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~STRACT

A significant  limitation  in defining  remediation needs  at contaminated sites  often results from an

insufficient  understanding of the transport  processes that control contaminant migration. The

objectives  of this research were to help  resolve this  dilemma  by providing an improved

understanding of contaminant transport  processes in highly  structured, heterogeneous subsurface

environments  that are complicated  by fracture flow and matrix diffusion. Our approach involved

a unique  long-term, steady-state natural  gradient injection  of multiple  tracers with different

diffision coefficients  (Br, He,  Ne) into a fracture zone of a contaminated shale  bedrock. The

spatial  and temporal distribution  of the tracers was  monitored for 550 d using  an array of

groundwater  sampling  wells  instrumented within  a fast flowing  fracture regime and a slow  flowing

matrix  regime. The tracers were transported preferentially  along  strike-parallel fractures, with  a

significant  portion of the tracer plumes  migrating  slowly  into the bedrock matrix.  Movement into

the matrix  was  controlled  by concentration gradients established  between preferential  flow paths

and the adjacent  rock matrix. Observed  differences  in tracer mobility  into the matrix  were found

to be a function  of their free-water  molecular difision coefficients. The multiple  tracer technique

confirmed  that matrix  difision  was  a significant  process that contributed to the overall  physical

nonequilibrium  that controlled  contaminant transport  in the shale  bedrock. The  experimental

observations were consistent  with numerical  simulations  of the multi-tracer breakthrough  curves

using a simple fracture flow model.  The  simulated  results also demo’nstrated  the significance  of

contaminant  difision  into the bedrock matrix. The  multiple  tracer technique and ability to

monitor the fracture and matrix  regimes,  provided the necessary experimental  constraints for the
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ac(;urate  numerical  quantification  of the diffisive  mass  transfer process. The experimental  and

numerical  results  of the tracer study  were also consistent with indigenous contaminant discharge

concentrations within  the fracture and matrix  regimes  of the field site.  These findings  suggest

that the secondary source contribution of the bedrock matrix  to the total off-site transport  of

,contaminants is relatively  large and potentially long-lived.

INTR~DWTION

A vast accumulation of literature  in the fields  of soil science,  geosciences, and petroleum

engineering  has provided overwhelming  evidence  that solute  transport  in undisturbed subsurface

media  is often  influenced  by preferential  flow coupled with  matrjx  diffusion  (Shuford et al., 1977;

Shaffer  et al., 1979;  Frohne and Mercer,  1984;  Abelin  et al., 1987,  1991;  Seyfi-ied and Rao, 1987;

Jardine  et al.,  1988, 1990, 1993a;  Birgersson and Neretnieks, 1990;  Wilson  et al., 1993;  McKay

.

Lapcevic: 1994;  Vandergraaf et al.,et al.,  1993a;  Schettler and Parmely,  1993;  Novakowski  and

1996;  Holtta et al., 1996;  Reedy et al., 1996;  Selim and Ma, 1998). The  physical  structure of most

subsurface  media  is conducive to rapid  advective flow  along

regions,  root channels,  and animal  burrows. As a result,  concentration and hydraulic  gradients

develop  between the advective flow paths  and the surrounding soil and bedrock matrix which

fractures,  cracks, inter-aggregate

causes  time-dependent mass exchange  between the two domains. The  occurrence of this physical

nonequilibrium  process in soils  was  evidenced  more than  a century ago (Schumacher, 1864;

Lawes et al., 1882);  however,  the challenge  remains  on how to quantify  this  process in soils  and

bedrock for  the purpose of aiding  (a) nutrient use efficiency  in crops and trees (Shuford et al.,

1977; Shaffer  et al.,  1979; Haines  et al., 1982;  Jardine  et al., 1989;  Wilson  et al., 1991a,b),  (b) oil,
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3 1990 a,b; Neretnieks, 1993;  Birgerson et al., 1993), and (d)  remediation of contaminated

4 environments  (Ahn  et al., 1985;  Solomon et al., 1992;  Wilson  et al., 1993;  Jardine et al., 1993 a,b;

5 Shevenell  et al., 1994;  Gwo  et al., 1996;  Moline  et al., 1998).

6

7 A number  of techniques are available  for assessing  physical  nonequilibrium  processes during

8 solute  transport  in heterogeneous subsurface environments  (Jardine  et al., 1998). The  techniques

9 include  (1) controlling  flow path dynamics  with  manipulations  of pore-water  flux and soil-water

10 tension,  (2) isolating  dif%sion  processes with  flow  interruption, (3) using  tracers that visually  map

11 flow path dynamics,  (4) using  tracers with  different  diesion  coefficients,  and (5) using  multiple

12 tracers with  grossly different  sizes. At the field  scale,  techniques (4) and (5) are most practical  for

13

14

15 Zuber,  1990, 1993;  McKay  et al., 1993 a,b, 1995;  Sanford  and Solomon,  1998;  Jaynes  and

16 Horton, 1998).

17

18 The use of multiple  tracers with  different  difision  coefficients  is particularly  useful  since  the

19

20 nonequilibrium  processes are significant  in subsurface  media,  tracers with  larger molecular

21 difision coefficients  will be preferentially  “lost” to the matrix  porosity relative to tracers with

22 smaller  molecular  difision coefficients.  Abelin  et al. (1987) noted that the effective  di&sivities

gas, and resource recovery (Frohne and Mercer, 1984;  Schettler and Parmely,  1993;  Khire  and

Khan,  1994 a,b), (c) waste management strategies (Walter,  1982;  Abelin  et al., 1987;  Cacas  et al.,

quantifying  advective preferential  flow  and time-dependent diGsion into the soil  and bedrock

matrix  (Albelin  et al.,  1987; Harvey et al., 1989,  1993,  1995; Raven et al., 1988;  Maloszewski and

influence  of matrix  diffusion  on the overall  system  dispersion  can be quantified.  When  physical
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of various conservative dye tracers were smaller  than I‘ during  transport  in fractured granite. This

was believed  to be the result  of matrix  diffision  effects  since the dye tracers were larger molecules

relative  to I‘. Similarly,  Birgersson and Neretnieks (1990) found that I’ dif?Iused  farther into  the

matrix  of the same  granitic  material  relative to Uranine and Cr(III)EDTA  which is consistent with

the larger diffision  coefficient  of I- relative to the other two tracers. Likewise, Vandergraaf et al.

(1996) observed that the conservative tracer r311 eluted considerably  later than Uranine in a

quarried  granite block  containing  natural  fractures. Although not mentioned by the authors, the

separation of the tracer breakthroughs could  have resulted  from  diffision  into the rock matrix

although diffusion  rates into granite are small.  Maloszewski and Zuber (1990,  1993) suggested

that double  tracing  should  be applied  as a rule in order to confirm  the significance  of matrix

diffusion  and to distinguish  the apparent dispersion  from  the intrinsic  one. These authors have

reworked several  field experimental  data sets (e.g.  Garnier et al., 1985;  Raven et al., 1988;  Cacas

et al., 1990b), where multiple  tracers were used in fractured chalk  and gneiss  bedrock to show

that difision  into the matrix  was the dominant process controlling  solute  transport. Recently,

Sanford  and Solomon (1998) used the noble  gas tracers He and Ne to quantify  matrix diffusion  in

a fractured weathered shale saprolite  containing  a large  microporosity. The  separation of the gas

breakthrough curves  was consistent  with  differences  in the tracer molecular diffision  coefficients.

From  the perspective of contaminant  transport, solute  mobility  into the matrix  creates a secondary

contaminant source that drastically  alters  the choice  of remediation strategies by severely  limiting

the usefulness  of various  techniques. For this reason,  deciphering  the mechanisms of field-scale

contaminant  transport  processes is imperative to successful  risk assessment and decision-making
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concerning  site remediation.  Model sensitivity  analysis  of contaminant transport  has suggested

that the movement of mass  between fracture and matrix domains  is one of the most important

variables  in describing  solute  mobility  in heterogeneous subsurface systems  (Neretnieks, 1980;

Berglund and Cvetkovic, 1995;  Toran et al., 1995;  Brogan and Gailey,  1995). Unfortunately,  this

area  of research is lacking  in experimental  data,  particularly  in fractured bedrock.

In this study,  we adopted a multiple  tracer technique to quantify  the significance  of fracture  flow

and matrix  difision on the fate and transport  of contaminants in fractured shale  bedrock at the

Oak Ridge National  Laboratory. Our goal was  to provide an improved understanding and

predictive capability  of field scale difision  mechanisms  for the purpose of enhancing  the selection

of remedial  strategies at contaminated sites. Our objective  was to demonstrate that the fractured

shale bedrock not only acts  as a conduit  for contaminants, but that it also serves to “attenuate”

contaminants via diffusion  into the higher  porosity rock matrix. To fulfill this objective,  a unique

experimental  approach was necessary  that involved  a long-term, near  steady-state natural gradient

injection  of multiple  tracers and the ability to monitor the bedrock fracture and matrix  regimes

over time. Coupling  the two techniques proved to be invaluable  for quantifying  difIusive  mass

transfer in the shale bedrock.

MATERIALS AND METHODS

Site Description and Rationale

The study  site is located  in the southeast portion of Waste Area Grouping 5 (WAG 5) on the Oak

Ridge Reservation in Oak Ridge,  Tennessee (Fig. 1). It is situated in the Valley  and Ridge

6



1 Province,  which  is characterized by a succession of northeast-trending thrust faults  that duplicate

2 the Paleozoic age sedimentary  rock sequences.  Locally,  the site is underlain by the Dismal  Gap

3 formation which  consists  of interbedded shale  - limestone sequences that dip 30-35” southeast.

4 The site is situated in the upper unit  of the Dismal  Gap,  which has a greater proportion  of shale

5 and therefore a greater number  of fractures and hydrologically  active zones. Most fractures

6

7

within  the upper bedrock are only a few centimeters to a meter in length,  but they are numerous

and highly  interconnected (Solomon et al., 1992).  Bedding plane  fractures are also prevalent

8 within  the bedrock and they  are typically  more continuous (Lee et al., 1992). Fracture  densities

9 fall  within  the range of approximately  200/m found  in overlying  saprolites (Dreier et al., 1987),

10 and 5/m measured  in fresh  rock (Sledz and Huff,  198 1; Lemiski,  OKNL,  1996,  unpublished  data).

11

12 Our investigations  focused on shallow  groundwater  flow within  saturated bedrock 2-9 m below

13 the ground surface  and below  the bedrock-saprolite  interface. The site is near the valley  floor
.

14 where converging  groundwater  flows  west to east  along  geologic strike toward a cross-cutting

15 tributary  drainageway.  Fracture  orientations and connectivity can give rise to extensive

16 preferential  flow regimes  within  the bedrock.

17

18 Our rationale  for  choosing  this site is based  on monitoring evidence that showed this area was a

significant  contributor to the total off-site  transport  of tritium (Wickliff et al., 1991;  Hicks et al.,

1992).  Disposal  records confirm  that the southeast portion of WAG 5 contains hundreds of

unconfined  shallow  land  burial trenches where 3H has been disposed.  Discharge concentrations

from a seep at the bottom of the site were 20,000 times higher than the safe drinking  water

7
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2

3

southeast portion of WAG 5 above hundreds of waste trenches, revealed elevated levels  of 3H

across the entire  area (Wickliff et al., 1991). More significant  was the fact that the highest

4 activities  were found  near  the end of two long  trenches that were strike parallel  with the seep  35

5 m away. These  observations were the basis  behind  our hypothesis,  that fracture  orientation and

6

7

converging groundwater  flow  paths contribute to the massive  flux of contaminants being

discharged Corn waste sources  to surface  water systems  on the Oak Ridge Reservation. Our

8 challenge  was  to quantify  the advective movement of these contaminants and veriQ whether

9 secondary  sources are forming  in the bedrock matrix  due to solute diffisidn.

10

11

12

Site Installation and Tracer Injection Strategies

In order to understand the mechanisms  of contaminant discharge at this site,  as well  as similar

,
13 sites  that are comp.licated  by heterogeneous multi-region flow,  we initiated  a multiple  tracer

14

15

experiment  that required  well  installations  within  different  flow  regimes  of the bedrock.

16 Borehole installation. characterization. and sanmlina setw

17 We initially  drilled  three boreholes at locations  aligned  parallel  to strike,  forming a transect

18 between the seep and the waste trenches containing  elevated  3H concentrations (Fig. 1). The

19

20

21

22 drilled. A double-tube core  barrel  was  used with  tap water in wet rotary coring to produce a 7.6

standard.  Likewise,  a survey  of 3H concentrations in evapotranspired water, conducted in the

boreholes  were approximately  1.6,?6,  and 18.4 m from  the buried  waste trench boundary (wells

40 14, 4165,  and 2046, respectively).  For each borehole,  the upper 2-3 m of saprolite was

augured,  and a 10.2 cm drive  casing  was pushed  in place  before the remainder of the hole  was

8
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cm diameter hole  that was 7 to 9 m deep. Core samples  were collected  during  this process and

they  revealed  a highly  fractured interbedded shale - limestone bedrock.

A borehole video  camera was  used to examine  the formation characteristics in-situ. As described

by Moline  et al. (1998),  the camera allowed  for visualization  of the boreholes and identification  of

discrete  fracture zones;  however,  it was not possible  to identify  which  fractures were flowing.

The camera did reveal  that most of the formation is significantly  fractured and that a discrete zone

towards the middle  of each well  contained a structurally incompetent section  of bedrock. We

would later learn  that this zone was a highly  fractured groundwater  conduit  (l-2 m long  in vertical

distance)  that was susceptible  to collapse.

A borehole dilution,  or point-dilution method was used to estimate the average specific  discharge

of groundwater  in the formation as a function of depth (Halevy  et al., 1967;  Drost  et al., 1968;

Hicks et al.,  1992;  Sanford  and Moore, 1994;  and Novakowski  et al., 1995).  Specific  discharge

measurements suggested that a rapid  flowing  interval  was  present at 232.5 to 234.3 m above

mean sea level  (amsl)  within  the bedrock (Fig. 2). The  groundwater  flux within  this region was  as

high as 300 to 500 m y-’  suggesting that it was  fractured. The  fast flowing  fracture  regime was

surrounded by a slower  flowing  matrix  regime that had observed discharge values significantly

less than those of the fractured  region. These results  corroborate  observations of the borehole

video  camera and visual inspection  of rock cores taken from the borehole.

9
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The borehole dilution  technique identified  rapid  and slow flowing  regimes within  the formation.

These  results were used to strategically  place  multilevel  solution samplers  at a variety of depths

within two of the boreholes that were 7.6 and 18.4  m from the trench boundary (wells  4165 and

2046,  respectively). The borehole at 1.6 m (well  4014) was used as our tracer injection  well  (Fig.

2). Solins?’  multilevel  sampling  ports were isolated  by 0.46 m long  gel-filled  pressure packers, ,

providing  a sampling  interval  of 0.3 m. Well  2046 was instrumented with  5 sampling  ports and

well  4165 was  instrumented with  4 sampling  ports. A lesser number of ports was used in well

4 165 because partial  collapse  of the borehole,  following  point-dilution measurements, filled  the
.

lower  meter of the well  with  rock debris. The gel-filled  packers were expanded with a constant

pressurized water head. Solution  sampling  from  each  port used low-volume l/16” ID

polyethylene  tubing,  and dissolved  gas sampling  at each port used 3/8” ID polyethylene  tubing.

The design  of the sampling  apparatus was such that neither sampling  protocol affected  the other.

Drive-r)oint  well installation

Drive-point well  installation  provided a more rapid  and economical  means  of capturing the spatial

and temporal distribution  of tracers and contaminants.  Most of the 24 drive-point wells  were

placed  within  a few meters of the sampling  transect that followed  strike (Figs. 3 and 4). There

were two reasons  for  this: (1) we wanted to optimize  sampling  intensity  along  strike with limited

resources, and (2) within  !O m on either  side of the transect, the surface  soils were heavily

contaminated with  “Sr. This latter circumstance would have significantly  increased the cost of

well  installation. The depth  to which  drive-point wells  were installed  did not always  agree with

our expectations.  Often,  drive-point  refusal  by the bedrock resulted  in shallower  than anticipated

10
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samplers  (Fig.  4). Nevertheless, we were still able to instrument drive-point wells  within  the

different  flow regimes  of the formation. Well  installation  involved hydraulically  pushing  standard

AQ high  carbon steel  coring  rods with a drive-point head  into the ground using a novel  track-

mounted pneumatic hammer design which  was capable  of penetrating shale  bedrock. The

groundwater  sampling  interval  for each  well  was 0.3 m in length and used 18 cm ID slotted pvc

tubing.

Injection well installation and tracer injection stratepies

Borehole dilution  measurements suggested that a rapid  flowing  fractured zone was present in the

bedrock at 232.5 to 234.3 m amsl  which  was the preferred depth interval  for tracer release within

well  40 14. Borehole collapse  at -233.3 m amsl in well  40 14 resulted in a less than optimal

injection  interval  of 233.5 to 234.3 m amsl, which  is about 2 times  smaller  than our original

intention.  The  cqmpromised injection  interval  was plugged at the bottom using  bentonite pellets

and a single  straddle packer,  maintained  at 500 psi N2, was used to isolate  the injection  interval

within  the fracture regime. Three nonreactive tracers (He,  Ne,  and Br) which  have different

molecular  diffision coefficients  (i.e.,  He = 6.0 X 10m4 m2/d,  Ne = 3.5 X low4  m2/d,  Br = 2.0 X 10m4

m2/d) were added  to the injection  interval  as a steady-state pulse  for 180 d under natural  gradient

conditions. The noble  gas tracers were added  to the groundwater  via passive diffusion  as

described  by Sanford  et al. (1996).  Bromide was  added  as an aqueous solution of MgBr2a6H20.

A computational datalogger (Campbell  Scientific)  was used to automatically deliver  small

increments  of a 0.1 mol  L” stock MgBr,a6H20 solution through a solenoid  valve in order to

maintain  an injection  interval  concentration of 0.0145  mol L” Br- (1159 ,ug Br’ n$,-‘). The  fluid in

11
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the injection  interval  was continuously  mixed  by recirculating groundwater  through a Cole  Palmer

peristaltic  pump and flow-thru conductivity probe with temperature  compensation. Copper

refrigeration tubing  was used for the entire  circulation system  except for a 15 cm long  piece  of

silicon  tubing  needed  in the pump head. The pump rate was set to mix the entire injection  interval

within  5 min. Flow through the conductivity probe served  to trigger the automated addition of

Bi when  the conductivity  within  the injection  interval  fell below the target value. Conductivity

was checked every  second  and if Bi was  needed  the solenoid  valve was opened for approximately

14 set to dispense  the Br’ stock solution  from a constant head  marriotte device at a rate of 0.18 L

h”. The addition  of Bi had a negligible  affect  on the total volume of the injection  interval  and this

was confirmed  with  continuous pressure head  measurements within  the interval.

Groundwater  flow through the injection  interval  was  quite steady  throughout  the injection

experiment  since the mass of Br’ tracer added  was  similar  from day to day. In fact, the average

specific  discharge of groundwater through the injection  interval  based  on the rate of Br- added

each day for  180d was calculated  to be 248 m y-l, which  is similar  to an earlier  single  point-

dilution  measurement of 300 m y-r  (Fig.  2).

Sampling, Monitoring, and Analytical Methods

?n October 18, 1994, a natural  gradient injection  of the three conservative tracers, He,  Ne,  and

Br was initiated. The tracers were injected  for 180 d, followed  by 370 d of additional  monitoring.

Because the site was in a remote location,  power was supplied  with  batteries that were charged

with over 100 sq. ft. of solar  panels.  During the winter months,  injection  line freeze-ups were

1 2



1 prevented with  100 watt light  bulbs and insulation. The spatial  and temporal variability  of the

tracers and the contaminant 3H were monitored during  the 550 d period using  two multilevel

sampling  wells,  containing  a total of 9 sampling  ports, and 24 drive-point wells  at varying  depth

(Figs. 3 and 4). Groundwater  levels  were also measured in the drive  point wells  at least once a

5 week, with  the frequency  increasing  during  storm events. Continuous pressure-head

6

7

measurements were also performed at several  locations throughout  the site. The  average site

horizontal  hydraulic  gradient was  0.06-o.  1 and remained  nearly  uniform  in space and time for the

8 duration  of the experiment. A slight  rise in the hydraulic  gradient occurred over a several  month

9 period  during  conditions  of high rainfall  and low evapotranspiration (i.e.  days  90-140).

10

11 Passive in-situ  headspace samplers,  as described  in Sanford  et al. (1996), were used to monitor

12

13

He and Ne transport at the field site. A designated sampler  was used in each drive  point well  and

the source well. The concentration of dissolved  gases was quantified  using  gas chromatography.

14 Since our experiment  was conducted at a contaminated site with  high levels  of ‘H, the decay  of 3H

15 to He was  a consideration. Groundwater  samples  indicated  that background concentrations of He

16 were negligible  and below our lower detection limit.

17

18 Groundwater samples  were acquired  from each  well,  including  the injection  well,  for analysis  of

19

20

21

22

Br’ and 3H. One well  volume was purged from each drive-point well  prior to sample  collection

where  the volume varied  between 0.1 and 0.5 L. This  provided a real time sample  and

replenished  the well  with new  groundwater  that equilibrated  with  the gas samplers.  For the

multilevel and source wells, each sample  line was  purged prior to sample  collection  where the

13
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volume varied  between 0.03 to 0.1 L. Concentrations of Br- below 5 pg mL” were analyzed

using  ion chromatography, and concentrations greater than 5 pg Br- nil?  were analyzed  with  a

bromide ion specific  electrode. Samples  above 5 ,ug Bi & that were analyzed  using  both

techniques were in excellent  agreement. Tritium analysis  was initially  performed on samples  that

were distilled  and condensed  to remove potential interferences from !%r activity (EPA, 1980).  It

was  found  that 3H concentrations were so high relative to “Sr that direct counting of groundwater

samples  was  sufficient.  Tritium  was  analyzed  on a TRI-CARB Liquid Scintillation  Analyzer,

Model  2OOOCA  Packard Instrument Company.

Photographs of the field facility  and a brief overview of this study  can be found at

http://www.esd.oml.gov/facilities/hydrology/WAG5/  which  was last updated l/98.

Tracer Plume Contours, Center of Mass, and Plume Velocity Calculations

Bromide concentration contours were generated at specific  times  using  the observed experimental

data. Semivariograms of Br’ concentrations were calculated  and overlain  by a spherical  or

exponential  model.  The resultant  model  parameters were relatively  insensitive  to whether a

spherical  or exponential  model  was  used.  The model  parameters obtained,  were then used in

kriging  within  the software  Surface  III’ (Kansas  Geological  Survey,  ww%v.kgs.ukans.edu,  last *

updated l/8/98) to generate the resultant  Br- concentration grids that were used for plotting

concentration contours. The sparsity  of raw data sometimes  created exaggerated spreading  and

observed  multimodal  concentration distributions  within  the contours (see  Fig. 6). Nevertheless,

the tracer concentrations were used to estimate the center of mass  in the x and z directions,  the
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average plume  velocity  with  time,  and the total tracer mass at specific  locations as a function of

time. The computation was performed for times  after the tracer injection  was terminated and

used equations l-4 in Freyberg (1986). The  major sources of uncertainty in these computations

are (1) the sparsity  of raw data and (2) no prior knowledge of the field-scale  medium porosity

distribution  which  is necessary  to calculate  tracer mass. The field-scale  porosity distribution is a

heterogeneous field  estimated  by calibrating  a two-region, dual-permeability  dual-porosity model

against  the measured Br- concentrations. Dual-permeability and dual-porosity imply  that both the

fracture zone and the matrix  zone have matrix and fracture domains,  with the total porosity

partitioned distinctly  between the two domains  (Gwo et al.,  1995,  1998).  The  vertical  extent of

dispersion  was  assumed  to end roughly 1 m below the bottom of wells  4165 and 2046. This

assumption is justified by limited  mobility  of Bi within  the bedrock interval  at 2046-E (Table  1).

The tracer center of mass can only be calculated  to -270 d because significant  Br- mass  begins  to

exit the field site into the cross-cutting tributary after that time.

RESULTS AND DISCUSSION

Significance of Fracture Flow

Tracer breakthrough in the various wells  showed a clear  distinction  between the fracture regime

and the matrix  regime,  and the results  were,  for  the most part, consistent with  the findings  of the

point  dilution  tests.  Monitoring wells  located within  the fracture regime typically  experienced

rapid  first arrival  times  and higher  peak tracer concentrations relative  to monitoring wells  located

within  the matrix  regime  (e.g.  Table  1). This was  consistent with  the observation that monitoring

wells located  within  the fractured regime could  not be pumped  dry with  rates as high as 1200 ml
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min”,  whereas wells  situated  within  the matrix  regime could  be pumped dry with rates as low as

200 ml min? Tracer breakthrough coupled with  point dilution  results and well  purge rates

allowed  for an estimate  of the approximate fracture and matrix zones (Fig.  4). The distinction

between the matrix  and fracture regimes  is not truly a horizontal plane  as depicted in figure 4, but

most likely  meanders  downgradient. A good example  of this  is well  16, which is shown to reside

in the matrix  regime (Fig.  4); however,  experimental  data suggest otherwise.  Due to the sparse

nature of the monitoring  wells,  the visual  representation of the two distinct  flow zones can only be

approximated. As indicated  in table  1, not all wells  were situated within  the tracer plume.  This

was primarily  because they  were (1) at great distances  fi-om the fracture regime into the matrix

(wells  4 and 5) (2) upgradient of the source well  (wells  1, 2, 3), or (3) down dip from the primary

strike-parallel  flow field (wells  11, 12, 13, 18b). For ease  of discussion  and representation, the

Br’ tracer results,  rather than  the dissolved  gases,  will be used to demonstrate the significance  of

fracture flow in these  systems.

The breakthrough of Br’ within  the fracture regime of the shale bedrock showed characteristic

plume  spreading  at greater distances  from  the source (Fig. 5). Within  the fast flowing  fracture

regime,  the solute  breakthrough was  characterized by a rapid  concentration increase followed  by a

steady-state tracer flux until  the pulse was terminated at 180 d (Fig.  5). These results suggest that

Br’ was preferentially  transported along  strike-parallel  fi-actures  which  is consistent with the

conceptual framework of water and solute  mobility  in these fractured systems  (Solomon et al.,

1992). The decrease  in Br’ concentration 6 m from  the source during  the period of -100 to 140 d

was the result  of dilution  arising  from an increase  flux of groundwater  through this portion of the.
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fracture interval. The increased  flux resulted from a slowly  rising  site hydraulic  gradient (e.g.  0.06

to 0.1)  in response to large rainfall  inputs and low evapotranspiration. Recent site investigations

have used dissolved  oxygen  measurements to confirm  that the increase  in groundwater  flux is the

result  of recent storm water that has infiltrated  the upgradient groundwater  source (most likely  in

waste trenches that reside  directly  above the bedrock).

Horizontal and transverse spreading  of the Br- tracer plume was also evidenced  within  the fracture

intervals. The upward spreading  of the tracer plume  was  the result of slow  solute migration into

the bedrock matrix  (see  next  section),  whereas the downward spreading  of the tracer plume most

likely  resulted from  solute  migration  into a fracture interval  that was -3 times  larger than the

tracer injection  interval  (see  Materials  and Methods, Injection Well  Installation). The  effect  of

tracer density  on the downward spreading  cannot be entirely  ruled  out even  though the density  of

the groundwater  interval  with  and without tracer was measured to be 1.013 g cmm3.  Ronen et al.

(1995) have  shown  tracer density  differences  as small  as 0.000 1 g crnw3  can cause density  induced

f l o w . Strike dominated  transport  coupled  with  transverse spreading  can best be seen  using  two-

dimensional  Br’ concentration contours, generated along  the transect of monitoring wells  (Fig.  6).

The Br’ concentration contours were generated at specific  times  using  the observed experimental

data and should  be viewed  as an approximation of the true concentration field since the sparsity  of

raw data causes  exaggerated spreading  near the source (e.g.  Fig. 6, 77d) and multimodal

concentration distributions  farther from the source.  Nevertheless, the contours are effective  at

showing preferential  tracer movement along  strike and the spreading  of tracer upward into the

matrix. They  also show  a time  sequence of tracer movement which  is useful  in defining  the
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direction of tracer mobility,  and where sufficient  data exist,  the contours allow  for estimates on

the velocity  of the plume  center of mass  and an estimate of the total mass  contribution of tracer

within  the fracture and matrix  regime (see  next  section).

Since preferential  solute  mobility  along  strike was  a dominant process controlling tracer

migration,  a large majority  of the Bi tracer plume was captured within  the thin 2-dimensional

transect of wells  (Fig.  3). Approximately 70% of the injected  Br- tracer mass  was accounted for

within  the narrow cluster of wells  6-l 0 and 4 165 A-D at 6 m from the source,  and 60% of the

mass was  accounted for  between wells  17b and 2046 A-E at 17 m from the source (Figs. 3 and

4). These  results  show  the dominance  of transverse vertical spreading  versus lateral  spreading  of

the tracer plume.

The Br’ results  from well  2046 appear inconsistent  with  several  point dilution  measurements at

this well  (Table  1 and Fig. 6 versus Fig. 2) with  the latter showing  small  specific  discharge values

and the tracer data showing  consistently  rapid  and large breakthrough  concentrations. This

apparent  paradox could  be caused  by the fact  that the two techniques may not have measured the

exact  same interval,  with  the point  dilution  technique potentially sealing  off fractures that were

included  in the tracer study.  Also,  the point dilution  technique provides an average specific

discharge  for  a bedrock interval. If the fracture porosity is very  small  relative to the packed

volume,  then  it is possible  to greatly underpredict the fracture flux by averaging across the entire

interval. Therefore,  tracer techniques can provide a more realistic  indication  of the contaminant

flux within  a bedrock interval.
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Sign@cance  of Matrix Diffusion

Sinde tracer intervretation

Although Br- was preferentially  transported along  strike parallel  fractures, a significant  amount of

4 tracer mass  was transferred to the bedrock matrix  as a function of time (for example  Figs.  7 and 8,

5 Table  1). At 6 m from the source,  the arrival  of significant  Br- tracer CO. 1, 0.8, and 1.4 m into

6

7

8

the matrix  was 3, 50, and 10 1 d, respectively  (Fig.  7). The  slow  migration of Br- into the bedrock

matrix  was most likely  driven  by concentration gradients between the fracture regime and the

matrix  regime.  It is important to note,  that if we had not performed a long-term, steady-state,

9

10

11

12

natural  gradient injection,  we probably  would never have observed tracer migration into the

matrix. The long-term injection  strategy is synonymous  with  the long-term leaching  of

contaminants from waste trenches and subsequent mobility  into the surrounding shale bedrock. A

traditional  short-term forced  gradient approach would not have conveyed  the same  observations,

13 and the important process of solute  migration  into the matrix  would have been missed.

14

15 Bromide center of mass and plume  velocity  calculations  also suggested the significance  of

16 preferential  fracture flow coupled  with  possible  matrix  difision in this  system. As shown in

17

18
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figure  6, the Br’ plume  moved preferentially  along  strike with  an average pore water velocity of

47 m y-l and a standard  deviation  of 38 m ye’. Horizontal spreading,  as a result of preferential

flow along  strike,  dominated  the movement of mass; however, upward vertical  spreading into the

matrix  was  evident. The calculated  pore water velocity  reflects  the effects  of rapid  solute

migration  along  strike parallel  fractures and the slow vertical  migration of solutes into the matrix.

The variability  of this value  may arise from several  factors including,  variations in hydrologic

19



1 conditions  over the duration of the experiment,  the sparse pattern of wells,  and the calculated

2 heterogeneous porosity field.  Nevertheless, the calculated  pore water velocity was similar  to’

3 center of mass  migration rates calculated  by Sanford and Solomon (1996) for He and Ne mobility

4 in a weathered shale  saprolite. The  significance  of solute  migration into the matrix was further

5

6

evidenced  by calculating  total Bi mass  as a function  of time in the fracture and matrix regimes.

This calculation  was possible  between 6-9 m from the source because of sufficient  monitoring

7 locations  within  both the matrix  and fracture regimes. The results indicated  a steady increase in

8 total Bi mass  within  the matrix  which  gradually surpassed  the Bi fracture mass  at - 60 d (not

9 shown). Over the course of the 180d injection,  30% more Bi mass  was  affiliated  with the matrix

10 regime  relative  to the fracture regime.  Thus,  more solute mass  can be expected to reside  within

11 the shale matrix  if there is a continuous source such as is the case in our experimental  design. The

12

13

implications  of these findings  are significant  from a contaminant transport  perspective since

thousands of waste trenches on the Oak Ridge Reservation have been continuously leaking

14
I

15

contaminants into the subsurface  for  several  decades.

16 It can be surmised  that molecular  diesion  is the rate limiting  process controlling  tracer migration
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into the matrix  since Br- concentrations generally  decreased exponentially  with  greater  distances

into the matrix  (Figure  7). The one-dimensional  fracture flow  model,  CRAFLUSH  (Sudicky and

Frind,  1982) was used to simulate  Br’ migration within  the fracture and matrix  regime along  the

entire  transect of sampling  wells. Our intentions  were not to rigorously model  all of the processes

contributing to solute  migration  in this system,  but rather to test the hypothesis that di&sion may

be controlling  the migration  of tracer into the matrix. Further, only the ascending  limbs of the Br
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breakthrough curves  were simulated  since the model  assumes complete recovery of mass  from  the

matrix  upon tracer washout, and this was not observed over the time frame of our experiment.

The washout portion of the Br- breakthrough  curves show a rapid concentration decrease with-

extended  tailing  at very  low concentration to long  time periods. This  is due to slow release of Br’

from  the matrix  and is consistent with  the observed asymmetric breakthrough  of tracers  in

structured media  (Seyfkied  and Rao, 1987;  Jardine  et al., 1993a; Gwo et al., 1998). Full mass

recoveries of Bi from  the matrix  would require significantly  longer time periods than those

studied  here. The slow release  of Br- from the matrix  is consistent with the mechanism  of

difision  and it is this very premise  that hampers  remediation efforts  of contaminated sites  in

structured media.

Model  input  parameters were based  on independent field and laboratory observations that used

subsurface  media  similar  to that at the WAG 5 field  facility  (Dreier et al., 1987,  Wilson  et al.,

1992; McKay  et al.,  1995; Dorsch et al., 1996).  The  mean  pore water velocity (v) of the fracture

regime  was  estimated  fi-om measured field-scale  advective flow rates in fractured saprolite using

bacteriophage (McKay  et al., 1995).  Porosity (0) was obtained from  direct measurements on

similar  subsurface  material  (Wilson  et al., 1992;  Dorsch et al., 1996) and fracture spacing  (2B)

and aperture (2b) were estimated  from measured values  in shale bedrock on an adjacent field site

(Dreier et al.,  1987). Our most significant  unknown was the solute travel distance Corn the

fracture regime to the various sampling  wells  within  the matrix  regime (z). Observed distances

based on measured  well  depths  are subject  to large  errors since it is impossible  to know where the

fracture regime  ends  and the matrix  regime begins  throughout  the site. A good example  of this is
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1

2

well  16 whose depth  would imply that it resides  within  the matrix  regime (Fig. 4) yet

3

4

experimental  data suggest otherwise.  Therefore,  simulations  of Br- transport  throughout  the

entire  site involved  holding  all model  parameters constant except the distance into the matrix  z.

Values  of z were varied  until  an adequate simulation  of the observed Br- movement into the

5 matrix  was achieved  (for example  Fig. 9a). The  magnitude of model  simulated  z values were on

6

7

average 47% of the measured  z values  across the entire  site. Simulations  of Br- mobility  in the

matrix  regime,  simultaneously  generate simulations  of Br- transport  in the fracture  regime (z=O).

8 It is therefore possible  to check  the adequacy of the model  for describing  tracer mobility  at the

10

9 field facility  since we experimentally  measure tracer within  both the fracture and matrix regimes.

Matching the model  to observed Br- mobility  within  the matrix,  produced reasonable simulations

of Br- transport through the fracture regime (Fig.  9b). This finding  suggests that the model,  to a

certain  extent,  is accurately  describing  tracer mobility  through the shale bedrock and that difI%sion

11

12

,

14

13 may be an important mechanism  in the storage of solutes,  particularly  contaminants in the shale

bedrock. However, the mechanism  of diffusion  remains  .uncertain  at his point,  since  it is inferred

from modeling  results  and observations of a single  tracer.15

16

17

18

19

20
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Multivle tracer intervretation

A more rigorous test of diffision-limited mass  transfer can be derived  from  the multiple  tracers

that were simultaneously  injected  during  the course of our experiment.  Besides Bi, the dissolved

gases  He and Ne were also continuously injected  as a steady-state pulse for 180 d within  the

fractured  regime  of the shale bedrock.  The three tracers are all nonreactive and differ  only in their

free  water molecular  diffusion  coefficient,  (D,), where D, for He is 1.7 times  and 3 times  larger

22



1 than  the D, for  Ne and Br, respectively (i.e., He = 6.0 X 10e4 m2/d,  Ne = 3.5 X 10s4 m2/d,  Br =

2 2.0 X 10m4 m2/d).  All three tracers migrated preferentially  along  strike,  and their concentrations in
.

3 the fracture regime quickly  reached a similar  steady-state relative concentration for conditions

4 near  the source (i.e.,  6-9 m), with  the average reduced Ne concentrations somewhat higher than

5 the other two tracers (Fig.  10). Similar  steady-state tracer concentrations reflect the short solute

6 residence  times  within  the fracture regime near the source. However,  if in fact there was

7 preferential  mobility  into the matrix  of one  tracer versus another,  we would expect to see a

8 separation of tracer breakthrough at early  times  during  the ascending  limb  of the breakthrough

9 curve. Unfortunately,  the sparsity  of noble  gas data during  this period precludes this analysis  (Fig.

10 10). Since all three tracers had a similar  steady-state reduced concentration in the fracture

11 regime,  the concentration gradient established  between the matrix  and fracture regimes would be

12 the same for all three tracers.  Thus,  for conditions  close  to the source,  observed differences  in

13 tracer breakthrough into the matrix  would solely  be a function of their molecular di&sion

14 coefficients.

15

16 The breakthrough of the tracers 6 m from the source and 0.8 m into the matrix relative to the

17 fracture is shown  in Figure  11 a. The movement of He and Ne into and out of the matrix  was

18 more  rapid  than  Br-,  and this is consistent with  the larger molecular  diffision  coefficient  of the

19 dissolved  gases  relative  to Br-. However,  He concentrations are similiar  to, or lag slightly  behind

20 those of Ne,  even  though the difision  coefficient  for He is larger than that for Ne. The  reason

21 for  this may be the result  of slightly  higher  Ne concentrations in the fracture regime relative to Br-

22 and He (Fig.  10) which  would result  in a larger Ne concentration gradient between the two
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regimes  and thus enhance  its migration into the matrix. Similar  results were noted for distances

0.1 and 1.4 m into the matrix  at 6m from the source (not shown).  The  separation of the dissolved

gas tracer breakthrough concentrations from  those for Br- suggest that matrix difision may be

contributing to the overall  physical  nonequilibrium  process that controls contaminant transport  in

the shale bedrock (Maloszewski and Zuber, 1993).

At greater distances from  the source,  the contributions of matrix  interactions were still prominent,

and tracer breakthrough profiles  remained  suggestive of a difision  mechanism,  although at first

glance  this may not be apparent (Fig.  11 b, c). At 13 m from  the source and 0.4 m into the

matrix,  the breakthrough of the three tracers was  nearly  simultaneous,  with  the concentration of

gas tracers eventually  surpassing  Br- (Fig. 11 b). This was  followed  by tracer washout after the

input  pulse was  terminated at 180 d. At 23 m from the source and 0.1 m into the matrix,  the

arrival  of Br- into the matrix  was  actually  earlier  than that of the noble  gas tracers, which is

exactly  opposite of what  was observed 6 m from the source. This  apparent paradox is believed  to

be caused by the preferential  loss of gas tracers to the bedrock matrix  closer to the source,  as

supported by subsequent  modeling  (see  below). Since their was no direct  measure of all three

tracers in the fracture regime  beyond  9 m, we hypothesized  that Br- remained  within  the advective

flow field (fracture regime)  for a longer time  period,  allowing  it to be transported greater

distances  relative  to the gas tracers. Having been  transported farther down gradient, Br-

experienced  the first opportunity to begin  diffusing  into the matrix  at distances further from  the

source.  Eventually,  He and Ne arrived  at the same  locations  and also began to di&se into the

matrix,  lagging  behind  that  of Br- (Figs. 11 b,c). Because of the faster diffusion  rate of the noble
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gases,  the movement of He and Ne into the matrix  was more rapid,  and when given enough time,

the He and Ne breakthrough curves eventually  surpass the Br- breakthrough  curves (see  Fig. 11 b

as an example).

At 3 1 m from  the source,  the separation of three tracers was even more dramatic (not shown)  and

followed  the same  trends observed in Figure 11 c. These  results show  that solute dif%sion  into

the bedrock matrix  is a significant  process contributing to contaminant storage in this subsurface.

media,  and that the difision  process becomes increasingly  important as the residence time of the

solute  increases  in the system. \

The migration  of the three  tracers into the bedrock matrix  was reasonably  well  described  using

CRAFLUSH (Fig.  12). All model  parameters were held constant as described  earlier  and z was

matched  to the observed Br breakthrough. The  only model  parameter that differed  between the

three tracers was their free-water  molecular diffision  coefficient  (D,).  Model results showed that

for  conditions  close  to the source,  the migration of Br- into the matrix  was slower relative to the

gas tracers, and the migration  of Ne was  slower than that of He (Fig.  12 a). These results are

partially  consistent  with  the observed data since the tracer difision coefficients  follow  He > Ne >

Br. Observed  He data,  however,  is far removed from  the model  simulated  curve for reasons

unknown to the authors.  With  increasing  distance from the source,  model  simulated  curves more

adequately  described  the observed migration of the three tracers into the matrix  (Fig. 12 b,c). At

13 m from the source,  model  simulated  curves merged in a similar  manner as the observed data

(Fig. 12 b). Further,  the simulated  curves reproduced the observed early  arrival  of Bi into the
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1

2

matrix  followed  by He and then  Ne.  For conditions far from the source (i.e.,  23 m), model results

again  matched the observed tracer concentration trends and showed that Br- migrated into the

3 matrix  ahead  of the He and Ne,  with  Ne migrating more rapidly  than He (Fig.  12 c). Numerical

4 confirmation  of the observed  multi-tracer breakthrough  trends, further supports the mechanism  of

5

6

7

diffision as an important process controlling  the fate and transport  of solutes in this  shale

bedrock. The  multiple  tracer technique and ability  to monitor both the fracture and matrix

regimes  provided the necessary  experimental  constraints for the accurate numerical  quantification

8 of the diffusion  process.

9

10 Relation to Indigenous Contaminant Distributions

11

12

13

The experimental  and numerical  results  of the tracer study  were consistent with contaminant

discharge  concentrations within  the matrix  and fracture regimes at the WAG 5 field facility.

14 As an investigation  of opportunity,  tritium  (3H) was  analyzed  in groundwater  samples  acquired  for

15 tracer analysis.  Tritium  concentrations in monitoring wells  located within  the fracture regime were

.16

17

consistently  lower than  3H concentrations within  the matrix  regime. The  yearly  average 3H

concentration in the fractured regime was ~1 120 PCi L”, with  the concentration of 3H increasing

18 to as high as 280 ,&i L” within  the matrix. Although the concentration of 3H in the fractured

19

20

21

22

regime  was consistently  lower  than  the concentration of 3H in the bedrock matrix,  the mass  flux of

3H migrating  through the fractures was nearly  10 times  greater  than that moving through the

matrix. Nevertheless, a significant  3H concentration gradient exists  between the fracture and

matrix  regimes  of the experimental field  facility  (e.g.  Fig. 13). The direction of the contaminant
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2

concentration gradient is opposite the experimental  tracer gradient, suggesting that the primary

contaminant source feeding  the fracture regime has diminished  over the years,  and contaminants

3 stored in the matrix  over the past several  decades are diffusing  back into the fracture  regime.

4 Figure 13 shows  seasonal  groundwater  3H concentration profiles  within  the fracture  and matrix

5 regimes  7.6 m from  the buried  waste trenches (6 m from the tracer source). The 3H concentration

6

7

profiles  could  be described  as sinusoidal  functions  with local  maximum  and minimum

concentrations within  the fracture regime occurring during  early  December and early  April,

8 respectively.  Decreasing concentrations of (3H) in the fracture regime results from dilution  arising

9 from a seasonal  increase  flux of groundwater  in response to large rainfall  inputs during  the winter

10 and early  spring. The exact same trends were observed for  the Br, He,  and Ne tracers (Figs. 7

11 and 10). An important feature of the contaminant discharge trends show that the sinusoidal

12 functions  for  the matrix  regime progressively shifted  to later  times  in the year  with increased

13 distances  into the matrix  (Fig.  13). The  time lags in the concentration profiles  of the matrix

14 relative  to the fracture were similar  to measured first-arrival  times  of the nonreactive tracers that

15 migrated from the fracture into the surrounding matrix  (Table  2). These  results showed that

16 indeed  the multiple  tracer test served  as an adequate means  of quantifying  the rate of contaminant

17

18

storage and depletion  within  the shale bedrock matrix.

19

20

21
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CONCLUSIONS ANDJMPLICATIONS

This paper has presented a field study  that was designed  to quantify  the advective and diffusive

mass transfer of solutes  in contaminated fractured shale bedrock. Our unique  experimental
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1 approach using  a long-term natural  gradient injection  strategy, multiple  tracers that had different

2 molecular  difision coefficients,  and the ability to monitor both the matrix and fracture regimes,

3 all served  to verity the significance  of solute diffision  into the rock matrix. The results of this
.

4 study  showed that secondary  contaminant sources form within  the bedrock matrix,  and that the

5 importance of this source increases  with  continued  contaminant discharge through the bedrock

6 fracture network. This is particularly  important for reactive contaminants such as radionuclides,

7 where matrix  diffusion  can enhance  solute  retardation by many  orders of magnitude. Under

8 certain  circumstances the increased  retardation may be beneficial;  for example,  the enhanced

9 retardation of short  lived radionuclides  such as “Sr and 6oCo (- 29 and 5 yr, respectively) may

10 allow  for  their decay  in-place,  thereby  eliminating  the need  for remediation. In other instances,

11 this secondary  contaminant  source invokes a severe  limitation  on the successful  removal of

12

13

14 application  in risk assessment  modeling  and in the design  of improved remedial  strategies targeted

15 at contaminant removal  in hard to reach  sources within  the bedrock matrix.  In general,  the

16 multiple  tracer technique  not  only improves our conceptual understanding of the time-dependent

17 solute  migration  in subsurface  media,  it also provides the necessary experimental  constraints that

18

19

20

21 remediation  of contaminated  environments.

22

contaminants that are too hazardous to reside  in the subsurface.  Direct experimental

measurements of contaminant  migration  rates into the rock matrix,  as presented in this  study,  have

are needed  for  the accurate numerical  quantification  of the physical  nonequilibrium  process. It is

a sensitive  means  by which  the significance  of difision  can be quantified  for a variety of needs

including  nutrient  use efficiency  in crops and trees,  resource recovery,  waste management, and the
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I Table  1: Well  locations  in the fracture or matrix regime as determined by Bi first  arrival  times
and peak breakthrough  concentrations.

Well  ID Horizontal
distance  from

source

Time  of Br-
first arrival

Presumed
fiactur6 (I!)
& matrix (M)
regime

Approx.  peak
concentration

Br’ as c/c,’

( 1m 69
0
0
0
0
0

0.006
0.10
0.05
0.30
0.35

0
0
0

- 1.83
0
0

3.40
2.80
5.40
6.00

M
M
M
F
F
-

6
7
8

101
3

506.00
6.00
6.40
5.40
6.00
6.40
6.00
6.00
6.00
6.00

9
10

0.9
< 0.9

11
12
13

4165-A
< 4165-B

4165-C
4165-D

*

F
F
F

M
M
F

M
M
F
F
F
F

M
M

3
1

< 0.9

0.07
0.08
0.35
0.01

0.009
0.20
0.16

0.015
0.13
0.14
0.15
0.19
0.04
0.06

0
0.065
0.065

0.06
0.023

9.00 84
9.20 81
9.20 3

13.20 25
16.50 100

14
15
16

17a
17b

2046-A
2046-B
2046-C
2046-D
2046-E

18a
18b
19a
19b
19c
20

16.80
16.80
16.80
16.80
16.80
23.70
26.80
30.60
30.80
31.00
35.20

15
5
3
3
6

21

143
143
105
110

M
M
M
M
M

+ c, = injection  concentration of 1159 pug Br’ nil? with  the peak concentration estimated from
visual smoothing of the Br’ breakthrough curves;  ND = None detected; * = faulty  sampler
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Table  2: Comparison of Br‘ first arrive times  with  3H concentration lag times,  for various
distances  into the matrix  and 6 m from  the source.

Distance into Br- first  arrival 3H lag time
matrix  fkom (maAnin)

fracture regime
( )m

0.02
0.79
1.38

3
50
101

(d)
7
45
75

Regression of Br’ .arrival times  vs. 3H lag times:  ?=0.996, slope=O.69,  intercept=6.8
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LIST OF FIGURES

1Figure

Schematic  diagram of Waste Area Grouping 5 (WAG 5) showing  the location of buried waste
trenches and the location of the experimental  field  facility  with a few examples  of groundwater
monitoring wells  (4014,  4165,  2065) that have been  strategically  placed  strike parallel.

Cross-section of the experimental  field  facility  showing  specific  discharge measurements as a
function  of depth in wells  4165 and 2046,  and at a single  depth for well  4014.  Black bars along
the specific  discharge y-axes  indicate  the position of multilevel  groundwater  samplers.

Figure3

Map view  of the groundwater  monitoring  well  locations  and surface  topography of the field
facility.  Wells  4014,  4165,  and 2065 were wet rotary cored to 9 m, with  well  4014 serving  as the
tracer injection  well.  Wells  1 through 20 were drive-point wells  that were placed  at a variety of
depths  using  a track-mounted pneumatic hammer.  The  wells  form  a strike parallel  transect from
the waste trenches to a seep that drains  into a cross-cutting tributary (modified  from Sanford  et

al.,  1996).

Figure 4

Cross-section of the experimental  field facility  showing  the location and sampling  depth of all
groundwater  monitoring  wells,  with  well  4014 serving  as the tracer injection  well  (see  figure  2).
The approximate locations  of the fracture and matrix  regimes  are also illustrated.

@ure 5

Daily  rainfall  (a) and examples  of bromide breakthrough at 6, 17, and 3 1 m from  the source (b).
Breakthrough  curves  represent Br’ transport  in wells  10, 2046-Q and 19c, respectively,  that are
located  within,  or close  to, the faster flowing  fracture regime of the bedrock formation. Relative
time  on the x-axis  is based  on t=O at October 18, 1994.

Figure6

Cross-section of Br- concentration contours at the experimental  field facility,  77, 185, and 233
days following  the initiation  of tracer injection,  Recall  tracer was continuously injected  for 180 d
within  the fracture regime  of well  4014.  Bromide concentrations are shown as pg mL” with  each
contour representing an increment  of 25 mg Br L’! Symbol  + represents the bottom position of
the drive-point wells  detailed  in figure  4.
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7Figure

Daily  rainfall  (a) and bromide breakthrough  (b,c)  at 6 m Corn the source within  the fi-acture  (wells
9 and 10) and matrix  regimes  (wells  6, 7, 8). Figure c shows an expanded y-axis of b which
details  Bi breakthrough into the matrix regime 0.8 m and 1.4 m fi-om  the fracture  regime.

&re8

Daily  rainfall  (a) and bromide  breakthrough  (b,c)  at 9 m from the source within the fracture
regime  (well  16) and matrix  regime (wells  14, 15). Note y-axis  scale  change for b and c.

Figure 9

Observed  and model  simulated  breakthrough  curves for Br within  the matrix and fracture regimes
(a and b, respectively)  at various distances from  the source,  where 8=0.20 is the porosity, 2b=8.4
E-5 m is the fracture aperture, 2B=2.0  m is the fracture spacing,  v=lOO m d” is the mean  pore
water velocity  within  the fracture regime,  cc=O.  1 m is the dispersivity,  2=0.6  is the tortuosity, and
z is the distance  into the matrix

Figure  10

Observed  breakthrough of He,  Ne,  and Br within  the fracture regime,  6 m (well  10) and 9 m (well
16) from the source (a and b, respectively).

Fimre  11

Observed  breakthrough of He,  Ne,  and Br within  the matrix  regime,  at 6 m (well  S), 13 m (well
17a), and 23 m (well  1 Sa) from the source (a, b, c, respectively).

Figure  12

Observed  and model  simulated  breakthrough  curves  for  He,  Ne,  and Br within  the matrix regime,
6 m (a), 13 m (b), and 23 m (c) from  the source, where 8=0.20 is the porosity, 2b=8.4  E-5 m is
the fracture aperture,  2B=2.0  m is the fracture spacing,  v=lOO m d” is the mean  pore water
velocity  within  the fracture regime,  a=O. 1 m is the dispersivity,  2=0.6  is the tortuosity,  and z is the
distance  into the matrix.

Figure  13

Observed  3H concentration profiles  as a function of time within  the fracture (well  10) and matrix
(wells  6, 7, 8) regimes,  7.6 m downgradient from the buried  waste trenches (6 m from  injection
well 40 14).
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