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ABSTRACT

In 1982, a search of sand aquifers on the property of the Chalk River 
Laboratories led to the selection of an unconfined aquifer near Tvin Lake 
as the site for a series natural gradient tracer migration experiments. To 
date, the primary objective of these tests has been to provide data for 
evaluating and developing models of dispersive processes, vlth a future 
objective being expansion of the studies to the examination of in situ 
behaviour of reactive contaminants. The experiment reported here vas
undertaken to expand the studies of dispersive processes from the AO m 
flovpath Investigated in 1983 [Killey and Moltyaner, 1988; Moltyaner and 
Killey 1988 a, bl to a study extending over the full 270 m flowpath between 
the injection veil and the groundvater discharge area.

tfe should state here that the 1987 experiment vas Intended to be a
preliminary study. Our previous experience had shovn that the use of a 
non-reactive tracer that emits moderate energy gamma rays provides much 
more information than can be gleaned from tracers that require actual vater 
sample collection. To match the vertical resolution obtainable vith 
borehole scan information vould require samplers at 5 to 10 cm depth
increments. Resources have limited us to installations of multilevel
piezometers vith screens at 1 m depth intervals. In 1987, ve had not
succeeded in developing a non-reactive gamma emitting tracer vith a half-
life long enough to undertake the 270 m experiment. The decision to proceed
vith 3H vas made so that some information on large-scale dispersion 
phenomena could be collected, and so that instrumentation vould be properly 
placed for a subsequent experiment that vould use a gamma-emitting tracer. 
Our experience In 1983 had shovn us that hydraulic head data from the 25 m 
grid of site evaluation veils vere not precise enough to place monitors 
vhere interception of a plume a fev metres vide could be assured.

Because of the scoping character of the experiment, only limited data vere 
collected. The experiment involved the controlled injection of a
relatively large (60 m3) volume of vater labelled vlth trltlated vater, and 
the subsequent tracking of the slug during natural gradient convective 
transport to the discharge area. There vere fev direct studies of aquifer
sediments beyond the information generated in 1983. In this paper, ve vill
briefly describe the hydrogeologic setting and the experimental and 
analytical methods, present a summary of the results, and discuss the 
findings. A complete set of experimental data is available on magnetic 
tape from G.L. Moltyaner.



INTRODUCTION

The Chalk River Laboratories are located approximately 190 km northvest of 
Ottava, on the south bank of the Ottawa River. Bedrock is faulted 
Precambrian monzonite gneiss, generally overlain by late and post-glacial 
unconsolidated sediments. Bedrock Is frequently mantled vlth bouldery sand 
till, generally less than 10 m thick. Pluvial sands, locally reworked by 
wind into dunes, are the most prominent unconsolidated materials; the 
fluvial sands are the host medium for the Twin Lake experiments. 
Deposition of the fluvial sands occurred in early post-glacial times, vhen 
drainage from precursors to the Great Lakes flowed through the Ottava 
River. The tracer site lies within a hlgh-stage channel of the Ottava 
River, in an area vhere almost all of the surfldal materials are aeolian 
dune and sheet deposits, revorked from the underlying fluvial sands.

Figure 1 shows surface hydrology and the vater table for the tracer site's 
flow system. Bedrock lies at or near surface to the east of Lake 233, 
immediately north of the map area, and In the vest and southvest - the 
Lover Bass Lake basin and dovnstream of the Pitcher Plant Svamp. Figure 2 
is a stratigraphie section along the line shovn in Figure 1, constructed 
from borehole and ground penetrating radar data. Lake 233 receives 
intermittent surface runoff from the south and east, but drains solely by 
recharging the sand aquifer. The vetland at the north of the study area
occasionally drains to Tvin Lake, but for the most part it also recharges
the sand aquifer.

The water table at the Tvin Lake site has undergone substantial changes 
during the period for vhich information is available. Figure 3 displays 
records for 3 veils located upgradlent and vithln the tracer site (see 
Figure 1 for hole locations). Changes have been greatest in the vicinity 
of Tvin Lake itself (TL-4 and 13), vhere observed elevations span a range
of 4 m. At TL-18, located 75 m dovngradient of the injection veil and
about 120 m from Tvin Lake, fluctuations have been substantially smaller - 
vith a range of just over 2 m. The long-term trend superimposed on the
annual cyclic fluctuations is the result of a series of years vith belov 
average vinter and spring precipitation.

The 4 m range in vater table elevations observed near Tvin Lake are the 
result of the region's groundwater flov system geometry. A buried bedrock 
ridge beneath Tvin Lake (Figure 2) forces groundvater to discharge to the 
lake in the region indicated on Figure 1; this vater, plus the Intermittent 
runoff and direct precipitation that enter Tvin Lake, Infiltrate in the 
northern and southern ends of the lake's basin and generate small vater 
table mounds. The location and extent of these mounds depend on vater 
levels in the very shallov basin of Tvin Lake. From 1984 through 1988, the 
northern arm of Tvin Lake flooded only briefly In the spring, and the vater
table mound and associated dovnvard gradients observed in the eastern
portion of the tracer test site in 1982 and '83 essentially disappeared in 
1985. These changes raised questions about the tracer's flov path in plan
vlev, but as ve vlll shov, the tracks of the 1982/83 and 1987 injections
vere identical.
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Figure 3: Water table elevations in three observation wells in the 
vicinity of the tracer  test site

. METHODS 

Experimental

Figure 4 shovs the layout of sampling installations in plan view and in 
vertical section along the axis of the tracer's flovpath. Stratigraphie 
information for the section vas collected from boreholes vhere soil samples 
vere collected over the entire thickness of the aquifer, some sampled prior 
to the 1983 experiment and augmented vith cored holes at 60, 80, 100, 120, 
175, and 270 m dovngradient of the injection veil. The remaining boreholes 
that vere added to the grid (everything vest of 45 m) vere drilled vithout
soil sampling. Vith the exception of the observation veils In the
discharge area (270 m dovngradient) all of the holes vere drilled using 9.5 
cm ID (20 cm 0D) hollow stem augers. Holes in the discharge area vere 
drilled by vashboring, using a jackhammer to drive 5 cm ID casing.

All boreholes vere Instrumented vith 3.2 cm ID Schedule 40 PVC pipe (sealed 
except for the removable top cap) and vith a bundle of 0.64 cm ID 
polyethylene tubes strapped to the PVC. The polyethylene tubes are fitted 
vith 7.5 cm long, 0.64 cm 0D fritted polyethylene tubing (Vyon) that 
functions as the piezometers' intake screens; screens are placed at 1 metre
depth increments belov the vater table. No attempts vere made to Install
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seals betveen the multilevel samplers - belov the vater table the sands are 
cohensionless and collapsed Immediately as the hollov stem augers or casing 
vere vlthdravn.

Because of past difficulties in correctly locating observation veils, the 
grid beyond 45 m dovngradient of the injection veil vas Instrumented during 
the test, drilling ahead of the advancing plume. The absence of monitors 
at 60 m vest vas the result of a drill rig breakdown. Without knowing the 
precise path of the plume, we again installed the observation veils in 
"fences" - lines of pipes spaced 1 metre apart approximately transverse to 
groundvater flov.

Vater samples vere collected by suction, draving directly on the 0.63 cm ID 
polyethylene tubing and pumping at least tvo tubing volumes to vaste before 
taking the actual sample. Tritium vas analysed by liquid scintillation 
counting, using 1 mL of vater in 10 mL of a commercial scintillation 
cocktail (Sclntlverse II, Fisher Scientific) and counted on a Beckman 8000 
liquid scintillation counter. Standard additions to selected samples in 
each analysis batch vere used to determine counter efficiency.

The tracer injection apparatus was essentially identical to that used in 
1983 [Killey and Moltyaner, 1988]. The injection well used in the 1987 
experiment consisted of 5 cm ID PVC, fitted with 0.010-slot wire-wrapped 
PVC screen over the bottom 3.0 m of the aquifer. Groundwater supplied from 
a well on the east side of Twin Lake was pumped to a 800 L surge tank. 
This tank supplied the main injection feed, which used a Flotec variable 
displacement pump (Model R5P1-1105) and a Signet totalizing flowmeter. 
Prior to the experiment the flowmeter was calibrated; during the Injection 
the rate was recorded on a strip chart. Minor adjustments were made to 
maintain a flow rate of 15.0 L.min*1 during the three-day injection. 
Twelve litres of tritiated water (22.81 MBq.mL*1) in a 15 L carboy placed 
in a 200 L secondary container provided the tracer supply. Tracer was 
metered at 2.50 mL^min' 1 from the reservoir into the main water feed to the 
Injection well using a Sage Instruments peristaltic pump (Model 375A). 
Injection concentrations were monitored using an on-line scintillation 
counter and by collection of samples of injection vater at one hour 
Intervals.
Counting data produced by the scintillation counter vere processed by 
spreadsheet to correct for counter efficiency and background. The 
resulting data, as Bq.mL*1, vere converted to relative concentration using 
the average concentration observed In the injection feed. The relative 
concentration data are stored in a database, addressed by sample collection 
location (x,y,z) and collection time. Samples vere collected at three-hour 
intervals at the start of the experiment, but the frequency vas reduced to 
once a day by the time the plume reached the 25 m "fence" and to every 
other day from the 90 m line onvards.



Data Analysis

The monitoring layout provided samples on a 1-m-by-l-m grid in the y-z 
plane, but only at 5 to 10 m intervals in the direction of flov, here 
defined as the x-axis. In most cases, the fences vere sampled daily,
allowing the direct observation of breakthrough curves at each of the 
multilevel samplers. Analyses of the breakthrough curves vere limited to 
samples from the veil in each fence that vas closest to the plume's plan- 
vlev (x-y) axis of flov. For the breakthrough analysis, the folloving one
dimensional solution to the advection-disperslon equation vas used 
[Moltyaner, 1987]

c(x,t) - erf/ïiïa
V

a >

This solution describes the movement of a pulse of initial length x0 and 
concentration ce, instantaneously injected at time t«0. The origin of the 
Cartesian coordinate system is the midpoint of the Injected tracer pulse, 
and the x-axis is defined as the mean direction of flov, at linear average 
velocity v and vith dispersion Dx in the direction of flow. Equation (1)
was fitted to the observed tracer breakthroughs using non-linear least
squares and varying v and DK.

The sampling layout and schedule alloved for relatively direct tvo- 
dimensional moment analysis - each day's sample set from transverse lines 
of observation wells (L) provided a slice across the plume at time t with 
data at 1 m spacings in the y and z directions across the plume. 
Calculations of the zeroth and first moments of the slice [Moltyaner and 
Wills, 1990]

Moo - XJc(Liy,z,t) dy dz (2)
Mio - J\ryc(L*y>zit) dy dz yc - Miq/M00
«ox - J\f zc(L,y,z,t) dy dz zc - M01/M00

gives the mass of the slice and the location of its centre of mass, 
respectively, when Integration is performed over the whole of the yz plane. 
An estimate of the position of the plume's centre of mass vas taken to be 
(L, ye, ze) vhere the values of ye and ze are the first moments from the 
slice vith the greatest mass (greatest M00). Subsequent analysis shoved 
that ze vas not a good estimator of the centre of mass' vertical position, 
especially after layering had broken the slug up into discrete masses. 
Because horizontal transverse bifurcations in the plume vere small (except 
in the groundwater discharge area), ye did prove adequate for locating the 
boreholes closest to the plume axis. The direction of flov at each fence 
of observation veils vas taken as the bearing of a linear regression fit 
through the positions of the centre of mass in the fence in question and 
the fences immediately up- and dovn-gradlent.

To analyse the plume as a single entity, the tvo-dlmenslonal zeroth moments 
vere calculated using equation (2) for each transverse slice of the plume, 
as mapped from a single sampling session at one of the fences. These 2-D



moment data vere then used to fit equation (1 ) using the least-squares 
procedure employed for the individual sampling point breakthrough curve 
analysis, again varying velocity and longitudinal dispersion. Arrival 
times for the centre of mass for the vhole-aquifer plume (T) vere 
calculated using T « v/L, vhere L is the distance of the fence in question 
from the injection veil. Because of the heterogeneity-Induced separation 
of the Injected slug into discrete plumes at large distances from the 
source (120 and 267 m), restrictions in the application of the above 
procedure are noted in the following discussion.

Volume Integrations of the plume at various times and distances from the 
injection veil (and determinations of mass conservation and vhole-plume 
longitudinal dispersion) vere undertaken at the various fences of 
monitoring veils. For each analysis, a coordinate system vith the x-axls 
aligned along the direction of flov vns established at the fence in 
question, using the procedure described above to determine the local 
bearing. The time of arrival of the centre of mass as calculated from the 
tvo-dlmensional moment analysis vas selected as the reference time. Tracer 
concentration measurements taken at times before and after the reference 
time T vere transposed in space ahead or behind the fence using

vhere the velocity v(L,y,z) is derived from the breakthrough curve 
analyses. To generate a "snapshot" of tracer distribution at the times 
provided by the moment analyses, measurements from the fence of samples 
made at earlier or later times vere displaced up- or dovn-gradient, 
respectively. The amount of displacement vas calculated using the average 
transport velocity betveen the injection veil and each one-metre depth 
increment provided by the multilevel samples. The method also assumes no 
stratum-scale dispersion over the time betveen the first and last set of 
samples used to construct the snapshot - as shown belov, stratum-scale 
dispersion is small enough that errors from this process are negligible.

For these analyses, ve define the ijkth spatial moment as

vhere the integration is performed over the entire space, 0 Is the aquifer 
porosity (0.40), and xyz are the coordinates of measured concentrations at 
time T - that is, c(x,y,z,T). The centre of mass of the plume (xe,ye,ze) 
is defined by the normalized first moments M1 0 0/M000, M0 1 0/M000, and
Mo o i/Mq o q, vhere M000, the zero moment, represents the plume's total tracer 
mass. Treating the entire plume as a single unit, ve define the rate of 
plume advectlon (v,.) as

c(L,y,z,t) - c(x' + (t-T) * v(L,y,z), y', z', T) (3)

Mijk(T > - JJJ>c(x,y,z,T) x1 yi zk dx dy dz (4)

2c - dT ’ dT ’ dT
dx„ dy„ dz„

(5)

In these analyses, the x ’ coordinate axis is oriented along the tracer's 
mean direction of flov, so that the plume-scale velocity has components



(XefO'O). In such cases, It is commonly assumed that the spatial covariance 
tensor that defines the second moments around the plume's centre of mass 
has values of 0 for the non-diagonal elements. Required elements for the 
tensor, therefore, are limited to

m M200/M000 - A (6)

ffy ■ m020/m000 - y 2
- MOO2/M0«« -

Plume scale dispersivities Ax,, Ay,, and A,,, if ve assume Gaussian 
distributions of tracer concentration around the centre of mass, are

. 1 dqj . 1 daj . 1__ dag
*' = 2vc dt V  " 2vc dt «' * 2vc dt * *

The plume-scale dispersion coefficients are defined as

D j  r *  A *  t  V g  D y  « *  A y  t  V g  D x  t  *  A |  > v ^  ( 8 )

The fences of sampling veils provide a 1-m-by-l-m grid of points in the yz 
plane. Ve vill show belov that there vas very little vertical displacement 
of the plume during transport. Data points in the x direction, hovever,
vere not evenly spaced. In order to provide the regularly-spaced 3 
dimensional data points required in the moment analysis, data points from a 
given elevation vere placed on an xy grid, vith 0.5 m grid spacings in the 
x direction and 1 m spacings in the y direction, producing a stack of xy 
gridded planes. A tvo-dimensional contouring routine [Aklma, 1978] vas 
applied to each plane and used to calculate the concentration distribution 
on the specified regular xy grid using the irregularly spaced data points. 
Three-dimensional integration vas then performed using Simpson's
approximation [Davies and Rabinovitz, 1975] on the gridded concentration
data to obtain the various moments. the quadrature scheme used in the
integration is described in Moltyaner and Vills [1987].

RESULTS AND DISCUSSION 

Tracer Injection

Pre-test experiments shoved that an injection rate of 15.0 L.min*x produced 
a 2 1 cm head rise in the injection veil, and that this head rise stabilized 
in less than 1 hour. On 1987 July 14, injection of groundvater drawn from 
the supply veil east of Tvin Lake vas started at 15.0 L.min' 1 at 10:00. 
Metering of the tritlated vater tracer into the main Injection feed vas 
started at 14:10 and continued for 67.83 hrs, until 10:00 on July 17. 
Minor adjustments vere made to the injection rate in response to hourly 
checks of the strip chart record - flov rates ranged betveen 14.6 and 15.2



L'inin'1, and an average of 15.0 L.min*1 vas maintained over the injection 
period. The in-line scintillation counter suffered froa lov sensitivity at 
the concentration of the injection feed, coupled vith interference from 
photo-induced fluorescence of the vater, and its data vere not used. 
Figure 5 shovs the tritium concentrations measured in the hourly samples of 
the injection vater. Average 3H concentrations over the injection vas 
3 805 Bq^mL*1, vith a maximum of 4 104 and a minimum of 3 522 Bq.mL*1, and 
a standard deviation of 3.41 percent. The total injection volume vas 61.05 
m3, for a total tritium input of 232 GBq, or 6.27 Cl.
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Figure 5: Tritium concentration versus time in the injection solution

Plume Mapping

A total of 17 000 samples from the multilevel piezometers vere collected 
and analysed over the seven-and-a-half-month duration of the experiment. 
The data, consisting of spatial coordinates, sample collection time, and 
measured concentration, are available in machine-readable form from Chalk 
River. Hydraulic head distributions measured near the start and end of the 
experiment are Included in the files. For the present discussion, ve need 
only note that, because of the lov vater table and Tvin Lake vater levels, 
the recharge mound observed in 1983 vas essentially absent In 1987, and all 
flov can reasonably be considered to be horizontal.



Despite the fact that tracer injection vas limited to the bottom 3 m of the 
aquifer, tritium vas present at the vater table adjacent and immediately 
dovngradient of the injection veil. Figure 6, constructed from data 
collected from breakthroughs at the fences of observation veils located 5 
and 25 m dovngradient of the injection veil, provides plan and section 
vlevs of subsurface 3H distributions 6.9 and 30.5 days after injection. 
From the data collected at 5v, the tracer slug did form a right cylinder, 
vith sharp boundaries and a length and vidth of approximately 6 m. The 
fact that the contours indicate that the slug did not extend to bedrock is 
a probable artifact of the data set - there vere no samplers located just 
above bedrock, and the Interpolation routine assumed a zero tracer 
concentration at the rock surface. From the volume injected and using a 
40Z aquifer porosity, the input slug should have generated a right cylinder
6.2 m high and 5.6 m in diameter.

Figure 4 displays the track of the centre of mass of the plume. Figures 6 
through 9 display plan and sectional vlev distributions of relative 
concentration at 4 times during the experiment. Figure 6 provides contours 
of relative concentration averaged over the full depth and (y-axis) 
thickness at 6.9 and 30.5 days after injection. Figure 7 displays the 
concentration distributions in horizontal and longitudinal vertical slices 
through the plume for the same elapsed times. Figures 8 and 9 display the 
same information for elapsed times of 80.9 days and 110 days. In all 
cases, the outermost contour represents the 10Z relative concentration 
contour, and the contour interval is 10Z. Table 1 summarizes the mass 
recovery, velocity, and dispersivity values derived from analyses of the 
data.

The extremely steep concentration gradients shovn in all of the plots of 
slices through the plume (Figures 7 and 9) reflect the minimal dispersion 
(both longitudinal and transverse) that occurred vlthln individual strata. 
Longitudinal dispersivities provided by the 1-D breakthrough curve analyses 
for sampling veils along the axis of flov range from 0 . 0 0 1 to 0 . 1 0  m. 
Because there vas little time for differential transport to occur in the 
sample set collected 5 m dovngradient of the veil, the tracer distribution 
patterns in the slice and averaged data plots are very similar. The 
assumption of a Gaussian distribution for the plume-averaged data appears 
quite reasonable.

Data plotted for 30.5 days after injection place the plume's centre of mass 
25 m dovngradient of the Injection veil. At this location, the effects of 
vertical heterogeneity in groundvater velocities are clearly evident in 
both the slice and plume-average data. There is also an early indication 
of some lateral variations in transport velocity evident In the plot for 
the horizontal slice. In vertical section, the pattern of early tracer 
arrivals just belov the vater table and just above bedrock matches the 
arrival pattern observed in 1983. The assumption of Gaussian tracer 
distributions for the aquifer-averaged data remains reasonable for the 
vertically-averaged information, but has become suspect vhen considering 
the information averaged across the plume.



Table 1: S um m ary  of Moment Analysis Results for the  1987 Twin Lake T race r  Test

Days after 

Injection

Distance from 

Source (m)

Local
Velocity

(m/day)

Mass Recovery 

(GBq) (%)

Sigma-squan 

x y

ed

z X

Whole-Aqu
Dispersivr

y

ifer

iy
z

0 0.00 232

6.94 5.11 0.74 147 63 2.48 1.66 1.42 0.24 ! 0.163 0.139

30.49 25.80 1.54 228 98 9.69 1.95 1.76 0.19 0.038 0.034

80.89 71.50 0.91 186 80 26.57 1.28 2.78 0.19 0.009
•

0.019

91.28 80.00 0.83 235 101 54.87 1.11 1.86 0.34 ! 0.007 0.012

101.6 94.80 1.43 152 65 63.73 1.07 2.32 0.34 0.006 0.012

103.8 93.40 0.69 155 66 39.28 0.92 2.58 0.21
: t 

0.005 i 0.014

110.3 101.60 1.29 136 59 46.96 0.89 2.34 0.23 ! 0.004 0.012

130 116.20 0.75 156 67 117.80 0.90 2.40 0.51 0.004 0.010

270.9 266.00 1.06 54 23 290.86 41.35 1.66 0.55 0.078 0.003

Average: 0.31 0.010 0.015
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After 80.9 days of travel time, the depth-averaged tritium slug, in plan 
viev, stretches over almost 20 m in the direction of flov and possesses 
vhat could still be termed a Gaussian distribution of concentration around 
the centre of mass In both longitudinal and transverse horizontal 
directions. There is an initial Indication of velocity variations in the 
horizontal transverse direction. In the longitudinal section, the tracer 
shovs a stratum of lover velocity sandviched betveen tvo slightly faster 
layers. The dovnvard displacement of the plume from the vater table is 
attributed to the addition of direct infiltration; the apparent absence of 
tritium just above bedrock is probably the artifact of our terminating 
sampling at the 70 Vest line too early.

Figure 9, the construction of a slice through the plume using data from the 
100 Vest line, is a good example of the discrete nature of the tritium 
breakthroughs in the multilevel samplers at moderate distances from the 
source. Tracer vould reach near-input concentrations in one sampler, vhile 
vaters collected 1 metre above and belov vould be at or near background. 
Six distinct velocity zones can be identified, vith only tvo of the 
multilevels shoving near-simultaneous arrival of the tracer. The most 
striking contrast betveen the vertical slice plots for 80.9 and 110 days is 
the change from a delayed 3H arrival at the plume's mid-depth (elevation 
143 m) at 70 Vest to an early arrival at the 100 Vest line. The horizontal 
slice reveals slight separation of the slug in plan viev, but variations in 
this behaviour at different depths vere large enough to smooth the depth- 
averaged plot into a positively skeved distribution.

Vith the suction piezometers employed in this experiment, no samples could 
be collected betveen 120 Vest and the groundvater discharge area at 267 
Vest. The location of plume emergence at the edge of the vetland vas 
estimated to be betveen 10 and 20 m south of the grid baseline, based on 
hydraulic head distribution data in the TL-series piezometers. Figure 10 
displays the final sampling veil netvork at the edge of the discharge area. 
After the first appearance of tritium in samplers near 20 south, the line 
of veils vas extended to the south until the plume margin vas encountered 
at 46 South. Because of this unforeseen divergence, a substantial amount 
of information vas lost in the discharge area. Sampling revealed that the 
plume had split into northern and southern masses, almost, but not 
entirely, isolated from one another. The northern slug vas centred 22 m 
south of the grid baseline, in reasonable agreement vith the vater table 
flovllnes. The southern slug vas unexpected - the lov mass recovery at 
this line may be the result of arrival of the centre of mass of the 
southern plume before the arrival of the northern limb and the subsequent 
extension of the sampling grid.
Figure 11 displays the tritium distribution in a longitudinal slice at 267 
Vest, 22 South. Unlike the plots in Figures 5 through 8 , contours
represent 0.5Z Increments in relative concentration - the peak
concentration vas 5Z of the input. Although the saturated thickness of the 
aquifer has been reduced to 5 m or less, the strong vertical zonation of 
the 3H persisted to the discharge area, In some cases vith complete tracer 
breakthrough at one depth before first appearance in samplers above or 
belov.
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Figure 10: Sampling well locations along the margin of the groundwater 
discharge area, approximately 270 m from the injection well
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Figure 11: Reconstructed tritium breakthrough (C/Co) in a vertical slice 
through 267w, 22s.



Moment Analysis Results

The plume track shown on Figure 4 links the xy locations of the centre of
mass (the zeroth moment). Vertically, the centre of mass parallels the
bedrock surface closely, dropping at an angle of about 2° from the 
horizontal. This vas considered small enough that the horizontal grid used 
in the moment analysis Imposes no significant error. From the source to 
70 n, the centre of mass tracked a bearing of 11 to 12° south of the east- 
vest axis of the monitoring grid. Betveen 70 and 100 Vest, the track 
shifted to a bearing of 4 to 5°, and betveen 100 and 120 Vest shifted
slightly back tovards the base line, on a northerly bearing of 3°.
Somevhere betveen 120 and 276 Vest, the plume bifurcated, the portion 
discharging at 267 Vest, 20 South folloved a straight-line track 1.2° south 
of the grid axis, vhlle the portion centred at 267 Vest, 36 South tracked 
7° south. From regional vater table data, ve had anticipated a single 
track almost parallel to the grid baseline.

Table 1 summarizes other results for the zeroth, first, and second moment
calculations for plume at the five times discussed above, as veil as for 
91.3, 101, 103, and 130 days after Injection. The lov mass recovery 5 m 
dovngradient is attributed to the absence of data at the base of the 
aquifer; apart from this, almost complete mass recoveries vere calculated 
up to 80 m from the injection veil.

Betveen 80 and 116 m from the source, mass recoveries ranged betveen 59 and 
67 percent. The reason(s) for this abrupt decrease in calculated mass 
remain unclear. The change In recovery occurs at about the same location 
as the shift in plume direction, raising the suggestion that the plan-vlev 
split in the plume actually occurs betveen 80 and 100 Vest. The missing 
mass vould be attributed to a third of the tracer being diverted south of 
the observation veils at 90, 95, 100, and 120 Vest. There are, hovever, no 
data from these lines of veils to support the hypothesis, and for a split 
in the plume to completely avoid these monitors vould require a very abrupt 
southern displacement of the south slug. Missing mass may also be an
artifact of the vertical breakup of the plume into almost discrete slugs at
various depths. From the 1983 experiment, ve knov that the vertical 
correlation length scale of the Tvin Lake aquifer strata Is 0.44 m. Vith 
our 1 m vertical sampler spacing, some tracer breakthroughs vill be 
partially (possibly almost entirely) missed.

Mass recovery at 267 Vest vas only 23 percent; as previously noted, ve 
attribute part of this mass loss to the late discovery of the southern
tracer slug. Fart of the mass loss may also stem from the 2 metre
transverse monitor spacing along the edge of tho discharge area, allovlng 
substantial portions of the slug to advect through the line undetected.

Neglecting the result for the 5 Vest samplers (vhere injection 
perturbations vere significant), centre-of-mass transport velocities 
averaged over the entire distance from the Injection veil to a line of 
samplers range from 0.85 to 0.98 ■•day'1» vlth a mean of 0.90 ■•day'1,
local velocities, the calculated centre-of-mass advectlon rates betveen
plume reconstructions, are much more variable, ranging from 0.69 to 1.54



■•day'1. These could be Interpreted as a guide for the range of flov 
velocities vlthin Individual strata, keeping in mind the fact that over any 
Interval there are multiple strata transporting tracer at a range of 
velocities - the local velocities listed here vould be velghted averages 
for each Interval. On the scale of individual strata, ve should expect a 
vider range of strata velocities than the plume-average ones listed here.

The last three columns on Table 1 list the three dlspersivities calculated 
from the second moments of the various slug realizations. Again, data at 5 
Vest are perturbed by the tracer injection, and von’t be considered further 
here. Neglecting the initial data set from 5 Vest, plume-average 
horizontal and vertical transverse dlspersivlties average 0 . 0 1 0  and 0.015 
m, respectively. The average does not Include the horizontal transverse 
dispersivlty value of 0.078 m calculated for the plume at the edge of the
discharge area. This value Incorporates the tvo separate lobes of tracer;
vithln each lobe, the transverse dispersivlty Is similar to the values for
other positions along the flovpath. The horizontal and vertical transverse
dlspersivitles are not significantly larger than those calculated for 
tracer transport through Individual strata [Moltyaner and Killey, 1988a, b; 
Moltyaner and Vills, these proceedings], and reflect the minimal transverse 
spreading of the plume over its entire subsurface flovpath.

Vhole-plume longitudinal dispersivitles (A,) are more than tvo orders of 
magnitude larger than the transverse values. From just under 0.2 m after 
30.5 and 80.9 days of transport, moment analyses of the plume 
reconstructions at 91.3 and 102 days produce A, values of 0.34 m. 
Calculated longitudinal dispersivities decline slightly (to 0.22 m) for the 
realizations at 104 and 110 days, and then rise to 0.51 and 0.55 m at 130 
and 271 days, respectively. The last Ax , derived from tracer breakthrough 
at the discharge area, is not reliable, since it applies to a mass recovery 
of less than 251 of the plume's total.

Some appreciation for the inaccuracies of the data processing and moment 
analyses can be gained from the results of the plume reconstructions at 1 0 1  
and 104 days after injection. Not only do the tvo realizations shov a 
slight retrograde motion of the plume's centre of mass, but they provide 
longitudinal dlspersivities of 0.34 and 0.21 m, respectively. Clearly, 
these phenomena are not real. The apparent retrograde shift of the centre 
of mass vas just over a metre, vhereas groundvater velocities vould 
indicate a forvard displacement of about 3 m. Over the total transport 
distance to these plume realizations, therefore, the positioning error is 
less than 5 percent. The errors indicated in the plume-averaged 
longitudinal dispersivlty, hovever, are more significant. Ve should 
probably interpret the A, values vith considerable caution, especially for 
transport distance greater than about 50 m, vhen separation of the input 
slug into smaller, strata-controlled masses of labelled vater makes the 
assumption of Gaussian tracer distributions around the centre of mass very 
approximate, at best.



SUMMARY AND CONCLUSIONS

The 1987 trltlua Injection at the Tvin Lake site clearly set one of our 
Initial objectives - the accurate mapping of the groundvater flovpath from 
the injection veil to the discharge area. The experiment vas undertaken 
vith a substantially different hydraulic head distribution from that 
observed during the 1983 study; vater tables everyvhere in the study area 
vere about 2 m lover than those measured in the fall of 1983, and the drop 
vas even larger adjacent to Tvin Lake, vhere lov levels had led to the 
disappearance of the recharge mound beneath the north end of the lake.
Despite these large changes, the track of the plume over the first 40 m 
dovngradient of the Injection veil vas not significantly different than 
that defined in 1983. Results from an experiment currently under vay shov 
that the 1990 plume has tracked very closely for the first 120 m of 
flovpath (the current location of this year’s plume front).

The change in hydraulic heads betveen 1983 and 1987 Is, however, evident In 
the plume's aquifer distribution and in groundvater flov velocities. One 
striking feature of the 1983 injection vas the rapid dovnvard aigration of 
tracer added to the upper portion of the aquifer. This vas attributed to 
the groundvater mound that existed beneath Tvin Lake at that time. In 
1987, hydraulic head measurements confirmed that the mound vas no longer 
present. Tracer vas again injected over the full saturated thickness of 
the aquifer, and in the 1987 experiment, tracer remained present in the 
upper portion of the aquifer. The plume's slight dovnvard displacement 
from the vater table during subsequent transport is attributed to the 
addition of direct Infiltration to the system. Groundvater flov velocities 
in 1987 vere consistently lover than those observed in 1983. In the 131I 
studies, the average flov velocity over the first 40 m dovngradient of the 
injection veil vas 1.18 m.day*1; in 1987 this velocity vas 0.86 m.d*1, a 
27Z decrease. Over the same period, the hydraulic gradient betveen TL-13 
and TL-18 changed from 0.02839 to 0.02270, a decrease of 20 percent, almost 
entirely accounting for the change in velocity.

The decision to use trltlated vater as a tracer after ve vere unable to
develop a non-reactive radiotracer vith a suitable gamma energy and half- 
life forced us to resort to sample collection rather than borehole 
scanning. The attendant loss of vertical resolution is a significant, but 
presently unquantified, source of error. Tracer distributions and soil 
sample data have shovn that the vertical correlation length scale for the 
Tvin Lake aquifer is 0.44 m [Moltyaner, 1986). Tritium samples could only 
be taken at 1 m depth increments, hovever. This, coupled vith the
extremely lov rates of vertical mixing, make it virtually certain that 
tracer breakthroughs in some velocity zones passed through lines of 
samplers undetected. Over short travel distances, before the plume had 
broken up into small blobs at different distances in different layers, the 
interpolation routines used for the moment analyses vork reasonably veil, 
as evidenced by the mass recoveries calculated for the first 80 m of plume 
transport. Vhen tracer arrivals in different samplers in the same borehole 
are greatly displaced In time, hovever, the interpolation routines
underestimate the total quantity of tracer. Ve attributed the reduced mass 
recoveries calculated for elapsed times betveen 101 and 130 days to these



interpolation errors. Some of the apparent mass loss at the discharge area 
vould also stem from such errors, but in that case it is certain that a 
significant portion of the tracer breakthrough arrived before sampling 
veils vere installed.

The centlmetre-scale vhole-aquifer vertical transverse disperslvlties 
provided by the moment analysis are higher than vertical transverse 
dispersivities determined in analyses of tracer passage through individual 
aquifer strata [Moltyaner and Killey, 1988b], but they remain small enough 
to reflect the extremely lov rates of vertical mixing that ve observe. The 
lov values of horizontal transverse dispersion (vith the exception of the 
discharge area data) primarily reflect the absence of significant lateral 
variations in tracer path or velocity. This, and the bifurcation of the 
plume, reflect the fact that, as for longitudinal plume ,spreading, velocity 
vector variations are the dominant control on contaminant distribution.

Longitudinal dlspersivities calculated from the second moments of the plume 
ranged betveen 0.19 and 0.55 m; if the entire tracer breakthrough had been 
sampled at the discharge area, the longitudinal dlspersivity vould probably 
have been significantly larger. The second moment results indicate an 
Irregular but Increasing trend in A, versus distance from the source, but, 
as the large differences in A, values calculatsd for 101 and 104 days shov, 
the plume reconstruction and moment analyses do introduce substantial 
possible errors. Vhole-aquifer longitudinal dlspersivities calculated 
vithin the 40 m path length tested in 1983 ranged from 0.06 to 0.16 m, vith 
no simple trends versus transport distance.

Although the experiment has produced vhole-aquifer values of longitudinal 
and transverse dlspersivities In these clean, veil sorted, veil-laminated 
fluvial sands, it has also shovn that the effects of strata-controlled 
variations in permeability and minimal transverse dispersion are still the 
only significant control on vhole-aquifer dispersion. The presence of 
discrete tracer breakthroughs adjacent to the groundvater discharge area, 
in a section of aquifer 270 from the source and in a region of convergent 
flov, shovs that much longer transport distances vould be needed before 
anything approaching smooth Gaussian tracer distributions vould be 
observed. The results from this experiment provide useful dispersivity 
inputs for transport models, but also shov that such values are estimates 
only - they may be reasonably appropriate for scenarios assuming fully 
penetrating veils In similar aquifer settings, but they are not suitable 
for indiscriminate application.
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