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Executive Summary

The Uranium Mill Tailings Radiation Control Act
(UMTRCA) mandates protection of groundwater
resources al sites associated with the milling of
uranium and thorium ores. Title 1 of this act
estublished the Uranium Mill Tailings Remedial
Action Program and made the US. Department of
Energy responsible for control of residual waste
materials and cleanup of contamination at several
specified inactive procesing sites. Title 11 requires
control of wastes at other commercial uranium and
thorium processing sites. Under UMTRCA, the
U.S, Nuclear Regulatory Commission (NRC) must
ensure that waste disposal and cleanup plans for
both Title 1 and Title I1 sites meet applicable
standards for groundwater protection,

Guidelines and acceptance criteria were developed
for use by NRC staff in reviewing certain aspects of
groundwater protection plans for uranium proc-
essing sites. The aspects of groundwater protection
covered in this report are 1) leaching and long-term
releases of hazardous and radivactive constituents
from tailings and other contaminated materials,

2) attenuation of hazardowvs and radi yactive con-
stituents i groundwater under saturated and unsat-
urated conditions, 3) design and implementation of
groundwater monitoring programs, 4) design and
consiruction of groundwater protection barners,
and 5) efficiency and effectiveness of groundwater
cleanup programs. The guidelines and acceptance
criteria are based on U.S. Environmental Protec-
tion Agency (FPA) standards in 40 CFR Part 192
and on NRC licensing requirements in 10 CFR

Part 40 Appeondix A. The EPA standards for insc-
tive, Title 1 sites are not yet final and are subject 10

change.

Disposal facilities must be designed to meet & site-
specific grouadwater protection standard. In most
cases, it must be demonstrated that the facility
design, together with natural site conditions, will
not result in specified hazardous constituents reach-
ing the “"point of compiiance” in the uppermost
aquifer for 1000 years. Both the long-term secpage
rate through the facility and the concentrations of
hazardous constituents in seepage must be deter-
mined. Uncertainty is introduced into the deter-
mination of seepage rate by factor 1 including

assumptions in operating conditions (i.e., saturated
or unsaturated flow), representativeness of samples,
and reliability of test methods. Additional |
uncertainty is imherent in predicting the
concentrations of hazardous constituents m secp-
age. Acceptance criteria were developed 1o ensure
that reliable methods and conservative assumptions

are used in prodicting long-term releases from the
facility.

Guidelines and acceptance crileria were also devel-
oped for reviewing attenvation processes applied in
performance assessments of uranium mill tailings
sites. Hazardous co 7 ¢ nts released from con-
taminated materials » transported by seepage
through the unsaturatea zone and, subsequently, by
groundwater flow in the saturated zone, During
transport, physical and geochemical processes could
contribute 1o the reduction of constituent concen-
trations  Physical processes that may reduce con.
stitnent concentrations 1@ groundwater inclade
ditution and radioactive decay. CGeochemical proc-
esses incluue precipitation, co-preapitation, and
adsorption. These processes mav be used in the
performance assessment of the disposal unit design
1o show that concentration limits at the point of
comphiance will be met for the design life of the
facility.

Groundwater monitonng programs are required al
uramum mill tailings sites to establish baseline
conditions, allow detection of released hazardous
constituents in the uppermost aquifer, ensure that
groundwater protection standards are met, and
evaluate the effectiveness of any required corrective
actions. Baschine monitoring requires that ade-
quate hydrogeologic information be provided con-
cerming the soil and geologic formations underiving
the proposed disposal site. The detection moni-
taring program 1s designed to deteat leakage of haz-
ardous constiments and provide data on back-
ground concentrations, Compliance monitoring
must ¢nsure that any statistically significant
exceedence of concentration hmits at the point of
comphance 18 detected. The need for remedial
action can then be identified. Acceptance eniteria
were developed for reviewing plans for these
various types of groundwater monitaring
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Executive Summary

Guidelines were also developed for reviewing the
usc of physical and geochemical barriers for
groundwater protection. Liners are required for
waste impoundments at some sites. Other types of
physical or geochemical barriers may also be useful
in the protection of groundwater resources,
Physical barriers act to impede the flow of secpage
or groundwater. Geochemical barriers consist of
material placed in the flow path of contaminants
that will react with and immobilize hazardous and
radioactive constituents.

At some processing sites, existing groundwater
contamination must be cleaned up. Review
gdelines aie given regarding the efficiency and
effectiveness of various approaches to cleanup of
contaminated groundwater. In many cases, the

NUREG/CR-5858

cleanup of groundwater at Title | sites has been
deferred until final regulations are promulgated. 1f
cleanup is deferred, it must be demonstrated that
any planned disposal activities can proceed
independently of groundwater cleanup and that
public health and safety will not be endangered.
Possible cleanup approaches include pump-and-
treat, in situ treatment, and natural flushing.
Regardless of the approach, cleanup goals must be
established and the effectiveness of the proposed
methods must be demonstrated with consideration
of the uncertaintics involved. Provisions must also
be made .or monitoring the effectiveness of the
cleanup effort.



Introduction

The U.S. Nuclear Regulatory Commission (NRC) is
responsible for concurring with plans for tailings
disposal and for cleanup of existing contamination at
scveral inactive uranium processing sites where reme-
dial actions are being implemented by the U.S. Depart-
ment of Energy (DOE). The NRC must also approve
tailings disposal and cleanup plans for commercial
uranium and thorium processing sites as part of its
licensing responsibility. Protection of groundwater
resources is an important aspect of such plans,

This report provides guidelines and acceptance criteria
for reviewing certain aspects of groundwater protection
plans for uranium mill tailings sites. The aspects
covered include 1) leaching and long-term releases of
hazardous and radioactive constituents from tailings and
other contaminated materials, 2) atienuation of
harardous and redioactive constituents in groundwater
under saturaied and unsaturated conditions, 3) design
and implementaton of groundwater monitoring
programs, 4) design and construction of groundwater
protection barriers, and 5) efficiency and effectiveness
of groundwater cleanup programs.

Review guidelines and acceptance enteria provided in ,
this report will be used to upame the NRC's Standard

Review Plan for uranium mill tailings sites. The report

will also provide technical guidance to NRC staff in

reviewing Remedial Action Plans, Surveillance and

Maintenance Plans, Alternative Concentration Lamit |
Applications, Groundwater Cleanup Plans, license

amendment support documents, and other licensing

documents, The acceplance criteria are fum in that

they are based on the current regul~tions, However,

the regulations are designed o give the flexibility

needed to achieve optimum results on a site-specific

basis. In many cases, exceptions and alternatives are

allowed as long as it can be shown that the lewel of

protection for public health, safety, and the environ-

ment is equivalent or better than that wh' b would be

achieved under the regulations. A summary listing of

all the identified acceptance criteria is provided in the

appendix.

NUREG/CR-5858
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Regulatory Frainework

In 1978 Congress passed the Uranium Mill Tailings
Radiation Control act (UMTRTA) to “provide for
stahilization, disposal, and control in a safe and
environmentally sound manner of such tailings in order
10 prevent or minimize radon diffusion mto the coviron-
meat..and other environmental hazards from such tail-
ings." Title 1 of this act createa the Uranium Mill
Tailings Remedial Action Program (UMTRAP) and
makes DOE responsible for control and cleanup of
contamination at several specified inactive uranium
processing sites.  Title I of UMTRCA mandated the
regulation of mill tailings at active uraniom and thorum
processing sites, includiog new sites and those operating
at the time of the act. Scveral of these "active” sites
have ceased operations since 1978, However, they still
are regulated under Title T of UMTRCA.

UMTRCA dirccteu the US. Environmental Protection
Agency (EPA) to promulgate standards for both active
and inactive uranium mill wilings sites for the pro-
tection of public health, safety, and the environment.
The NRC is responsible for ensuring that these stan-
dards are met. For Title | sites, DOE must receive
concurrence from NRC in the selection of & remedial
wction plan, performance of the remedial action, and
closure of the site. The NRC also has the resporsibility
for licensing DOE or another agency to perform long-
term surveillance and monitoring following completion
of the remedial action. Under Tutle 11, NRC is
responsible for licensing and inspecting the operations
of active uranium and thorium mi'ls, The NRC
terminates the operating license upon reclamation of
the site, and licenses cither DOE or the appropriate
state 1 provide long-term surveillance and monitoring.

Title I Groundwater Protection
Standards

The EPA standards pertaining to inactive processing
sites were promulgated in 40 CFR Part 192 Subparts
A-C with an effective date of March 7, 1983, Subpart
A was directed at the stabilization and control of tail-
ings. Subpart B covered cleanup of existing contamina-
tion. Subpart C provided guidance for implementation,
including protection and clranup of contaminated
groundwater beneath and in the vicinity of inactive
uranium processing sites. However, as a resull of a
court challenge, stondards pentaming o groundwater

i
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protection at Title | sites [40 CFR 192.20(a)(2-3}] were
remanded to EPA by the Tenth Circuit Court of
Appeals on September 3, 1985, EPA was dirccted by
the court “.1o treal these toxic chemicals that pose a
groundwater risk as it did in the active mill site
regulations.” On September 24, 1987, EPA published
proposed groundwater standards (FR 36000) for Title |
sites to replace thote remanded. Until the final
stundards are promulgated, DOFE 1s required to imple-
ment the proposed standards. The references to &)
CFR Part 192 in this roport are to the proposed stan-
dards published on September 24, 1987,

DOE is responsible for implementag remedial actions
at the Title 1 mites that will et the EPA standards.
The objective of DOE's Uranium Ml Ti:ilings Reme-
diai Action Program (UMTRAP) is to provide long-
term closure of the mactive processing which will
ensure low-maintenance requirements, isolation from
intrusion, and minimal impact to human health and the
eevironment. The design of cach disposal facility is
based on site-specific performance stondards for

1) stabilization of the residual radicactive matenials, and
2) cleanup of exwsting contamiration.

Standards for Stabilization and Control of
Residual Radioactive Materials

At each of the inactive Title ! processing sites, DOE
must design a disposal facility for the residual con-
taminated materials and demonstrate that the design
will meet EPA’s propesed groundwater protection stan-
dard in 40 CFR 192.02. This standard requires that the
control for residual radioactive materials be designed to
mecet site -¢pecific groundwater protection provisions
previously cstablished by EPA under the Resource Con-
servation and Recovery Act (RCRA). The RCRA reg-
ulations in 40 CFR 264.92-264 95 and 264.1,‘5%?‘-11) were
applied to Title I sites with the addition of “**“*Ra,
SR nitrate, molybdenum, and gross alpha activity
to the table of constituent conventration limits. Admin-
istra’vve differences were specified that make DOE
responsible for site characterization and cleanup
activitics. NRU is made responsible for Tacility permits
in licu of the EPA Regional Admirastrator,  The
RCRA requirement lor liners and many other specific
RCORA requirements for groundwater monitoring and
corrective actions were not applied te the Title T sites.

NUREC /CR-5858
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Regulatory Framework

To demonsirate that the proposed design meets
groundwater protection standards, NRC (1988) requires
that DOE 1) establish a site groundwater performance
standard, 2) conduct a performance assessment,

3) demonstrate compliance with the closure petform-
ance standard, and 4) establish monitoring and cor-
rective action programs.

The site groundwater standard (40 CFR 264.93-264.95)
consists of a hst of hazardous ¢nstituents, a cor-
respoading list of concentration limits, and a point of
compliance. The disposal facility must be designed so
that hazardous constitucnts will not reach the point of
compliance at concentrations higher than the specified
limits within a defined 200- to 1000-year control period.
Although 40 CFR 264.92 provides for establishment of
the groundwater protection standard after hazardous
constituents have entered the groundwater, the NRC
staff considers that the standard should be established
before design and construction of the disposal facility
{NRC 1988). Otherwise, it would be difficuit to design
the dizposal facility to meet the standard as required in
40 CFR 192(a)(3).

The list of hazardous constituents for cach particular
Title 1 site will be specified in the NRC's Technical
Evalvation Report based on information provided by
DOE in the Remedial Action Plan (NRC 198Y).
Potential hazardous constituents are those constituents
listed in Appendix VIIT of 40 CFR Part 261, or added
in 40 CFR Part 192 (i.e., molybdenum, radium, vura-
niym, or nitrate), which are rcasonably expected to be
in or derived from the contaminated materials.

The concentration limit for each hazardous constituent
is based on the background concentration in ground-
water at the site, @ concentration limit specified in the
regulations, or an approved alternate concentration
Limit. Factors to be considered in establishing an alier-
nate concentration limit are hsted in 40 CFR 264.94(D).
An alternate concentration hmit may be established for
a hazardous constituent if the NRC finds that the con-
stituent will not pose a substantial present or potential
hazard to human health or the environment as long as
the alternate concentration limit is not exceeded and
that the aliernate concentration limit js as low as
reasonably achievable considering practicable cuirective
actions that could be implemented to improve the per-
formance of the disposal facility.

NUREG/CR-5858

The third componeat of the site-specific groundwater
standard is a point of com pliance (40 CFR 264.95),
which will also be specified in NRC's Technical
Evaluation Report based on information provided by
DOE in the Remedial Action Plan. The point of com-
pliance is actually a surface at the downgradient edge of
the "waste management area” and extending downward
through the uppermost aquifer. The waste manage-
ment area is defined as the arca on which waste will be
placed along with the arca taken up by dikes or other
containment structures. Because the point of com-
pliance extends down into the uppermost aquifer, it also
applics to any perched groundwater zones that might
develop above the uppermost aquifer. Detection mon-
itoring must be conducted at the point of compliance,

DOE'’s performance assessment must demonstrate that
the disposal design, together with naturai site con-
ditions, will result in the concentrations of potential
hazardous constituents at the point of compliance
remaining lower than the established concentration lim-
its during the designed control period. The control
period must be 1000 years, to the extent “reasonably
achievable”, and, in any case, at least 200 years. To
satisfy the closure performance standard, DOE must
show that the disposal design will comply with the
groundwater protection standard for this control period
and that # does nat rely on maintenance (o easure
continued compliance. Monitoring of hazardous con-
stituents in groundwater 15 requird to establish back-
ground concentrations and to demonstrate that initial
performance of the disposal facility conforms with the
design to meet groundwater protection and closure
standards. It is not intended that monitoring be
continued for the entire 200+ to 1X0-year designed
control periad of the facility,

Standards for Cleanup of Existing
Groundwater Contamination

In addition to safe disposal of residual radioactive
materials at Title | sites, UMTRCA mandates the reme-
distion of residual contamination, including
contaminated groundwater, 1o the extent necessary to
proiect human health and safety, and the environment.

T+ date, cleanup of existing contaminated groundwater
at nearly all of the abandoned processing sites has been
deferred by DOE until final groundwater protection

N I~ T T -



standards are promulgasicd by EPA. NRC has been will:

ing to accopt this deferral and give conditional con-
currence 1o remedial actions for disposal of residual
contaminated materials (tailings) if DOE demonstrates
that human health is not endangered by contaminated
groundwater and the disposal activities will not
prejudice or preclude future groundwater remediation.

EPA’s proposed standard for cleanup of groundwater
contamination requires that the concestrations of
constituents that have been released from the residual
radioactive material and are listed in 40 CFR 264 93 or
40 CFR 19201 not exceed the higher of 1) the back-
ground concentration in groundwater, 2) the listed
maximum concentration limit, or 3) an approved alter-
nate concentration limit. This cleanup standard is
nearly the same as the standard for groundwater pro-
tection at disposal sices, the main difference being the
lack of a point of compliance for groundwater cleanup.
Any water in the saturated zone that contains haz-
ardous or radioactive constituents above the applicable
concentration limits would require restoration to meet
the cleanvp sta.. Jard or supplemental standards, if
applicable,

The definition of groundwater ziven in

40 CFR 192.01(j) of the proposed regulations is worded
so that water in the unsaturated zone would not be
considered groundwater. Therefore, the cleanup
requirzment does not apply to contaminated water held
in pore spaces in the unsaturated zone. However, if
there is a potential for water in the unsaturated zone to
migrate downward and contaminate groundwater in the
future, it would be prudent to consider this source of
contaminants in the cleanup program.

Implementation of groundwater cleanup is addressed by
40 CFR 192.20(b)(4). This section states that the
Remedial Action Plan should include the schedule and
steps necessary to compicte groundwater cleanup. it
also specifies that hazardous and radioactive con-
stituents in groundwater should be identificd and the
extent of contamination determined. Future movement
of contaminants and the effects of attenuation proces es
should be predicted. 40 CFR 192.12(4) provides the
option for extending the remedial period if certain
criteria are met, I the remedial period is extended,

40 CFR 192.20(4) requires that a monitoring program
should be provided to verily the movement and atten-
uation of contaminants.

tm

Regulatory Framework
Supplemental Standards

Supplemental standards for Title 1 sites are given in
40 CFR 19222, The supplemental standards may be
applied to stabilization of tailings or cleanup of
groundwater contamination if one of the following
conditions exists.

® The required remeaisl actions for disposal or
cleanup would pose a clear and present risk of
injury to workers or members of the public that
cannot be avinded or reduced by reasonable
macasures.

® The required remedial actions for cleanup of land or
groundwater, or the acquisition of materials for
tailings stabilization, would ptoduce environmental
harm that is clearly excessive compared to the health
benefits to persons living on or near the site now or
i the future.

¢ There 1s no known remedisl action.

¢ Restoration of groundwater quality is technically
impracticable from an enginecring perspective.

® The groundwater 1 Class 111,

The supplemental standards state that remedial actions
must come as close to meeting the otherwise applicable
standards as is reasonable under the circumstances, I
supplemental standards are apphied to groundwater
cleanup because restoration is technically impracticable
or because the groundwater is Class I, remedial
actions for gronndwater restoration must be applied to
ensure protection of human heaith and the environment
al 2 mipimum,

A different supplemental standard must be applied at a
site if radionuclides other than ““Ra and its decay
products are "present in sufficient quantity and concen-
tration to constitute a significant radiation hazard from
the residual radioactive materials” This supplemental
standard states that, in addition to the normal standards
for stabilization of tailings and cleanup of existing con-
tamination, the remedial actions must reduce the other
radioactivity to levels that are as low as reasonably
achicvable.

NUREG/CR-5858



Regulatory Framework

Title 11 Groundwater Protection
Standards

Subparts D and E of 40 CFR Part 192 provide the EFA
standards for the management of wastes at active ura-
nium and thorium processiag sites (Title 11 sites). In
addition to the EPA standards, technical criteria have
been established by NRC in 10 CFR Part 40, Appen-
dix A, pertaining to the disposition of tailings, NRC
requires that 1ailings disposal be addresed i license
applications for uranium or thorium processing facili-
ties. The NRC criteria pertaining to groundwaler pro-
tection incorporate the EPA s.andards and add some
additional specific requiver ats. The NRC criteria also
contain geotechnical desiy, » ~cuirements for the dis-
posal facility as well as financal and ownership
reguirements.

The primary groundwater protection standasd given in
Criterion 5A of 10 CFR Part 40, Appendix A, is a
design standard for surface impoundments containing
taifings. For new surface impoundments st active sites,
a liner capable of preventing the migration of wastes
into adjacent soil, groundwater, or surfoce water is
required uniess it can be shown that an alternate design
will prevent the migration of any hazardous canstituents
into groundwater or surface water. Specific liner
requirements are given by EPA regulations in

40 CFR 264,221 and by Criterion SA in 10 CFR Part
40, Appendix A. According to Criterion SA(1), the
liner may be designed so that wastes can migrate into
the Tiner if the site dosure plan includes removal or
decontamination of all wastes, contaminated liner
material, and other contaminated materials. However,
if the closure plan specifies clesure with the liner in
place, then the liner must be designed to prevent
migration of wastes into the liner during the life of the
disposal facility.

The secondary groundwater protection standard (Cri-
terion 5B of 10 CFR Part 40, Appendix A} requires set-
ling a site-specific groundwater standatd similar to that
required for Title I sites. The standard consists of a list
of hazardous constituents, a eorresponding tist of con-
centration limits, and a point of compliance. These are
specified by NRC as part of license conditions and
orders.

NUREG /CR-5558
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EPA standards for Title 1 sues referonce specific
RORA gromsdwater regulations (40 CFR Part 264) in
addition 10 those applied to Tule 1 stes. These
requirements are also incorporated into the NRC on-
tenia in 10 CFR Part 40, Appendix A, Specific
requirements are given for sarface impoundments,
detection monitaring programs, and cortoctive action
programs. Anather Flfcicncs: briween the Title 1 and
Title 11 standards is that for Tick: 1 sitcs, specific
concentration limits are not specified for uranium,
nitrate, or molybdenum,

Additional closure requiremonds are found in
4) CFR 264228 and in Criteria 5B and 6 of
10 CFR Part 40, Appendix A. Free liquids must be
climinated fram the waste matenals before closure.
A low-permeability cover must be provided 1o mininsize
scepage, According to the RCRA regulations pertain-
ing to closure of surface impoundments, the cover
permeability must be less than the pormeability of the
impoutdment liner. This is to prevent the buildup of
residual waicr in the waste materials above the liner.
However, for uranium mill tailings sites, an exception
allows the cover 1o have s higher permeability than the
‘er il the annual evaporation at the site is greater than
wé total annual precipitation expected to fall on the
impoundment and any dranage arca contributing runoff
to the impoundment [4U CFR 192.32(a)]. This excep-
tion recognizes the fact that most ursniom mill tailings
sites are in low-precipitation areas and moisture is not
Fkely (o baidd up in the waste materials if infiltration is
limited by low precipitation and high evaporation rates,
From the NRC's perspective, the site operator must
demoastrate that excess moisture will not builkd up in
the waste materials.

Cleanup of existing confamination is not specifically
addressed in the Title 1 standards. However, Criterion
S0 of 10 CFR Part 40, Appendix A,  quires that
remedial actions be implemented in cases where the
site-specific groundwater standard is not exceeded.

This may be applicd to cases of existing groundwater
comtamination at a Title Il site.
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Leaching and Long-Term Releases of Hazardous and Radioactive
Constituents From Contaminated Materials

This discussion assumes that contaminated materials m
the disposal facility rem+ia above the water table and
that any residual water has abicady drained from the
tai'ings. During the period following closure of o tail-
ings disposal site, a slow displacement of the moisture
remaining in the pore speces by infilirat’ m is expected.
Infiltrating moisture is expected to mix with water in
the porc spaces of the contaminated material and trans.
port mobile coastituents toward the uppermost anuifer.
The dilution of water within the tailings by the added
infiltration may result in undersatur Jon with regpect o
sume chemical constituents and cause them to be
lcached from the solids.

For disposal facility design and performance assess-
meat, both the long-term seepage rate and the concen-
trations of hazardous constituents expected in secpage
from the contaminated materials must be determined.
Assumptions made in predicting the long-term release
of constituents need to be conservative. In other words,
meorrect assumptions should tend to overestimate
tather than underestimate releases of hazardous consti-
tuents from contaminsted materials,

Long-Term Seepage Rate

The expected vertical flux of moisture, or seepage rate,
through the disposal cell is aormally determined as part
of the required performance assessment. Both the nat-
ural setting and the engineering design of the disposal
facility affect the scepage rate. Two important aspects
of the natural setting are the amounts of precipitation
and evapotranspiration. The:r climatic factors may
determine whether compunents of the disposal facility
operate under saturated or unsaturated conditions,
Topography can also affect scepage rate by causing
surface runoff to be "pondad” on top of the disposal
facility, Low-temmerature condit ons can resalt in frost
disturbance of the cover leading L increased permea-
bility and seepage rates. The most important eogi-
neered factor affecting seepage rate is usually the cover.
Many cover designs employ an infiltration barrier spe-
cifically designed to limit seepage. However, condi-
tions under which the contaminated materials are
placed (i.c., moisture content and compaction) can also
have a significant effect,

The following accoptance eriteria are applicable to
scepage rate determination.

e

Criterion | - Assumed conditions of cover operation
shouid be realistic and conservative,

Exther saturated, unsaturated, or iotormagtently sar
urated Bow conditions must be assumed for cach of the
disposal facility compoaents in the performance assess-
ment. This assumption 35 partionlarly important for the
infiltration barrier or other components designed to
bmit secpage. I unsaturated or intermiinently saturatod
conditions are assumed for the infthration barner. a
numerical model designed w simulate unsaturated flow
may be used o predict the seepage rate. However,
uncertaintics an boundary conditions and in the vahdity
of assumptions used in the model often make o difficalt
to do this in practice, Transient conditions are hkely.
because Increases in moisture content @nd scepage rate
would be expected following rainfall or snowmelt
events, Because of these difficulises, scepage rate s
often calculated assummg saturated flow conditions
through the infiltration barrier.

I saterated flow conditions are assumed for the fsfil-
tration barrior, o constant hydrauhe gradient of unity is
normally used to calewlate the mfiltrabion rate. The
moisture flux through the taidings s then equal 1o the
saturated hydranlic sonduativity of the infiltration
hareier, Such an assumption of saturated flow in the
mbhitration barrier is usually considered conservative
because Wt assumes that cvough moisture is available w
the surface of the barrier 1o keep o constantly
saturated,

If seepoge rate is determmed assuming unsaturated
flow conditions, it must be demosstrate: that the cover
will remain unsaturated over the design hife of the
facility and the transient moisture content must be pre-
dicted. Simply calculating the seepage rate hased on
the unsaturated hydrauhc conductivity at the initial
water comtent of the material is not sufficient. It is
likely that the moisture content will change over time,
An assumption of unsaturated conditions must be sup
ported by accurate hydraulic property and chmatic data.
The configuration of the dicposal facinty and natural
topegraphy of the site should also be considered to
ensure that ponding of water will not cause saturaied
conditions, To enhance runotl of precipitation from the
cover, a filter Jayer of coarse material 1s often provided
above the low-permeability infikration barrier,
However, slopes must be sufficiesd to aliow runoff,

NUREG/CR-5858



B Leaching and Releases

otherwise, the filter layer might keep ponded water on
top of the disposal facility from evaporating and result
in saturated conditions.

If intermittently satureted conditions are assumed, a

| verified two-phase flow model capable of simulating

‘i transient flow conditions is needed to simulate seepage
rate over time. Boundary conditions must be accurately
defined. The availability of water at the top of the
infiltration barrier must be supported by clunatic data

| (see Criterion 4). 1t must be shown that simplifications
; made by the model and inaccuracy in the input data

| tend to overestimace rather than underestimate releases
| of hazardous constituents.

; Criterion 2 - Samples for determining hydraulic and
| physical properties of the infiltration barrier must be
| representative.

At the design stage, the physical and hydraulic prop-
cities of the material to be used for the infiltration
barrier must normally be determined from laboratory
testing of samples ccllected from the proposed borrow
area. The entire volume of material to be used in con-
structing the infiltration barrier must be included in the
selection of sampling locations. Sample locations
should be: selected by a random or systematic method
(Bruner 1986; EPA 1990). For systematic sampling, the
material is divided into a grid and samples collected by
a predefined pattern. For random sampling, the vol-
ume may be divided into a finer grid and samples col-
iected from grid points chosen by a random number
generator. Either method should result in an unbiased
selection of samples. However, systematic sampling can
be affected by patterns in the distribution of materials
within the borrow arca. Samples taken from haphaz-
ardly chosen locations may reflect a conscious or sub-
conscious favoritism that wonld make the samples
unrepresentative

e e T T P M S S R —— e eSS

The aumber of test samples must be adequate to deter-
mine average hydraulic propertics of the infiltration
barrier material within an acceptable uncertainty level,
The number of samples required depeads on several
factors, including the volurme of material required,
spacial variability, and the tolerance of the performance
assessment to vuriations in infiltration barner prop-
erties. The distribution type and the mean, standard
deviation, and standard deviation of the mean should be
determined from statistical analysis of the test resubs
(EPA 1990). The confidence level that the mean s
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within the range assumed by the performance
assessment ¢ wn then be determined.

Procedures for sample preparation should be described.

The procedures should assure that the test results will

be representative of actual infiltration barrier prop-

erties. Any planned soil amendments, such as

bentonite, should be sdded to the samples using a

metiod similar to that proposed for construction.

Maoisture content and compaction should simulate that

aof the planned infiltration barnier. At equal compaction

{dry bulk density), the unsaturated hydraulic coa- |
ductivity will be greater for higher moisture content. }
Therefore, testing wet of optimum moisture content 5 |
considered conservative, where the optimum moisture

content is thut which results in the greatest possible |
compaction, Laboratory compaction procedures are

considered adequate if the same compaction and mois- |
ture content can be achieved in the ficld.

Criterion 3 - The hydraulic conductivity of the |
infiltration barrier must be hased on accepted test
methods.

Hydraulic conductivity is the parameter that cor-
responds most closely with scepa, ~ rate. Whether the
saturated or unsaturated hydraulic oo ductivity should
be determined depends on the assumptions of the per-
formance assessment for the disposal facility.

Laboratory test methods for determining hydraulic con-
ductivity of the wfiltration harrier materials should be
accepted standard methods. I the design assumes that
the cover will operate under saturated conditions, the
suturated hydraglic conductivity should be determined
using either the constani-head or faliing-head methods
emploving a flexible-wall permeameter (ASTM DSOS,
Mecthods employing rignd-wall permeameters are subject
to errors caused by flow along the vessel wall, especially
if the sample shrinks, Stresses applied to the samples :
should simulate expected fickd conditions. Fxcessive
hydraulic gradients may affect test results by com-
pacting the sample or by washing out particles. These
effects could increase or decrease sample permeability,
However, it is often not possible to test low- :
permeability materials in a reasonable amount of time '
under expected field gradients. Tor this reason, the test

method in ASTM D3084 gives a guideling of 30 for the

maximum test gradient for materials with hydraulic ,
conductivitics less than TE-7 em/s. Lower maximam

gradients are specified for more permesble materials,
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Testing can be performed at different gradients on the
same sample to determine whether an excessive gra-
dient has an effect.

Determining saturated hydraulic conductivity by the
permeameter method is relatively simple and reliable in
comparison to determining unsaturated hydraulic
conductivity. Assuming that saturated conditions exist
in the cover is generally considered a conservative
assumption, because the hydraulic conductivity under
unsaturated conditions is always lower than the sat-
urated hydrsulic conductivity. Therefore, the saturated
hydraulic conductivity is an upper limit for unsaturated
hydraulic conductivity of the same material.

If unsaturated mditions are assumed for the perform-
ance assessment of the infiltration barrier, then the
relationship of hydraube conductivity to moisture
content must be determined. Both the unsaturated
hydraulic conductivity and the moisture content of an
unsaturated porous media are functions of the pressure
(suetion) head. Furthermore, these relationships, or
characteristic curves, are hysteretic, i.e., they have
different shapes for drying and for wetting. Because
unsaturated hydraulic conductivity and moisture content
arc both functions of pressure head, the unsaturated
hydraulic conductivity can be expressed as a funciion of
moisture content. This relationship is not very
hysteretic. A single value of hydraulic conductivity
corresponds (¢ 1 particular moisture content regardless
of whether the sample is undergoing drving or wetting,

The relationship ot unsaturated hydraulic conductivity
to moisture content is normally determined by first
measuring the moisture content of the sample at a
number of pressure heads. ASTM D3132 or a similar
procedure may be used. The moisture characteristic
curve is then fitted to the experimental data. The
relationship of moisture content to hydraulic con-
ductivity is determined from the moisture characteristic
curve using a techrigque such as that described by Lan
Genuchten and Nielsen (1985). Curves of moisture
content versus hydraulic conductivity can also be
determined from direct measurement in the laboratory
of unsaturated | nductivity 4t various moisture
conlents,

Criterion 4 - Site climatic conditions must be
characterized well enough to support design and
performance asss sment culculations of the moisture
flux.

Leaching and Releases

Climatic conditions, including precipitation and
evapatranspirstion rates, and the distribution of
precipitation over time affect the amount of water
infiltrating the disposal facility. If an unsatarated flow
maodel 15 used to determine moisture flux, it may be
nccessary 1o define a boundary condition at the surface
of the cover based on preciaitation and evapotranspira-
tion. The distribution of ranfall and snowmelt over
time may be particularly important. This 18 because
most tailings disposal sites are located i and regions
where the annual evapotranspiration is much greater
than the annual precipitation. The oaly tme iefiltration
15 likely is during or immediately following a relatively
sustzined event of rainfall or snowmelt.

Representative climatic data must be obtained from a
nearby recording station with weather conditions similar
to those of the site. The weather station should be
located within the same type of terrain and at about the
same elevation as the site. If such data are not avail-
able and climatic parameters must be assumed from
regional information, then it should be demonstrated
that the assumed values are conservative,

Criterion § - The disposal facility must be designed so
that excess moisture will not build up in the
contaminated materials.

If the infiltration rate through the cover is greater than
the rate at which moisture can drain from the disposal
facility, ¢excess moisture can build up in the contam.
imated materials. A saturated zone maght be created
within the contaminated materials with water containing
high concentrations of hazardous constituents. Surface
scepage of contaminated water coul . also resalt.

To guard against this situation, the surface impound-
ment regulations in 40 CFR 264.228(a)(2)(i1) specify
that cover permeability must be less than the permea-
hility of any liner or natural subsoil underlying the
impoundment. This requirement is waived for Title 11
uranium mill tailings facilities if the annual evaporation
at the site is greater than the total annual precipitation
falling on the impoundment and any drainage arca that
contributes surface runoff to the impoundment

[40 CFK 192.32(a)]. However, the actual potential for
butldup of moisture in the contaminated materials
depends on the difference between infiltration through
the cover and seepage through the underlying layer.
Infiliration may take place even if the annual evapora-
tion 15 greater than the annual procipitation, The
nfiltration rate will depend on the temporal distribution
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Leaching and Releases

of rainfall and snowmelt and on cover conditions. Even
in dry climate areas, the infiltration could be greater
than the seepage from the bottom of the contaminated
materials. Therefore, accurately predicted infiltration
and secpage rates should be compared to show that
moisture will not build up in the contaminated
materials.

Criterion 6 - Calculations of infiltration rate must be
conservative.

Potential errors and sources of inaccurscy in the
determination of infiltration rate should be identified.
it should be demonstrated that the infiltraticn rate used
in the performance assessment is conservative m that

these arrors will tend to overestinuate rather than under-

estimate releases of hazardous constituents, Accuracy
and precision of laboratory test methods, statistical
distribution of sample results, and assumptions made in
modeling should be considered.

The infiltration rate used in the performance assess-
ment is usually based on laboratory permeability
measurements, Some studies (Herzog and Morse 1986,
EPA 1988; Rogowski 1990) have indicated that labora:
tory measurements underestimate the field permeahility
of compacted soils. Laboratory test samples lack
larger-scale heterogeneity that can cause increased fickd
permeability. This possible inaccuracy should be
considered in the facility design,

Criterion 7 - As-built hydraulic properties critical t
the performance of the disposal facility should be
verified.

To verify that hydraulic properties of the dispo al
facility are close to those used in design calculations, a
commitment should be made to determine the as-built
properties, particularly hydraulic conductivity, of the
infiltration barrier and other cell corponents that are
important fc meeting the groundwater protection stan-
dards. Testing may be conducted by boring into the
disposal facility to perform in situ tests or to take
samples for laboratory analysis. However, the testing
and sampling procedures must ensure that integrity of
the cover is not compromised. Test plots constructed
using the same methods and materials as the disposal
cell may be used for sampling and testing to avoid
disturbing the disposal facility.

Hydravhic conductivity is usually the most important
property in controlling seepage rate. As-built hydraukic
conguctivity uf the infiltration barnier may be deter
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mined cither from field tests or from laboratory per-
meability testing of samples taken from the barricr.
However, ficld methods are consiuered more rehiable |
for representing the as-built hydraulic conductivity.
Laboratory methods generally test much smalier sam-
ples, and the samples are often disturbed in colleetion
and handling. As mentioned above, some studies indi-
cate that laboratory tests underestimate field-scale
permeability.

Ficld methods commonly used for determining sat-
urmed hydraulic conductivity in the vadose zone are
deseribed tn ASTM D 5126, The double-ring infil-
trometer method (ASTM D 3385) and the double tube
method deseribed by Bouwer (1964) are considercd
superior to the single-ring infiltrometer method because
they are not affected as moch by lateral flow (Bouwer
1966). In general, larger ring diameters reduce the
effects of lateral flow for both single- and double-ring
infiltrometers,

If the performance assessment relies on unsaturated
flow at particular assumed moisture contents 10 limit
seepage rate, in sity moisture monitoring may be
required to assure that the cover i performing as
designed. Although the performance standards in

40 CFR Part 192 and Appendix A of 10 CFR Part 40
are design standards, performance monitoring may be
the only way (o eliminate uncertainty inherent in the
existing methodology for predicting unsaturated flow :
rates. DOE (1989) maintains that moisture monitoring
conducted at the Shiprock. New Mexico, site can be
apphicd at other sites with similar climates, However,
these results have not been accepted by NRC as
means for demonstrating the performance of a similar
cover design at anuther site because of differences in
meterials and site conditions.

Criterion 8 - Mate- 's used to limit seepage through
the disposal facility must be stable over the design life
of the facility.

To satisfy the closure performance standard, DOE ot
the Title I site operator must show that the design will
be effective for the designed disposal period of 200 to
1000 vears [40 CFR 192.02(a); 10 CFR, Part 40,
Appendix A, Criterion 6] and minimize maintenance
[40 CFR 264.111(a); 10 CFR, Part 40, Appendix A,
Critetion 12}. Long-term releases of hazardous and
radioactive components might increase because of a
breakdown of the mfiltration barvier, The long-teym
stability and maintenance requirements are normally
mel if natural matedials are vsed, Poteatial



mechanisms for increased permeability, such as
cracking or biointrusion, should be considered in the
design of the cover.

Expected Concentrations of
Constituents in Seepage

For both Title I and Title 11 sites, potential hazardous
constituents must be identified. The concentrations ol
these constituents in secpage from the disposal facility
must usually be predicted to support the performance
assessment. These "source” concentrations may be
determined through sampling of residual pore watr
contained in the disposed material, or through ba b wr
column leach tests. DOE has previously noted the o
sibility of back-calculating the concentration in coce a
from sampling of contaminaicd groundwater 1 .
aquiter under the ontaminated materials (DG % 1989,
However, this technique would require accoun, - ot
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dilution by underflow through the aquifer and geochem-

ical aitenuation. DOE would also bave to show that
the mass of constituents in secpage reaching the upper-
most aquifer is at steady-state and not expected (o
increase with time.,

The following acceptance criteria apply to the identi-
fication of potential hazardous constituents and deter-
mination of expected concentrations in long-term

sccpage.

Criterion 9 - All hazardous constituents that are
reasonably expected to be in or derived from the
residaal radioactive material must be identified.

Proposed EPA regulations (40 CFR Part 192) imple-
ment the RCRA definition of hazardous constituents
for both Title T and Title If sites. This definition s
given in 40 CFR 264.93a. A nearly identical definition
is given i NRC regulations in 10 CFR Part 40, Appen-
dix A, Criterion 5B(2). Based on these definitions, a
constituent becomes hazardous when all of the follow-
mg conditions are met.

® It has been detected in the uppermost aquifer.

¢ It is reasonably expected to be present in or derived
from the waste (byproduct) materials.

11

Leaching and Releases

o Jis 202BR, MDY pitrate, molybdenum, or
gross alpha activity, or is listed in Appendix Vil of
40 CFR Part 261 (or Criterion 13 of 10 CFR
Part 46, Appendix A).

Although a constituent does not technically become a
hazardous constituent until it is detected in the
uppermost aquifer, potential hazardous constituents
must be identified so that detection monit~ing can bhe
implemented.

The nature of the waste material must be considered in
determining potential hazardous constituents. Tailings
and other residual contaminated materials are potential
sources of metals. inorganic nonmetals, and radio-
nitdes (Sheph rd and Cherry 1980). Organics may

<" 7 be present from uranium extraction processes.

The specific hazardous constitucats present in residual
radica live materials at a site depends primarily on the
compounds present in the ore and the constituents
added during milling. Uranium ore may be milled
using cither alkaline or «~idic leach solutions. The
process used will affect .. © pH of the tailings and the
solubility of mauy hazarc s constituents (Shepherd
and Cherry 1980). Nearly all uranium mills in the
United States use an acid leuch process. T-ilings
solutions from these mills generally have a pH of less
than 2 (Shepherd and Cherry 1980), Radionuclides
commonly found in relatively high concentrations in
tailings from acid leach mills are “**Ra, #'%ph o0p,,
Zm’l‘h, and uranium (IAEA 1987). Alhough “'“Pb,
31055, and ZTh are not specifically listed in the
regulations, they contribute to alpha activity. Regulated
metals including barium, beryllium, cadmium, chro-
mium, mckel, antimony, lead, mercury, silver,
muolybdenum, and vanadium (vanadium pentoxide is the
regulated compound) may be found in elevated concen-
trations, as may the regulated nonmetals nitrate,
cyanide, selenium, and arsenic. Extremely high con-
centrations of total dissolved solids are common in
tailings water. For acid leach mills, this is mainly
sulfate from the addibon of sulfuric acid.

Organic tertiary amnes are commonly used to extract
uranium from the pregnant solution in uranium milling
(Galkin ot al. 1966). If this proc~ss is usec a dilutant
such as benzene or kerosene is mixed wit' * ~ amine,
The amine and dilotant mixture is nors e nsed and
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does not go into the disposal facility, However, acci-
dental releases and dissolution might lead to the
presence of organic constituents in the tailings. Coin-
cidental operations at the site, such as maintenance
activities, might also result in the presence of other
listed constituenss. These constituents should be
considered in the detection monitoring program if there
is evidence that they exist in the disposal facility and
have resulted from the uranum processing operation,

Criterion 10 « Concentrations of hazordous
constituents expected in seepage must be
conservatively determined from pore water samples or
from leach tests.

Pore Water Sampling

Assuming that the concentration of constituents in long-
term seopage will equ 1 that of residual pore water
contained in the contaminated materials is generally
considered a conservative assumption. Dissolved con-
stituents are expected to be at saturation in the pore
water if a solute source is present. Expected changes in
geochemical conditions (i.e., dilution and neutralization)
will generglly reduce the solubility and mobilit- of most
inorganic constituents. However, if pore water concen-
trations have been Ciluted by higher than normal infil-
tration, this techrigue may not give a conservative
estimate of hazardous constituent concentrations

Samnles of residual pore water are usually taken from
sucte o lysimeters. The number of sumples should be
wilicient to characterize the chemistry of the water.
D7 (19%9) epecifies collection from a minimum of
three san pung locations in the tailings #nd one location
in ¢ach of the other potential sources of hazardous con-
stituents. However, more sampling locations may be
needed, especially if there i a lack of homogeneity in
the » »~rials sampled. Tailings may become segre-
gate & by particle size as they settle in a tailings pond.
Distance fron: the outfall can also affect the particle
size distribution of tailings. Higher coneentrations of
hazardous constituents are expected in the fincr-grained
materials (slimes). The spatial distribution, depth, and
type of material sampled should be checked to deter-
mine that samples are representative and that an
unbiased method was used to sclect sumpling locations,
Because of drainage and evaporation, it may nut be
possibla to collect residual moisture samples from the
upper portions of the tailings. This could bias the
results of pore-water sampling,

NUREG/CR-5858

e et e L

Long-term changes in geochemical conditions within the
contaminated materials might affect the release rate of
hazardous and radicactive constituents, However, most
expected chemical interactions will tend 1o demabilize,
rather than mobilize, hazardous constituents. Neutral-
tzation of acidic residual tailings fluid 1s probibly the
most significant mechanism in demobilizing hazardous
and radioactive constituents. The tibings fuid dis-
charged by acid leach mills normally has a pH between
0.5 and 2.0 (Shepherd and Cherry 1980). in this low
pH range, many constituents are dissolved that would
be precipitated st near ncutral pH values. The soi-
ubilities of arsenic, selenium, cadmium, cobalt,
chromium, copper, molybdenum, lead, vanadium, and
zinc have baen shown to be reduced by nculralm(mn
g()puz ot al. 1985), Radionuclides mcluding © £Ra,
<'Cpb, 207, and uranium are also largely removed
from solution at near-neutra: pH. Therefore, sampling
of pore water is expected 10 give a conservatively gh
value for expected constituent concentrations as long as
the collected samples are - ~resentative.

Leach Tests

Laboratory leach tests of samples of contaminated
aaterials may also be used to determine source con-
centrations of hazardous and radivactive constituents,
Either bateh or column leach tesi. may be used. Batch
tests are generally more conservative because the leach
somtion is i contact with the waste sample for a longer
period of time. Column tests may be affected by reac-
ton kingties if the fluid fiows through the sample too
quickly, Geochenical conditions during leach tests (1e.,
pH and Eh) should simulate the expected conditions
within the disposal facility. DOE (1989) states that
“source concentrations calculated from batch and col-
uman tests should be adjusted to account for dilution of
the original sample moisture by additional pore vol-
umes.” This procedire would be conservative "3 deter
mining source concentrations because dilution by added
pore volumes may result in the leach solution becoming
undersaturated and additional constituent mass being
dissolved. A concentration somevhat higher than the
actual source concentration would then i« zaleulated
based on the original moisture content, Source con-
centrations might be underestimated if a correction iy
not made for dilution by added water.

The total leachable mass of a particular constitnent

contained in the disposai facility can also be caleulated
trom leach losts. Knowing the total leachable mass can
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be useful in determining whether the total reaction or
exchange potential along the groundwaicr flow path is
sufficicnt 1o remove the constituent from solution,

Criterion 11 - Samples for determining hazardons

constituent concentrations expected in seepage must
be representative of the waste materials.

Samples, whether composed of solid waste materials or
pore water, must be representative of the contaminated
materials. The number of samples required depends on
the volume of waste material and the spacial variability
of th contaminant concentrations, Sampling locations
should be selected by an unbiased method. The entire
volume of waste material should be included in the
selection process. Sample locations can be selected by
a random or systematic method (Bruner 1986; EPA
1990). For systematic samplirr, the material should be
divided into a grid and sam ples collected by a

Leaching and Releases

predefined pattern. For rar Jom samplieg, the volume
should be divided into a finer grid. Samples should be
collected from grid points chosen by a random number
generator. Either method should result in an unbiased
selection of samples. Samples taken from haphazardly
chosen locations may reflect a conscious of sub-
conscious favoritism that would make the samples
unrepresentative.

The number of test samples must be sdequate to deter-
mine average comcentrations of potential hazardous
constituents within an acceptable uncertainty level.

The assumed distribution type, mean, standard devia-
tion, and standard deviation of the mean should be
determined from statistical analysis of the test results
(EPA 1990). The confidence icvel that the mean is
within the range assumed by the performance assess-
ment can then be determined.

NUREG/CR-5858
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Attennation of Hazardous and Radioactive Constituents

Hazardous and radioactive constituents released from
the contaminated materials will be transported by
seepage through the unsaturated zone and, subse-
quently, by groundwater flow in the saturated zone
During transport, physical, geocheraical, and biological
processes can contribute to the reduction of constitueni
concentrations.  Physical processes that may reduce
constituent concentrations in groundwater include dilu-
tion and radidactive decay. Geochemical processes
include precipitation, co-precipitation, and adsorption.
Biological astivity of microorganisms in the sotl can also
remove constituents from solution. One or more of
these processes may be used in the performance assess
ment to show that the groundwater standord will he
met for the design Life of the facility.

One of two possible strategies are generally used to
demonstrate that a particular disposal design, together
with natural site conditions, will result in the cn-
centrations of hazardous constituents at the point of
compliance remaining lower than the established con-
centration hmits. The strategy used will determine
what attenuation processes are pertinent to the per-
formance assessment.

The first possible strategy consists of showing that
under stcady-state flow and transport conditions, haz-
ardous constituents will remain indefinitely at concen-
trations lower than the established himits at the pont of
compliance. This might be called the dilution strategy,
because dilution of transported contaminants by back-
ground flow through the uppermost aquifer is usually
important in reducing concentrations lo acceptable
levels. Travel time is generally not an imy- tant factor
if this strategy is employed. Average long crm seepage
rate through contaminated materials and the release
rate of hazardous constituents from the tailings are
important, as are the steady-state background flow ratc
in r'c uppermost aquifer, the background concentra-
tions of regulated constituents in the uppermost aquifer,
and geochemical processes that reduce constituent con-
centrations. Irreversible sorption and precipitation of
contaminants may be important. However, a process
such as reversible sorption, which only slows down
transport, would not be helpful in showing that the
concentration at the point of compliance will remain
permanently below the allowable himin.

The second possible strategy for demonstrating com-

pliance with groundwater protection standards is to
show that hazardous constituents will move so slowly

15

that they will not reach the pownt of compliance 1n
concentrations greater thaw the sstablished lmits before
the end of the requited 200- 16 106D-year containment
period. This mav be called the "long travel-tine strat-
egy.” Imponant factors include seepage rate throngh
the cover, travel time through the unsaturated zong,
average proundwater velocity through the -aturated
zone, and geochemical attenuation processes that slow
comtaminant transport. Dilution processes are usually
noi as important to this strategy because it relies on
average travel time

The following zecoptance criterion relates 1o estab-
lishing a mirimum control period for performance of
the disposal faeility,

Critevion 12 - The disposal facility must be designed
to provide control that is effective yor 1000 years, to
the extent reasconably achievable, and, 1 any case, for
at least 200 years.

The proposed EPA Standard {40 CFR 192.02(a)] for
Title 1 states that "Control of residual radioactive
materials and their histed constituents shall be designed”
to meet this longevity criterion.  For Title 11 sites,
Appeudix A of 10 CFR Part 40 specifies that the design
must provit'e "reasonable assurance of control of radio-
logical hazards” for this time period. If an effective
period of less than 17 vears 15 chosen, DOE or the
Title 1 site operator . .t demonstrate that a design
that would be effective for a longer period is not “rea-
sonably achievable.” Possible design changes should be
cvaluated to deiermine if any reasenable change would
result in a longer effective control period.  Possible
desigin changes include relocation, cover matenal and
thickness, addition of layers of buffer material, addition
of a Bner, and configuration of the disposal.

If the “dilution strategy” is used, the control period may
not be an important consid ration because the concen-
trations of hazardous and radivactive constitucnts woulkd
be shown to remain below allowable limits mdefinitely.

Physical Attenuation Processes

Dilution and radioactive decay are physical processes
that can reduce the concentrations of some constituents
before they reach the point of compliance. However,
the balf-lives of most radioactive constituents of
eoncern i yranium processing waste are much longer
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Attenuation of Hazardous and Radioactive Constituents

than the 1600-year period spe.ified for control of
hazards. Therefore, radioactive decay is not expected
to significantly reduce the concentraiions of these
constituents. The possible excepions are “*"Ra with a
1602-year half-life, *'"Ph with a 21-year half-lifc, and
0pe with a 138-day half-life.

Seepage water from a disposal facility may be diluted
by mixing with water flowing through the uppermost
aquifer. This is often an important factor in showing
that concentrations of hazardous constituents will be
below conventration limits at the pomt of compliance,
Dilution of a dissolved constituent in groundwater takes
place through molecular *fusion and mechanical dis-
persion. These processes will cause a plume to spread
out and alfect a wider arca. The maximum concentra-
tion of the plume may be reduced. Mechanical disper-
ston snd molecular diffusion also can cause a hazardous
constituent, in reduced concentration, to reach the point
of compliance in a shorter travel time than that pre-
dicted by the *average” groundwater velocity.

Mechanical Dispersion

The mechanical dispersion component of dilution
results from the velocity distribution of water traveling
through a pore space, and from water following dif-
ferent icroscopic flow paths. Mechanical dispersion
may also be caused by larger-scale heterogeneity in the
formation. Therefore, dispersion has been found to be
scale dependent (Kaba and Jury 1990}, increasing with
the distance from the cource,

The following acceptance criterion relates to quantifying
the effects of mochanical dispe rsion:

Criterion 13 - If mechanical dispersion is important in
the performance assessment, dispersivity values must
be representative of the poroes media.

Mechanical dispersion may be used in the performance
assessment to show that a hazardous constituent will be
diluted in the uppermost aquifer, resulting in the
maximum concentration at the point of compliance
remaining below the established concentration limit,
Dispersivity is the aquifer parameter that quantifies the
tendency for mechanical dispersion in the saturated
zone, Dispersivity 1s a function of average groundwater
velocity, average particle sive, particle-size uniformity,
aquifer heterogeneity, and system scale, Dispersivity
valucs generally increase with the scale of the flow
fystem.
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Laboratory column experiments with a nonreactive
tracer can he conducied to obtain longitudinal dis-
persivity values. However, there are two problems with
iaits methodology: 1) disturbance of the geologic mats-
rial during sampling and laboratory handling may
change the dispersivity, and 2) laboratory-scale exper-
iments wiil not reflect larger-scaie heterogeneities.
Because of these limitation.,, laboratory-determined val-
wes are not very useful for predicting mechanical dis-
persion at the scale of interest.  Dispersivity values
should increase al a larger scale. Therefore, laboratory
dispersivity values from carefully handled samples might
be used as a lower limit for ficld-scale dispersivity.
Assuming a lower value of dispersivity is conservative
because groater mechanic  dispersion nonaally
increases dilution and reduces constitoent comcentra-
tions at the pomt of comphiance.

Tracer tests have also been employed to determine dis-
persivity values on a larger scale, The biggest draw-
backs to tracer tests are: 1) the long time period
required 1o conduct the test, especially under natural
gradient conditions, #nd 2) possible disturbance of the
flow system if streouous injection and pumping are
applied to speed tracer movement. Dispersivity values,
both longitudinal and transverse, obtained from prop-
crly conducted tracer tests, are considered more accu-
rate than laboratory tests, Again, (racer tests ob &
smaller scale than the performance assessment calcula-
tions should give lower limi values for dispersivity.

Mechanical dispersion in the unsaturated zone is not as
well understood as dispersion in the saturated zone and
would be difficult 1o apply quantitativelv to the per-
formance assessment.

Dispersivity values used in the performance assessment
must be based on sampling and testing provedures that
accurately represent the aquifer. Uncertaimy in the
mecasurements must be considered so that dis persion
calculations are conservative. That is, calculated
comeentrations at the point of compliance should he
maximized by the uncertainty.

Moiecular Diffusion

Molecular diffusion 1s the movement of dissolved
particles from: regions of higher concentration to
regions of lower concentration as a result of molecular
motion. I relatively permesble media, the 2Hect of
molecular diffusion 15 usually much fess than the effect
of mechanical dispersion. However, at low groundwater






Aitenuation of Hazardous and Radioactive Constituents

Precipitation

Precipitation refers to the separation of a dissolved
constituent from salution by formation of a solid reac
tion product. Precipitation of hazardous and radio-
active constituents caused by nentralization of acidic
tailings solution is probably the most important atten-
uation mechanism at uraniom (ailings sites in the
United States. The tailings fluid discharged by acid
leach mills normally has a pH between 0.5 and 2
(Shepherd and Cherry 1980). Neutralization to near
neutral £H will cause pmmplta!m of most of the

I'h, uranium, arsenic, selenium,
.admlum, cobalt, chromium, copper, molybdenum, lead,
vanadium, and zinc contained in typical tailings solution
(Opitz et al. 1985), A field study of radionuclide atten-
ustion in the vianity of a urasiom mill tailings site
(Haji-Djafari et al. 1981) found that pH was the most
important factor in controlling the transport of haz-
ardous constituents from -, tailings pond.

Neutralization of seepage from a disposal facility i
caused manly by contact with minerals containing
C03" and OH". These species react witk soluble
cations to form compounds that have very low solubility
at ncar neutral pH. The concentrations of constituents
at any point along the flow path will be determine

the solubility of compounds under the existing ~*  mical
conditions at that point. Groundwater transport models
that incorporate geochemical equilibrium may be used
to predict transport. However, it must be demonstrated
that assumptions of the mod~! are conservative and are
br ' on an accurate geochemical characternization of
the wisposal site,

Co-Precipitation

Co-precipitation occurs when a constituent is incor-
porated into the mineral structure of anather precip-
itating compound. An example of & common reaction
involving solatien from uranivm mill tailings is the
precipitation of CaS0, (Shephcrd an_ Cherry 1980).
The taxhngs fluid typically contains a high concentration
of $O, and H* ions. If CaCOy minerals are encoun-
tered, the acidic solution is neutralized and CaSOy
precipitates. Radium will replace some of the Ca™ jons
in the precipitated solid. Because of the large mass of
sulfate present, a significant amount of radium can be
removed from solution by this process. Neutralization
caused precipitation of iron and manganese oxides can
also cause the co-precipitation of significant amounts of
comtaminants. However, the effects of co-precipitation
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are difficalt to determine quantitatively and it is difficuli
1o predict the degree to which this mechanism will
remove constituents,  Therefore, this mechanism would
be difficult 1o quantify in . performance sssessment.

Adsorption

Adsarption refers 1o the accumulation of ions, partic-
ularly cations, on the surface of charged colloidal-sized
particlkes. Most clay minerals are of colloidal size,
Some hazardous ionic constituents have a stronger
affinity for the charged colloidal particles and will
renlace adsorbed ions through an oo exchange process.
Therefure, adsorption can resull in attenvation of
hazardous constituents as they move through the unsat-
urated or saturated zones. Jon exchange may be revers-
ible or mreversible. If the exchange is reversible, then
the adsorbed ion will eventuully be released and
replaced by another ior. Therefore, the effect of
reversible sorption s to retard the movement of the
contaminant relative 1o the aveqage velocity of
aroundwater

Tae distribution coefficient, Ky, or the distribution func-
tion, Ky, is used to quantify the adsorntion of & partic:
ular coastitucnt by a solid porous material. Laboratory
Lests are normany used to derive these parameters for
the specific porous material A solution containing a
known concentration of the <onstituent is mixed with a
known mass of the solid material and allowed to equili-
brate. The concentrstion remaining in solution is meas-
ured and the adsorbed concentration determined. Thas
is repeated for several different imitial concentrations,

A plot, called an adsorption isotherm, is then made
showiag solution concentr. ion versus adsorbed concen-
tration, Vhe slope of this ling, if constant, is the K, If
the plot 15 non linear, thea it defines the K. If adsorp-
tion of a particular constituent can be deseribed by a
linear isotherm, the Ky can be used to determine the
rate of movement of the constituent from the following
equation;

o
1

e = V(1 Kylp/n))

whore
v, = average velooty of constituent [L/T]
v = average groundwaler vduuly (L/T]
K, = distribution cocfficient [L*/M]

p = dry density of sohds (M/L‘]
= porosity

-
=
}



This cquation is only applicable for constituents at low
concentration and for water of similar chemical com-
position to that used in determining the Ky 1f the
concentration is too high, ali possible exchange sites
may be occupied, resulting in excess constituent mole-
cules in solution that are not subject 1o adsorption,
These assumptions are often not met in studies of con-
stituent transport from tailings impoundments because
of the initial high dissolved solids content and the
changing composition caused by neutralization of acidic
tailings. Acidic conditions generally reduce adsorption
because H* ions displace the constituent molecules
from exchange sites.

Criterion 16 - If neutralization or ion exchange
processes are assumed (o slow or remove constituents,
it must be demonstrated that sufficient neutralization
or exchange capacity exits.

DOE or the Title {1 operator must demonstrate that
the mass of materials that will come in contact with
contaminated secpage from the disposal facility has
sufficient capacity 1o meet the design assumptions for
attenuation of hazardous and radioactive constituents.

Attepuation of Hazardous and Radioactive Constituents

Using the long travel-time strategy, geochemical atten-
vation processes may be reversible and still result in
slowing of contaminant transport. However, the capac-
ity must be sufficient to slow transport to the degree
assumed by the analysis.

The possibility that preferential flow paths through the
unsaturated zone might decrease the mass of reactive
mineral material contacted by contaminants should also
bie considered. Theoretical and laboratory studies
{(Glass €t al, 1989) have shown that wolting front
instability or fingering may develop as waier flows
through the unsaturated zone. This phenomenon is
likely to occur for a certain vertical distance below the
contact of a fing-grained material overlying & more
coarse-grained material. The finger widths can be pre-
dicted from linear stability theory (Glass et al. 1959,
(ilass et al. 19940),
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Groundwater Monitoring Programs

mented at disposal sies to 1) establish bascline 4630, Technigues for pulse tests ar¢ deseribed in
conditions, 2) allow the detection of released hazardous ASTM D 4631

|
|
A groundwater moritoring program must be imple- copstant-head injection tests is described n ASTM D
constituents in the uppermost aquifer, 3) ensure that

|

groundwater protection standards are met, and 4) eval- Sleg and pulse tests have a smaller radius of influence

| uste the effectiveness of any required corrective actions. and are therefore not as desirable as constant rate atd

by For Title 1 sites, EPA regulations require monitoring to constant head tests for determining hydraulic proper-

' "establish backgrou.d water quality” [40 CoR ties. Howoever, slug and pulse tests do not result in the
192 20(a)(2)] and to "demonstrate that initial perform- removal of large volumes of water from the aquifer.
ance of the disposal is in accordance with the design This can be an advantage if the water is comtaminated.
requircments..” [40 CFR 192.02(b)].  For Title 1 sites,
Criterion 7 of 10 CFR Part 40, Appendix A, mandates Constant rate tests are gencrally best for identifying .
programs for baseline monitoring, detection monitoring, aquifer characteristics. Multiple well tests, using a “
compliance moritoring, and corrective action pumped well & ne or more observation wells, test
monitoring. the largest volu ¢ and minimize borehole effects. Mul-

:

|

& tiple well tests are generally required for accurate

' determunation of storativity. In low-permeability forma-

| Baseline Monitoring tions it may not be possible 1o remove water af a sus-
' tainable rate needed for a constant rate test, Constant
The following a ceptance criteria are related 1¢ «stab- rate injection tests are then desirable.
l ?l?l’en%lbcmﬁlf:f vl = v b Analvsis of borchole hydraulic tests must be correctly |
performed and analyzed with consideration of the ‘
E Criterion 17 - Adequate hydrogeologic information undurlyir..g :w«umpliuns. This 1s L‘Spﬁt-l‘d")‘ true for the
; must be provided coneurning the soil and geologic straight-line analysis method (Cooper and Jacob 1946,
! formations “nde'.'y“'g the P“‘P"“d diﬂm‘ﬂi site. Miller ot al. 1950; Horner 1951) for constant rate tests,
l which 15 often misapplied. The straight-line analysis
This rcquiremmt is specmed for Title {1 sites in Cris method 15 valid [ lc&:l data nnly aftm a certain time
|" terion 5C of 10 CFR Part 40, Appcndix A. Detailed nto the test when radial flow conditions have been
i information on the thickness, orientation, uniformity, estabhished. Test results can alse G affected by
i extent, by draulic conductivity, and hydraulic gradicat is harchole or formation conditiups that d_n not meet the ‘
| required. This iaformaion must be obtained from assumplions uf & Rully penctrating well . an infmits
drilling of borcholes as well as from surface methods. hamageneous and isotropic aquifer,

The hydraulic conductivity must be determined from a

*sufficient amount of field testing (e.g., pump tests)’ Criterion 3G of 10 CFR Part 40, Appendix A, also

and pulse tests (Bredehooft and Papadopulos 1980), start of major site construction.

Mauy analysis techniques are described in the literature
for these basie test types. A method for conducting

and not exclusively from laboratory testing of samples. specifics that hmch(\lf:- ge logic and geophysical data _'
The requirements for hydrogeologic characterization at must be sufficient to identify *significant discontinuities, |
Title 1 sites are not spelled out as specifically, How- [raciures, and channcled deposits of high {wdrauhc con- .
ever, adequate information is require { to SUE)pOfI the :;!uc_tm.ly." Determining the borchole density that is
effectiveness of proposed groundwater monitoring and \sutﬁcwnt" requires a certain amouat of professional

the performance assessment calculations. judgment, Some rock types, such as limestone, can

f' have widely spaced zones of high hydraulic conductivity. ,
Hydraulic conductivity, and sometimes storativity, can Other rock types would be expected to have relatively |
be determined from various types of borehole hydraulic unitorm hydraulic conductivity. :

| tests, Test methods include constant flow rate (Cooper T T » :

F and Jacob 1946), constant head (Jacob and Lobman Criterion 18 - For Title 11 sites, baseline monitoring

; 1952), slug (Cooper et al. 1967; Bouwer and Rice 1976), must be conducted for at least one year prior to the

|'

|

For Tile 11 sites, Criterion 7 of 10 CFR Part 40, ,
Appendix A, requires that bascline monitoring be

|
|
i 3| NUREG /CR-5858
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Groundwater Monitoring Programs

conductea for at ke 18t 1 year prior to the start of major
site construction activities. This monitoring program
should inchud: testing 1o determine hydraulic proper-
ties, water-level monitoriug to establish flow diroctions
and gradients, avd chemical sampling 1o establish
groundwater quabit; Scasonal variations in ground-
water fiow should be wdentified

Criterion 19 - The uppermost aquifer must be
identified.

The groundwater standards pertain specifically to the
uppermost aquifer underlying the disposal site. Upper-
most aquifer is defined for Title 11 sites in 10 CTR Part
40, Appendix A, as "the geologic formation nearest the
natural ground surface that is an aquifer, as well as
lower aquifers that are hydraulically interconnected with
this aquifer within the facility's property boundary.” For
consistency between groundwater protection programs,
the NRC staff considers that this definition should be
used for inactive disposal sites as well as active sites
(NRC 1988),

Detection Monitoring

For Title [ sites, the propased standards in

40 CFR 192.02(a)(4)(b) require implementation of a
monitoring plan for the "post-disposal period” to
demonstrate that performance of a disposal facility is in
accordance with the design. For Title 11 sites, criterion
7A of 10 CFR Part 40 requires the establishment of a
detection monitoring program for groundwater. The
detection wonitoring program has two purposes: first,
to detect leakage of hazardous constituents so that the
need to set groundwater protection standards is
monitored; second, to provide data needed by the NRC
to establish the site-specific groundwater protection
standards. Additional requirements for detection
monitoring at Titz Il sites are given in

40 CFR 264.97-264.98. Thesc rules are not specifically
cited for Title I sites. However, some of the require-
ments are applicable on a technical basis.

The following acceptance criterion pertaia to the detee-
tion monitoring program at both Title I and Title 11
sites.

Criterion 20 - One or more upgradient wells must be
provided to establish background water guality for the
uppermost aguiler,
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The concentration limits for many hazardous consti-
ruents wre often based on background concentrations.
Tnerelore, it s critical to establish the background
concentration of constituents. This 1s the concentration
expected in groundwater at the site that is unaffected by
the disposal facility. The proposed regulations for Title
I sites stipulate that background water quality be deter-
mined through one or more upgradient wells. For Title
1 sites, Criterion 7 of 10 CPFR Part 40, Appendix A,
requires that a detection monitoning program be imple-
mented to set the site-specific groundwater protection
standard. This standard 1s bascd on background con-
centrations at the site.

The upgradient well or wells for measuring background
concentrations should be completed in a manner that
will provide representative hydrochemical data for the
uppermost aquifer. Al some sites it may be difficult 1o
place a well upgradient from the disposal. This might
oceur because the disposal is located near a grourd-
witer divide, the gradient in the vicinity of the site is
very flat, or the tailings disposal operation has created a
"groundwater movnd” in the uppermost aguifer. 1o
such cases, it should be demonstrated that background
water quality can be established from wells located in
the same aquifer far enough from the disposal to aveid
mflugnce from any existing groundwater contamination.
In cases where the contaminated mwaterials arc trans
poried 1 a new jocation that has not been affected by

prev ‘amium extraction aperations, the background
wale might be established at the disposal site
before :t of the contaminated material. How-

ever, upg. it background wells would still be needed
to indicate water quality changes from some source
other than the disposal.

Criterion 21 - Analysis parameters for detection
monitoring must indicate if any hazardous constituent
is refeased from the disposal facility into the
uppermest aquifer,

The constituents or parameters for detection mon-
itoring will be specified by the NRC based on infor-
mation from DOE or the Title 11 site operator,
Maonitoring may be required for cach potential haz-
ardous constituent suspected in the tailings. However,
indicator parameters o constivuents may be used for
detection monitoring.  These must give a reliable
mdication of the presence of hazardous constituents
[40 CFR 264 98(n)]. Tn choosing indicalor parameters
the factors gven in 40 CFR 264.98(a) must be
considercd



Criterion 22 - An adequate number of detection wells
must be located st the poirt of compliance to detect
any release of hazardous constituents from the

disposal facility.

The point of compliance is defined as the surface on
the downgradient side of the disposal facility and
extending down to the bottom of the uppermost aqui-
fer. Monitoving wells for detection of hazardous con-
stituents should be fully screened through the aquiler,
ot wells at different depths should be prowided so that
constitucals cannot be transported under or over the
screened section. The downgradient direction should
be based on an accurate characterization of ground-
water flow that takes into account possible seasonal
changes in flow direction. The wells should be located
as close as possible to the disposal facility 10 allow carly
detection of hazardous constituents, Spacing of the
wells should be adequate to intercept any plumes orig-
inating from the disposal facility.

Criteson 23 - Monitoring wells must be desigoed and
constructed so that the concentrations of hazardouos
constituents in samples will reflect concentr. dons in

the uppermost aquifer.

Certain requirements for monitoring well construction
at Title 1 sites are given m 40 CFR 264.97(c). These
requirements are also generally applicable to Tide 1
sites on a technical basis to ensure that samples are
representative.  Standards for the design and construe-
tion of groundwater monitoring wells are given in
ASTM D 4448, Standards for i2URA wells are given in
the EPA’s RCRA Ground-Water Monitoring Technical
Enforcement Guidance Document (EPA 1936).

Monitoring wells should be open to a single aquifer so
that concentrations of ~ontaminants in samplcs are not
diluted by water from other aquifers intersecied by the
well. The well must be cased and sealed at the surface
to ensure that contaminants from surface runotf do not
enter the well. A sereen or perfurated section of casing
is normally required to allow flow into the well. In
unconsolidated formations, a sand or gravel pack may
be reguired so the screen; or perforated section, de

not become plugged with fines. Matenals e i
construction and sampling devices should not ac' v
utherwise attenuate constituents being momitore
Access 10 monitoring wells should be controllea oy
some type of locking cap to ensure sample integrity.

Groundwater Monitoring Programs

Criterion 24 - Detection samples must be collected at
least semi-annuaily.

The NRC will specify the detection sampling frequency
in the facility permit for Title 11 sites or the Technical
Evaluation Report for Title 1 sites. Regulations in

40 CFR 264 98(d) stipulate that the sampling frequency
must be at least semi-annuoally for “title 11 sites, This
minimum requiremeni way also be applied to Title 1
sites on a technical basis. More frequent sampling may
be required based on groundwater flow conditions, the i
disposal facility design, and the proximity to important
groundweter resources. The frequency should be at
least adequate to deted the preseace oi hazardous con-
stituents before their concentrations exceod the site
grounds uier standard.

Cyiterion 28 - Grovndwater flow direction and rate
nst be determined at least snnually during the
detection monitoring period,

For Title 11 sites, the determination of groundwater
fow direction and rate is required by Criterion 5G(2)
of 10 CFR 40, Appendix A, and by 40 CFR 264.98(¢).
The requirement may also be applied o Title 1 sites to
show that groundwater flow conditions match those pre-
dicted m the performance assessment. Water levels in
monitoring wells must be measured to establish gra-
dients and flow direction. Hydraulic properties must
also be known. The uncertainty in hydraulic prope-ty
estimates and o, mesurements of water elevation
should be considerca and applied 10 any flow rate
prodictions.

Criterion 26 - Reasonable quality assurance measures
must be plarned to assure that detection samples are
representative of concentrations in the aguifer.

It should be demonstrated that reasonable precautions
will be taken to avoid contammation of wells during
drilling and sampling operations. Sample collection,
handling, and analysis methods shouid also minimize
the potential for sampk: contamination, Standard
quality assurance procedures including the analysis of
blank and spiked samples should be applied. Proce-
duses for sample colleetion and analysis should be
provided or referenced. EPA (1990) gives procedures
for collection and analysis of samples,
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Groundwater Monitoring Programs

Criterion 27 - statistical methods must be
used in deteominmg if @ hazardous constituent is

present.

The Title 1i regulations in 40 CFR 264 98(d) require
that & sequence of four samples be taken from cach
background and defection monitoring well. The con
senteations of hazardous constitueats i bac!.,round
wells and detection wells must be statistically analveed
according (o the methods specified in 40 CFR 264 97(h)
to determine if there is statistically significant evidence
that the hazardous constituent is presont in greater than
backpround coneentrations.

Possible statistical methods specified in
40 CFR 264.97(h) are listed below,

* Parametric analysis of variance (ANOVA) followed
by multiple comparisons procedures: The method
must include estimating and testing the cuntrasts
between each detection well's mean concentration
and the background mean concentration for ecach
constituent. The Type 1 error level for muluple
comg son procedures cannot be less than 008
The Type 1 error level for comparisons of con-
centration al a single detc tion well with the
background cannot be less than 0.01.

¢ ANOVA based on ranks followed by multiple com-
parisons procedures: The method must include
estimating and testing the contrasts between cach
detection well's median concentration and the
background median concentration for cach constit-
uent. The Type | error level for multiple com-
parison procc“ures cannot be less than 0.05, The
Type 1 error level for comparisons of concentration
al a single detection well with the background
cannol be less than 0.01.

* A tolerance or prediction interval procedure in
which an interval for cach constitueny -~ stablished
from the background data, and the concentration of
cach constituent in each detection well is compared
10 the upper tolerance or prediction limit: The
NRC must agree that the specified tolerance «
prediction interval is protective of human health and
the environment.

® A control che  approach that gives control limits for
each constitu. . The NRC must agree that the
sp-oificd controw aumits are protective of human
bedth and the environment.
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Another mothod proposed by the site operator may be
used of approved by the NRC. Such approval may be
given if the alternate method is protective of human
health and the environment. The statistical method
musi be shuwn to be appropriate for the type of data
distubution.  1f a statistical test based on a normal
distribution is not appropriate, the dsta should be
transformed o « distribution-free test should be used.

An gnalysin rosult that is very different than the wean
(an outlier) may sometimes bo observed. This zould
come from an error o sampling, analysis, or data han-
dling. Such a test result can be disregarded only if o
can be documented that an ercor occurred.

Criterion 28 - For Title 1 sites, DOE must show that
existing groundwater contamination and deanup
activities will not adversely affect groundwater
monitoring of the disposal facility,

If DOF proposes to defer deanup of existing
groundwater ontamination at a proposed Tile 1 dis-
posal sile, they must demonstiate that disposal can
proceed independently of cleanup activities, This Lt a
bearing on the de¢* ction monitoring program because
existing groundwater contamination may make it diffy.
cult to detect releases from the disposal facility. In
such a case, DOE must characterize existing ground-
water contamination and predict its movement (o show
that monitoring facilities for the disposal facility will not
be affected. They must also show that cleanup activities
will not adversely affect the ability to monitor the dis-
posal site, for examyle, by changing groundwater flow
directions.

Cu.apliance Monitoring

If hazardous constituents are detected, then Tile 11
regulations in Criterion 7A of 10 CFR Part 40, Appen
dux A, speaify that the site groundwater standard is
established and » compliance monitoring program must
be implemenied.  Jor Title 1 sites, a dear distinction i
not made between detection and compliance monitor-
g, However, @ monitoring program must be stabs-
lished with one abjective being o ensure that hazardous
constituents do not exceed 2stablished concentration
limits at the point of complisnce  The monitoring
program for Titie 1 sites must damonstrate that the
disposal facility is performing as designed for at least
the first fow decades of its operation




The following acceptance criteria pertain (o monitoring
required to demonstrate compliance with the perform.

ance tequirements,

Criterion 29 - The compliance monitoring program

must ensure that any statistically significant
exi edence of concentration Hmits at the point of
compliance is detected.

Compliance monitoring is required 5o that the need for
corrective action can be identified. In many cases the
detection monitoring wells wall be wsed for compliance
monitoring. However, additional monitoring wells may
be needed to ensure that the maximum concentration
area of tue plume is monitored at the point of com-
pliance, and not just the fringes of the plume.
Requirements ‘or well construction, and for sample
handling and analysis procedures, apply 10 monitoring
wells for the compliance monstoring program as well as
the detection monitoring program,

Criterion 30 - Complinnce monitor’ ng shoulé
demonstrate that the disposal facility is operating as
designed,

The requirement for demonstrating initial performance
of a Title 1 disposal facility implics that the monitoring
program must, al & mimmum, be able to detect hazard-
ous or radioactive constituents that reach the point of
compliance in concentrations greater than the concen-
tration limits. However, because the monitoring period
is short in compurison 1o the designed control period,

Groundwater Monittoring Programs

monitoring al the point of compliance may not be
sufficient to demonstrate that the disposal facility

is operating as designed, as required by

40 CFR 192.02(b). Manitoring (o verify sssumplions
made in the performance assessment or (o verify pre-
dictions of scepage rate and contaminant transport may
be required.  Examples may include the monitoring of
moisture seepage through the cover or contaminated
materials, and coliechon of samples from lysimeters to
check constituent concemtrations in scenage, Those
facilitics may be temporary and may be removed at the
end of the compliance monitoring period so that the
integrity of the disposal facility 1s net compromised.
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Design and Construction of Groundwater Protection Barriers

Various types of barriers may be useiul in the protec
tion of groundwater resources al some uraniuim mill
tadlings disposal sites. Barriers cun be classified as
physical flow barriers or geochemical barriers. Physical
barricrs act to impede the flow of scepage or ground.
water through a reduction in permeability along the
flow path or an induced change in hydraulic gradient
These bartiers include liners placed below the contam-
inated .naterials, shurry walls, grout curtains, and
regions of artificially induced high hydraulic head
Geochemical barricrs consist of material placed in the
flow path of contaminants that will react with and
immobilize hazardous and radwactive constituents

Physical Barriers

Liners

The following acceptance criteria are related to the
need for liners and the design of liner systems at Title |
and Title 1 disposal sites.

Criterion 31 « A liner must be provided for new
impoundments or additions to impoundments where
the waste materials will contain excess moisture over
the specific retention, or it must be demonstrated that
an alternate design will provide protection of ground-
water and surface water that is at least as effective us
the required liner.

For Title 1 sites, the proposed EPA standards

{40 CFR 192.192.20(a)(2)] require a "liner or equivalent
to prevent contamination of groundwater” ul new
disposal sites for tailings that contain water over th.
specific retention of the material and at sites where
tailings are slurried 1o a new location. The purpose of
these rules is clearly 1o ehiminate the drainage of excess
liquid from the waste materials.

Residual rudioactive materials at Title | processing sites
generally do not contain water above the specific reten-
tion of the materials. Thercfore, even if the Lailings are
relocated, a liner is generally not required. 1f water is
added for dust comrol or other purposes when relocat-
ing waste, however, it must be demonstrated that the
as-built moisture content is less than the specific reten
tion. Otherwise a liner or "equivalent” is required. The
equivalen: of a liner is not specified. Presumably, this
could o¢ a natural low-permeability soil or rock
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underlying the disposal site, To be equivalent to a
liner, the material would have to hunit flow from the
Title 1 disposal facility to the dogree needed to protect
groundwater. The performance assessmeont would have
to show thal drainage of residual moisture through the
liner or equivalent would not cause regulated constit-
uents in groundwater at the point of compliance to
exceed concentration limits during the specified control
period,

A liner is required for Title 11 tailings impoundments by
10 CFR Pari 40, Appendix A, Criferion SA, and by the
RCURA regulations in 40 CFR 264221, Specific
requirements for the liner are also given in these
regulations,

For Title 11 sites, the liner system must prevent migra-
tion of waste into underlying soil during the desighed
control period, or it must be demonstrated that an
alternate design will prevent the migration of any
bazardous constituents into groundwater or surface
wates at any future time, or it must be demonstrated
ihat an alternate system and operating practices will
provide - stection of groundwater and surface water
that is ut least &: effective as a liner and leachate
collection system, These exceptions to the liner
requirement provide flexibility in designing a site-
specific disposal facility. Watural conditions and
operating practices may be relicd on in some cases to
provide containmeent. Such a design would have 1o be
supported by an accurate and defensible analysis of site
conditions. Factors 10 be considored in deciding if an
alternate design is acceptable include the wature and
quantity of wastes, alternate design, hydrologic setting,
attenuative capacity of subsoils between the impound-
ment and the uppermost aguifer, and all other factors
that would influence the migration of hazardous
constituents from the impoundment,

Criterion 32 - If a liner Is proposed, it must be stable
over its design life

The requirements for Title 11 sites (10 CFR Part 40,
Appendix A, Criterion 5) mandate that the liner must
be constructed of materials with appropriate chemical
properties and sufficient strenmb 1o withstand the
expected pressure gradients. Chemical properties of
the liner and potential reaction with waste materals
should be considered.  Construction methods should
protect against damage through settlement, compres-
sion, or uplift. An adequate base should be provided i
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Design and Construction of Groundwater Protection Barriers

needed. The poteotial for seismic damage should also

bie considered i the design.

To satisfy the long-term performance reguirements for
Title 1 sites [CFR 192.02(x)] and the reguirement to
minimize maintenance (40 CFR 264 111(a)], DOE must
Cemonstrs t¢ that the liner material will continue 10 be
effective for as long as ncocssary to meel the design
requirements.  Therefore, cssentially the same require-
me. s listed above for Tithe 11 sites can be applied on a
technical busis.

Other Physical Barriers

Physical barriers such as grout curtains and slurry walls
can usually only delay the transport of constituents from
the disposal facility. They can foree the contamnants
1o follow a longer flow path, which might provide
greater potential for geoachemical attenuation. How-
ever, because the point of compliance is at the Jown-
gradient edge of the arca where the waste s placed,
these types of barriers are usually not vseful for meet-
ing groundwater prote~ton standards. Barricrs con-
sisting of areas of high hydraulic t-ad created through
injection of water are not accep! <oe us a long-term
remedial action because they rely on aoatenance.

Geochemical Barriers

A geochemical barrier placed beneath the contaminated
materials in a disposal facility is a p ssible method for
immobilizing hazardous and radioactive constituents
befare they reach the uppermost aguifer. The ge
chemical barrier would contain materials that adsorb or
react with hazardous and radicactive constituents. For
example, a site lacking enough patural neutralization
potentisl might use a geochemical barrier of some
material with limestone to neutralize acidic secpage
from the tailings and react with constituents t fuem
insoluble solids. Limestone (CaCO4), and hydrated
lime (Ca(OH),) hive been studied as noutrsluing
agen s for uranium tallings s lution (Opaiz e al. 1985
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Criterion 33 « 1t must be demaonstrated that the
proposed geochemical bairier is effective in
attennating hozardous and radiosctive constitoents
under the expected geochemical conditions.

I a geochemical barrier is proposcd, the burden of
proof 15 on DOE or the Tule 1 site operator to
demonstrate, throngh laboratory benchiscale or field-
scale testing that the barrier material will have the
attenuating effects assumed by the disposal design. 1f
such a barrier is to replace the normally required liner,
It must be shown that the bacrier will be st least as
cffective as a liner and leachate collection system in
preventing the migration of hiszardous constituents to
groundwater.

Criterion M < 11 a geochemical barvier is a part of the

disposal design, its reaction or exchange capacity must

be sufficient 1o retard or attenviste transport of haz.

ardous constituents, |

|
DOE or the Title 11 operator must demonsirate that l
the mass of materials used in the proposed geochemical
barrior will bave sufficient capacity 1o meet the design
assumptions for attenuation of hazardous and radico
active constituents, The possibilities of preferential flow
paths through the barrier should be considered because !
these phenomenon may decrease the mass of barrier !
material contacted by contaminants.

Criterion 35 - Materials used in o geochemical barrier
must be compatible with other component: of the
disposal facility design.

There is a potential for materials used in a peochemical
barrier to chemically inizract with adjacent cell
components, This interaction might reduce the cffec
tiveness of ather components such as liners. The inter- ]
action with adjacent components might also have an :
adverse effect on the geochemical barrier. This poten- i
tial interaction should be considered in the decign, I
4
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cuw® ¢ o o b propesed treatment method must

o udzde o m reducing the concentrations of
sazardooas and radionctive constituents to Jess than
he allowed concentration limits.

Bench- or pilot-scale treatment tests using contam-
inated groundwater from the site would be acceptable
in showing the effectiveness of the proposed treatment
methods. Results from sites where treatment methods
have been shown (o work might also be extrapolated to
sites with similar groundwster chemistry and waste
charactenstics.

Criterion 40 - The effect of injecting treated water (if
praposed) on the pattern of groundwater flow in the
agquifer must be evaluated.

If treated groundwater is injected into the squifer it will
create mounds in the potentiometric sutface and affect
groundwater flow directions. An analysis of ground-
water flow in the aguifer including the effects of with-
dreawal and i) ction should be made (o predict the flow
of remaining contaminated groundwater. Injection
wells could be used 1o keep contuminated proundwater
from migrating away from the site during the remedia
tion period, or to direat the flow of remaining con-
taminated groundwater toward withdrawal wells.

Accuracy of numerical models used for predicion of
flow and transport should be demontrated and the
assumptions used should be realistic and conservative,
The misapplication of transport models often gives
inaccurate resulis, especially in situatic ns where several
punping and injeoting wells must be simulated. El-
Kadi (1988) documents an example of inaccurate results
from a transport model misapplied (o remedial action
situations involving pumping and injection wells,

In Situ Treatment Programs

Al some sites, treating contanunated groundwater in
the aquifer may be an effective and more cost-efficient
method of groundwater cleanup than the pump-and-
treat approach, The acidic condition of seepage from
most uranium mill tailings results in increased mobitity
of most hazardous and radivactive constituents. There-
fore, simply raising the pH of contaminated ground-
water to a near-neutral value may reduce the
concontration of contaminants in seepage to less than
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the appiicable concentration limits,. Bioremediation
may also be useful in the in situ treatorent of some
constituents.

The following aceeptance critena apply 1o remedial
achon plans for groundwater deanup that propose in
situ chemical treatment.

Criterion 41 < Laboratory testing of representative
samples must show that the treatment will be effective
in reducing constituent concentrations to accepiable
levels,

For chemical treatment, laboratory tests should show
that mixing proposed treatment reagents with samples
of contaminated grovndwater under the expected geo-
chemical conditions will result in dissolved constituent
concentrations lower than the concentration limits. The
effectiveness of any proposed bioremedistion must also
be demonstrated. If some hazardous constituents
remain over acceptable mits following treatment, DOE
must provide an additional cleanup step to reduce con
centrations of these constituents, or apply for alternate
concentration limits,

Numerical models might also be used to predict the
cquilibrium concentrations of constituents following
chemical treatment  Such a model could be applied to
a variety of different conditions present in the aquiler,
or used 10 conduet sencitivity studics with different
types or concentrations of reagents. However, such
muodels should be verified by laboratory tests.

Criterion 42 « The method of injecting reagents must
result in sofficient mixing with contuminated
gronndwater to make the teeatment effective,

For an in situ treatment program to be effective, the
injected reagents must make contact with the contam:
inated groundwater being treated. Because ground-
waler moves slowly, especially in the relatively
low-permeability aquifers at some processing sites,
=ixing in the aquifer may be difficult to accomplish.
Numerical transport models may be used to determine
the extent of the influence of injected reagents. Input
data for such modeling, including hydraulic properties
and dispersivity values, must be shown to be represen-
tative. A corrective action monitoring program must be
implemented to0 monitor and evaluate the degree of
mixing and the effectiveness of treatment.

3
e I



4

B e B N e L

Effcts of the trestment itselfl on hydraulic properties
should also be considercd. For example, if o solu
precipitate is formed by the treatment process, the
formation of precipitate may result in a significant
reduction of the hydraulic conductvaty around the

injection borehole,

Criterion 43 - The total mass of reagent material
proposed must be sufficient o treat the mass of
contaminants present in the groundwater.

By calculating the total volume of coniaminated
groundwatet, it should be possible to determine the
minimum reagent mass required 1o treat the mass of
contaminants in solution. As stated above, this mass of
reagents must also be mixed sufficiently with the
groundwater for treatment to be effective. Since mixing
efficiency will be ess than 1009, a larger mass of
reagent will be required.

Criterion 44 - The effectiveness of the treatment must
be determined by an adeguate monitoring progras. .

Results of in situ treatment must be verified by
collecting and analyzing groundwatcr samples from an
appropriate network of monitoring wells, as described
in the section o1 monitoring programs,

Natural Flushing

In some cases, natural processes might be sufficient to
reduce concentrations of hazardous and radioacin:
constituents in affected groundwater 1o less than the
concentration limits within an allowable penod. An
active groundwater treatment program would not be
necessiy. However, because an extended time period
would probably be requived for these processes,

40 CFR 192.12(c)(4) may have Lo be invoked to extend
the remedial period for Tde 1 sites,

Criterion 45 - If the remedial pericd is extonded to

allow cleanup through natural processes, the
requirements of 40 CFR 192.12(0)(4) must be met.

To extend the remedial period for groundwatsr cleanyy
for up to 100 yoars at Title 1 sites, ' must be dem-
on-trated that 1) established conce stration limits wall
not be exceeded durin', the extended period, 2) msltitu-
tional control will be maintained, 3) e atiected
groundwater is not now snd 15 not projected to become
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Groundwater Cleanup Programs

a source of pubhe drinking water, and 4) contaminated
materials will be disposed of in accordance with 40
CFR 192 Subparts A and C within tme limits specified
by UMTRCA. The requirement that established con-
centration limits not be exceeded is taken to pertain to
groundwater outside the limits of the present contam-
inated plume. An assessment of plume movement and
attenuation 15 needed 1o prediat future movement of
conitaminants and demonstrate that this requirement
will be met.

Criterion 46 - For cleanup through natural flushing,
reasonable assurance must be provided that natora
precesses will be effective in cleaning up existing
groundwater contamination,

Processes that can naturally reduce the concentrations
of constituents incl de dispersion, neutralization/
procipitation, and sorption. If natural flushing is
selected for groundwater cleanup, then DOE or the site
operator must demonstrate that these processes vill
resuli in the concentrations of all i .entified hazardous
and radioactive constituents being reduced to less than
their established concentration limits. To show that
natural flushing and natural atlenuation processes will
be adequate to protect groundwater, a good under-
standing is required regarding aquiler peometry, aquiler
hydraulic propertics, groundwater flow rate, and geo-
chemical properiies. This information must be
obtained from technically defensible characterization
activitics. The uncertainties in these parametets must
also be considered,

In some situations, delaying the start of an active
groundwater restoration program will result in
nereased eventual costs and difficulty in schieving
groundwiter cleanup. Advection and dispersion may
spread the contaminant plume and not reduce contami-
nants to acceptable levels. Therclore, natural flushing
should not be relied on without a high degree of confi-
dence that it will be effective

NUREG /OR-3858
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Critg.jon 18

Criterion 19:

Criterion 2(:

Criterion 21:

Criterion 22:

Criterion 23;

Criterion 24:

Criterion 25:

Criterion 26:

Criterion 27:

Criterion 28:

For Title 11 sites, baseline monitoring
must be conducted for at least one year
prior to the start of major site
cons'ruction.

The uppermost aquifer must be
wdentified.

One or more upgradient wells must be
provided to establish background water
quality for the uppermost aquifer.

Analysis parameters for detection
monitoring must indicate if any
hazardous constituent is released from
the disposal facility into the upprrmost
aquifer,

An adequate number of detection wells
must be located at the point of
compliance to detect any release of
hazardous constituents from the disposal
facility.

Monitoring wells must be designed and
constructed so that the concentrations of
hazardous constituents in samrles will
reflect concentrations in the uppermost
aquifer,

Detection samples must be collected at
least semi-annually,

Groundwater flow direction and rate
must be determined at least annually
during the detection monitoring period.

Reasonable quality assurance m=asures
musi be planned to assure that detection
samples arc representative of concen-
trations in the aquifer,

Appropriate stetistical methods must be
used in determining if a hazardous con-
stituent is prosent.

For Title 1 sites, DOE must show that
existing groundwater contamination and
cleanup activitics will not adversely affect
groundwater momnitoring of the dizposal
facility,
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Criterion 29

Criterion 30

The compliance monitoring program
must ensure that any statistically sig-
nificant exceedence ol concentration
limits at the point of compliance is
detected.

Comphance monitoring should
demonsirate that the disposal facility is
operating as designed.

Design and Construction of
Groundwater Protection Barriers

Criterion 31;

Criterion 32

Criterion 33:

Crterion 34,

Criterion 35:

A liner must be provided for new
impoundments or additions to impound-
ments where the waste materials will
contain excess moisture over the specific
retention, of it must be demonstrated
that an alternate design will provide pro-
tection of groundwater and surface water
that is at least as effective as the
required hiner.

If a liner is proposed, it must be stable
over its design lifc,

It must be wemonstrated that the pro-
posed geochemical barrier is effective in
attenuating hazardous and radioactive
constituents under the expected geo-
chemical conditions.

I a geochemical barrier is a part of the
disposal design, its reaction or exchange
capacity must be sufficient 1o retard or
attenuate transpory of hazardous
constituems,

Materials used in a geachemical barnier
must be compatible with other com-
poncots of the disposal facility design

Groundwater Cleanup Programs

Criterion 36:

Provisions should be made for verifica-
tion of the success of groundwater

cleanup.



Criterion 37:

Criterion 38:

Crite: ion, ¥

Criterion 40

Criterion 41:

If groundwater cleanup is deferred, it
must be demonstrated that any planned
disposal activities can proceed
independently of groundwater cleanup
and that public health and safety will not
bo endangered.

The hydraulic characterization of the
aquifer and design of the proposed

v hdrawal system must show with
reasonable assurance that contaminated
groundwater can be “captured” by the
propi.ed withdrawal woiis.

The proposed treatment method must be
effectize in reducing the concentrations
of hazardous and radioactive constituents
to less than the allowed conceutration
limits.

The etfect of injecting treated wates (if
proposed) on the pattern of groundwater
flow in the aquifer must be evaluated.

Laboratory testing of representative
samples must show that the treatment
will be effective in reducing constituent
concentrations to acceptable levels.

Criterion 42:

Critenion 43;

Criterion 44;

Criterion 45

Criterion 46

The method of injecting reagents must
result in sufficient mixing with
contaminated groundwater to make the
treatment effective.

The total mass of reagent material
propased must be sufficient to treat the
mass of contaminants present in the
groundwater.

The effectiveness © the treatment must
be determined by an adequate
monitoring program.

If the remedial period is extended to
allow cleanup through natural processes,
the requirements of 40 CFR 192.12(c)(4)
must be met.

For cleanup through natural flushing,
reasonable assurance must be provided
that natural processes will be effective in
cleaning up existing groundwater
cantamination,
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