may be feasible for
tritium and that increases from 40,000 years to 100,000 years may be
feasible for carbon-14.

An approach that is unconventional not necessarily in temrms of
technoiogy but in terms of methodology is the simultaneous application of
many hydrochemical techniques at a given site. This methodology has the
obvious advantage of permitting comparison of results. Each technique
yields a slightly different set of information about the site, and the
inferences that can be drawn from comparing results adds significantly to
our knowledge of the hydrochemistry of the site. The limitations of thece
refined procedures are the same as for the standard procedures.

2.7 UNCERTAINTIES REMAINING IN RESOLUTION OF THE ISSUE

The reason for identifying HSU's in flood basalts is to characterize
the study area for the purpose of evaluating the isclation potential of
this rock type for radiocactive waste. Regional flow analysis has been
done for many years on the basis of the continuum approach, and the errors
involved in treating intrinsically heterogeneous fractured rock with con-
tinuum techniques basically developed for porous sediments have been
generally accepted without rigorous analysis. Only recently have hydro-
logists realized the importance and complexity of the representative volume
assumptions that are tacitly embedded in the continuum approach, and the
need to verify these assumptions by field measurements.

It is currently uncertain whether the standard tests and assumptions
described in Section 2.5 will be sufficient to adequately identify HSU's
ard assign hydraulic properties in flood basalts for the purpose of nuclear
waste storage. As was previously mentioned, favorable experience with
standard techniques in parts of the Columbia Plateau indicates that
standard approaches may be successful, but existing evidence of a high
degree of heterogeneity in the flood basalts of the Pasco Basin, as
discussed in Appendix B, indicates the opposite. Because acceptable levels
of uncertaintv in nuclear waste disposal will be more stringent than for
most other types of field problems, application of some refined tests will
probably be necessary. These are particularly expected to include the
large-scale underground measurement of hydraulic properties controlling
vertical groundwater movement in and near the repository host horizon.
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Field verification of representative volumes and continuum behavior, on
the other hand, has not to our knowledge been applied to an actual problem
in regional flow analysis in fractured rock. The ability to verify repre-
sentative continuum behavior by direct field measurement has therefore not
been demonstrated, and the success of such an effort cannot be assured.
Criteria for coatinuum behavior have been developed, but just how well real
rocks will meet -hese :riteria remains unknown. Until further experience
1s gained in field tests, the use of these criteria 1s expected to be
limited to resolving only the most crucial issues in site characterization.
This is in fact happening at the WIPP site. A lawsuit by the State of New
Mexico has resulted in a stipulated agreement by the DOE to re-evaluate by
more refined techniques the conservativeness of initial assessments of the
hydraulic properties of two fractured dolomite aquifers (U.S. District
Court for New Mexico, 1981).

Uncertainties also remain in methods for determiraing large-scale
average hydraulic properties in fractured media. These uncertainties
involve the accuracy with which the results of small-scale borehole tests
can be integrated to approximate the large-scale average behavior of the
basalt strata, as well as techniques for verifying these approxaimations
with large-scale tests. Uncertainties remain regarding the ability to
measure appropriately averaged material properties on both small and large
scales, for which the field generation of parallel flow lines 1s required.
Uncertainties also remain in the ability to measure certain material
properties, of which vertical hydraulic conductivity 1s most important in
the context of identifying HSU's for studies of groundwater movement.

Another uncertainty concerns techniques for identifying the lateral
extent of the HSU's. Field tests will be required within each major
unit at a number of locations within the study area to confirm lateral
continuity of the stratigraphic horizons and preservation of hydrologic
function. For the purposes of modeling, these tests should also confimm
statistical similarity in hydraulic properties. Assistance in dealing with
this uncertainty will be provided by the iterative model verification
process. This process can be expected to identify the type of additional
data required, the location from which the data were obtained, and the
sensitivity of the overall groundwater system to errors in that data.

Finally, uncertainty is also associated with the amplications of
1dentifying HSU's for developing numerical models of basalt when continuum
behavior 1s not exhibited on an appropriate scale. Under these cir-
cumstances, statistical similarity of hydraulic properties would not be
a strong criterion for identification of HSU's, because the hydraulic
properties would be expected to be so highly variable that only very
simple statistical parameters, such as mean and standard deviation,
would be likely to be successful. Primary reliance would thus be upon
interpretation of these parameters only as indicators of hydraulic
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function. These statistical parameters will also provide relatively little
guidance for the numerical treatment of these units in studies of groundwater
flow. Practical techniques for treating units that do not exhibit continuum
behavior are poorly developed, particularly in fractured rock, and little

is known about the errors involved in such treatment.

2.8 RECOMMENDATICONS FOR RESEARCH

The most critical research needs are those associated with field
identification of continuum behavior at scales appropriate for the hydro-
logic problems to be analyzed using the HSU's in flood basalts. Research
is also needed in the identification of HSU's for basalts that do not
exhibit continuum behavior. Proper unit identification is intrinsically
linked with available methods of characterizing these units for studies of
hydrologic behavior, thus uncertainties associated with the conceptual or
nume.ical treatment of these units must also be considered in fommulating a
research program.

Research to help resolve the issue of HSU's in flood basalts is
recommended in the following areas.

1. Identification of representative continuum behavior for intrinsi-
cally discontinuous geologic media: analytical and field methods
are required for identifying representative volumes in both
fractured and porous media, and to verify continuum behavior on
the scale of the representative volume.

2. Integration of the results of small-scale tests to approximate
large-scale behavior: small-scale tests are generally less costly
and are more familiar than large-scale tests. Reliable techniques
are required for approximating large-scale behavior from small-
scale tests in flood basalts.

3. Techniques for large-scale tests to verify approximations based
on small-scale tests: large-scale tests are the only realistic
means of verifying techniques for the integration of small-scale
tests. Techniques for perfomming large-scale tests in flood
basalts are needed.

4. Technigues for field measurement of vertical permeability: methods
-Or i1n situ measurement of vertical permeability, particularly
on a large scale, are required for the proper identification and
treatment of HSU's in flood basalts.

5. Techniques for field generation of parallel flow fields: field
tests using constant gradient, parallel flow fields are the most
powerful means of demonstrating continuum behavior, because test
results are not biased toward the properties of any particular
part of the medium. Teciniques for performing such tests are
needed at all scales.
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Rapid borehole techniques for confirmation of the lateral extent
of an HSU: simple, rapid tests that can be performed from small
diameter boreholes are required to confirm the lateral extent of
the HSU. These tests should be designed to eliminate the need for
elaborate, multiscale te:ting to be performed at many locations
within each HSU.

Techniques for evaluating the probable degree of statistical
similarity of material properties at unmeasured locations within
the study area: material properties pertinent to the identifi-
cation of HSU's cannot be measured at every point within a study
area, thus some uncertainty will exist regarding the appropriateness
of unit identification at unmeasured locations. Techniques are
required for estimating material properties at unmeasured locations
and identifying the statistical similarity with material properties
at known locations.

Techniques for conceptual and numerical treatment of HSU's that
either do not meet or only approximately meet the continuum
requirements: these must include methods for quantifying the
uncertainty of the analysis.

Techniques for field measurement of dispersion: methods for in
situ evaluation of dispersion are required, particularly for
equivalent continuum values in fractured rock. A great deal of
fundamental research is still required for application of both the
dispersion and effective porosity concepts to fractured rock.

Improvements in hydrochemical age dating: age dating techniques
are the most important hydrochemical tools for identification of
HSU's because they provide information on both groundwater flow
paths and velocities. In flood basalts, the chlorine-36 and
carbon-14 methods appear promising, but research is needed on
techniques for obtaining uncontaminated samples. In the case of
chlorine-36, research is also needed on the interpretation of age
from the chemical analysis.
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3. DETERMINATION OF AREAS AND MECHANISMS OF NATURAL GROUNDWATER
RECHARGE AND DISCHARGE FOR THE HYDROSTRATIGRAPHIC UNITS
WITHIN A SEQ'¥NCE OF FLOOD BASALTS

3.1 STATEMENT OF ISSUE

Radionuclides that migrate from the repositery into the host rock
will, upon leaving the disturbed zone, be subject to transport by the
natural movement of groundwater away from the recharge areas and toward
the discharge areas of the regional flow system. The ability of the site
to isolate radionuclides will depend in part upon the areas and mechanisms
of groundwater recharge and discharge for the HSU's containing flow paths
that connect the repository with the accessible environment. The purpose
of this section of the report is to identify technical approaches appro=-
priate for the determination of areas and mechanisms of recharge and
discharge for the existing natural groundwater system within a sequence of
flood basalts.

3.2 IMPORTANCE OF ISSUE

Transport by moving groundwater is the most likely means of radio-
nuclide escape from a mined repository. 1In the event that radionuclides
should escape such a repository, they will enter the groundwater system and
be transported toward an area of discharge. The specific flow paths to be
followed by the waste will depend in part upon the size and hydrologic
conditions of the disturbed zone and in part upon the hydrologic conditions
at the areas of recharge and discharge for the regional groundwater system.
The points at which radionuclides leave the disturbed zone will depend upon
hydrologic conditions within that zone. Upon leaving that zone, they will
enter the far-field, where natural in situ hydrologic conditions will
predominate. If natural hydrologic conditions at the time of radionuclide
escape are similar to present conditions, groundwater will transport the
waste materials away from the present recharge areas and toward the present
discharge areas. If travel time is sufficiently short and the sorptive
Capacity of the geologic medium is sufficiently low, migrating radionuclides
could eventually reach the accessible environment.

Knowledge of the present areas of discharge to the biosphere is
essential for determining the potential toxic hazard of radionuclide escape
into the accessible environment. It will provide flow path information
from which site characterization testing programs can be planned and
radionuclide travel times and concentrations can be estimated. Further,
the areas of discharge may be critical elements in defining the size of the
control zone that must be evaluated in the site Characterization process.

Knowledge of the present areas of recharge 1s also important to safe
si:ing of a waste repository. In general, it is preferable to locate a
repository closer to points of recharge than discharge in order to obtain
a longer groundwater flow path. Longer flow paths will increase travel time
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to the accessible environment and increase sorptive and dispersive effects.
Hydrculic heads at the recharge and discharge areas generally determine the
possib.e range of heads within the groundwater system. Knowledge of

the principal areas of recharge will permit evaluation of potential changes
in land ani water use that could materially affect present hydraulic
gradients. Finally, the locations of the principal recharge zones will
also be critizal elements in defining the size of the hydrologic system
that must be characterized.

In summary, knowledge of the present areas and mechanisms of recharge
and discharge for the host rock of a potential nuclear waste repository is
essential to evaluating the ability of the site to successfully isolate
nuclear waste. The need for resolution of this issue is reflected in
several sections of 10 CFR part 60.

1. Section 60.11{a) requires that the Site Characterization Report
include a description of the site to be characterized and
sufficient informaticn to demonstrate the adequacy of the
candidate area to be studied.

2. Section 60.21(c) requires that the Safety Analysis Report contain
an analysis of the hydrologic aspects of the site that bear sig-
nificantly on its suitability for disposal of radiocactive waste.

3. Section 60.31(a) requires that the DOE describe the hydrologic
characteristics of the site in sufficient detail to permit the
Commission to evaluate the safety of the site prior to con-
struction authorization.

4. Sections 60.111(b) and 60.112(b) and (c) require that the ability
of the geologic setting to contain nuclear waste must be adequately
demonstrated.

5. Section 60.122 specifies those hydrologic conditions at the site
that may be considered favorable in their effects on the ability
of the site to meet performance objectives.

6. Section 60.123 specifies those hydrologic conditions that would
have potentially adverse effects on the ability of the site to
meet performance objectives.

3.3 NATURE OF GROUNDWATER MOVEMENT IN FLOOD BASALTS

Groundwater moves naturally in geologic media from areas of high
groundwater head toward areas of low groundwater head. The paths taken
by the water are generally those offering least resistance to movement.
Groundwater will preferentially follow the more permeable beds unless
they are disrupted by a crosscutting feature, such as a sharp fold, a
fault, or a dike.
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A simplified example of groundwater recharge and discharge is taken
from Newcomb's work in the Dalles area of the Columbia Plateau. Figure
3.1 shows a simplified stratigraphic cross section of Swale Creek Valley.
Primary recharge of the stratified basalts is thought to occur in the
topographically high Columbia Hills Anticline to the southeast. From
there, the groundwater is thoucht to move through essentially confined
strata beneath Swale Creek Syncline, over a low, unnamed anticline north-
west of Swale Creek Valley, and then into Little Klickitat River. The
distance from the primary recharge area to the primary discharge area 1is
about 22 km. According to Newcomb's conceptual model, minor mechanisms for
recharge or discharge would include vertical movement of groundwater across
confining beds and flow within any wells that penetrate the system. Flow
directions across confining beds will depend upon local hydraulic gradients.
These were expected by Newcomb to be generally upward beneath Swale Creek
Valley and generally downward near the Little Klickitat River discharge
area. Thus each of the deeper aquifers would tend to recharge its over-
lying aquifer within Swale Creek Valley and would tend to‘recharge its
underlying aquifer near the discharge area.

Within the context of the Swale Creek example, each aquifer and each
aquitard in the system can be considered to be a separate hydrostrati-
graphic unit (HSU). An HSU can be defined as a body of rock that functions
as a distinct hydrologic system for the problem being studied. Hydrostrati-
graphic units identified for numerical modeling must behave as homogeneous
bodies with respect to the parameters of interest and with respect to the
groundwater flow patterns being studied. The identification of HSU's has
been presented as a separate issve in this report and is discussed in
Section 2. The identification of HSU's appropriate for describing regional
groundwater flow will be essential to the proper delineation of flow paths
and resolution of the recharge-discharge issue.

3.4 METHODS OF IDENTIFYING AREAS AND MECHANISMS
OF RECHARGE AND DISCHARGE

3.4.1 Basic Data Needs

The basic data needs for identifying areas and mechanisms of ground=-
water recharge and discharge fall into two categories: (1) data on the
physical properties of the geologic system, which would permit applica-
tion of the theory of ground.ater movement; and (2) data on the present
patterns of groundwater move ent.

The data required on the physical properties of the geologic system
are essentially those that would be required to develop a regional model
for groundwater flux. These data include

1. Bedrock geometry: the extent and thickness of beds; locations
of faults, folds, major fractures, and other structural features.
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2. Hydraulic Properties: hydraulic conductzvxty and specific storage.
3. Initial condicions: regional hydraulic head distribution.

4. Boundary conditions: relatzonship to adjacent groundwater basins
and to shallow groundwater systems; roles of lakes and rivers.

of HSU's as well a4s to development of a regional flow model, and are
discussed in Section 2 of this report. Boundary conditions are requaired to
define the relationships between the study area and neighboring hydrologic
systems, and initial conditions are required to correlate the initiation of
a transient model with a known point in time. Additional discussion on
this subject has been presented by Long and Wilson (1978, Ps C=5),

Data directly indicative of present patterns of groundwater movement
include groundwater head and hydraulic gradient, groundwater chemistry
and geochemical gradient, and groundwater age dating. An example of the

conditions. Models appropriate to the study may range from conceptual
models, such as the water budget technique, to highly developed numerical
methods. The physical property measurements needed to predict groundwater
movement include geologic and Stratijraphic data, hydrogeologic measurements
including groundwater head, and supplemental measurements by geophysical

and hydrochemical techniques from which information on hydrologic conditions
can be inferred. Hydrochemaical measurements, including groundwater age

physaical Property measurements, and thus may provide independent Support to
these conclusions.

The basic field data required to evaluate areas and mechanisms of
groundwater recharge and discharge are fundamental to most hydrogeoloqzc
investigations, including the ldentification ¢+ HSU's. The two basic
classes of measurements, those of physical Properties and those indicative
of present behavior, are discussed in Section 2.




3.5 METHODOLOGIES FOR RESOLUTION OF ISSUE

3.5.1 standard Approaches and their Limitations

Three primary standard approaches will be discussed here. The first
two, water budget and numerical analysis techniques, rely upon two different
types of theoretical structures to manipulate the basic data into a form
that can more easily be understood in light of the problem to be answered.
The third approach involves data that bear directly on the problem and
need little or no analysis for interpretation. All data that directly
indicate present patterns of groundwater movement fall into this third
category.

3.5.1.1 Water budget technigues

The water budget method employs the principle of conservation of mass
to evaluate the constituents of water flow into and out of a study area.
The method is based on the fundamental relationshap

Qin = Qout = 4s,
where

Qin = volume of water entering the study area in a given
period of time,

Qout = volume of water leaving the study area in a given
period of time,

AsS = net change in storage of water within the study area
during a given period of time.

In applying the water budget technigue, each water supply or depletion
component of the water budget equation i1s broken down into its constituent
parts. Thus water inflow is treated as the sum of all components of inflow,
and water outflow is treated as the sum of all components of outflow.
Typically, these components are as follows:

Inflow: Surface Water System

Direct precipitation: Includes both rain and snow.

Surface water inflow: Includes all surface water inflow in natural
rivers and streams.



Inflow:

Imported water:
Groundwater
withdrawal:

Groundwater discharge:

Groundwa:cer System

Qutflow:

Subsurface inflow:

Natural groundwater
recharge:

Artificial groundwater
recharge:

Includes all artificial inflows in man-made
conduits, such as canals and pipelines.

Includes all water extracted from the ground
by man.

Includes all water leaving the groundwater
system and entering the surface water system
by natural means, such as through springs.

Includes all groundwater entering the system
through subsurface inflow from adjacent
groundwater systems.

Includes all natural recharge from surface
sources, including lakes, rivers, and direct
precipitation.

Includes recharge resulting from the practices
of man, such as agricultural irrigation and
waste disposal.

Surface water system:

Evaporation:

Surface water outf®ow:

Exported water:

Evapotranspiration:

Consumptive use:

Natural groundwater

recharge:

Artificial
recharge:

groundwater

Includes direct evaporation from surface water
bodies and that component of the precipitation
which is directly evaporated.

Includes all surface water outflow in natural
rivers and streams.

Includes all artificial outflows in man-made
coenduits, such as canals and pipelines.

Includes water retained, evaporated, or
otherwise removed from the system by natural
vegetation.

Includes water retained, evaporated, or other-
wise removed from the system by municipal,
industrial, agricultural, and domestic uses of
man.

Includes all natural recharge from surface
sources, including lakes, rivers, and direc:
precipitation.

includes recharge resulting from the practices
of man, such as agricultural irrigation and
waste disposal.
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Outflow: Groundwater system

Subsurface outflow: Incl. les all groundwater leaving the system
through subsurface outflow to adjacent ground=-
water systems.

Groundwater Includes all water extracted from the ground
withdrawal: by man.

Groundwater discharge: Includes all water leaving the groundwater
system and entering the surface water system
by natural means, suc. as through springs.

The principal components of a water budget are shown schematically
in Figure 3.2. For purposes of illustration, the surface water system
shown in this figure 1s treated separately from the groundwater system.
These two systems are coupled because the components of outflow that go
from the surface water system to the groundwater system are also components
of inflow to the groundwater system, and vice versa. It is also possaible
to consider the groundwater and surface water as a single system, but in
such a case the water flow between surface water and groundwater would not
enter into the couputations. The method can also be adapted to consider
inflow and outflow for a single HSU by treating inflow and outflow along
the boundaries of that unit. Another point to note is that the subdivision
of flow components shown in Figure 3.2 at the woundary between the ground-
water and surface water systems occurs beneath the groundwater table and
beneath the root zone. Thus the vadose zone 1is generally ignored, and the
use of groundwater by plants 1s considered by conventicn to be a surface
water phenomenon.

The effects of water storage within each system are sometimes ignored
if 1t is felt that the systems return to essentially the same initial
conditions at the end of each study period. Although this approxamation
may be adequate for surface water systems involving no large reservoars, it
18 generally not adequate for studies of unconfined groundwater systems.
Moreover, reductions of the amount of water stored in groundwater systems
may be irreversible. For example, water held in some types of chemical
bonds (e.g., water of hydration) and water held in consolidating clays
cannot be restored once released from the system.

Application of the water budget technigue involves first identifying
the study area and then determining the magni‘ 'des ot all significant types
of inflows and outflows occurring along its boundaries. The data are
obtained from a wide variety of sources. The U.S. Geological Survey, state
water resources or agriculture departments, and local water supply agencies
are good sources of information on surface water flows, imported and
exported water, subsurface water flows, evapotranspiration, and consumptive
use. Informat:on on water use by private industry, such as power companier
or large agricultural firms, 1s generally available from the industries
involved. Information on reservoir operations is availeble from the
reservoir operators and 1is generally quite complete.
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The primary diff{iculties in applying the method involve the quality of
available data, which may be only approximate or entirely lacking. The data
cn subsurface water movement across the boundaries of the system generally
fall into the latter category and must be approximated. This is generally
done with a simplified application of Darcy's law for steady laminar flow:

Q = KIA,
where
Q = volumetric flow rate of water crossing the boundary,
K = hydraulic conductivity of the geologic medium at the boundary,
I = component of hydraulic gradient nommal to the boundary,
A = cross-sectional area of the flow field at the boundary.

More rigorous techniques are rarely employed to estimate groundwater
movement for the water budget technigue, because the other available data
are usually also approximite and the technique is generally not sufficiently
precise to warrant further sophistication. If a great deal of effort is
put into developing an extellent data base, more precise analytical techn-
iques involving numerical methods are generally used. These are described
in Section 3.5.1.2. Basic data on hydraulic conductivity and hydraulic
gradient are normally obtained from the well tests described in Section 2.
Cross-sectional areas are obtained from geologic data.

An example of the water budget technigue is taken from Gephart et al.
(1979, p. II-75). They used the method to estimate the net groundwater
recharge by surface waters in the Pasco Basin and neighboring basins. They
were therefore confining their study to the surface water system, as shown
schematically in Figure 3.2, and computed as their unknown the net amount
of natural and artificial groundwater recharge and discharge. It was
assumed in their study that the net annual change of surface water in
storage was zero. Surface water inflows and outflows were by far the
largest single elements in this study, primarily because of the influence
of the Columbia River. Thus the locations of the surface gauging stations
are of primary importance; in fact, they are the primary factors that were
used to define the boundaries of the study area. A schematic drawing of
this gauging station network is presented in Figure 3.3.

The results of the study by Gephart et al. are summarized below.
The average net contribution of each major source of water to ground-

water recharge was found to be as follows:

Billions of cubic metcrs per vear

1. Precipitation 0.0
2. Streamflow =-3.6
3. Artificial mechanisms 0.3

Net recharge =-3.3
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The negative sign on the net value indicates that averge discharge
of groundwater to the surface exceeds recharge by some 3.3 x 102 m3/year.
As large as this value may seem, it is very nearly equal to the difference
between the inflow and outflow of the major rivers; these amounts are
161.8 x 102 and 165.4 x 102 m3/year, respectively. The net ground-
water discharge represents only about 2% of these surface water flows.
Stream gauging techniques are not highly accurate, and data with errors of
less than 5% are considered "excellent" in that area (Gephart et al., 1979,
p. II-A1). The computed net groundwater discharge may therefore be close
to the noise level of the basic data, and supporting information from other

sources may be required before this result is considered to be quantitatively
significant.

This example serves to illustrate the major limitations of the water
budget technigue. First, the method relies upon flux measurements that
are difficult to make with high accuracy. The desired values, which are
treated as unknowns in the equations, are often small differences between
relatively large numbers, and may fall near or within the error bands of
these larger numbers. Thus the conclusions reached with this technique may
under certain circumstances be largely qualitative.

Second, the technique treats the hydrologic system as a black box
and 1s councerned only with fluxes across the boundary of the system. It
can give no information on water transfer mechanisms within the system.
Further, the boundaries of the system are often dictated more by sources of
data than by the needs of the study. For example, the topographic boundary
of the Pasco Basin 1s at Sentinel Gap, but because no stream gauging
station exists there, a gauging station some 25 km downstream had to be
used to measure inflow to the basin. This station 1s downstream from both
Sentinel Gap and Priest Rapids Reservoir, two locations where recharge to
the deeper aquifers may be occurring. Installation of a gauging station at
Sentinel Gap would eventually resolve this problem, but several years of
records would be required before a reliable correlation could be obtained
with the older stations. Similar problems exist with rain gauging stations,
which are also generally widely spaced. The coarseness of the available
data usually makes the water budget technique more amenable to regional
rather than local analysis.

Third, the technique in practice is limited in precision when defining
the locations of recharge or discharge across a boundary. The primary
reason for this 1s that the technigue involves only one equation and
therefore can have only one unknown. Although in principle it may be
possible to let that one unknown be the net recharge for a specific portion
of the boundary, in practice this is not normally tenable because (1) the
computed value 1is often very small and falls withan the noise level of the
data and (2) the method requires that net recharge for all other portions
of the boundary be known, which is generally not the case.

In summary, the water budget technique serves in practice primarily
4s a reconnaissance technique for obtaining information on the magnitude
of water supply data for a particular study area. Although it is rigorocusly
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correct in a technical sense, its limitations with regard to accuracy and
precision and its inability to identify flow pattermns within the study
area limit its usefulness for identi®ying areas and mechanisms of recharge
and discharge.

3.5.1.2 Numerical model technigues

Numerical model techniques employ numerical methods to identify the
groundwater flow patterns within a study area. These methods can be highly
sophisticated and provide detailed information about rates and directions
of transient groundwater movement in three-dimensional space. The methods
involve dividing the study area into a large number of interdependent
blocks or elements, each of which must satisfy an equation of continuity
for transient flow, which is very similar in concept to the governing
equation for the water budget method. For numerical models based on the
finite difference method, this equation states that the net inflow into the
nodal block over a particular period of time is equal to the dynamic change
in storage:

= 8V AE
Qtn Qout I

where
Qin = volume of water entering the nodal block,
Qout = volune of water leaving the nodal block,
Sg = specifi. storage of the nodal block,
v = volume of the nodal block,
h = hydraulic head at the node within the nodal block,
t = time.

The numerical model is built up by subdividing the entire study area
into a large number of blocks. An example of a two-dimensional array of
this type, which was prepared by Rockwell for the Pasco Basin, is shown in
Figure 3.4. Each of these blocks is coupled in such a way that outflow
from one block becomes inflow to the neighboring blocks. The rates of
fluid movement are controlled by the average hydraulic conductivities of
the geologic media represented by each block. Inputs normally consist of:
(1) the geometry of the system from geologic and topographic data, (2) the
average hydraulic conductivity and specific storage for each block, and (3)
the tnitial hydraulic head at each node and the boundary heads or fluxes
at boundary nodes. Not all of these data needs are expected to be supplied
by direct field measurement because of the high cost and the desire not to
impair the integrity of a potential repository site. Data not measured must



73

Figure 3.4. Example of the subdivision of a study area into an array of
blocks for the purpose of numerical modeling (from Gephart
et al., 1979, Figure 1IV-14). [XBL 826-10487]
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be estimated using techniques discussed below. The nodes are generally
either in the center of each block, as in finite difference models, or
along the boundaries of the blocks, as in finite element models. The
example shown in Figure 3.4 is for a finite element model.

Since one equation is written for each node, it is possible to solve
for as many unknowns as there are nodes. Generally, the program is started
by specifying a value for the hydraulic head (h) at each node, a.though for
nodes at boundaries the net flux into or out of the boundary could be
specified instead. Hydraulic heads fcr subsequent times are then treated
as unknowns and computed at the end of each time step. For steady-state
models, initial heads or fluxes must be specified for the boundary nodes,
and then the head distribution within the system can be computed. This
principle is often used to establish initial conditions for a transient
model on the assumption that the flow system is in equilibrium immediately
prior to a perturbation. It should be noted that knewing the boundary
heads does not necessarily imply that all recharge or discharge areas are
known. The areas of highest head will definitely be recharge areas, and
those of lowest head will definitely be discharge areas, but the directions
of water movement across boundaries of intermediate head will not be known
because they depend on the nature of groundwater flow paths within the
system.

Because of the expense of obtaining the large amount of input data
required for most regional studies of recharge and discharge, it is often

necessary to estimate hydrologic parameters for many of the elemental
blocks in the model. The validity of these estimates is checked by a
procedure known as calibration, where the estimated parameters are varied
within reasonable limits until the computed groundwater heads compare with
the actual heads to an acceptable degree of accuracy.

Boundary conditions can be inferred from field information or be
approximated using numerical models. The most common type of boundary
condition inferred from field data is the no-flow boundary that recults
from a groundwater divide cor an impermeable fault zone. Boundaries across
which groundwater flows are generally treated as having either constant-head
or constant-flow conditions. In either case, a considerable amount of
field data, including permeability and head information, must be available
on both sides of the boundary. The economic and time constraints, which
strictly limit the amount of data available for identifying hydrologic
parameters within a study region, also apply to the boundaries of the
region.

To help overcome the problems of-iimited data, numerical models can
be used. One approach is to calibrate for the boundary conditions rather
than for the internal hydrologic parameters. 1In this approach, the in-
ternal hydrologic parameters are all assumed to be accurately known, and
the boundary conditions are varied within reasonable limits until the
actual groundwater heads are adequately matched by the computed heads.
The method has two principal limitations: (1) use of heads to calibrate




75

boundary conditions precludes their use to calibrate internal hydrologic
parameters; and (2) the boundary conditions derived by this method will not
be unique, and therefore their accuracy cannot be assured. An alternative
approach is to develop a model of the larger region that encompasses the
study area (a "nested" ncdel) and use that model to determine boundary
conditions for the study area. The larger model would normally be more
approximate than the study area model, but would be expected to produce
boundary conditions that are compatible with regional flow patterns.
Although either method could produce erroneous results, the latter is
normally oreferred because it makes use of additional data from beyond the
study area in determining boundary conditions; it also frees groundwater
head information within the study area for use in calibrating internal
hydrologic parameters.

The directions and magnitudes of groundwater flow can be determined
from the completed numerical model for either the outer boundaries of the
system or for any surface of any elemental block or groups of blocks within
the system. Thus the areas and mechanisms of recharge and discharge can be
determined for the outer boundary of the system us well ac for any arbitrary
group of block surfaces representing an inner boundary. 1If, for example,
groups of blocks were designed to represent specific HSU's, as they generally
are, the numerical model techniques would allow quantitative identification
of areas and mechanisms of recharge and discharge for each individual unit
within the system.

Humerical methods are powerful tools for the identification of areas
and mechanisms of recharge and discharge. Two basic approaches to ground-
water modeling are currently in use: the finite difference formulation
and the finite element formulation. Either approach is satisfactory for
resolution of this issue. These methods have been described by Remson
et al. (1971), Trescott et al. (1976), and Pinder ara cCray (1977).

An example of the use of numerical model techniques to identify
areas and mechanisms of recharge and discharge is presented for the
Pasco Basin in Figures 3.5 and 3.6. This example is presented only for
illustration. The results may or may not reflect actual flow conditions.
Figure 3.5 is a plan view of the three-dimensional finite element mesh
used 1n the study; Figure 3.6 is a contour plot of the groundwater head
computed by the model for the Mabton Interbed at the top of the Wanapum
Basalt. These modal results, part of a series of calibration tests
made by Rockwell, were intended to identify the probable ratio of vertical
to horizontal hydraulic conductivity for the HSU's employed in the model
(Rockwell Hanford Operations, 1980c, p. III-46). The intent was therefore
to compute hydraulic heads that were correct in general pattern but not
necessarily quantitatively correct. The result shown in Figqure 3.6 was
reported by Rockwell to be the closest to the field-observed patterns.
Field-observed heads available in 1979 for the part of the Mabton Interbed
that underlies Cold Creek Syncline are shown in this report in Figure C.2
and may be used for comparison with these numerical results.
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Rockwell's studies of the Mabton may be used to illustrate how model
results can be applied to the question of areas and mechanisms of recharge
and discharge. The results in Figure 3.6 indicate that recharge to the
Mabton 1s occurring pramarily from Cold Creek and Dry Valleys to the
northwest, the Saddle Mountains to the north, the upland areas to the east,
and the Horse Heaven Hills to the south. Some recharge may also be occur=-
ring within the Cold Creek Syncline. Discharge 1s ccacentrated along the
bed of the Columbia River immediately downstream from Priest Rapids Dam and
downstream from the city of Richland. The mechanism tor recharge appears
to be a combination of lateral inflow along the outer boundaries of the
model and vertical movement across basalt flows within Cold Creek Syncline.
The mechanism for discharge appears to be vertical movement across basalt
flows.

The limitations of the numerical modeling techniques are the limita-
tions of numerical approaches in general. These are: (1) the problems of
data acquisition, (2) the ability of the algorithm to predict actual
eystem behavior, and (3) the problems of computer system capacit-es.

Numerical techniques have prodigious data demands, as may be seen
from the foregoing discussions. These demands cannot always be met by
direct field measurement because of the high cost, the reluctance to drill
excessively at a potential repository site, and the inherent limitations
of available field techniques to measure the appropriate parameters. A
lack of data i1s by far the greatest limitation in resolving the recharge-
discharge issue. Because of this problem, data appropriate to the needs of
the problem must often be estimated, particularly in areas where no measure=-
ments are made. Errors introduced by insufficient data will affect the
accuracy of the model result and are very difficult to evaluate properly.

The ability of the algorithm to predict actual system behavior depends
on the degree to which the assumptions used to develop the algorithm match
the actual conditions within the system. Of primary concern to the study
of recharge and discharge is the degree to which the HSU's used in the
model exhibit continuum behavior. The principle requirements for continuum
behavior with respect to flux are discussed in Section 2. The assumption
of c“ontinuum behavior is essentially mandatory for studies of regional flow
because the rigorous data requirements of the noncontinuum models cannot
hope to be met in the far-field. If the system does not in fact behave as
a continuum, the error involved in treating it as a continuum would have to
be evaluated.

The capacity of the computer system governs the size of the problem
(essentially the number of nodes) that can be treated by the model. This
in turn affects the accuracy of the model, because accuracy improves as the
elemental blocks become swaller. The computer capacity must in general
increase as the square of the number of nodes; thus models with large
numbers of nodes become exceptionally difficult and costly to operate.
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3.5.1.3 Direct synthesis techniques

Direct synthesis techniques include those methods that do not require
evaluation by complex mathematical tools. As applied to the problem of
recharge and discharge, this type of technique would require data that
directly indicate either the patterns of groundwater flow or the areas of
recharge or discharge.

One type of data in this category is that which directly indicates
patterns of groundwater flow. %Yydraulic head data qualify because ground-
water can move only from areas of high head to areas of low head, and flow
patterns can be inferred from the data alone or from the results of simple
contouraing techniques. Hydraulic head data also provide input to the
numerical methods discussed in the previous section, and are therefore also
amenable to sophisticated analysis. Hydrochemical data that indicate
geochemical processes are also capable of providing direct evidence of
groundwater flow patterns. Examples of such processes include the pro=-
gressive change from a calcium-rich to a sodium-rich water as the ground-
water migrates farther from the recharge area. Another example is the
progressive change with time in the proportions of the various isotopes
used in age dating. An advantage of hydrochemical data over head data is
that the hydrochemical data provide an independent means of verifying the
results of numerical models. Both hydrochemical and head data are also
useful in identifying HSU's, and in this context are discussed in detail
in Section 2 together with several specific examples from the Pasco Basin.

Another type of data that can provide direct information on areas
of recharge and discharge is that derived from direct observation of the
surface hydrology of the site. These methods are generally very obvious
and are included here for purposes of completeness. They include as
indications of recharge areas local measurement of downward hydraulic
gradients, observations of significant water sources in topographically
and stratigraphically favorable locations, and observations of significant
unexplained streamflow depletions over specific reaches. Indications of
discharge areas include local measurement of upward hydraulic gradients,
the presence of springs or groundwater seeps, abnormal vegetative growth
in arid zones, a buildup of chemical precipitates on the soil surface,
and significant unexplained streamflow accretions.

Geologic structure can be a direct indicator of either recharge or
discharge areas. Outcrops of permeable horizons in topographically highk or
low areas may be candidate areas for recharge or discharge, respectively.

A groundwater barrier that cuts across permeable strata, such (s a fault
zone or dike, 1s often associated with discharge areas. Suspected areas of
enhanced vertical fracturing, such as at the crests of anticlines, are
associated with increased vertical transfer of groundwater. Finally,
topographic highs tend to be areas of recharge, and topographic leows tend
to be areas of discharge.
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The principle limitation of direct synthesis techniques is that they
are generally not guantitative without further detailed analysis. Moreover,
those methods based on direct observations of surface hydrology provide no
information on groundwater flow patterns or on mechanisrs of recharge and
discharge within the study area.

3.5.2 Alternative Approaches and their Limitations

\lternative approaches to resolving the issue are generally limited
L. (ariations of the standard approaches discussed above. Examples of
such variations would include the use of numerical methods different
from those presented above and the identification of properties of the
fluad or of the rock that could be used to supplement hydraulic and
hydrochemical data as indicators of the patterns of groundwater movement.

For the issue of recharge and discharge, the primary limitations of
both standard and alternative approaches lie in cbtaining field data that
are both technically appropriate 2nd adequate in areal extent. These
limitations are the same for this issue as for the identification of
HSU's, and are addressed in Section 2.

Once the field data are collected, the available standard tech-
niques for analyzing these data are considered to be adeguate for the
resolution of this i1ssue. No new techniques appear to be available
that avoid the limitations of standard techniques regarding the needs
for input data, thus the consideration of alternative techniques for
data analysis does not appear to be required for the resolution of this
issue. Rather, effort should be placed upor overcoming the limitations
of obtaining technically appropriate data from the field and upon assuring
that these data have adequate areal coverage.

3.6 RECOMMENDED APPROACHES AND THEIR LIMITATICNS

Determination of areas and mechanisms of groundwater recharge and
discharge will require a field program for basic data collection similar
to that required for identifi ation of HSU's. The types of data required
to identify HSU's for studies >f regional flow patterns are the same as
will be required to assign material properties and inital conditions to
these unitc for studies of areas and mechanisms of recharge and discharge.

The identification of HSU's goes hand in hand with identification of
areas and mechanisms of recharge and discharge on the basis of those units,
thus it 1is expected that resolution of this issue will benefit fram the
substantial data base assembled for identification of HSU's. Ideally, at
would be expected that resolution of the HSU issue will make available
good hydraulic conductivity and specific storage data at the appropriate
scale for each HSU within the study area. Similarly, resolution of the

B R e S et
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HSU issue should also provide sufficient information on geology and
stratigraphy, as well as the areal distributions of hydraulic head and
hydrochemistry, for the resolution of the recharge-discharge issue. Since
data on boundary conditions and surface water hydrology do not nommally
strongly influence the choice of HSU's, it will be necessary to provide
supplemental field information on these two subjects to satisfactorily
resolve this issue.

In developing a strategy for resolution of the recharge-discharge
issue, it is recommended that each of the principal techniques described
in this section be utilized, but that the degree of effort put into each
method Le carefully weighed against the accuracy and detail of the probable
results. The qualitative and simpler quantitative techniques should be
employed first to obtain a reconnaissance level understanding of the
issue. This would include applying the water budget technique to readily
available surface and groundwater data and reviewing the existing geologic,
stratigraphic, hydraulic head, and hydrochemical data to obtain an initial
qualitative level of understanding of the net groundwater-surface water
exchange and the general patterns of groundwater movement within the
study area. The primary benefit of these initial studies, from the stand=-
point of this issue, will be in the guidance provided by the results in
identifying the size of the study area and the most appropriate locations
for obtaining additional data. Thus it is important that these studies be
initiated during the early stages of the field program.

The numerical model techniques are so powerful in comparison with
the reconnaissance techniques mentioned above that it is recommended that
most of the emphasis of the later part of the program be placed upon
developing good numerical models of the study area. Hydrochemical tech-
niques are valuable for independent conflmmatlon of the hydrologic results,
but because these techniques are hydrologically useful by irference and do
not provide ‘!irect hydrologic informatior, they must be used with judgement.
In general, the numerical model techniques as confirmed by hydrochemical
measurements and surface observations form the best combination of tools
available for final resolution of this issue.

Following the collection an.! review of the existing data base, a
field program should be planned to provide the additional data needed to
refine our understanding of the study area. The strategy to be employed in
the field program will be similar in many respects to that described in
Section 2 with respect to the identification of HSU's, except that the
identification of hydrologic boundary conditions will play a much more signi=-
ficant role. This combination of surface and groundwater data should provide
a sufficient base for identification of areas and mechanisms of recharge
and discharge using any of the methods for data analysis described above.

The strategy for developing and implementing a field testing program
for resolution of this issue should include the following components.,

1. Place initial emphasis on collecting and evaluating the existing
data base.
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Apply the qualitative and simpler gquantitative techniques early,
such as the water budget method, to obtain a .2connaissance
level understanding of probable areas and mechanisms of recharge
and discharge.

Develop the information and techniques needed to prepare refined
models of the groundwater flow system; this would include

(a) identifying the models to be employed in resolving this
issue, including their data needs and limitations, and the
capabilities and costs of available computirj systems;

(b) performing sensitivity analyses to identify data types and
geographic locations that most strongly affect the estimates
of radionuclide travel time;

(c) identifying significant gaps in the types and areal extent
of existing data;

(d) 1identifying the extent of the hydrologic system that must
be studied for identification of groundwater flow pattems
and areas of recharge and discharge within the context of
the overall issue of safe radioactive waste disposal;

(e) 1identifying, to the extent possible, anticipated reference
repository locations, so cthat the appropriate groundwater
flow paths can be flagged for detailed study;

(£) performing direct synthesis tests or analyses (see Section
3.5.1.3) to confirm suspected areas of recharge and
discharge;

(g) identifying other issues related to site characterization,
so that all data needs can be integrated into a single
program.

Develop a comprehensive strategy for field testing based on
all available informeztion. The strategy should allow for

(a) a staged implementation that permits feedback and con-
tinuing refinement;

(b) a dynamic program that can incorporate change as site
conditions are revealed;

(c) a prioritized program that allocates resources to the
areas of greatest need.
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5. Implement the field testing strategy through the cyclical
process of obtaining field data, analyzing that data, and
using the results nf the analysis to help guide the
acquisition of additional field data until the issue is
satisfactorily resolved.

It must be recognized that site characterization is an evolutionary
process that becomes increasingly refined as more becomes known about the
site. The geologic structure and its hydrologic properties can be so
highly variable, and contain so many significant unknowns, that it is
unwise to attempt to lay out a complete and rigid site characterization
scheme either at t! . beginning of a project or even after considerable
information has been obtained. This is particularly true for flood basalts,
in which the significant structural variations that can occur due to local
cooling history compound the more normal variations of bed thickness,
lateral pinch-out, folding, faulting, and so on. As noted in the newly
revised British Standard BS 5930 Code of Practice for Site Investigation,
site characterization "is a process of discovery, and should not therefore
be based on a rigid preconceived programme nor on a slavish adherence to
code recommendations" (Meigh, 1981).

The greatest difficulty in collection of field data will be in the
cost. Because of this, it will be important to allocate available resources
carefully to maximize the benefits of each measurement. The collection of
field data in stages, as recommended in Section 2, is intended to serve
this function. The use of groundwater models and statistical methods will
help to identify the best locations and optimum density for collection of
additional data. Field measurements to cbtain appropriate boundary condi=-
tions are also important. However, their need should be evaluated in light
of the confidence that can be placed in boundaries obtained from the larger,
regional model and with respect to the sensitivity of the model to the
accuracy of a particular boundary. For example, boundaries that carry
significant flux or are closest to the reference repository location
would command a higher priority for field investigation.

Field investigations of boundary conditions would follow different
strategies, depending upon the type of boundary. No-flow boundaries will
require a demonstration of negligible groundwater movement across the
boundary. The presence of a groundwater divide can be demonstrated by
groundwater head measurements. The suspected low permeability of a ground-
water barrier can be demonstrated by multiple well, interference type
pumping tests in the vicinity of the barrier, as discussed in Section 2,
Constant-head boundaries can also be demonstrated by head measurements.
Constant-flow boundaries are generally used to model activities of man,
such as a pumping well, and would be expected to be unusual in nature
except when associated with constant-head conditions. Field investigation
of constant-flow boundaries would normally require measurement of the
hydraulic gradient across the boundary and the horizontal permeability at
the boundary. The standard pumping or injection tests described in Section
2 would be satisfactory for making such measurements.
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The limitations to the recommended techniques are both technical
and logistical in nature. The principal technical limitation is the
degree to which the model parameters are representative of actual
conditions in the field; the logistical limitations have to do with costs,
time required, and the desire not to impair the integrity of the site by
excessive drilling.

The degree to which model parameters represent actual conditions in
the rock depends upon (1) the extent to which the flow theory is correc:ly
applied, and (2) the validity of the data. The flow theory will in general
be correctly applied if the HSU is identified at a scale appropriate for
theoretical treatment as a continuum. Since under current technology the
rock must, for practical purposes, be treated as a continuum, an error
will be introduced if the actual rock does not, in fact, demonstrate con-
tinuum behavior. This limitation is discussed more fully in Section 2.

The data will in general be vaiid if they correspond to the actual in
situ hydrologic properties. The hydraulic properties of basalt that govern
groundwater flow are expected to be variable, even within the same HSU.
Most numerical models require one (and only one) value of the hydraulic
property for each elemental block. Thus at blocks for which measured
values are available, there is a question of which measured value to
select. At blocks for which no measured values are available, there is
a question of how to estimate an accurate value. The identification of
initial and boundary conditions also falls into this category. Techniques
that are generally statistical in nature are available to respond to these
limitations, but are more appropriately treated in studies of model
validation and verification and are beyond the scope of this report.

Also falling within the question of data validity is the limited accu-
racy of surface water data used in the water budget technique. Generally,
an error of 5-10% in these data is considered nommal, thus the ability of
the technique to accurately resolve flow quantities of less than about 5%
of the gross inflow or outflow is questionable. This limitation can ia
part be overcome by working with averaces or long-term trends, but this
would limit the flexibility of the investigater to establish new gauging
stations better suited to the needs of the problem. Establishment of
accurate long-term averages can easily require in excess of 20 years of
data. This may be partially resclved through correlation of new stations
with existing stations.

Logistical limitations are the well-known constraints of time, money,
personnel, site integrity, and their impacts on the quantity and areal
coverage of the data. These, in turn, increase the significance of
the technical limitations related to the identification of hydraulic
properties, initial conditions, and boundary conditions, and to the
usefulness of hydrochemical data, all of which require good areal
availability of data.
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3.7 UNCERTAINTIES REMAINING IN RESOLUTION OF THE ISSUE

Given sufficient effort, the approaches described in this report are
expected to be able to identify the general flow patterns within the
natural gyroundwater system and the locations and mechanisms of recharge
and discharge. Accurate quantification of recharge and discharge in terms
of groundwater flux 1s less certain, however, because of the technical and
logistical limitations described above. The numerical model will be the
primary tool for this effort, and its accuracy will determine the accuracy
with which recharge and discharge can be gquantified. Procedures are
available for model calibration and verification, the results of which
will provide an estimate of model accuracy. The accuracy of the model
will depend primarily upon the degree to which continuum behavior is
exhibited at the scale of the HSU's and upon the accuracy with which the
controlling hydrologic parameters can be identified throughout the basin.
The accuracy of the model is the best available indication of the accuracy
of the regional hydrologic parameters, and should be used to identify weak
points in the data base. Research is required to develop methods for
verifying continuum behavior, and time and money will be required for
accurate, well-distributed measurements.

3.8 RECOMMENDATIONS FOR RESEARCH

Primary research needs centei upon overcoming the principal limita-
tions in data acquistion and interpretaticn. These needs include

'+ Techniques ror assessing the amount of data required for site
characterization in view of the geologic variability of the
site and the accuracy expected of the analysis.

2. Techniques for identifying the optimal locations within the
basalt strata for collecting additional data (if required) and
for systematically prioritizing specific data needs.

3. Development of refined methods for estimating the values of
hydrologic parameters at unmeasured locations within a
sequence of flood basalts.

4. Methods for relating the accuracy required in quantification
of recharge and discharge to the accuracy required of field

measurements and ways of “wmonstrating whether such accuracy has
been achieved.

5. Identification of continuum behavior for intrinsically dais-
continuous geolegic media: analytical and field methods are
required to verify continuum behavior on the scale of the HSU's.
This research 1s also required for identification of HSU's.
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Assessment of the errors involved in mathematical treatment of
discontinuous media as if they were continuous media: regional
groundwater movement can at present be treated only with con-
tiraum models because of the unrealistic data requirements of
noncontinuum models. The errors involved in such treatment have
not been analyzed.

Development of practical techniques for treatment of discon-
tinuous media in studies of regional groundwater flow: realistic
methods for modeling a discontinuous medium in a way other than
as a simple continuum are required for regional flow. These
methods would probably involve some type of stochastic treatment.
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4. SOLUBILITY OF RADIONUCLIDES

4.1 STATEMENT OF ISSUE

Moving groundwater is expected to provide the mechanism by which
nuclear waste could be transported from an underground storage facility to
the accessible environment. In order to predict the rates of radionuclide
migration, knowledge is needed of the processes that control residence
times of radionuclides in the aqueous and solid phases.

In the event that the canister and waste form fail to contain radio=-
active waste materials, radicnuclides will enter the local groundwater
system. They will react with various components of the groundwater, and
possibly the host rock, to form relatively insoluble compounds and solution
species that can provide major controls on soluticn concentrations and
migration rates. Therefore, appropriate characterization of the ground-
waters, as well as thermochemical data on the solubilities of compounds of
the waste radionuclides likely to form in the systems, is required to
adequately assess and predict the ability of the site to meet established
standards for rates of release of radioactive materials to the accessible
environment,

4.2 IMPORTANCE OF ISSUE

Many radionuclides can form rather insoluble compounds, as well as
solution complexes, with components of basaltic gruundwaters. Precaipita=-
tion of stable solid phases will lower the concentration of radionuclides
in the groundwater; on the other hand, formation of aqueous complexes will
tend to increase the concentration. Thus knowledge of the solubility of
compounds can provide the first step in the assessment of amounts and rates
of release of radionuclides from an underground facility. These studies
may show that some nuclides could be so insoluble that, with a slow rate
of groundwater movement, no other retardation would be required. Knowledge
of solution species will also help to define the sorptive properties of the
host rock and engineered barrier.

The identities and solubilities of compounds formed by radionuclide:
will depend on the oxidation states of the radionuclides, the redox proper-
ties of the groundwater and surrounding rock and engineered barriers, and
the nature and concentrations of precipitating ions and complexing ligands
in the groundwater system. Therefore, in order to predict the chemical
behavior of the radionuclides, it 1s essential to obtaan representative and
uncontaminated samples of groundwater at the depth of the proposed repository
and along possible flow paths intersecting the repository. A complete
characterization of these waters, including both chemical composaition, pH,
+«nd redox behavicr, i1s needed to predict possible stable solid phases ai. 1
golution complexes of the radionuclides of interest. Because temperature



affects chemical equilibria and reaction rates, the effects that increases
in repository temperature will have on the chemical composition and redox
properties of the groundwater-host rock system must be known. Separate
but related problems requiring study are the change in groundwater
character with time and the effects of excavation and construction of the
repository on the groundwater properties.

Knowledge of the nature and solubility of radionuclide compounds
likely to form under existing groundwater conditions at the repository
site and under conditions of elevated temperatures is essential for
predicting radicnuclide release rates. To obtain this information, it
will be necessary to identify precipitates that form under the expected
groundwater conditions and to either measure their solubilities or
demonstrate that sufficient verified thermochemical data are available to
calculate that information with confidence.

The significance of this issue is reflected in several sections of
10 CFR Part 60.

1. Section 60.11(a) requires assessment of the site characterization
program with respect to investigation activities that address the
ability of the site to host a repository and isolate radioactive
waste.

2, Section 60.21(c) requires that the Safety Analysis Report contain
an analysis of the geochemical aspects of the site that bear
significantly on its suitability for disposal of radiocactive
waste.,

3. Section 60.21(a) indicates that the Commission must detemmine
whether the DOE has adequately described the geochemical charac-
teristics of the proposed site prior to construction authorization.

4. Section 60.111(b) requires that the geologic repository and each
of its components satisfy specific requirements related to rates of
release of radionuclides.

5. Section 60.122 specifies geochemical conditions that may be
considered favorable in their effects on the ability of the
site to meet performance objectives.

6. Section 60.123 specifies geochemical conditions that would have
potentially adverse effects on the ability of the site to meet
performance objectives.

7. Secticn 60.132 specifies additional design requirements for the
underground facility that will provide control of radionurlide
releases and migration.
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The issue of the solubility of radionuciides is related to the
following sections of 10 CFR Part 60: 60.11 (a); 60.21 (c) (1), (3);
60.31 (a) (1) (1); 60.111 (b) (1), (2) (i1), (3); 60.122 (d), (h) (1),
(2); 60.123 (a) (8), (b) (13), (14); 60.132 (a) (2).

4.3 SITE CHARACTERIZATION METHODS

4.3.1 Characterization of Groundwater

In order t, predict the nature of possible precipitates and solution
species of radionuclides likely to form in groundwaters, it as necessary
to know the chemical composition, pH, and redox properties of represent-
ative and uncontaminated groundwater samples. A detailed chemical analysas
of major and trace components is necessary. An analysis for particulates
in groundwater must also be made to ensure that radionuclides will not be
transported by particulates present in the water. Because many radio=-
nuclide metal i1ons form insoluble compounds and solution complexes with
the anions of typical groundwater (e.g., hydroxide, sulfide, sulfate,
carbonate, phosphate, silicate, chloride, fluoride, and nitrate anions
(Katz and Seaborg, 1957)), the identities and concentrations of ground=-
water anions are needed. The radionuclide anions selenide and iodide can
form insoluble compounds and agueous complexes with several of the heavy
metals (e.g., Fe, Ma, Ni, Co, Cu, Ag, Hg, and Pb (Weast, 1977)) found at
trace levels in groundwaters at the Hanford site; therefore, trace element
concentrations should be determined. In addition, mixed compounds con-
taining radionuclides and major groundwater cations may form (such as
Ca(U02),(H28104)3); thus concentrations of the major cations should
be measured.

The oxidation states of the wae* radionuclides will determine the
nature of the precipitates likely to form, and the solubilities of these
compounds will in part determine solution concentrations. In order to
predict these oxidation states, knowledge of the redox properties of the
groundwater-host rock system is required. The pH must be known because
solubility and adsorption are functions of PH. Experiments to determine
the likely pH in the thermally disturbed zone should also be undertaken.

A rather complete characterization of groundwater will be required
as an aid in resolving hydrologic issues, as discussed in Section 2.7.3.1.
These data will be used in determining the effects of excavation and con=-
struction of the repository on the site properties, in estimating past
and future groundwater compositions, and in predicting sorptive interac-
tions of radionuclides with the geochemical environment. The chemical
analyses of the groundwaters required for resolution of these issues will
nomally inclide measurements of the components needed for resolution of
the issues under discussion here. Sampling and analyses should be coordi=-
nrated to meet the data needs of both the hydrologic and the geochemical

issues.
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4.3.1.1 Groundwater sampling

A representative, uncontaminated sample is needed of the groundwater
that will contact the waste form after loss of canister integrity. It is
assumed that contamination resulting from chemical processes occurring
within the engineered barriers can be accounted for. If the groundwater
system 1s at a steady state with regard to chemical processes, then
samples taken immediately "upstream” from the repository are sufficient
for characterization. If, however, compositiconally different waters occur
far upstream from the repository and may be expected to reach the reposi-
tory at the time of loss of canister integrity, then it will be necessary
to sample those waters and, in addition, account for potent:ial changes in
their compositions due to chemical reactions that will ocecur along the
flow path extending from their present locations to the repository site.

Contamination can occur by the introduction of a foreign substance
during the drilling process, by the artificial mixing of groundwaters
during and after drilling, and by the loss or introduction of chemical
components during sample recovery.

Downhole samples are especially susceptible to contaminationa from
drilling muds, detergents, grease, lubrication fluids, and grouting
materials. Nonadsorbing tracers should be added to the drillang fluid
in order to measure the level of contamination in a groundwater sample.
Tritium 1s commonly used as an indicator of contamination (La Sala and
Doty, 1971); stable isotopes have also been used (Fritz et al., 1978),
and the ure of fluorocarbon compounds, miscible with water, has been
suggested (Apps et al., 1979).

The mixing of different groundwaters prior to sampling 1s a common
problem (Newcomb, 1972; La Sala et al., 1973; Apps et al., 1979). The
consequences of this problem can be severe i. terrs of groundwater
characterization. Not only is the composition of a "mixed water"
obtained, but precipitation or dissolution of solids can occur as a
result of the mixing, thus causing changes in concentrations of chemical
species dissolved in the aqueous phase.

A sample taken at depth and brought to the surface undergoes changes
in pressure and temperature during recovery. These changes can lead to
exchange of gaseous components between the sample and the surrounding
atmosphere. Such changes can, in turn, lead to changes in pH (CO,
exchange), changes in the redox state of the system (Oj, CHyq, H3S
exchange), and changes in the amounts cf dissolved solids (precipitation
and dassolution of solids).

Several methods are available for reduction of sample contamination.
To minimize contamination during drilling, the use of air instead of
conventional drilling fluids is highly recommended. This procedure has
been used successfully in drilling several deep holes at the Nevada Test
Site. If conventional drilling fluids are used, hydrologic testing and
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groundwater sampling in previously contaminated boreholes generally
require time-consuming, expensive cleanout procedures. Estimates of the
time necessary to remove contaminants from the rock surrounding a borehole
have been made by Apps et al. (1979). The estimates assume contamination
inflow at a constant head difference of 75 m into the formation and
removal by swabbing at a constant head difference of 1000 m into the well.
Figure 4.1 from Apps et al. (1972) shows the number of invasior volumes
(volume of dralling fluid that invaded the formation during drilling) that
must be removed by swabbing as a function of time. It may not be unusual
for 20 invasion volumes to be removed before the water is sufficiently
clean for geochemaical sampling. Assuming that the sampling zone was
exposed to drilling fluid contamination for one month during drilling, it
would take about 45 days of constant swabbing to remove 20 invasion
volumes and produce an acceptable sample under the above assumptions.

There are three drilling and sampling methodologies that can be
employed to minimize contamination due to the mixing of groundwaters:
(1) the well can be drilled to completion and adjustable packers can be
set above and below each aquifer of interest; (2) the well can be drilled
in a discontinuous fashion each time a new aquifer 1s penetrated, after
which the top of the aquifer can be sealed with a packer and the aquifer
pumped until an uncontaminated representative sample is obtained; (3) a
nest of wells can be drilled, each well being bottomed in a different
aquifer. Methods 2 and 3 afford the least potential for contamination and
are recommended. However, it should be noted that Method 3 can be quate
costly and time consuming. Method 1 is most commonly used, but has often

been shown to lead to a significant amount of aquifer mixing (La Sala and
Doty, 1971).

To insure that a representative sample of groundwater 1is obtained
from a borehole, the groundwater should be pumped and parameters such
as conductivity, pH, temperature, and dissolved oxygen (all of which carn
be measured potentiometrically) should be measured in a semicontinuous
fashion until steady-state conditions are achieved. Samples should then
be taken and analyzed for a wider variety of ions and stable isotopes at
discrete points in the pumping process until the investigator is reason-

ably assured that a representative sample of the aquifer under study has
been obtained.

To minimize problems associated with changes in pressure and tempe r-
ature during the recovery process, several procedures should be adopted.
The sample should be immediately analyzed (at the well head) for dissolved
gas content, alkalinity, pH, and redox state. To decrease the possibility
of precipitation, the sample should be diluted with ultrapure, deionized,
distilled water. The addition of ultrapure nitric acid can also be used to
avoid precipitation. However, tne possibility exasts for dissolution of
suspended colloidal-sized clays. Filtration with 0.10-km filters can
manimize this possibilaty (Kennedy et al., 1974), although it may be
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necessary to subject the sample to ultracentrifugation followed by examin-
ation of the aqueous phase with a nephelometer to completely avoid the
problem. 1In any case, the sample should be centrifuged and shown to be
free of detrital material prior to chemical analysis, even if field
acidification has not been accomplished. 1If significant loss of dissolved
gases has occurred during transit up the well, it will be necessary to
collect dissolved gases with a special downhole sampling device and
determine their amounts and compositions (e.g., see Truesdell and Nehrang,
1978).

During excavation of the repository, horizontal boreholes should be
drilled for groundwater sampling. Such a system has several advantages
over surface sampling of vertical boreholes: the boreholes may be self-
cleansing, thus providing an uncontaminated sample of groundwater; and
field collection and analysis can be performed under ambient conditions.
In addition, the flow distance to the sampling point from the original
locations of the fluid should be much smaller than the flow distance of a
well; therefore, loss of dissolved gases is minimized. Finally, cross-
aquifer contamination can be entirely avoided.

In summary, an adequate sample of groundwater can be obtained if care
is taken to minimize the various sources of contamination. Existing sampl=-
ing methodologies should be sufficient for this purpose. If collection is
done at depth in the repository itself, it would be advisable to set up a
laboratory in the test facility and perform as many analyses as practi-
cable immediately upon sampling. The laboratory could include facilities
for determining effectiveness of various filter sizes and for monitoring
elemental composition of the flowing fluid by atomic absorption spectroscopy
to insure a representative sample.

4.3.1.2 Analytical methods

4.3.1.2.1 cChemical analyses

A number of analytical methods are available for determining the
concentration of major and trace elements, as well as anions, in water
samples. They include neutron activation analysis, fluorimetry, emission
spectroscopy (particularly inductively coupled plasma), atomaic absorption
spectroscopy (both flame and nonflame), atomic fluorescence spectrcscopy
(flame, oven, and x-ray) and wet chemical methods (gravametry, titration,
electrometry, and ion-exchange chromatography). Since the utility, detection
limits, and reliability of the various methods differ fo- different elements,
no single method can be recommended for a complete chemical analvsis of a
water sample. Generally speaking, spectroscopic and neutron activation
techniques are used in combination for major and trace metal analysis,
and wet chemical methods are used for anion analysis. The choice of
methods usually depends on the instruments that are available and on the
components to be measured. The analytical methods listed above are well
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established and the procedures, advantages, limitations, and precautions
have been discussed in a number of publications (Ellis et al., 1968; Brown
et al., 1970; winefordner, 1976; Wood, 1976; Pinta, 1978). The chemical
analysis should include the measurement of at least the following components
in addition to pH and temperature: B, Li, Na, Mg, Al, K, Ca, Sc, Fe

(Fe?*, re3*), mn, Ni, 2n, Co, Cr, Cu, Sr, Mo, Ag, Cd, Sn, Cs, Rb, I,

Ba, La, Ce, Pr, Nd, Pb, Th, U, F, Cl, Br, SO4, S, NO3, PO4, HgSiO4,

CO3, organic contaminants, and the gases CHgq, O3, N3, CO3, He, and Ar.

Precision and sensitivities of analytical techniques have increased
to such an extent in recent years that the weakest links in the analysis
are the procurement of uncontaminanted samples and the subsequent handling
and preparation of samples. Therefore, certain precautions should be
observed and certain procedures followed to insure reliable results
(Brown et al., 1970; Ellis et al., 1968; Wood, 1976).

A sufficient number of rerlicate samples should be analyzed to establish
the consistency of sample preparation and the accuracy of measurements.
Because discrepancies between different analytical methods for some elements
at low concentrations arise from differences in sample preparation techniques,
it 1s desirable to analyze for some elements by two or more alternative
methods. For example, in reporting the results of analyses of waters from
the Hanford area, Apps et al. (1972) showed that analyses by neutron activa-
tion and x-ray fluorescence tend to yield higher values than analysis by
atomic absorption. The difference was attributed to the fact that the former
methods analyzed for both dissclved and colloidal or suspended material while
the atomic absorption method, which employs a preliminary solvent extraction
step, measures only the dissoived species. The particular measurement to
be made will determine whether the samples require filtration. However,
the adequacy of the filtration cto separate solid and solution phases, or
the degree to whi:h the analytical method is sensitive to suspended
solids, should be determined.

Several measurements should be made in the field at the time of
sampling. Temperature measurement is, of course, one. Furthermore,
laboratory measurement of the pH of a water that is only slightly buffered
and not at equilibrium with the atmosphere may differ from measurements
made at the time of collection; the difference may be due to loss of
dissolved gases, absorption of COp; or laboratory fumes, or deposition
of salts from solution (Brown et al., 1970). Carbonate and bicarbonate
measurements on groundwaters are particularly subject to changes if samples
are collected and stored in containers that may be permeable to Coj
(Wwood, 1976). Hydrogen sulfide gas 1s readily lost from neutral or acid
solutions, but in alkal_ne solutions the rate of oxidation of sulfide by
air is very rapid (Ellas et al., 1968). Samples should be taken with a
mirimum of aeration and stirring and analyzed for pH, carbonate/bicarbonate,
«nd sulfide in the field within minutes of collection.
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Checks should be made to test the internal consistency of the analyses.
These checks should include tests of chemical and electrical balance, re-
conciliation of alkalanity titrations with CO2 measurements and pH,
and reconciliation of solution composition with the nature of the contacting
geologic media. However, these tests prcvide only approximate indications
of the validity of the analyses. Large deviations can indicate a large
error in one or more of the determinations, but consistency is not con=
clusive proof that each determination 1s accurate.

4.3.1.2.2 Redox measurements

An important parameter that must be considered in the study of multa-
valent radionuclides, e.a., Tc, U, Np, and Pu, 1s the oxidatiun-reduction
potential (Eh) of a groundwater. Eh controls the chemical reactions in
which eiements undergo a loss or gain of orbital electrons and thus change
their valence state. Eh may also affect univalent radionuclides that are
sensitive to Eh. Eh has been considered to be a direct indicator of the
redox state of a rock-water system and to be a master variable analogous to
pH. However, the ability of Eh measurements to accurately descraibe the
redox properties of natural waters has been questioned (Stumm, 1966;
Morris and Stumm, 1967). Oxidation-reduction related reactions in natural
systems are frequently irreversible and not at equilibrium, so that
measured Eh 1s often a mixed potential resulting from several redox
reactions that may not readily ccuple with each other. A meaningful Eh
cannot be defined for such nonequilibrium systems. However, although true
equilibrium may not be achieved, partial equilibrium may be approached in
many cases, and a metastable system may exist for which a working redox
potential can be related tr certain redox couples.

The Eh of water samples 1s frequently measured with a noble metal
(usually platinum) electrode and a reference electrode system using a
sensitive voltmeter. This type of electrode measurement of Eh for geologic
purposes 1s beset with a number of experimental problems and limitations
(Stumm and Morgan, 1970; Langmuair, 1971; Morris and Stumm, 1967; Benson
et al., 1980). Direct measurement of Eh values for natural waters involvesz
complex theoretical and practical problems in spite of the apparent
simplicity of the electrochemical technigues. Detailed quantitative
interpretation 1s unjustified in most cases. The results of most experi-
ments with electrode measurements of Eh values described in the literature
lead to the conclusion that the measurement provides, at best, qualitative
results (Stumm, 1966; Morris, and Stumm, 1967; Wood, 1976; Thcrstenson and
Fisher, 1979). Therefore, Eh measurements by electrodes alone should not
in general be relied upon to predict the oxidation states of radionuclides
that can exhibit multiple valence states under groundwatar conditions.

In theory i1t is possible to evaluate the redox potential in natural
waters by determining the relative concentrations of members of some cr all
of the redox couples in the system. Nommally, only a few elements are major
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participants ir redox reactions in natural waters, 1.e., C, O, N, S, Fe, and
Mn. The potential generated by a couple 1s related to the activities of the
components through the Nernst equation,

RT (oxidized state)
= FO 4 ==
o=s nF in (reduced state) '

where
E® = the standard potential of the half-cell reactaion,
R = the gas constant,
T = the absolute temperature,
F = the Faraday constant,
n = the number of electrons involved in the half-cell reaction.

After measuring the concentraticns of appropriate components of the
couples that are contr.lling the solution redox properties, e.g.,

+ - 2= 2+ 3+ 2+ 4+
CHq = COp, H20 = 03, NHg = NO3, S8°° - S04, Fe' = Fe” , and Mn“ = mMn" ,
an Eh value can be calculated for each couple. A single Eh value can be
assigned to the system if the calculated Eh values for the couples are
in reasonable agreement. Thorstenson and Fisher (1979), for example, have
analyzed waters from several wells in the Fox Hills=-Bosal Hill Creek aquifer
region. Redox potentials calculated froam the components of the couples

Hs - 803: CH4 = COy, and NH; = N2 agreed to within about 50 mv,

indicating that the redox reactions approached, but probably did not
achieve, true equilibrium. The calculated values are about 200 mV more
negative than the Eh values measured with a platinum electrode. Thus Eh
values calculated from the concentrations of the components of the major
couples can be used to estimate the redox level of water samples, but may
not be reliable in all cases. Such measurements can at least provide
limits on the Eh-pH range of the water. Reliability of this method will
depend on the particular system and will require verification. In any
case, the method i1s useful for identifying the controlling redox reactions.

At this time, mathods for determining the redox potential of ground-
water are neither sutficiently reliable nor sufficiently accurate for the
prediction of oxidation states of multivalent radionuclides in the ground=-
water system. Therefore, it may be necessary to determine the oxidation
states by direct measurement, either in situ or in very closely related
laboratory experiments., This process can be difficult and time-consuming,
but there may be no viable alternative. For the initial site characteriz-
ation study, an attempt should be made to obtain the necessary data on the
groundwater composition to calculate Eh values for the major redox cCuples.
If these values are reasonably self-consistent, it may only be necessary
to verify the result by direct measurement of the oxidation states of a
few selected multivalent radionuclides.
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Other possible methods for estimating the redox po:iential of water
samples need further development. Organic dyes that exhibit one color in
the oxidized state and another in the reduced state (Zobell, 1946) have
been used in estimating the redox potential of systems by colorimetric
methods. For example, Bondietti has used indigo carmine as an Eh indicator
in studies of the oxidation states of Tc (Bondietti, 1979). Moreover,
certain fluorescent dyes, such as triamylmethane and thiozinyl, lose their
fluorescence reversibly at particular redox potentials. The fluorescence
intensity of such a dye is thus a redox indicator. A combination of dyes
may ba used to cover the Eh range of interest. This is a particularly
interesting technique to explore from the point of view of monitoring of
Eh in the field.

4.3.2 Determination of Solubility

Two different approaches can Le taken for determining the effect
of formation of insoluble compounds on solution concentrations of radio-
nuclides. One method is to calculate solution concentrations from avail-
able thermochemical data on solubility product constants and solution
complexation constants. The other method is direct measurement.

In order to predict solution concentrations of radionuclides in a
repository-groundwater system, the identities and solubilities of the solid
phases and identities of the solution species likely to form under geologic
conditions are needed. Solubility product constants alone are usually not
sufficient to predict solution concentrations because the formation of
hydrolysis products and other complexes increases apparent solubilities.
For example, one can predict the concentration of the ion Uoi* in equili=-
brium with solid Uoz(OH)z'Hzo from the solubility constant,

. i » = 2+ =
Uoz(OH)2 H20(Solld) + 2H UO‘ * 3H20, log X 5.40.

However, uog’ is a minor solution component in the pH range of natural

systems, and the fommation constants for the following hydrolysis reactions
are needed (Lemire and Tremaine, 1980):

Uoi' +H0 = uoz(om+ +u
uoz* + 200 = uoz(oa); + 20"
zuog* + 20,0 = {Uoz)z(ou)g* +2u°
Juo§+ +4H0 = (UO,), (oM + an”
3uo§* + 5H0 = (UOz)J(OH); + 5H°
Juog+ + THO = (UO,) (OH); + TH'

2+ + +
0° + THoO = (U0,) ,(OH), + 7H

4u - 2
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All of these equations must be solved simultaneously in order to calculate
the concentrations of the individual solution species, since they can
occur together in solution. In addition, if other sulution complexes are
present, they must be included. For example, 1f carbonate is present in
the uranium system, reactions involving the carbonate complexes of uranyl
must be included, i.e.,

2+ 2- g
UO2 » CO3 002C03

2+ 2= 2
002 + 2co3 Uoz(c03)2

2+ 2- 4~
UO2 4 3C03 UOZ(CO3)3

The formation of insoluble phases and their equilibria with solution
specles are much more complicated processes in the natural systems than in
the homogeneous solutions nommally encountered in the laboratory. Since the
waste radionuclides would most likely be present at low concentrations in
the contaminated groundwaters, it is reasonable to expect that they would
behave in a manner similar to other trace elements. Trace elements usually
occur in nature as mixed cationic compounds, as solid solutions with mineral
phases formed by more abundant elements, and as precipitates that form along
with those of more abundant elements. Unfortunately, complete thermochemical
information on such reactions does not exist for any of the waste radio-
nuclides in natural systems. Therefore, it 1is not possible at present to
calculate the course of such complicated reactions for these radionuclides.
In situ experiments with the waste nuclides to obtain the necessary themmo~-
chemical data would be extremely difficult, if not impossible, to carry
out; indeed, such measurements have seldom been done for even the trace
elements usually occurring in natural waters. What can be done more readily
is to consider the solubilities of simple or pure compounds of the waste
elements that can form with groundwater components under conditions of
temperature, Eh, and pressure characteristic of the repository environment.
That this is a reasonable approach can be seen from thermodynamic con=
siderations: compounds or minerals of higher free energy tend to convert
to compounds or minerals of lower free energy; i.e., solid phases will
continuously chenge to phases having lower solubilities. Thus, in
principle, upper limits to radionuclide solubilities could be established.
Unfortunately, there are no thermochemical data on even simple compounds
and complexes of many of the important radionuclides, e.g., carbonates,
phosphates, and silicates of Np, Pu, and Am. Very few data are available
on any chemical species at elevated temperatures.

The second approach for determining the effects of the formation of
insoluble compounds on solution concentrations of radionuclides is direct
measurement of the solution concentrations as functions of the initial
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radionuclide concentration over the range of solution compositions,
temperature, Eh, pH, and other parameters expected for the groundwater
system in the vicinity of the repository. Present technology does

not allow such experiments to be conducted in situ, and the actual
groundwater-rock system cannot be adequately simulated in the laboratory.
An additional problem with this approach is that fundamental thermochemical
data would not be obtained to extrapolate to possible future conditions of
the repository system beyond the range of parameters studied. Careful
characterization of the solid phases and solution species produced in such
solubility measurements would greatly enhance the utility of the inform=-
ation for predictive purposes. Characterization of solid phases, e.g., by
x-ray crystallography, would present no particular problems. However,
characterization of solution species, i.e., hydrolysis products and other

complexes, at solution concentrations of 10.8 to 10-12 M associated
with very insoluble compounds, will require further research to resolve.

4.3.2.1 Solubility measurement methods

Measurement of the solubility of a compound in aqueous solution
involves basically the following steps: formaticn or preparation of the
solid phase, characterization of the solid phase, separation of the solid
and aqueous phases, and analysis of the agueous phase for the dissolved
species. Although this appears to be a straightforward procedure, certain
precautions should be observed for reliable results. The most commonly
used method for determining solubility consists of the following steps.
The compound is first prepared by some standard procedure. After the
material is characterized, an excess of the solid is placed in contact
with an aqueous solution of the appropriate composition. Some of the
solid phase dissolves, and the system is allowed to come to equilibrium
before the aqueous phase is analyzed for the concentration of the element
of interest and the precipitating counter-ion. From the concentrations, a
solubility product can be calculated.

A second, but less commonly used method involves the preparation
of an aqueous solution containing both the element of interest and the
precipitating counter-ion at concentrations that produce a supersaturated
solution with respect to precipitation of the compound. Again, the system
is allowed to come to equilibrium and th: aqueous phase analyzed.

For reliable results, it should be demonstrated that equilibrium
has been achieved in solubility measurements. The most rigorous method
of demonstrating that a solubility experiment has reached equilibrium is
to approach eguilibrium from both undersaturated and supersaturated condi-
tions, i.e., a combination of the two methods discussed above. The value
of the solubility product constant should obviocusly be the same in both
cases. However, this method of demonstrating equilibrium is seldom used.
More frequently, the concentrations of the components of the solution are
measured as functions of time using either one or the other of the pre=-
paration methods described above. When the concentrations remain constant
for several weeks or months, it is assumed that equilibrium has been
established.
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4.3.2.1.1 Characterization of solid phase

Tareful characterization of the solid phase used in making a solubility
det rmination is of utmost importance, but is frequently omitted. When
using a compound prepar~d under one set of golution conditions to measure
solubility under a different set of solution conditions, it cannot be
automatically assumed that the prepared compound is the controlling solid
phase without confirmation. In complex aqueous solutions such as ground-
waters, a second, more stable solid phase may form that could control the
solubility of the element of interest. Moreover, when preparing a sparingly
soluble compound according to an established procedure, the exact composi-
tion and structure of the solid will vary depending on a number of factors,
including kinetics, temperature, solution concentrations, and age of the
precipitate. Furthermore, the solid phase may change from an "active" to
an "inactive" form during the course of the experiment, i.e., a free-energy
change is associated with the conversion of an amorphous or finely divided
crystal precipitate into a well-crystallized solid. The active form of a
precipitate consists of very fine crystals with disordered crystal
lattices. Such a precipitate may persist in metastable equilibrium with
the solution and may be converted only slowly into a more stable and
inactive form (Feitknecht and Schindler, 1963; Stumm and Morgan, 1970).
Measurements of the solubility of "active" forms give solubility products
that are higher than those of the inactive forms (Zimmerman, 1952; Baes
and Mesmer, 1976), and would provide data relevant to a worst-case analysis.

Finally, the particle size of the solid phase is a factor in deter-
mining the solubility of a compound. Because the equilibrium concentra-
tions of dissolved products decrease as the average particle size increases,
special precautions on this point are sometimes needed (Zimmerman, 1952;
Baes and Mesmer, 1976).

From these facts, it follows that determination of the solubility
product should be accompanied by a characterization of the solid. X-ray
diffraction i{s recommended for the characterization, and can be acccompl ished
with microgram amounts of material. Crystal structure and stoichiometry can
usually be determined by this method if a sufficiently large single crystal
is available. Frequently, only a finely divided crystalline precipitate
is available, and characterization is made by comparison of powder patterns
with those of known compounds of chemically related elements. Through
this method, conclusions can be drawn as to the chemical activity or
degree of crystallization of the precipitate from broadening of the lines
(Feitknecht, and Schindler, 1963). Amorphous precipitates cannot be
analyzed by these means, and characterization is made through elemental
analysis of the solid. Although this type of analysis can often identify
the nature and stoichiometry of the solid phase, it provides no structural
information, and hence no information on the active form of the solid.
Elemental analysis usually requires milligram amounts of material, which
may not be available during site characterization studies.
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Techniques for the characterization of small amounts of precipitates
adsorbed on surfaces, as might be the case in natural systems, are not
generally available.

4.3.2.1.2 Separation of solid and solution phases

The compounds of many of the long-lived radionuclides that are likely
to form in natural systems are very insoluble, and very low solution con=-
centrations of the radionuclides would be expected, e.g., 10~8 to 10-12 y,
However, these radionuclides can form colloidal suspensions which, if
included in the analysis of the solution phase, could lead to large errors
in the solubility measurement. The separation of solid and solution phases
is an important step in the analysis.

The techniques most often employed for separating the solution and
solid phase in solubility studies include (1) gravitational settling, (2)
centrifugation, (3) filtration, or a combination of the three methods. 1In
the first method, the so0lid phase is simply allowed to settle for an
extended period of time before a portion of the aqueous phase is withdrawn
for analysis. This method could allow suspended or colloidal material to
be withdrawn as well. In the case of centrifugation, rarely i1s a discus=-
sion given of the minimum time or revolution speed needed to achieve
adequate separation, nor is a verification of the effectiveness of the
separation made. Finally, filtration is often used as a final or single
separation step. Few studies report effects of pore size or filter
material. However, increasing use is being made of two or three filters
with decreasing pore sizes in the range of 0.4 to 0.15 Um to filter the
same sample. Constant concentrations of the components passing each
filter are taken as verification of effective separation. However, there
is some evidence that the filters themselves may at times adsorb soluble
species from solution and that different materials and different filter
constructions behave differently in this respect (Polansky and Baer,
1977). No systematic studies or comparisons of these three methods were
found in the literature.

4.3.2.1.3 Analysis of the agueous phases

A number of analytical methods are available for determining the con-
centrations of the dissolved species. The particular method to be used
depends on the element and its expected concentration. Since the radioc-
nuclide concentrations may be quite low, rather sensitive methods need
to be employed. In the past, the most commonly used methods included
radiochemical technigues, potentiometry, polarography, colorimetry, and
atomic absorption spectroscopy. Generally speaking, these methods are
aequate for concertrations in the range of parts per million. More
recently, neutron activation analysis, emission spectroscopy, and fluo=-
rescence spectroscopy have lowered the sensitivity range to parts per
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billion. All of these methods are well established, and their advantages
and limitations have been discussed in detail (Winefordner, 1976; Pinta,
1978). Very recently, enhanced stripping voltammetry (Nurnberg, 1977) and
laser fluoreecence spectroscopy (Perry et al., 1981) techniques have
lowered detection limits for rany elements to a few parts per trillion;
these methods, however, are still in the developmental stage.



103

5. PHASE TRANSFORMATION OF FRACTURE FILLING MATERIALS

5.1 STATEMENT OF ISSUE

The retardation of radionuclide transport by natural geologic materials
contributes in an important way to the safe disposal of nuclear waste in
a4 repository designed on the multiple barrier approach (Smith et al.,
1980, p. 2-6). In the event that radicactive wastes escape the canister and
engineered barrier regions, the host rock must provide an effective
barrier to transport of the wastes to the accessible environment. In the
Hanford basalts, transport would occur in groundwater flowing principally
within fractures. The rate of flow of the groundwater would be affected
directly by the effective permeability of the fractures, and particularly
by the permeability of any material contained in the fractures. Further,
the rate at which dissolved radiocactive materials move relative to the
groundwater flow rate could be affected by the kind of materials that fill
fractures. For example, highly sorptive materials could significantly
retard the rate of transport of dissolved materials relative to the
groundwater flow rate. An assessment of the ability of a repository to
meet radionuclide release standards depends, in part, on the ability to
predict the nature and magnitude of the effects of changes that may occur
in fracture filling materials as a result of the construction and operation
cf a repository.

5.2 IMPORTANCE OF ISSUE

Fracture systems in the vicinity of a repository may result from
either naturally induced processes (thermal cooling, local or regional
tectonics) or artificially induced processes (repository construction,
waste emplacement). Thermal gradients generated by a repository may
create changes in the physical properties of the host rock and thereby
affect the geometry and permeability of the fracture system. Thermal
conditions can produce interactions between the rock and groundwater,
leading to dissoclution, precipitation, and phase transformations of
minerals adjacent to the fractures; and subsequent radionu~.ide migration
may be affected. For example, the dissolution of fracture filling material
may lead to increased permeability of the host rock and er'.anced ground-
water migration; conversely, the precipitation of secondary phases may
lead to fracture and vesicle sealing. Phase transformaticns that change
the mechanical properties of the fracture filling materials will also
affect the mechanical properties of the host rock. For example, the
elastic characteristics of the rock mass may change, and so may the shear
strength of the fractures.

Hydrothermal alteration involves both in situ and mass-transport
processes. For example, in the Umtanum flow basalt in the Pasco Basin,
thermally induced in situ phase transformations, including dehydration and
cation-exchange reactions of smectites and zeolites, are manifested as
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layers of secondary minerals lining fractures and vesicles (Teague, 1980).
Thermally coupled dissolution and precipitation reactions involve the
aqueous transport of ions. In the Umtanum flow, this occurs between the
overlying porous flow=-top breccia and the denser colonnade and entablature
zones (Noonan et al., 1980).

Present knowledge allows identification of reasonable limits to the
mineralogical effects of hydrothemmal processes induced in the Umtanum
basalt by repository conditions. These effects will be influenced also by
chemical compositions of the basalt and the associated groundwater. Within
these limits are certain characteristic phase changes in the secondary min-
eralogy that may affect permeability, sorptive properties, compressibility,
and strength of fracture fillings. Changes in these properties may have
either positive or negative influences on the performance of a waste
repository, depending on the magnitudes and directions of the changes
relative to prerepository conditions. Thus site characterization to
resolve this issue should include not only identification of existing
conditions of fracture fillings, but also assessment of the kinds and
magnitudes of changes caused in fracture fillings by repository=-induced
hydrothermal processes.

The significance of this issue is reflected in several sections of
10 CFR Part 60.

1. Section 60.11(a) requires assessment of the site characteri-
zation program with respect to investigation activities that
address the ability of the site to host a repository and isolate
radiocactive waste.

2. Section 60.21(c) requires that the Safety Analysis Report contain
an analysis of the geochemical aspects of the site that bear
significantly on its suitability for disposal of radiocactive waste.

3. Section 60.31(a) indicates that the Commission must determine
whether the DOE has adequately described the geochemical charac-
teristics of the proposed site prior to construction authorization.

4. Section 60.111(b) requires that the geologic repository and
each of its components satisfy specific requirements ralated
to rates of release of radionuclides.

5. Sec ion 60.122 specifies those geochemical conditions at the
8i that may be considered favorable in their effects on the
ab..ity of the site to meet performance objectives,

6. Section 60.123 specifies those geochemical conditions that would
have potentially adverse effects on the ability of the site to
meet performance cbjectives.

7. Section 60.132 specifies additional design requirements for the
undergrcund facility that will provide control of radiocnuclide
releases and migration.
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5.3 HOST ROCK GEOCHEMISTRY

5.3.1 Geologic Setting

The Umtanum flow has been identified as a candidate horizon for
studies of the suitability of the Hanford Reservation as a site for
construction of a nuclear waste repository (Deju, 1980b, p. 16). This
flow is located 900 to 1000 m below the surface in the Grande Ronde
Formation and is composed of both highly and moderately vesicular aphyric
basalt. The intraflow structure consists of an upper flow-top breccia
Zone, an upper colonnade and entablature, and a basal colonnade. The
breccia zone, comprising about 20% of the member, is composed of roughly
equal proportions of nonoxidized vesicular basalt and massive nonvesicular
basalt fragments set in a locally palagonitic matrix. The presence of a
palagonitic matrix in this zone suggests a mode of formation that included
a flooded flow surface and subsequent rapid chilling (Goff, 1981). The
matrix of this porous upper zone is characterized by sigrnificant alteration
to secondary mineral phases. The degree of alteration has been associated
with local groundwater dissolution (Noonan, et al., 1980). Textural
analyses of the Umtanum units indicate the absence of dissolution features
in the colonnade and entablature, and preferential dissolution seems
confined to the upper breccia zone, a result of its porous palagonitic
matrix (Deju, 1980b, p. 44; Noonan, et al., 1980). As a result, the
denser upper colonnade and entablature have been used in all experiments
to test host rock properties. The upper colonnade can be distinguished
from the entablature by its coarser grain size and lesser amount of
groundmass. These textural differences are associated with distinct
differences in the chemical composition of the groundmass (Deju, 1980b,

« 45). Chemical analyses of the groundmass material indicate that
the colonnade is more fractionated and that it is characterized by higher
K20 and lower Najz0 and FeO contents. The precipitation of secondary
minerals that have been observed to seal fractures, wvugs, and vesicles in
the upper colonnade and entablature is being considered as a means of
radionuclide retardation through coprecipitation and/or sorption of the
radionuclides (Deju 1980b, p. 44). Reference outcrop samples from
Umtanum Ridge are nearly identical to samples correlated at depth in core
PC=2 for the Umtanum flow.

5.3.2 Primary Mireraloay

The Umtanum flow is a dense, black, aphyric tholeiitic basalt. It
is similar to other flows within the Grande Ronde Formation, which are
characterized by the absence of phenocrysts and a matrix or mesostasis
that consists of about 80% microphenocrysts and crystallites, 15% glass,
and 5-6% alteration products (Smith et al., 1980, p. 2-46). The crystal-
lized portion of the matrix is dominated by plagioclase (Angg=Ansgy),
augitic clinopyroxene, and titaniferous magnetite (28-32% TiO2) (Deju,
198Cb, p. 42). Accessory minerals include pigeonite, ilmenite, Fe-oxide
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apatite, calcite, and pyrite (Foundation Sciences, Inc., 1981, p. 4). The
Umtanum colonnade and entablature possess subtle textural differences that
can be related to their cooling histories. For example, the larger grain
size and euhedral rorphology of feldspar and pyroxene crystals in the
colonnade suggest a longer cooling history and more fractionated matrix.
However, the larger volume of groundmass and abundant microlites of
magnetite in the entablature also suggest a more rapid chilling of this
zone. These differences can affect the physical properties of the host
rock and contribute to uncertainties regarding rock strength and fracture
density/distribution characteristics (Myers and Price, 1979, pe 1I1I-97).
In contrast to the mesostasis, the primary minerals show no particular
adverse affects to thermal loading and have not been significantly

altered since igneous petrogenesis. Only the mesostasis or groundmass is
considered susceptible to alteration upon emplacement of radiocactive
waste.

Although no volumetric estimates of matrix material have been made
for the individual intraflow units of the Umtanum, an average bulk value
of 49% has been suggested (Foundation Sciences, Inc., 1981, p. 2=5). No
dissolution of the mesostasis is found to occur within the uper colonnade
and entablature; yet fractures and vesicles associated with these units in
the lower portion of the flow are filled and perhaps sealed with secondary
mineral phases. Ames (1980, p. 145) has estimated that 85% of all observed
fractures and vesicles are filled in DH-5 core samples.

5.3.3 Secondary Mineralogy

Secondary minerals are found primarily in the matrix of the upper flow-
top breccia zone and as fracture, vug, and vesicle fillings in the denser
colonnade and entablature units. The alteration sequence most commonly
observed is clay, clinoptilolite, silica, and clay (Benson and Teague, 1979,
p+ 4; Teague, 1980, p. 10). This paragenetic sequence is attributed to
long-term, low-temperature diagenetic conditions (Benson and Teague, 1979,
p. 19).

Smectite is the primary alteration product of glassy basaltic material
and occurs both as single and multiple layers of precip.tate in fracture
linings and cavity fillings. Single generations tend to be found with
fine~grained massive or spheroidal textures. Multiple generations usually
appear as morphologically and chemically distinct layers, commonly separated
by another mineral phase. Smith et al. (1980, p. 2-54) have reported the
following generalized chemical formula for smectites observed in Pasco
Basin basalts by Benson and Teague (1979), Ames (1980), and Teague (1980):

(Ca,Na)g, gp(Al,Mg,Fe3* ,Fe)g-¢(Si,Al)g022(0H)4.nH20
Chemical compositions vary primarily as functions of Si, Al, Fe, and Mg

substitutions. Ames (1980, p. 160) identified the smectite lining the
surface of fresh basalt as nontronite-beidellite. His compositional
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determinations were based on qualitative x-ray diffraction methods and
observations regarding the source terrain. The formation of nontronite
has been associated both with in situ hydrothermal alteration and surface
weathering of basalt (Weaver and Pollard, 1975, p. 77).

Clinoptilolite is the zeolite most commonly observed in secondary
mineral assemblages in Pasco Basin basalts. Although clinoptilolite
and heulandite form an isomorphous solid solution series, compositional
limits for the end members have been defined by Mason and Sand (1960, p.
341) and Mumpton (i960, p. 351) using silica/alumina racios and exchangeable
cation ratios. Benson and Teague (1979, p. 13) have unequivocally identi-
fied clinoptilolite as the primary zeolite phase from electron microprobe
analyses. Th