
CPrtOWtil

AECL-6404

ATOMIC ENERGY ^ £ 5 3 L'ENERGIE ATOMIQUE
OF CANADA LIMITED \ ^ ^ 9 DU CANADA LIMITEE

HYDROLOGICAL AND GEOCHEMICAL STUDIES IN THE
PERCH LAKE BASIN: A SECOND REPORT OF PROGRESS

Etudes hydrologiques et geochimiques
dans le bassin du lac Perch:

deuxieme rapport sur I'etat d'avancement des travaux

P.J. BARRY - Editor

Proceedings of a Symposium/Workshop held at the Chalk River Nuclear Laboratories,
25-26 April, 1978

Chalk River Nuclear Laboratories Laboratoires nucleates de Chalk River

Chalk River, Ontario

August 1979 aoOt



(i)

ATOMIC ENERGY OF CANADA LIMITED

HYDROLOGICAL AND GEOCHEMICAL STUDIES IN THE
PERCH LAKE BASIN: A SECOND REPORT OF PROGRESS

Editor - P.J. Barrv

Proceedings of a Symf.1osi.um/W3rkshop held at the
Chalk River Nuclear Laboratories

1978 Anril 25-26

Chalk River Nuclear Labora to r i e s
Chalk River, Ontar io

KOJ 1JO
1979 August

AECL-6 4 04



(ii)

Etudes hydrolcgiques et gëochimiques

dans le bassin du lac Perch:

deuxième rapport sur l'état d'avancement des travaux*

Editeur - P.J. Barry

Résumé

Le "bassin du lac Perch est un petit système de drainage
des eaux situé en bordure de la rivière Outaouais à environ
2l)G km à l'ouest d'Ottawa, dans le Bouclier canadien.

Depuis 1975, des groupes de scientifiques provenant
de plusieurs universités canadiennes et de services gouverne-
mentaux etudient les propriétés hydrologiques, géologiques et
geochimi que s ;lu bassin. Le but de ces études est de développer
et de mettre à l'essai les modèles de simulation employés pour
décrire les débits de masse dépendant du temps de l'eau et des
substances dissoutes et en suspension dans le bassin. Pour
faire le point de ces travaux un sympoeium/atalier a eu lieu
à Chalk River en avril 1970. Le présent rapport comporte ?'i
sommaires déta. illés des exposés présentés oralement au
symposium. Les questions étudiées comprennent, entre autres,
les sources et les dépressions atmosphériques, les débits de
masse à la surface et sous la surface dans les bassins de
drainage et les interactions se produisant dans le lac.
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1979 août
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* Compte rendu d'un symposium/atelier ayant eu lieu à Chalk
River les 25 et 26 avril 1978
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HYDROLOGICAL AND GEOCHEMICAL STUDIES IN THE
PERCH LAKE BASIN: A SECOND REPORT OF PROGRESS*

Editor - P.J. Barry

ABSTRACT

The Perch Lake basin is a snail drainage system along
the Ottawa River about 200 km west of Ottawa on the Canadian
Shield.

Since 1975, groups of scientists from several Canadian
universities and government departments have been studying
the hydrological, geological and geochemical properties of
the basin. The object of these studies is to develop and
test simulation models used to describe the time dependent
mass flow rates of water and dissolved and suspended substances
through the basin. To review progress, a symposium/workshop
was held at Chalk River in 1978 April. This report contains
24 extended summaries of the material presented verbally at
the workshop. Subject matters include atmospheric sources
and sinks, mass flows through the surface and subsurface
regimes in the drainage basins and interactions occurring in
the lake.
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•Proceedings of a Symposium/Workshop held at the Chalk River
Nuclear Laboratories, 1978 April 25-26.
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FRONTISPIECE

Aerial view of Perch Lake with the Ottawa River and Chalk
River Nuclear Laboratories in the background.
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FOREWORD

Since the early 1950's, Perch Lake and the drainage
basin above its northern shore have been receiving small
quantities of radioactive and other industrial waste from
the nearby Chalk River Nuclear Laboratories (CRNL).
Throughout its use as a waste management area, the basin has
been the object of many studies to determine its hydrologi-
cal, geological and geochemical properties and evaluate its
potential for the purpose. Prom 1965 to 1974 hydrological
studies were carried out there as a part of Canada's contri-
bution to the International Hydrologic Decade (IHD).

As a consequence of these investigations extending
over a quarter of a century much information about this re-
latively small but typical basin on the Canadian Shield has
been acquired. The basin has, during the same period, become
well equipped with measuring devices for the determination of
meteorological and hydrological variables as well as with
access roads, electric power and buildings for the staff and
their apparatus. Thus, by the end of the IHD in 1974, Perch
Lake had acquired status as a national environmental research
facility and has been one of seven experimental basins nomi-
nated as such for Canada's national basin program which will
contribute to Unesco's International Hydrologic Program and
will provide data and methodology for other international
basin study programs.

The current studies at the lake have three main objec-
tives :

(1) To develop and test simulation models used to de-
scribe the volumetric flow rates of water through
the system as a function of time;

(2) To develop and test simulation models used to de-
scribe the mass flow rates of dissolved and sus-
pended substances in the water. These substances
include nutrients and potential pollutants, both
radioactive and inactive;

(3) To construct an historical chronology of past
hydrologic and geochemicai events so that the long-
term future behaviour of dissolved and suspended
substances in the basin can be anticipated.
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Since the end of the IHD study in 1974 groups of scien-
tists from Canadian universities and government departments
have begun work toward the realization of these three objec-
tives. In 1978 April a symposium/workshop was held at Chalk
River to review the progress made to date and to enable the
study participants to find out what work others have been doing
or are planning to do at the lake. Authors were asked to
provide a written summary of the material presented verbally
at the workshop and it is the collection of these summaries
that forms the basis for the present volume*.
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INTRODUCTION

Symbol Notation

thermal quality of snowpack

vapour pressure of the air

vapour pressure at the surface

ground heat flux to snowpack

sensible heat flux to snowpack

latent heat of vapourization of water

latent heat of fusion of water

latent heat flux to snowpack

net long-wave radiant flux to snowpack

total short-wave radiant flux to snowpack

total heat flux to snowpack

Richardson number, an index of stability

net all-wave radiant flux to snowpack

air temperature

snow surface temperature

horizontal wind speed component at height z

snowmelt water release rate

short-wave reflectivity (albedo)

heat deficit of snowpack

density of water

precipitation

dimensionless ratio

kPa
kPa
W-m~2

W.m"2

J - k g " 1

J - k g " 1

W-nT2

W. m-2

W.m-2
W. m~2

dimensionless ratio

W. m"2

°C

°C
m-s"-1-

m3. m~2. s"1

dirnensionless ratio
J.m-2

kg>m~3

m
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Water released during the melting of seasonal snowpacks
is the most important single hydrologic event of the water
year. This short-tarm, high volume pulse of water provides
the potential for either flood events or major soil moisture
and ground water recharges, or for both. In any environment,
melt rates are determined by the energy balance of the snowpack.

The energy
written as:

balance, illustrated in Figure 1, can be

Q m = Rn + LE + H + P + G - (&6)

where R = (1 - ot)Q + L

LE = f[u(e - e )]

and H = f[u(T - T ) ].
a. O

a)

fla)

(lb)

(lc)

Under most conditions for an isothermal snowpack, this can be
simplified without serious error to:

= R +n LE + H. (2)

The rate of water release resulting from this energy input can
be determined according to:

V = m

m BpL, (3)

where it is assumed that B is unity and p is 1000 kg-m . Once
this water is released it is available for transformation into
streamflow by four possible pathways, simplified diagramati-
cally in Figure 2. Movement of water in the snowpack commences
once storage is satisfied, and flow is dominantly vertical
except in the presence of impermeable ice layers.

The lateral motion of water from slopes to stream chan-
nels derives from four major processes. The most rapid rates
of translation result from direct surface runoff where input
rates to the ground surface exceed the infiltration capacity.
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This is termed Hortonian Overland Flow [1] and involves both
relatively high velocities and usually little loss to storage
(Pathway I, Fig. 2). Should th° "ater infiltrate into the
underlying soil, then three possible processes may generate
lateral motion. In the unsaturated zone a lateral component
of flow may result from differences in permeability with
depth, and is termed subsurface stormflow [2], or interflow
(Pathway II, Fig. 2). Should infiltration be dominantly ver-
tical, the water will recharge soil moisture or the ground
water, or both. Ground water recharge will increase the water
table slope and thus increase rates of base flow to stream
channels (Pathway III, Fig. 2). This same elevation of the
water table will also increase the size of saturated areas
around streams, or in seasonal swamps. Any water input onto
these saturated areas become direct surface runoff, termed
partial area contribution [3, 4], or saturation overland flow
(Pathway IV, Fig'. 2) ,

Direct surface runoff in the presence of a snowpack in-
volves flow through a porous medium with attendant major fric-
tional losses. Consequently,it is much slower than flov; in
the absence of a snowpack. Nevertheless, direct surface runoff
and partial area flow constitute the most rapid responses of
streamflow to basin input. It should be noted that these four
processes are not mutually exclusive and usually operate to-
gether .

SITE AND INSTRUMENTATION

The measurement site selected is located in an extensive
area of deciduous forest in Sub-basin #3 of the Perch Lake
watershed [5, 6] .

Site snowpack characteristics at the onset of the spring
thaw of 1978 are given by the following data for 1978 March 30:

depth 0.59 m
density 277 kg-m"3

water equivalent 0.164 m

The major variables controlling the energy balance of
the snowpack were measured as follows. The radiative exchanges
were monitored using solarimeters and net radiometers, distri-
buted both spatially and in a vertical profile [6]. The con-
trols on the latent and sensible heat flows were measured using



a vertical profile of shielded thermocouples, psychrometers
and anemometers at levels corresponding with the radiometers.
The surface radiative temperature of the snowpack was measured
using a Barnes Precision Radiation Thermometer (PRT-5). All
electrical signals from the sensors were monitored at 2%-
minute intervals by a 64-channel data acquisition system and
recorded on magnetic tape.

The major components of the water balance were measured
as follows. Changes in snowpack water equivalent were esti-
mated using a 15-point snowcourse in conjunction with a series
of snow depth reference boards. Two 25 m2 runoff plots with
approximately equivalent exposures were constructed close to-
gether. The base of one plot was lined with polyethylene to
intercept all meltwater reaching the base of the snowpack,
while the base of the other was left unlined to permit infil-
tration and provide a measure of direct surf"':e runoff (see
Fig. 3). Infiltration was obtained as the difference between
the runoff from the two plots. Streamflow at the basin outlet
was monitored at the weir controlling Inlet #3 [5]. Changes in
soil water content were determined using a neutron probe at two
soil moisture access tubes [6J. Fluctuations in water table
elevation were measured using a transect of wells equipped with
level recorders. Liquid precipitation was monitored using a
tipping-bucket rain gauge situated at the Satellite meteorolo-
gical enclosure 15].

DATA ANALYSIS

Energy Balance

The relationship between melt rates and the energy bal-
ance is defined in Equation (3), but the problem in applying
this equality is in the determination of the actual sizes of
the three major components of Qm as detailed in Equation (2).
This is relatively easy for the radiative fluxes, Equation (la),
since it involves direct measurement. Assessing the latent
and sensible heat exchanges, however, involves the definition
of the functional relationships in Equations (lb) and (1c),
and is much more problematic.

In the forest environment the radiative component in the
balance is dominant, making even large errors in the estimation
of the other fluxes relatively insignificant. From data col-
lected, and using a simple reiterative radiation exchange
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model, reasonable values for the radiative component can be
determined (Fig. 4). For an average melt day this provides
an Rn value of 2.9 MJ. m~̂ -d"-*-, ̂ Cjuivalent to a melt rate of
about 8.7 mm-d~l. This compares with an Rn value of
0.9 MJ-m~2.d~l, equivalent to a melt rate of 2.7 mm-d~l
for an open area under the same meteorological conditions.

Although a model of this type is useful for long-term
(daily or longer) and large area calculations, short time-
scale measurements reveal great complexity. Figure 5 illus-
trates some of the variations observed in air and snow sur-
face temperature and in net radiation. The difference between
variations in nocturnal and day-time radiation within the
forest is of particular interest. Interference with direct
beam short-wave radiation by the trees leads to the large
variability of the day-time net radiation. The nocturnal
balance is the resultant of long-wave fluxes only, and lacks
a strongly directional component with which the canopy can
interfere. This results in much less variability of noctur-
nal compared with day-time R .

It is predictable that atmospheric conditions of extreme
stability immediately above a snowpack will occur during peri-
ods both of melting and of consistently negative Rn, which
normally occur when heat is being lost from storage in the
snowpack. Despite generally strongly stable conditions short-
lived periods of instability occur when the air near to the
snow surface is warmer than that above it. Figure 5 illus-
trates some of the complexities involved in such stability
changes for Days 24 and 25t. Short-lived reversals in stabi-
lity occurred near the times of sunset and sunrise, with
Ri = -0.3. Under conditions of very low wind speed, such as
from 21:00 of Day 24 to 08:00 of Day 25 when the mean wind
speed at 1 m was 0.11 m s~l, very stable conditions persisted
with Ri = 2.2. This compares with a maximum Ri of 1.4 for
stable conditions in the open, reported by Oke [7] following
a review of a number of independent studies. During the period
of surface melt from 12:00 to 17:00 of Day 25, again very
stable conditions persisted with Ri = 0,3, similar to the con-
ditions of extreme stability noted by de La Casiniere [8],
These data support the notion of high stability over the snow-
pack within the forest, with energy exchanges being dominantly
radiative. The strong thermal gradients observed in the lower
layers are probably a function of variations in the long-wave
flux with height as suggested by Funk [9].

The coding for days has Day 1 defined as 1978 March 01. Sub-
sequent dates are numbered consecutively.
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As shown in Equation (3), the relationship between the
energy balance and melt rate is known. Figure 6 provides
qualitative illustrations of these relationships. On Day 31,
Rn and H were large and positive and LE was small and posi-
tive, resulting in a large melt rate and large runoff. On
Day 32, Rn was small and positive, while H and LE were both
low. The medium runoff obtained was possible only because
little heat deficit accumulated during the preceding night,
the air temperature being at least 0°C. Melt continued for
most of the night-time period, because the energy balance was
either slightly positive or near zero. In the period between
approximately 20:00 of Day 32 and 09:00 of Day 33, the nature
of the energy balance changed dramatically. Wind speed
tripled, air temperature at 1.5 m decreased from -l-20C to -10°C,
vapour pressure at 1 m dropped to 0.3 kPa from 0.75 kPa, and
the net radiation at 1 m over the snowpack became negative
with a minimum value of -50 W-m~2. This strongly negative
energy balance resulted in a large heat deficit in the snow-
pack. Consequently, although Rn and H became strongly posi-
tive by about 12:00 on Day 33, no significant runoff occurred.
The positive day-time heat flows were used to satisfy the sub-
stantial heat deficit developed overnight.

Thus, Figure 6 demonstrates qualitatively the nature of
the relationships involved in Equation (1), and the links be-
tween the energy balance and melt water volumes shown by
Equation (3). It should be clear from Figures 5 and 6 that
the general relationships between meteorological parameters,
energy balance and melt water released are clear, although the
detailed interactions are not.

Runoff Processes

In the initial consideration of the runoff processes it
was assumed that lateral motion could be explained mainly by
flow in a saturated layer at the base of the snowpack, as ob-
served by Price and Dunne [10] in the subarctic. The 1977
and 1978 data from Perch Lake demonstrate, however, that, for
these two thaws at least, this process was insignificant in the
generation of lateral motion at this site.

Figure 7 demonstrates the general water relationships
for a week of active melt, including a large rain-on-snow event
resolvable into two discrete inputs of equal import. The
trace is a continuous record of runoff from the lysimeter run-
off plot (see Fig. 3), constituting the input to the interface
between the snowpack and soil-litter layer, referred to subse-
quently as either the base of the snowpack or the ground surface.
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It can be seen that for Days 4 3 through 47 this input follows
a predictable diurnal wave form related to changes in the
energy balance. It is difficult, however, to ignore the fact
that the two rainfall inputs on Day 42, in terms of both vol-
ume and rate, dominate at least this week of data. They also
constituted the first really large input of water to the basin
soil moisture recharge and runoff system. Normally one would
expect early snowmelt events to be relatively small, and to
increase in size <is the energy balance became progressively
more positive. The rain-on-snow event constituted a very large
water input occurring very early in the melt season. If the
initial aEr.umption of a saturated layer at the base of the
snowpack, presumably caused by frozen soil, had been correct,
then this large input early in the thaw would be precisely the
kind of event that should generate large overland flows.

Estimates of overland flow were obtained from the unlined
plot (see Fig. 3), and were volumetrically insignificant for
both inputs, being 3.7% and 3.5% respectively of the total in-
puts to the ground surface. These figures are probably sub-
stantial over-estimates because of the construction of the plot.
Considering the whole thaw, only 2^% of the total melt appeared
as overland flow from the unlined plot, hardly a significant
fraction. Additionally, several excavations through the depth
of the snowpack to the ground surface revealed no obvious
Hortonian Overland Flow despite the fact that the soil at these
pits was still frozen. This virtual non-appearance of melt
water as overland flow demonstrates that the dominant process
at the base of the snowpack under these conditions is infiltra-
tion.

A consideration of the responses of some basin parameters
to the major rainfall inputs (A and B) of Day 42 and the sub-
sequent melt inputs is most instructive in attempting to under-
stand the processes of runoff production in a forest. For the
first rainfall :" nput (Event A) it can be seen that both the
peak flux rate and the total depth equivalent are smaller for
the runoff than for the incident precipitation as shown in
Table I. The runoff response to the second rainfall input
(Event B) shows both a higher peak flux rate and greater equi-
valent depth than for the precipitation input. These differ-
ences in runoff response to precipitation inputs between the
two events are easily explicable as follows. In Event A, the
difference between input and output volumes is reflected in
the change in storage in the snowpack as indicated in Table I.
This is also reflected in increase in both water equivalent and,
probably more significantly, density over the wnole snowcourse
from Day 41 to Day 43. The increase in density was from 286
kg-m-3 to 355 kg.m~3.
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TABLE I. Precipitation, Runoff and Snowpack Storage Changes
for the Rain-on-Snow Events of Day 42

Event

A

B

Precipitation
(nun)

25.4

18.3

Runoff
(mm)

19.7

20.6

Storage
Change
(mm)

+5.7
(into storage)

-2.3
(snowmelt)

Peak Flux Rates
Precipitation Runoff

(iran.s-1 x 10+6)

1350

1555

950

1600

These data show that propagation of a flux of water
through an unsaturated medium, such as a snowpack, involves
a decrease in both flux rate and volume. This is consonant
with both physical theory [11] and the observations of Dunne,
Price and Colbeck [12] in the subarctic. In the unsaturated
condition, permeability to the water phase is a function of
saturation [11]. For saturations less than the irreducible
saturation (also termed specific retention, or loosely,
field capacity), permeability is zero. Thus, a water flux
will not propagate until the irreducible saturation of that
snowpack is reached. This snowpack condition is commonly
referred to as "ripened". Increasing the saturation to ir-
reducible saturation involves a loss of volume from the pro-
pagating wave.

In Event A the pulse of water first increased satura-
tion to irreducible saturation and then began to percolate
through the snowpack. This initial loss to storage led to a
reduction in peak runoff flux rate and a lag time of three
hours, measured as the time interval between the centres of
gravity of input and output. In Event B, both volumes and
peak flux rates of precipitation and runoff were very similar,
and in addition, lag time was reduced to approximately one
hour. This reflects the fact that the snowpack was already
at, or above, irreducible saturation at the onset of Event B.

The rain-on-snow event was discussed because of the
relatively high flux rates involved, but the concepts out-
lined are of equal relevance to snowmelt events. The con-
trols on water movement in unsaturated porous media also ap-
ply in soils, and since it has already been shown that
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infiltration is the dominant process at the ground surface,
these controls are very important in the overall consideration
of runoff generating mechanisms.

Events A and B contributed a major pulse of v. iter (40 mm)
to the ground surface, and since at a maximum only 3.6% of this
input occurred as direct runoff, there was a pressing necessity
to extend investigations below the ground surface. Thus,
changes in soil water content were measured using a neutron
probe at 11 depths extending to 2 m in each of two access tubes.
These data are plotted for Days 41 through 47 on Figure 7. In-
creases in soil water content are plotted as changes from a
pre-thaw baseline in order to avoid contributions to the count
rate due to the presence of organic matter.

The relationship between early increases in soil water
content and inputs to the ground surface (up to 16:00 on Day 4 3)
is not obvious. Over the whole period, ending at 18:00 of
Day 47, however, the estimated total change of water storage in
the soil column is 85 mm, compared with a cumulative input to
the ground surface of between 86 and 100 mm, providing a direct
confirmation of the observed dearth of surface runoff. It can
be seen from the form changes in the soil moisture profiles
that a slug of water is moving down through the soil, and will
reach the water table at the site. Increases in water table
elevation, plotted on Figure 7, are serially related to the
vertical motion of this slug of water, but are much dampened.

From the observations of changes in soil moisture it
seems that the speed with which the recharge slug is moving
down through the soil is approximately 0.2 in-d"l (see Fig. 7).
This means that the time lag between snowmelt input to the
ground surface and ground water recharge is strongly a func-
tion of the depth of the unsaturated zone. The simple rela-
tionship implied will be more complicated if variations in
stratigraphy involve major inhomogeneity and unpredictable
changes in permeability with depth. The controls exerted by
the unsaturated layer on recharge can be used to develop a con-
ceptual seasonal model of ground water geometry and flow re-
presented diagramatically in Figure 9.

The simplest starting point is the winter condition when
variations in water table elevation are subdued as a result of
the lack of significant inputs over a long time period. At
snowmelt, recharge will first elevate the ground water table
in areas where the unsaturated zone is very shallow, namely,
near Perch Lake and under valleys and depressions. This re-
sults in an increase in the size of saturated areas and the
formation of ground water mounds under depressions and ground
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water ridges along drainage lines aud around the lake.
"Normal" ground water slopes and flow are towards drainage
and lakes, but during the thaw, slopes and flow are likely
to be away from Perch Lake and from valleys and depressions
towards areas under topographic ridges. Wherever the unsatu-
rated zone is very deep, namely, under these topographic
ridges and places of higher elevation, the lateral recharge
from ground water mounds and ridges may be more rapid than
that from vertical percolation. Despite losses from these
ground water mounds and ridges, they are likely to persist
until strong evapotranspirational drawdown commences in late
spring.

During the summer, the evapotranspirational drawdown
is greater in areas where the water table is closer to the
surface, particularly near Perch Lake and on the lower slopes
of valleys. The result of this is the summer condition where
water table geometry closely reflects topography, and flow is
again towards drainage and the lake. During the autumn,
after effective evapotranspiration ceases, heavy rains may-
cause changes in the water table similar to those in the
thaw, although smaller. These autumn rainfall inputs reduce
the slope of the ground water table induced by summer evapo-
transpiration, and in conjunction with negligible winter
inputs, return the water table to its winter condition.

Thus, a distinct seasonal pattern of variations in water
table elevation and the nature of ground water flow can be
postulated, with the most dominant impacts resulting from
percolation of snowmelt water, and to a lesser degree evapo-
transpiration. These suggestions are strongly supported by
observation of water table elevation made during the thaw of
1978, when slight reversals were noticed between the site
and the lake. Observations also suggest that, at least on a
local scale, the spatial and temporal nature of elevation of
the water table, and hence of ground water flow, is even more
complex than that postulated above. This complexity is pro-
bably due to perched water tables above clay lenses observed
at variable depths in the sands at the site. Consequently,
to understand the complexities of ground water flow patterns
in a watershed of this type, it appears necessary to monitor
ground water characteristics in some detail, both spatially
and temporally.

Streamflow, also plotted on Figure 7, shows an overall
response to snowmelt and rainfall inputs similar to that of
the water table. However, a very subdued diurnal pulse is
evident. This suggests that in the context of the whole of
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Sub-basin #3, there are two discernable types of response to
water inputs. The major response involves a lag time of about
two days, while a relatively minor component responds with a
lag time as short as two hours (see in particular data for
Days 41, 42 and 47). The major response, involving long lag
time, must be caused by flow through or within the soil, con-
tributing to streamflow either as baseflow or interflow. The
smaller, more rapidly responding element, would appear to be
due to either Hortonian Overland Flow or saturation overland
flow from partial areas. Of these, saturation overland flow
appears more likely because of an apparent increase in the re •
lative size of the rapidly responding element with successive
inputs, possibly reflecting an increase with time of saturated
areas within the basin. This postulated increase in saturated
areas is supported by both observations of soil surface condi-
tions during snowcourses and increasing ground water levels.

Comparison of total basin streamflow volume with total
input volume provides further impetus to this idea. Over the
period considered, the total volume measured at the basin out-
let was about 10% of total basin input, with a peak flow rate
of only 2.2% of the peak input rate. This implies directly
that 90% of the basin input remained in storage as either soil
Water or ground water.

If we assume that this 10% volume is translated totally
as Hortonian Overland Flow, as suggested by the original con-
ceptual model, it is possible to compute the response of the
basin streamflow to the input to the ground surface, using
the method described in detail by Price [13]. The results of
this computation, using a plausible basin average slope
travel-time, are shown in Figure 8. This demonstrates that
the hypothetical streamflow, with Hortonian Overland Flow
as the only runoff-generating mechanisms, is much too respon-
sive to basdn input, and baars little similarity to actual
basin outflow. Thus, althouyh the assumption of a percentage
runoff production may permit the estimation of total volumes,
it is an unrealistic predictor of the time distribution of
runoff.

CONCLUSION

The above results all suggest strongly that Hortonian
Overland Flow bears little relation to actual mechanisms of
runoff production in the Perch Lake forest over the period of
study. It seems that conditions of this nature are far from
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unusual, particularly in forested regions and areas with deep
permeable soils. The controls on snowmelt runoff appear to
be largely unrelated to flow over the ground surface, instead
being a function both of complex interactions in the unsatu-
rated zone, and of the changing sizes of saturated areas under
the influence of fluctuations in ground water geometry and
flow patterns.
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Figure 8. Runoff fluxes. Sub-basin #3, 1978 April 10-13.
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INTRODUCTION

The object of this study is to determine the effect of
size on the energy transformations, particularly the vertical
transport of heat, that occur in lakes exposed to the same
meteorological conditions. Three lakes, Perch, Maskinonge and
Upper Bass in adjacent small drainage basins of the Ottawa
River (Fig. 1) provide experimental sites. Their relative
sizes are shown schematically in Figure 2.

Vertical temperatures were determined almost daily at
one location on Perch Lake, at three locations on the long
narrow Maskinonge Lake and two or three times a week at one
site on Upper Bass Lake (Fig. 1). In addition, the 10 m wind
speeds, relative humidity, air temperature and net radiation
were continuously recorded over Perch and Maskinonge Lakes.
From these experimental observations the main components of
the energy budgets of the three lakes were calculated from the
balance equation:

AQ = NR - LE - H

and the Bowen ratio:

T - T
6 = j§ = constant x ^ r ~

where AQ is the change in the heat stored in the lake, NR is
the net radiant energy flux at the surface, LE and H are the
latent and sensible heat fluxes respectively, T s and Ta the
temperatures of the surface water and air respectively, e s is
the saturation vapour pressure at the temperature T s and e a is
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the vapour pressure of the air. For the most part only ten-day
mean values of experimental data and energy budget components
are presented here.

Work is currently under way to determine the quantitative
relationships between the distribution of heat stored in the
lake and external meteorological variables. However, this work
is still incomplete and only the qualitative description of the
main similarities and differences between the lakes observed in
1977 will be presented.

RESULTS

In Figure 3 are shown the ten-day mean evaporation rates
from the three lakes during 1977. In spring and early summer
these rates are greatest for Perch Lake while in fall they are
greatest for Maskinonge Lake. Evaporation rates from Upper
Bass Lake are generally similar to those from Perch Lake. Mid-
summer rates were variable for all the lakes with no consistent
pattern being discernible.

The amounts of net radiation received by Perch and Maski-
nonge Lakes were approximately the same so that differences
between the latent energy fluxes are due to differences in the
heat storage capacities of the three lakes. Figure 4 shows
the ten-day mean changes in heat stored together with the air
temperature averaged over the samt time intervals.

During the spring and early summer heating phases water
temperatures generally decrease with depth creating a more or
less stable stratification that effectively limits the further
downward transport of incoming heat. Wind action opposes the
tendency to stratify by inducing mixing in the surface layers.
At some depth a zone in which negative temperature gradients
are a maximum occurs and is referred to as the thermocline.
The depth to the thermocline is a time dependent function and
depends on the interplay of the two opposing forces — the
rate of heating by solar radiation on the one hand and the wind
speed on the other. At any given time the heat storage capacity
of a lake is effectively limited by the depth to the thermo-
cline and the shape of the lake perimeter as a function of
depth down to the thermocline.

During cooling phases, natural convection can mix the
surface layers even without assistance from wind action. This
mixing may also cause the thermocline to lower. Although the
period from spring break-up to mid-summer is overall one of
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predominantly heating, it is not continuously so. For short
periods heating and cooling phases alternate within it. The
diurnal cycle of solar input is one obvious cause, another is
the succession of weather systems over a lake. While the
diurnal cycle is not observed in daily sampling, the cycling
causeu by changing weather patterns with typical time periods
of several days is.

The influence of weather patterns superimposed on the
annual thermal cycle can be seen from Figure 5. Here the
depth to the thermocline is shown from the end of April to
September. Each point has been calculated from the vertical
temperature profiles averaged over several days.

The seasonal heating phase lasted to approximately mid-
July. It was interrupted by two periods of sustained low
levels of net radiation, at the end of April and in mid-June.
The period of rising solar inputs in the first part of May
resulted in shallower thermoclines at all three lakes; then,
after the relatively strong wind of May 25 and in response to
progressively lower levels of net radiation, the depths to the
thermoclines increased markedly during the following 2h weeks.

At Maskinonge Lake, for exa.nple, the thermocline lowered
from a depth of 2.5 m to 6 m. After the middle of June, mean
daily net radiation steadily increased and the depths to the
thermoclines on MasKinonge and Perch Lakes again began to de-
crease. The process was, however, interrupted repeatedly by
relatively strong winds, particularly noticeable on Maskinonge
Lake. Nevertheless, by the latter half of July, the thermo-
cline on Maskinonge Lake had risen to 4 m. Thereafter, in
response to declining levels of net radiation and initiated by
the unusually strong wind of July 26, the depth to the thermo-
cline again began to increase and by the end of the month was
at the 6 m level on Maskinonge Lake. Fall cooling now set in
and the depth to the thermocline began its seasonal increase
with a few s ill pauses or reversals that continued to freeze-
up. The amplitudes of the oscillations of the thermocline
depth at Perch Lake are undoubtedly restricted by the shallow
depth of the lake. After the end of May, the depth to the
thermocline at Upper Bass Lake is remarkably stable throughout
the summer and indeed, here, the seasonal lowering of the
thermocline does not set in until the beginning of September.
This is probably due to its sheltered location as well as to
its small area.

The influence of the wind on the thermocline depth is
clearly seen from this diagram both on the short-term fluctua-
tions of the depth at any one lake and from the long-term
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differences in mean depth between the lakes. Nevertheless,
fluctuations in the levels of solar input are also important
if they are both large enough and sustained for a sufficiently
long time. Although masked by th*3 relatively long averaging
times used to construct this diagram, the depth to the thermo-
cline on all three lakes shows more rapid fluctuations when
daily values are plotted. This relative sensitivity to high
frequency fluctuations in the level of solar radiation reaching
the surface is undoubtedly due to the relatively small size: of
these lakes.

In Figure 6 are plotted the magnitudes of the maximum
vertical temperature gradients at Maskinonge and Upper Bass
Lakes. Throughout most of the summer gradients are 1% to 2
times greater at the smaller lakes. Despite the relative con-
stancy of the depth to the thermocline at Upper Bass Lake dur-
ing mid-summer, the magnitude of the maximum thermal gradient
does, nevertheless, fluctuate in response to the varying rates
of solar energy input. The contrasting behaviour of the gradi-
ents at the two lakes in fall is interesting to note, for while
the gradient steadily decreases at Upper Bass Lake, it strongly
increases for a time at Maskinonge Lake before eventually
decreasing to values very similar at the two lakes. This is
explained in the following manner. In the region of the thermo-
cline there is a more or less thick layer in which temperature
gradients, though not as large as at the thermocline itself,
are, nevertheless, still large compared with those either nearer
the surface or in the deep water. During the fall cooling phase,
surface waters are well-mixed and the depth to the thermocline
at Upper Bass Lake increases along the temperature-depth curve
in this region.

Since the surface water temperature is, at this time,
approaching the temperature of the cooler deep water, the mag-
nitude of the gradient at each new position of the thermocline
necessarily decreases. At Maskinonge Lake, however, the depth
of the well-mixed layer increases more rapidly than expected
from the temperature-depth curve and for a time, at least, the
cooling curve near each new position of the thermocline is much
sharper and the gradient at the thermocline can actually in-
crease. The increased mixing below the cooling curve at Maski-
nonge Lake is possible because of the smaller gradients at the
thermocline on this lake during the summer as shown in the
figure.

In other studies during the year we have sought to re-
late wind speeds and vapour pressures at each lake with those
measured at the nearby Petawawa Meteorological Station. In
Table I are listed the ten-day average vapour pressures measured
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TABLE I. Mean Vapour Pressure (e& mm Hg) 1977

Month

Apr. 23-30

May 1-10
11-20
21-31

May

June 1-10
11-20
21-30

June

July 1-10
11-20
21-31

July

Aug. 1-10
11-20
21-31

Aug.

Sept. 1-10
11-20
21-30

Sept.

Oct. 1-10
11-20
21-31

Oct.

Nov. 1-10
11-20

Nov.

Perch Lake Raft

0

0
1
1

1
1
1
1

1
2
1
1

1
1

1

1.
1.
1.
1.

0.
0.
0.
0.

0.
0.

.70

.68

.06

.38

.02

.45

.55

.34

44
.12
41
65

78
32

52

29
26
10
22

80
70
75
75

91
54

i

Maskinonge Lake Raft

—

1.06
1.35

1.39
1.54

1.43
1.97
1.44
1.61

1.76
1.29
1.52
1.52

1.23
1.27
1.05
1.18

1.18
0.6y
0.75
0.75

0.88
0.52

Petawawa

0

1

1

1

1.

0.

0.

.92

.27

.58

52

25

73

60

7%

3%

2%

2%

2%
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at Perch and Maskinonge Lakes and the monthly values at
Petawawa. Except in May, monthly average values agree within
5% which is within the limit of accuracy of the measuring
equipment. In most cases ten-day average values at the two
lakes also agree within 5%. It seems, therefore, that to use
the local meteorological station observations of vapour pres-
sure would be quite acceptable.

Wind speeds, have as expected, shown much larger varia-
tions between the lakes. However, attempts to relate these
different speeds by linear regression have given generally
poor correlations particularly when applied to hourly mean
values. Part of the problem seems to arise from the generally
low wind speeds particularly at night and the relatively high
starting velocity of the anemometers (about 1 m-s~^-). Further
attempts will be made using separate day and night measurements
and also eliminating all hourly mean speeds below, say 1 m.s"1.
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INTRODUCTION

Two main mechanisms influence the water budget of Cana-
dian watersheds; spring snowmelt and summer evapotranspira-
tion. The hydrologic consequences of snowmelt in the Perch
Lake basin have been considered elsewhere in this report [1].

During summer, transpirational losses and evaporation
of intercepted precipitation together result in the major
water loss from watersheds. The total evapotranspirational
loss from the Perch Lake basin has been estimated as a resi-
dual in the water balance to be 61% of the annual incident
precipitation [2], suggesting a loss of 59% of the annual in-
cident precipitation from the forested areas alone.

Trees shade the ground from much of the short-wave
radiative input and considerably reduce the airflow near the
soil surface, thereby greatly reducing evaporative losses
direct from the soil. However, they draw water into their
transpirational streams from the deeper soil water and ground
water storages replenished during the previous thaw and by
summer showers (see Fig. 1). The resulting transpirational
loss of water from the basin is quite considerable. During,
and immediately following summer rainfall events, direct
evaporation of the water intercepted by the trees causes a
significant loss of the incident precipitation to the catch-
ment area. However, transpirational losses become minimal
while the leaf surfaces remain wetted, providing a positive
aspect to interception. The resulting net impact of forests
upon the water balance is complex, and, along with measurement
difficulties, has led to its treatment as a residual in most
cases in the past.

Three processes are involved in the transpirational
loss; uptake of water by the roots, movement of water through
the xylem tissue, and diffusion of water through the stomatal
pores of the leaves. Both direct and indirect measurement
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techniques, related to one or more of these three processes,
have been adopted in previous attempts to provide adequate meas-
of evapotranspiration. Typical direct measurement approaches
involve either the principle of conservation of matter (e.g.
lysimeters, evaporation pans) or the eddy-correlation technique,
and suffer from a number of attendant problems. The main in-
direct measurement techniques include the soil water or ground
water budget approach, or micrometeorological methods based
upon a physical understanding of the evaporation process. Micro-
meteorological methods provide estimations of the latent heat
flux in terms of the physical r.ontrols of evaporation, and in-
clude the aerodynamic approach and energy budget methods, both
of which require instrumentation at a number of levels, and the
combination equation.

The combination equation, developed by Monteith [3] from
the Penman evaporation equation [4], uses both aerodynamic and
energy budget principles, and the resistance concept. Penman's
original model was for a free water or well-watered short grass
surface without any physiological conditions imposed, and pro-
vided the advantage of obtaining evaporative fluxes using data
from only one level. Monteith's modification retained the
one-level advantage, but was developed by combining energy
balance, aerodynamic and physiological surface factors to give
an evaporative flux equation valid for vegetation of any type
and under any condition of moisture supply.

The resistance concept, upon which this model is depen-
dent, is applicable to any situation in which the fluxes under
investigation are uniquely related to concentration gradients,
and can be represented by an electrical resistance analogue.
When plants transpire, most of the water moves by molecular
diffusion from leaf cells into intercellular species of the
mesophyll tissue, into substomatal cavities, through the stoma-
tal pores and the laminar boundary layer of the leaf, and then
by turbulent diffusion into the free atmosphere. A small
fraction of the water lost moves directly through the cuticle.
This process can thus be considered as being under the control
of a number of resistances in series and parallel, represented
schematically in Figure 2.

The relationship between (total) canopy resistance (rc)
and (single) leaf stomatal resistance (rs) has been found to
approximate a situation where each unit leaf area of the canopy
leaf area index (LAI) acts as one transpiring layer (resistance
= rs) in parallel with the others. This suggests that the main
diffusive resistance in the canopy results from the leaves
rather than the air-spaces between them (see Fig. 3), and the
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relationship between rc and rs has been found [5] to be of
the form:

rc " H i •

Canopy resistance has also been shown [6] to be related to
the intensity of solar radiation (Q) and soil moisture status.
Figures 4 and 5 provide schematic representations of these
relationships.

The fully developed form of the Monteith evapotranspira-
tional equation is:

s(Rn - G) + Pc p(e s ( T z ) - ez)/ra

L E = s + y(l + rc/ra)
 (2)

where: L = latent heat of vapourization of water (J-kg )

E = vapour flux per unit are?. (kg.m~ . s )

s = slope of the saturation vapour pressure curve
^ 1

Rn = net radiation at height z (W. m~ )
_2

G = soil heat flux to vegetation (W-m )

pc = volumetric heat capacity of the air (J-m • °C )
(density x specific heat)

. . - e = saturation deficit at height z (kPa)

Y = psychrometric constant (kPa-°C )

r = aerodynamic resistance (s.m )

r - canopy resistance (s.m )c

z = measurement height (m)

e = vapour pressure at height z (kPa)z

e ,_. = saturation vapour pressure at temperature T
S ( ; (kPa).
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This empirical relationship for the evapotranspirational
loss of water is governed by three factors: two controlling
evaporation - the rate of heat input necessary to convert
liquid water into vapour and the ease of removal of this
vapour from the evaporative surface; and physiological con-
trols. During periods when the leaf surface is wetted,
r = 0, and Equation (2) can be modified accordingly.

The ground water loss to evapotranspiration can be
estimated from observation well data by using White's method
as detailed by Meyboom [7], and expressed according to:

Egw = Ys ( 2 4 R ' A G )

where: E = daily ground water loss to evapotranspiration
g w I

Y = specific yield of the aquifer (dimensionless
s ratio)

R = ground water inflow rate (mm.h ) (determined
from the slope of the ground water table hydro-
graph during its nightly recovery)

AG = increase in water table elevation (mm>d ).

SITE AND INSTRUMENTATION

The measurement site selected is located in an extensive
area of deciduous forest in Sub-basin #3 of the Perch Lake
watershed [2, 8].

Short-wave and net all-wave radiation, and air tempera-
ture were measured above, and in a vertical profile through
the canopy. Wind speed above the canopy was monitored using
a sensitive generating anemometer, and saturation deficit at
the same height was determined from psychrometric data. All
electrical signals from the sensors were monitored at 2^-minute
intervals by a 64-channel data acquisition system, and recorded
on magnetic tape.
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Stomatal resistances were determined from measurements
of leaf surface temperature and water vapour diffusion taken
Udj-.ig a stomatal diffusion pOj.oi,;oLer at least daily at six
levels in the forest, and for three species of trees.

The Perch Lake precipitation network was used to provide
a measure of incident basin precipitation, while a series of
stemflow and throughfall traps at the site allowed an estima-
tion of the partitioned components of precipitation within the
forest, and most importantly a measure of canopy interception.
Changes in soil moisture in the root zone were monitored using
a neutron soil moisture probe at depths to 2 m in each of four
access tubes. Changes in water table elevation were recorded
continuously with level recorders at each of four observation
wells. Values of basin discharge (streamflow) were obtained
from data collected at the weir controlling Inlet #3 [2].

Estimation of LAI were obtained from leaf catches in a
series of 1 m2 boxes left on the forest floor, while seasonal
changes in LAI were estimated through the use of fish-eye lens
photography. Supplementary evaporative indices were obtained
using Class A evaporation pans both within and outside of the
forest, and standard meteorological measurements were taken in
Stevenson Screens.

PRELIMINARY RESULTS

One of the main problems in using the combination equation
to provide measures of an evaporative flux, is to obtain a re-
presentative value for rc. This becomes quite difficult in a
natural forest where a number of species of different morphology
and habit may coexist. The approach adopted in this study was
to obtain the total canopy LAI, and then to estimate its frac-
tions (LAIi) within horizontal slabs of the canopy corresponding
to the measurement levels used. Then for each rs data set, a
mean stomatal resistance (rs. ) was determined for each of the
slabs. Now, by reference to Equation (1), a (partial) canopy
resistance (rc.) could be determined for -ach slab as:
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Since these (partial) canopy resistances can be considered as
resistances in parallel, a weighted (total) canopy resistance
(rc) can be obtained as:

_1 _ v 1

c '^ rc.

Now r =
c

The use of Equation (4) to determine a weighted canopy resis-
tance at the site for a typical clear day in mid-summer is
shown diagramatically in Figure 6. Little variation in rc was
found through the main part of the evapotranspirational season,
but higher rc values occurred at both the beginning and the end
of the season.

Figure 7 displays stomatal resistance, net radiation,
saturation deficit and wind speed data averaged over one-hour
periods for three consecutive dry days in July 1977, and Figure
8 provides the one-hourly evapotranspiration rates for the
same period. The data for July 10 show a moderately high
evaporative flux under conditions of high Rn and saturation
deficit, and low stomatal resistance and wind speed. Evapora-
tion is markedly reduced on July 11 despite a much greater wind
speed and similar saturation deficit, and the strong control of
net radiation on the evaporative flux becomes even more obvious
on July 12. These data show evapotranspiration to be closely
controlled by net radiation, and less closely related to the
inverse of stomatal resistance (conductance). The links be-
tween evapotranspiration and both saturation deficit and wind
speed are far less obvious.

The daily evaporation loss according to the combination
equation, and the uncorrected average loss from two evaporation
pans outside of the forest (one near the lake and one in a
clearing) are listed below for the same dates.
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Combination Equation
(mm)

Evaporation Pan
(nun)

July 10

July 11

July 12

5.6

3.6

1.5

5.6

4.6

2.5

When it is considered that the higher wind speeds on July 11
and 12 inflated the average loss from the evaporation pans,
the comparison is encouraging.

Figure 8 provides a comparison of E (evapotranspirational
loss according to the combination equation) and Egj, (ground
water lost to evapotranspiration). Two points emerge; firstly,
for the site used, E is about four times Egw, and secondly,
there is a lagged response of the ground water table to trans-
pirational losses. The best relationship between E and Egw
was obtained by using a two-hour lag on E (E2). As displayed
in Figure 9, this provides a reasonable linear fit for the data
of the three days considered (r2 = 0.79; n = 22), and suggests
E2 = 0.27 E ™ at the site at this time. The remaining water
lost from tne transpirational stream was removed from soil water
storage.

These results are from a preliminary data analysis only,
and the hydrologic exchanges for the whole summer period of
1977, as outlined in Figure 1, will be analyzed more completely.

REFERENCES

[1] HENDRIE, L.K. and A.G. PRICE. Paper in this report, (p. 3)

[2] BARRY, P.J. 1975. Perch Lake, pp. 94-130 in Hydrologioal
Studies on a Small Basin on the Canadian Shield, (P.J.
Barry, Ed.). Atomic Energy of Canada Limited, Report
AECL-5041/I.

[3] MONTEITH, J.L. 1965. Evaporation and environment.
Symp. Soc. Expt. Biol. 19: 205-234.



- 50 -

[4] PENMAN, H.L. 1948. Natural evaporation from open water,
bare soil and grass. Proa. Boy. Soo. London, Ser. A, 193:
120-145.

[5] MONTEITH, J.L. 1973. Principles of Environmental Physics.
Edward Arnold, London. 247 pp.

[6] SZEICZ, G., C.H.M. VAN BAVEL and S. TAKAMI. 1973. Stoma-
tal factor in the water use and dry matter production by
sorghum. Agrie. Meteor. 12: 361-389.

[7] MEYBOOM, P. 1967. Groundwater studies in the Assiniboine
River drainage basin. Part II. Hydrologic characteristics
of phreatophytic vegetation in south-central Saskatchewan.
Geological Survey of Canada, Bull. No. 139, Ottawa, Ontario.
64 pp.

[8] HENDRIE, L.K. 1977. Snowmelt and evapotranspiration in
a forested catchment, pp. 33-38 in Hydrologioal and Geo-
ahemical Studies in the Perch Lake Basin: A. .Report of
Progress. Atomic Energy of Canada Limited, Report AECL-5836.



- 51 -

Figure 1. Summer water pathways in a forest.
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Tz, ez at measurement height

r

stomatal pore
and cavity

Figure 2. Resistances and conditions at a leaf surface
and within a stomatal cavity.

Figure 3. Schematic representation of the relationship between
rs and rc.
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Figure 4. Schematic representation of the relationship of

Q and rc.

aging
'leaves (?)

Figure 5. Schematic representation of changes in rc through a

season for an annual crop.
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Figure 6. An example of the evaluation of the weighted canopy

resistance, rc.
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Figure 8. Hourly evapotranspiration rate (rrart.h ) and ground water loss
to evapotranspiration (rnm-h"1) for 1977 July 10-12.
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Figure 9. Relationship between evapotranspiration (Combination equation) and
ground water loss to evapotranspiration (White's method).
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The measurements to be described provide estimates of
the amount of water stored in the snow pack and hence, from
the differences between this quantity observed at different
times, the mean rate of loss of water from the melting pack.

The amount of water stored in the snow pack is conven-
tionally measured by withdrawing and subsequently weighing a
snow core of known cross section from €:ach of the several
locations that together form a snow course. A disadvantage
of this method is that each sampling must be from a slightly
different location. In rough terrain where the pack has a
variable depth, density and, perhaps, melt rate, even over
small distances, a considerable error may arise when estimat-
ing melt rates from the difference in water content observed
at different times. Another and consequential disadvantage is
that melt rates can be estimated even crudely only over time
intervals that are very long compared to the persistence of
meteorological conditions affecting the rate of melt.

The method used in the present work overcomes both of
these disadvantages. The measurements are made at the same
location without disturbing the pack and, given the necessary
strength of radiation source and/or sensitivity of detector,
the mean rates of loss of melt water can be determined over
quite short time intervals, e.g. an hour or so. There still
remains a spatial sampling problem in that the measurements
are made over an area which is very small compared to a drainage
basin or even an experimental catchment such as the one used
and described by Hendrie and Price [1]. Nevertheless, by using
multiple sampling locations chosen to be representative of
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aspect, slope and exposure to wind and solar radiation within
a catchment area the sampling problems can be effectively
minimized.

For our measurements three locations were used. Ona was
on flat, relatively open terrain while the other two were under
more heavily forested cover, one of which was on a north, the
other on a south facing slope.

The method itself has been described in many papers and
has been in widespread use for many years. The principle for
those unfamiliar with it is shown in Figure 1. A gamma radia-
tion source is inserted at ground level at the onset of winter
and a radiation detector is mounted at a fixed location above
it. The snow accumulating between source and detector attenuates
the photon beam according to the relationship:

S(Z) = S(o)exp[-AZl (1)

where S(Z)" and S(o) are the radiation intensities measured with
equivalent depth of water in the pack Z (cm3 water per cm2 of
surface) and zero respectively and X is the linear absorption
coefficient characteristic of the photon energy emitted by the
source. It can be seen that the amount of water within the pack
at any time t can be calculated from the equation:

z<fc> = 4 l n §757 (2)

where S(t) is the radiation intensity at time t. Alternatively,
the change in water stored in the pack during a time interval
t, to t_ is given by:

1 S ( t ) 2
AZ = -i In s^j = Z(t2) - Ztt^. (3)

A typical absorption curve for Co, the particular radia-
tion source used here, is shown in Figure 2. It was obtained
using the exact source and detector geometric configuration used
in the snow but mounted in a large tank which was progressively
filled with liquid water. It. can be seen from Figure 2 that,
for reasons of no concern here. Equation (1) is not strictly
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valid for small depths of water equivalent (i.e. less than about
1 or 2 cm). Nevertheless, Equations (2) and (3) can be used for
most of the snowmelt and for all of it if an empirical calibra-
tion such as Figure 2 is available for the particular geometry
used.

The limitation on time resolution that can be achieved for
each measurement is determined by the time required to accumulate
enough counts on the detector for a given accuracy. For the pre-
sent case, a 50 mCi 6^Co s o u r c e w a s Used which with the given
detector, meant that measurements with an accuracy of a few per-
cent could be obtained over a ten-minute counting time. Hence
melt rates over two hours or even less could be readily obtained
(Fig. 3). This relatively high temporal sensitivity was not
available last winter because of the time factor affecting
manual observations but with an automatic recording system it
is evident that the snowmelt process could be followed in con-
siderable detail.

It should be pointed out that the sources used here were
much stronger than those that could be used generally in the
absence of the very strict controls on the physical security
of the sources and the safety of personnel which were available
at this experimental site.

A summary of the results during last winter is given in
Figures 4 and 5. The former shows the cumulative change in
amount of water stored in the snow pack from late January to
the disappearnce of the snow toward the end of April at each
of the three sampling sites. The comparable changes as esti-
mated from the conventional snow course are shown for compari-
son. The latter represent the mean of 16 sampling locations
on the course; the results obtained at each individual sampling
point on the course display considerably more scatter than is
evident in this diagram. Figure 5 shows the daily loss or gain
of water from the pack averaged over the three sampling loca-
tions for the first three weeks of April during which the main
melt period was concentrated. Also shown in the figure is the
cumulative loss from pack up to the date specified. For com-
parison the daily runoff measured at the Hendrie-Price runoff
plot are shown. The latter is not necessarily comparable to
the? daily loss from the snow pack because it includes contribu-
tions from the rather frequent rains during the period much of
the water from which passed directly through the pack. A par-
ticularly heavy rainfall occurred on April 10 and 11 and the
runoff for these two days has been omitted from the diagram.
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The idea of using this technique in conjunction with the
snowrnelt studies of Hendrie and Price was not conceived until
late in the year. By the time the necessary equipment had been
assembled a significant fraction of the winter's snow pack had
already been accumulated. Implantation of the three sources on
the ground therefore caused considerable disturbance of the
snow and likely affected the subsequent melt kinetics. The
radiation detector was borrowed and having been designed for a
totally different purpose was not convenient for use in these
particular measurements. As a consequence further disturbance
of the pack near the sampling point was inevitable to get close
enough to read ths counter on the detector. The apparatus made
to exactly locate the detector relative to the source was also
inconvenient in use.

Finally, because of other staff commitments, the measure-
ments, could not be made as frequently or regularly as desirable.
The quality of the actual results obtained last year while un-
doubtedly better than those obtained by other methods could be
much improved. A better experimental setup based on experience
is now being designed and the measurements will be repeated
next winter.
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Figure 4. Cumulative change of water equivalent in the snowpack at three locations using
the radiation source method and by conventional snow course.
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INTRODUCTION

The work to be reported here arose from a curiosity
about the chemical composition of the samples of stemflow and
throughfall collected by L.K. Hendrie [1]. It does not form
part of an organized study and the chemical analyses are by
no means complete. Nevertheless, the results obtained seemed
to be of sufficient importance to warrant describing briefly.

Samples of stemflow and throughfall were collected in
polyethylene bottles on an event basis from mid-September to
mid-November. The pH of each sample was determined immediately.
Then half of each sample was filtered and acidified to pH 1.5
with HNO3 (6N) for later analysis of cations. The rest of the
sample was filtered only for later analysis of anions. Both
sets of samples were stored in the cold room prior to analysis..
Sodium and calcium were measured using a flame photometer and
potassium and magnesium were measured with the atomic absorp-
tion spectrometer.
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RESULTS

pH

The distribution of pH from the four species of tree and
throughfall is shown in Figure 1. There is considerable scatter
within a given rain event between specimens of the same species
and for a given individual tree between rain events. Neverthe-
less, the results tend to group in such a way that generally
the order of decreasing pH is small tooth aspen > throughfall
> large tooth aspen > maple > birch. The pH of the incident
rain was not measured for each event but where it was measured
values fell within the range 3.8 to 4.2. Thus, stemflow from
birch was but little altered though there were occasions when
the acidity actually increased.

Calcium

The concentrations of calcium in the stemflow from the
four tree species is shown in Figure 2. The calcium concentra-
tion in incident rain is always less than 1 mg-L"-'- so that in
all cases there has been enrichment cf calcium following contact
with the trees. In the case of the small tooth aspen concentra-
tions of up to 50 mg.L~l have been observed. With a mean con-
centration of calcium in local rain of 0.44 mg-L"-'-, this repre-
sents over a 100 fold enrichment.

Other Cations and Anions

The complete results giving the mean concentrations of
each cation and anion and the ranges of individual results for
each tree are summarized in Table I. Magnesium follows calcium
in that its concentrations in stemflow is, in decreasina order,
small tooth aspen > large tooth aspen > birch > maple. However,
the calcium:magnesium ratio varies from about five in the stem-
flow from small tooth aspen to about 2.5 in that from birch
whereas in the incident rain the ratio is about nine. Thus,
there is a higher relative enrichment with respect to magnesium
than to calcium in the stemflow.

The concentrations of potassium are also considerably
greater in stemflow than in rain though there is less differ-
ence between species. From one individual specimen (S19) of
small tooth aspen, however, the mean concentration of potassium
was about 44 mg-L~l, considerably greater than was observed in
any other tree including two others of the same species. In



TABLE I, Mean Concentrations of Cationic and Anionic Species in Precipitation
and the Stemflow of Four Species of Trees. The Range of Observed
Concentrations in Individual Rain Events is Shown in Parentheses.
Units mg«L~l.

Precipi ta t ion

Smrll tooth aspen
SI
S3
S19

Large tooth aspen

Maple

Birch

0

0
0
0

0

0

0

. 1

.15

.17
.18

. 1 8

. 1 5

. 1 7

Sodium

(0.05 -

(0.03 -
(0 - 0.
(0.02 -

(0 - 0.

(0.03 -

(0.06 -

0.14)

0
7)
0

64

0

0

34)

54)

46)

60)

0

8
44

6

9

3

Potassiuir

. 1 4

.2

.0
.4

.2

.6

.6

(0

( 5 .
( 3 .
(12

( 2 .

( 2 .

( 1 .

. 0 6

04 -
25 -
.8

6 -

7 -

3 -

- 0.09)

15.46)
11.1)
76. 1)

1D.1)

19.3)

14.0)

0

20
22
23

3

1

1

. 44

.3

.9

.4

.6

.3

.5

Calcium

(0

(0.
(8 .
(11

( 0 .

( 0 .

( 0 .

.2 -

3 -
5 -
.2 -

6 -

2 _

7 -

1.3)

43.7)
41.5)

45.2)

16)

5.9)

5.2)

0

4
4
5

1

0

0

Magnesium

.05 (0.02

.2 (1.6 -

.4 (2.2 -

.1 (2.8 -

.3 (0.4 -

.45 (0.1

.6 (0.2 -

-

8
7
8

3

-

2

0.08)

.0)
-5)
.7)

. 8 )

1.7)

-3)

Sulpha te

21.6
22.7
20.6

19.6

12.5

13.9

(2
(1
(4

(2

(1

(5

- 147)
- 96)
- 35)

- 60)

- 36)

- 30)

I
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one rain event the concentration of potassium in the stemflow
from this same specimen reached 76 ing • L~ 1.

Concentrations of sodium on the other hand are not much
greater than those observed in rain and there is relatively
little variation between trees.

Sulphate was the only anion measured in the stemflows
collected during 1977. Its concentrations is three to four
times greater in stemflow than in rain and somewhat greater
from two aspen species than from maple and birch. What is
most remarkable, however, is the very wide range of concentra-
tions of sulphate in the stemflows from individual events,
2 to 147 mg-L~l in the case of specimen SI and 1 to 96 mg-L"1

for specimen S3. It is worth noting generally that there was
no consistent tendency for the concentrations of any of the
species measured to be lower when individual events followed
closely upon one another. The effect does not therefore ap-
pear to be due to the washing off of substances accumulated
during a rainless period.

A few measurements were made of stemflow in the early
spring of 1978. These confirmed the results obtained the
previous fall but on these samples bicarbonate, chloride and
conductivity were also measured. Concentrations of bicarbonate
as determined by titration with sulphuric acid to the methyl
orange end point indicated that this was the predominant balanc-
ing anion present in stemflow from the aspens. On the other
hand, titratable acidity in rain and stemflow from maple were
3.4 and 9.5 mg. CaCC" • L~l respectively.

Chloride was present in concentrations of less than
2 mg-L-1. Conductivities ranged from 45 gmhos to 230 umhos
for the stemflow from a small tooth aspen.

Mass Cation Flow

The sum over the period 1977 September 16 to October 11
of the products of the cation concentrations and the total
stemflow volume for each rain event gives the mass flow of
each cation for the period. The results are shown in Table II.
Mass flows down the stem of the small tooth aspen is much
greater for all the cations than they are from any other species.
This arises from the generally higher concentrations observed
in the flow from this species as well as the generally large
volume of water collected.
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TABLE II. Mass Flow of Cations Via Stemflow: 1977 September 16
to October 11. Units g.

Small tooth aspen
SI
S3
S19

Large tooth aspen

Birch

Maple

Throughfall

Na+

0.03
0.02
0.02

0.01

0.002

0.04

0.02

K+

2
1.2
7

6.5

0.04

1

0.12

Ca++

3.9
4.8
3.9

0.13

0.016

0.06

0.05

Mg + +

0.8
1.0
0.8

0.07

0.006

0.02

0.06

DISCUSSION

No explanation for the results presented above is avail-
able to us. Leaves from the higher parts of some of these
trees were swirled in distilled water and acidified distilled
water but with no noticeable gain in any of these cations.
The phenomenon then appears not be due to dry-deposited atmos-
pheric aerosols being washed off the foliage during rain.

On the other hand, when distilled water and acidified
distilled water were sprayed over the foliage and the stemflow
collected,subsequent analysis showed concentrations of the
four cations generally similar to those observed after rain.
Because of the wide range of concentrations observed in stem-
flow from natural rain it would take many replications of the
experiments with artificial ram to determine if results were
quantitatively different from those \?tained with natural rain.
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It is unlikely that these measurements will be followed
up by any of us. They are presented here i,i the hope that
others may either offer an explanation of the phenomena de-
scribed, or, if none is yet available, will be stimulated to
carry out a systematic study. Of more direct interest to us,
however, is a determination of the fate of the stemflow water
and its enhanced concentrations of valuable nutrient ions after
they reach the ground.
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CLIMATOLOGICAL SUMMARIES

INTRODUCTION

Many meteorological and hydrologic variables are routinely
measured at Perch Lake and its immediate vicinity by Environmen-
tal Research Branch staff. In addition, daily flows from five
inlet streams to the lake and its _ :.'clet stream are routinely
provided by the Water Survey of Canada (Environment Canada).
It is our intention to compile from time to time convenient
summaries of this data which it is hoped will be of use to the
many researchers working at the lake as well as to others. A
description of the climatology of the Perch Lake area and the
water and energy budgets based on data collected during the
years 1970 to 1973 were published in 1975 [1]: subsequently,
the energy and water budgets of the lake were published ([2],
[3]) for each of the following two years 1974 to 1975. A sum-
mary of the heating- and growing-degree-days covering the period
1963 to 1975 and of soil temperatures from 1970 to 1975 were
published in 1976 ([4], [5]). The following two papers continue
this practise. The original observations on which the summaries
are based are stored at Chalk River Nuclear Laboratories of the
Atomic Energy of Canada Limited, in most cases on IBM cards as
well as in tabular form. Arrangements can be made for copies of
this data to be made available to interested persons.

REFERENCES

[1] BARRY, P.J. (Ed.). 1975. Hydrologicai Studies on a Small
Basin on the Canadian Shield. Atomic E,. >rgy of Canada
Limited, Report AECL-5041/I & II. 737 pp.

[2] ROBERTSON, E., D.P. V LDSMITH and P.C. Jay. 1976. Energy,
water and tritium budgets from Perch Lake: 1974,. Atomic
Energy of Canada Limited, Report AEOL-5380. 18 pp.



- 82 -

[3] ROBERTSON, E., D.P. WILDSMITH and P.C. JAY. 1977.
Energy, water and tritium budgets from Perch Lake: 1975.
Atomic Energy of Canada Limited, Report AECL-5717. 31 pp.

[4] JAY, P.C. 1976. Heating- and growing-degree-days at
Chalk River Nuclear Laboratories. Atomic Energy of
Canada Limited, Report AECL-5547. 22 pp.

[51 WILDSMITH, D.P. 1976. Soil temperatures at Chalk River
Nuclear Laboratories. Atomic Energy of Canada Limited,
Report AECL-5537. 39 pp.



- 83 -

WATER AND TRITIUM BUDGETS FOR PERCH LAKE, 1970-1977

P.J. Barry, P.C. Jay, E. Robertson and D.P. Wildsinith
Biology & Health Physics Division
Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories

CHALK RIVER, Ontario
KOJ 1JO



- 85 -
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INTRODUCTION

The following is a summary of the water and tritiated
water budgets for Perch Lake and i ts upper drainage basin com-
piled from data collected during the years 1970 to 1977 in-
clusive. A more detailed report will be issued later together
with a revised description of the basin and lake morphometry
based on a new topographic map of the area.

A number of errors in the previous water budget summary
[1] have been corrected and missinq data have been re-estimated
using what are believed to be improved techniques. The period
of averaging the data has also been changed from the calendar
year to one beginning on September 01 and running to August 31.
This conforms to standard hydroloqic practice.

Errors in earlier water budget compilations arose from
four principle causes viz:

(1) arithmetric and data transposition errors

(2) missing data

(3) data errors

(4) map errors and unmapped parts of the basin.

The methods used to overcome the last three of these sources
of arror will be briefly described in the following sections.
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ERRORS ARISING FROM MISSING DATA

Evaporation

No direct estimates of evaporation occurring during the
closed winter season, approximately from mid-November to late
April were available for the last compilation. Furthermore,
estimates of evaporation during the open summer season using
the energy budget were missing for several months of each of
the first four years of the study period.

(1) Winter Evaporation

Shiau [2] has estimated the average evaporation for the
months November to April inclusive during the seven years
1969/70 to 1975/76 to be 9.3 cm. Bruce and Weisman [3] suggest
that the long-term average annual evaporation is equal to 1.18
times the open season evaporation. For Perch Lake this corre-
sponds to an average closed season evaporation of 10.6 cm.
The latter figure has been adopted here.

(2) Summer Evaporation

Fairly complete estimates of summer season evaporation from
the lake using the energy budget for the last four years have
shown that the total latent energy flux for that season is very
close to 80% of the net radiative energy flux measured over the
lake. Since the net radiation data is very nearly complete for
all the years covered the open season evaporation E o for those
years during which the energy budqet estimates are incomplete
has been calculated using the formula:

«„ - ¥ ™»o
where L is the latent heat of vaporization and (NR)Q the measured
net radiation over the lake.

Ungauged Inlet Stream #5

A gauging weir was installed in inlet stream #5 during 1972
so that no direct measurements of the inflow from this stream
are available for the first three years of the study period.
Experience during the succeeding five years has shown that the

\
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average annual contribution made by this stream is about 2% of
the total annual mean surface water inflow to Perch Lake. As-
suming the same contribution is made on average in each of the
three years for which data is missing, then, if Y is the annual
inflow from inlet stream #5:

= 0.02 and

where T is the total inflow to the lake measured at each of the
other inlet streams. For the remaining year, 1971/72, a modi-
fied formula had to be used because of an error affecting the
accuracy of the measured inflow through inlet stream #1 that
affected that and the following year 1972/73. This will be con-
sidered in the next section.

MEASUREMENT ERRORS

Figure 1 shows a portion of the western side of the basin
which drains through inlet stream #1. It will be seen that here
the basin divide is indefinite, indeed the map shows the upper
part of inlet stream #1 dividing near the hydro line into two
branches, the one draining into Perch Lake, the other into Lake
Toussaint to the west. How much of the drainage from the upper
portion of sub-basin #1 leaves the Perch Lake system at this
point in a normal year is not known. However, unusually heavy
rains following close upon the spring melt in the years 1971/72
and, particularly 1972/73, caused a greater than usual diversion
of water from the Perch Lake system into Lake Toussaint. This
is shown by the very small but significant increase in the con-
centration of tritiated water (with which inlet stream #1 is
contaminated) in Lake Toussaint [4] and the lower than usual
fractional contribution of inlet stream #1 to the total surface
water inflow to Perch Lake (Table I).

The average contribution of inlet stream #1 to the sur-
face inflow to Perch Lake is 16.5% assuming that this is also
the contribution that inlet stream #1 should have made during
the two years 1971 to 1973 then, if X is the amount of water
diverted to Lake Toussaint:

Measured inlet stream #1 + X _

where T is the total measured inflow to Perch Lake. This equa-
tion was used for the year 1972/73 but for 1971/72 when flow
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from inlet stream #5 also had to be estimated and the following
pair of simultaneous equations were used to solve for both X
and Y:

Measured inlet stream #1 flow + X n ,,,-
T + x + Y = °-165

3 n d T + X + Y = °-02-

The quantity Y is not used to compute the lake water
budget but would be required when considering the runoff char-
acteristics of sub-basin #1 during the years in question and
the comparison of actual and simulated stream flows.

MAP ERRORS

A complete interpretation of the basin drainage charac-
teristics and more particularly the calibration and testing of
flow simulation models requires a reliable definition of the
basin and sub-basin boundaries. The old topographic map in
use at the time of the first attempts to simulate basin flows
was incomplete at the northwest and southeast ends of the basin
and is also now known to be inaccurate in at least one important
drainage area on the east side. A new topographic map was ob-
tained which, while it included areas previously unmapped,
omitted much of the east side drainage basins where the old map
was known to err. An additional section of the map was ordered
over a year ago but has not yet been delivered*.

There are three items of immediate interest arising from
this:

(1) The measured surface runoff from sub-basin #4 is
49% of the calculated (precipitation x area) inci-
dent precipitation whereas the surface runoff from
the basin as a whole is less than 40% and the general
area average is also less than 40%. No satisfactory
explanation for this discrepancy is, so far, available
but an obvious first step to finding one is to check
the supposed area of the sub-basin.

Editor's Note: It was, in fact, delivered soon after the
meeting.
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(2) Of the area east of the lake, between the southern
most extension of the Perch Lake basin and the out-
let, the southern portion has a well defined surface
stream drainage system that discharges into the lake
through the gauged inlet stream #3. The northern
portion, on the other hand, has no surface streams
and drains mainly by qround water discharge
into the lake directly and the outlet stream.

It is clearly necessary to define the area drained
by the stream in the southern portion for the cali-
bration and testing of simulation models of inlet
stream #3 flow. It is precisely in the area of a
possible divide that the old map is seriously in
error and the new one omits. A complicating factor
in this area is the drainage ditch that runs from
near the southeast meteorQlogical station to inlet
stream #3 gauging weir. The present feeling is that
this ditch probably intercepts some ground water
drainage north of the divide that would normally
have discharged into the lake but which now is
diverted to inlet stream #3 gauging weir.

(3) A third item that may also be resolvable airter a
re-examination of sub-basin boundaries is that the
modified Sacramento watershed model run by Shiau
and previously referred to gives a combined surface
and ground water drainage from sub-basin #2 equiva-
lent to 48% of the incident precipitation. This ap-
pears to be too high for the reasons given earlier
in discussing the surface drainage sub-basin #4.

WATER BUDGET, 1970-1977

The water budget of Perch Lake compiled from the data
collected from 1970 to 1977 and with the corrections discussed
above is given in Table I. For ease of comparison, earlier
estimates of the various terms are given in parentheses.

In most cases, the magnitudes of the terms have been re-
duced by approximately 10%. The greater part of this is ac-
counted for by the additional four years of data now available
which has reduced the importance of the two years of exception-
ally high precipitation (1971 to 1973) .
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TABLE I. Perch Lake Water Budget (units: x 10 m . a" )

1.

2.

3.

4.

5.

Surface Inflows
Inlet Stream
Inlet Stream
Inlet Stream
Inlet Stream
Inlet Stream

TOTAL

Precipitation
(direct)

TOTAL IN

Outflow

Net Inflow

Evaporation

Ground Water

#1
#2
#3
#4
#5

2.23*
9.70
1.51
0.84
0.29

14.57*

3.63

18.20

17.95

0.25

3.14

2.89

(2.4)
(11.0)
(1.7)
(0.8)
(0.4)

(16.3)

[= 80.7 cm] (3.8 [5 84.4 cm])

(20.1)

(20.3)

(-0.2)

|= 69,8 cm] (3.1 [= 68.9 cm])

(3.3)

Figures in parentheses are those given in the 1975 report [1]

"''Hydrologic year runs from September 01 to August 31.

Inflow to lake. Mean runoff from sub-basin #1 estimated to
be 2.43 x 10J m3 after allowing for loss of water to
Lake Toussaint in the years 1971 to 1973.
the upper basin then averages 14.77 x 105

Total runoff from
,3. = - l
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TRITIUM BUDGET

The principle uncertainty in preparing a budget for
tritiated-water in Perch Lake arises in estimating evapora-
tion. For a lake of infinite extent tritiated moisture in
the atmosphere and lake water fill reach approximately the
same specific activity and the rate of tritiated water evapo-
ration is almost equal to the amount of tritiated water con-
tained in the water evaporated. For small lakes tritium
evaporates at a rate much greater than that implied by the
equivalent quantity of water evaporated. Prantl [5] has given
a formula for estimating tritium evaporation as a function of
the humidity of the overlying air from an infinitely small
source in which no appreciable build-up of tritiated water
vapour in the overylying air occurs. These two extreme models
bracket the range of tritium evaporated from Perch Lake.
Estimates based on the two models differ by a factor of very
nearly two frr the average atmospheric conditions over Perch
Lake in the summer time. During winter the ice surface is
covered by snow containing no lake tritium and no evaporation
of tritium occurs during the closed season.

The annual surface inflow at the beginning of each
hydrologic year, the amount in storage in the lake and the
estimated annual ground water inflow of tritiated water to
Perch Lake are shown in Figure 2. The ran~e of uncertainty
concerning the annual ground water inflows corresponds to
the uncertainties in the estimated annual amount of tritium
evaporated from the lake. From Figure 2 it is seen that the
amount of tritium stored in the lake has been decreasing
steadily. Since 1969 the decrease has amounted to a factor
of nearly two. The annual inflow by surface routes (almost
exclusively through inlet stream #2) has, during the same
period, declined by a factor of about three. These decreases
reflect the reduced annual amounts of tritis 3d water being
discharged to the liquid disposal pits. The relatively large
inflow of tritiated water during the year 1972/73 through
both the surface and sub-surface routes appears to be attri-
butable to the relatively high precipitation that year rather
than to an increase in thu amount of tritiated water released.
The increased volume of drainage water has apparently flushed
out of sub-surface storage a relatively large amount of tri-
tiated water into both the surface drainage stream and into
the lake directly.
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Figure 1. Map of a portion of lower sub-basin #1 drainage area showing the
indefinite surface divide in the region of the hydro line easement.
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Figure 2. Components of the tritium budget of Perch Lake.
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INTRODUCTION

Man has always been, and probably always will be, af-
fected by and concerned with the weather. One of the priir.e
factors concerning man is the occurrence or non-occurrence
of rain. This paper presents the results of a preliminary
analysis of nine years of precipitation observations at
Perch Lake, Chalk River, Ontario, during the period 1969 to
1977 inclusive.

During this period daily precipitation measurements
were made at various locations around the shore of Perch
Lake. Depending on the season, the precipitation data given
is either the mean of nine standard rain gauges, or of three
Nipher snow gauges. The locations of these measuring devices
are shown in Figure 1.

For the purpose of this study there has been no differ-
entiation made between the various forms of precipitation
(i.e. rain, snow, sleet, hail, etc.).

The monthly precipitation totals are given in Table I,
while Table II gives the monthly precipitation-day totals
(i.e. the number of days with measurable precipitation).
Figure 2, derived from Tables I and II, shows the same data
graphically. It will be seen that the wettest months are
June and July, with June having a mean precipitation of
9.25 cm. The wettest month during the period of study was
June 1973 when 22.07 cm fell. For the period May to December
inclusive the mean monthly precipitation was 7.48 cm, whereas
for the period January to April the mean is almost 2 cm less
at 5.50 cm. It will be seen too that April is one of the



TABLE I. Monthly Precipitation Totals (cm)

•ear

1977

1976

1975

1974

1973

1972

1971

1979

1969

Mean

Jan.

4

5

6

6

3

3

5

2

5

4

.85

.84

.32

.27

.07

.56

.41

.08

.38

.75

Feb.

4.34

7.21

4.29

5.94

3.96

8.23

10.90

3.96

3.18

5.78

Mar.

6.27

11.61

6.05

5.03

9.17

8.18

3.84

4.75

1.37

6.25

Apr.

8.89

0.94

4.42

7.90

6.48

5.46

2.13

4.37

6.17

5.20

May

1

10

3

12

7

4

4

9

9

7

.78

.85

.25

.12

.37

.65

.70

.22

.98

.10

June

5.46

7.44

7.82

5.51

22.07

13.87

6.45

7.34

7.29

9^25

July

5.31

5.77

6.30

8.53

6.02

15.70

5.36

13.16

8.41

8,28

Aug.

10

8

2

6

7

12

5

2

12

7

.72

.08

.59

.99

.29

.29

.16

.08

.34

,50

Sept.

9

7

7

6

4

8

5

9

6

7

.65

.47

.44

.53

.32

.61

.87

.88

.50

, 36

Oct.

4.50

4.78

9.42

5.64

8.43

8.38

3.30

7.87

5.74

6.45

NOV.

9.04

4.70

5.05

9.88

7.19

7.39

6.17

4.85

10.09

7 ,15

Dec.

8

3

5

5

6

12

8

6

4

6

.00

.78

.08

.11

.22

.62

.15

.30

.90

.68

i

00



TABLE II. Monthly Precipitation-Day Totals

Year

1977

1976

1975

1974

1973

1972

1971

1970

1969
i

Mean

Jan.

21

15

12

16

13

14

15

11

13

1-..4

Feb.

19

12

11

c

9

12

12

11

6

11.2

Mar.

13

13

10

12

15

15

9

7

10

11.6

April

10

5

5

12

8

9

6

5

8

7.6

May

6

15

6

18

14

10

8

11

15

11.4

June

14

14

11

12

17

16

8

9

18

13.2

July

10

14

13

14

8

15

10

12

11

11.9

Aug.

13

11

6

10

15

16

12

6

9

10.9

Sept.

17

14

17

14

9

14

10

18

11

13.8

Oct.

10

8

14

10

10

13

6

10

14

10.6

Nov.

19

15

10

10

11

11

17

12

19

13.8

Dec.

12

12

10

11

12

15

10

11

10

11.4

I
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driest months of the year, both in the amount of precipitation
(a mean of 5.21 cm) and in the number of precipitation-days
{a mean of 7.6 days versus an annual monthly mean of 11.8
days). The month of January displays unusual characteristics
in having the least amount of precipitation (4.75 cm) but the
greatest number of precipitation-days (14.4 days).

FREQUENCY OF OCCURRENCE OF WET AND DRY PERIODS

The occurrence of extended wet periods (i.e. three days
or longer), is given in Table III and Figure 3. Such periods
may occur in any month of the year, although the month of
April is seen to be free of any wet periods longer than three
ciays. It is interesting to note that the months of January
and June (the driest and wettest months respectively) have
similar frequency occurrences. The intensity of precipitation
occurring in these two months is obviously very dissimilar.

Table IV and Figure 4 give the occurrence of extended
dry days (i.e. three days or longer). Dry spells of ten or
more days can occur in any month with the exception of January
which only has three cases of dry spells of five or more days.
The month of April has the most frequent spells of extended
dry periods, having had six cases of dry spells of ten days
or more. The longest dry spells during the period 1969 to
1977 lasted 19 and 20 days during April 1976 and May 1975
respectively.

The upper quartile, lower quartile and fifty percentile
values for each month are plotted in Figure 5. Because of
the small number of data-years the individual monthly precipi-
tation totals were arranged in descending order and assigned
a cumulative frequency equal tc (m - k)/n, where m is the
order in the sequence and n the number of years (nine).

The accumulation of precipitation during a season or a
year is perhaps more significant than monthly totals. Using
the same data as for Figure 5, the sums of the upper quartile,
lower quartile and fifty percentile values are plotted in
Figure 6. Also shown is the long-term mean accumulation, the
data for which was derived over a fifteen-year period [lj.
The close match between the long-term mean accumulation and
the sum of the fifty percentile value may be observed.



TABLE III. Observed Sequences of Wet Days for Perch Lake, 1969-1977

No. of
days

i—
i

2

3

4

5

6

7

8

9

10

11

12

Jan.

29

15

10

6

2

1

Feb.

23

14

7

3

4

Mar.

29

11

9

3

3

Apr.

22

13

4

1

May

25

8

8

2

3

2

1

June

21

9

9

6

2

1

1

July

30

15

5

2

3

1

1

Aug.

25

18

5

2

2

Sept.

27

12

7

4

4

1

1

Oct.

24

16

5

4

1

Nov.

26

12

11

3

1

1

1

1

Dec.

34

17

3

3

1

1

I

M
O
I-"

I
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Also shown in Figure 6 are the observed accumulations
for the wettest and driest years that occurred during the
nine-year period. It is apparent from Figure 6 that although
one-quarter of the monthly precipitation totals lie below the
lower quartile curve of Figure 5, in no one year did so many dry
months occur as to result in an annual curve below this
amount. On the other hand, in a very wet year (e.g. 1972)
it is possible to exceed the sum of the upper quartile.

The amount of precipitation is often an important factor
in weather-sensitive operations. The risk of a stated amount
of precipitation occurring on a given day may be derived from
meteorological records. Table V shows the number of times that
precipitation equal to or greater than 0.025, 0.254, 0.762 and
2.54 has occurred in ten-day periods during 1969 to 1977.
Figures 7 and 8 are derived from Table V. Figure 7 shows the
average probability for consecutive ten-day periods and the
plotted points in Figure 8 are average probabilities for conse-
cutive 30-day periods.

The probability of days with 0.025 or more centimetres
of precipitation occurring ranges from about 17% in April to
about 54% in January and September.

About 23% of the days in all seasons have at least 0.762
or more centimetres of precipitation. The probability of pre-
cipitation of 2.5 or more centimetres is generally less than
2%. It is greater in summer and least in the winter months.

Precipitation patterns are of interest in applied mete-
orology, hydrology and ecology. With the modern facilities
for computerized data processing, statistical studies aimed
at developing and testing probability models which depict
this aspect of precipitation have increased in recent years.
Such studies, carried out for a variety of climatic environ-
ments should add to the knowledge of the spatial and temporal
distribution of various precipitation types and provide an
improved basis for the interpretation of precipitation data
for many practical needs.

FREQUENCY DISTRIBUTION OF WET AND DRY PERIODS

In an attempt to characterize, or describe, this nine
years precipitation data an expected frequency distribution
of numbers of runs of consecutive wet and dry days of dif-
ferent lengths was derived based solely on the probability
P {W} of a wet event occurring:
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TABLE IV. Observad Sequences of Dry Days for Perch Lake
1969-1977 •

NO. of
days

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Jan.

20

15

17

5

2

2

Feb.

20

6

4

7

3

1

1

2

1

2

Mar.

16

21

5

6

3

4

2

1

Apr.

5

6

6

4

3

3

5

1

1

1

2

1

1

May

11

9

13

6

2

1

1

1

1

1

June

15

12

6

11

2

1

1

1

1

July

15

18

6

5

3

2

4

1

1

Aug.

15

10

13

A

2

3

3

2

2

1

Sept.

21

19

5

3

1

2

1

1

1

Oct.

16

11

3

7

3

4

2

3

1

1

Nov.

18

15

8

4

1

2

).

2

1

Dec.

23

13

5

6

3

5

1

1



TABLE V. Number of Days During the Period 1969-1977 With Precipitation Equal
To Or Greater Than 0.025, 0.254, 0.762 and 2.54 cm By Ten-Day Periods

1

c

5

0

S

0

6

0

8

0

3

0 1 1 0
!

1 5 ' • "

1 0 0 0 2 3 1 a i 2 0 4 2 1 I 1 0 2

25 1 ^

1 1 0 2 0

> 0.025

> 0.254

> 2.54
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w

where a = number of days which are wet or dry as denoted by
the subscripts w and d respectively. ••

In such a series both the probability P that an event
(e.g. a precipitation-day) will occur, and the probability
Q (= 1 - P) that it will not are assumed first to be indepen-
dent of what has occurred before. The chance of any given
day being a wet day is P, the chance that the preceding day
is fine is Q. Therefore, the chance that the day begins a
run of wet days is QP. The chance of the following day being
wet is P and so the probability of a run of at least two days
is Qp2. Similarly, the probability of at least three conse-
cutive days of rain is Qp3 and so on. If the total number of
days is n, then the expected numbers of runs of at least one,
at least two, at least three...wet days are nQP, nQP2, nQP^...

For Perch Lake P = 0.39, Q = 0.61 and n = 3287, thus
nQP = 781. This is the total number of runs expected. The
expected number of runs of two or more days is 781 P = 305
and so on. These values are given in the first line of Table
VI. The difference between successive values in this line
give the expected number of runs of exactly n days. These are
shown in the second line of the table, and observed values are
given in the third line for comparison.

It is obvious from Table VI that short runs are over-
estimated and long runs are underestimated in a frequency dis-
tribution derived assuming independence.

TABLE VI. Frequencies of Runs of Wet Days
- Independent Events

Runs of n or more days

Difference; runs of n days

Observed runs

\

781

476

315

2

305

186

160

3

119

73

83

4

46

23

39

5

18

11

25

6

7

4

6

7

3

2

1

8

1

1

5

9

0

0

2

10

0

0

0

11

0

0

0

12

0

0

l-t
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The magnitude of a meteorological variable is not
usually independent of its previous history; the probabil-
ity that precipitation will occur on a given day is much
greater if rain fell on the preceding day than if it did
not.

MARKOV CHAIN PROBABILITY MODEL

Using daily precipitation data, a number of workers
have found that the long-term frequency behaviour of runs of
wet or dry weather is well described by a Markov chain pro-
bability model [2, 3, 4].

This model assumes that the probability of precipita-
tion occurring on any day depends only on whether it did or
did not occur on the previous day. The amount of precipita-
tion is involved only in the definition of occurrence or
non-occurrence. This probability model is referred to as a
Markov chain. Itr parameters are the two conditional pro-
babilities p o and (1 - pi) where p o is the probability of a
wet day given that the previous day was dry, and (1 - p^) is
the probability of a dry day given the previous day wet.

pl = Pr { W : W ) = °-50 (1 " Pi' = p r tB:W] = 0.50

PQ = Pr {W:D} = 0.32 (1 - pQ) = i>r {D:D} = 0.68

from which the probability of a dry spell of length n is:

Po

and for a wet spell of length n:

(1 - P l)
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Applying these equations to the Perch Lake precipita-
tion data together with the probability estimates above, the
results given in Tables VII and VIII were obtained. They are
also shown in Figures 9 and 10. It can be seen that there is
less scatter for the sequences of wet events than for the dry
ones.

TABLE VII. Sequences of Wet Days Described by a Markov
Chain Probability Model

Computed

Observed

- 1

319

315

2

159

160

3

80

83

4

40

39

5

20

25

6

10

6

7

5

1

8

3

5

9

1

2

10

0.6

0

11

0.3

0

12

0.2

1

TABLE VIII. Sequences of Dry Days Described by a Markov
Chain Probability Model

Computed

Observed

r
201

195

2

136

155

3

93

91

4

63

68

5

43

26

6

29

29

7

20

16

n —
3

13

18

9

9

5

10

6

10

11

4

2

12

3

2

13

2

4

14

1

1

15

1

1

Although it is evident that the first order Markov
chain gives a better description of the precipitation regime
at Perch Lake than the simple model based on serial indepen-
dence of precipitation events the fit as shown by a chi-square
test is still not very close, particularly for the dry
sequences. It is intended to continue the analysis after
stratifying the data into summer and winter sequences. How-
ever, the number of years of data is limited and detailed
analyses on a seasonal basis, though desirable, is hardly
possible yet.
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PERCH LAKE ON THE CRNL PROPERTY

Figure 1. Perch Lake on the CRNL property showing the locations
of the (R) standard rain gauge and (S) Nipher snow
gauge.
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PERCH LAKE 1969 - 1977
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Figure 2. Mean monthly precipitation and mean number of days
with precipitation (5. 0.025 cm) .
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Figure 3, Frequency of wet periods (days with measurable
precipi tat ion >, 0.025 cm) at Perch Lake, 1969-1977.
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Figure 4. Frequency of dry periods at Perch Lake, 1969-1977.
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Figure 7. Percent probability of a day with precipitation.
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Figure 8. Percent probability of a day with precipitation.
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Figure 9. Wet sequence at Perch Lake, 1969-1977.
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INTRODUCTION

When a spill of radioactive waste occurs, one of the
main concerns is the flow pattern of ground water in the
area of the spill. The study of ground water distribution
and flow requires detailed information of the surficial
geology and the local water table. Ground probing radar is
a relatively new geophysical technique which can provide high
resolution data on the surficial geology and water distribu-
tion. In this report we present the results of some prelimi-
nary radar experiments conducted at Chalk River Nuclear Labo-
ratories (CRNL) of the Atomic Energy of Canada Limited (AECL),
Chalk River, Ontario.

While most people are aware of what radar is, not many
are familiar with its use for sounding in the ground. The
objective of this report is to introduce this new method and
demonstrate the information which can be obtained quickly and
easily.

BASIC PRINCIPLES, FIELD METHODS AND DATA DISPLAY

Figure 1 illustrates the general principles of ground
probing radar. More details can be found in References [1]
and [2], One antenna transmits a radio frequency pulse while
the other receives the signal which is transmitted to it
directly from the transmitter and from reflectors in the
ground. Two general types of soundings are generally employed.
In one mode, the two antennas are fixed with respect to one
another and towed behind a moving vehicle over the ground.
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In the other mode, the antennas are moved with respect to
one another on a section of ground where reflectors are de-
tected. The first mode is called the profiling mode and is
used to map the lateral extent of reflectors. The second
type of sounding i s used to map the electromagnetic wave
velocity versus depth. Velocity versus depth must be known
in order to interpret the profile data.

Subsurface radar reflections are generated when abrupt
change- in electrical properties occur in the ground. Changes
of elec rical properties occur in the ground when there are
changes in material and soil water content. At each interface
part of the signal is reflected and part of the signal con-
tinues on. The amplitude of the reflected signal de-
pends on the magnitude of the electrical contrast and the size
of the reflector relative to the wavelength of the signal in
the ground.

Figure 2 shows a typical fixed antenna configuration
employed for profiling. The particular antennas shown have
a centre frequency of 100 MHz and a bandwidth of 80 MH2. The
frequency of the antenna system is tailored to the particular
geological environment to be studied. As a general rule
higher resolution is obtained by increasing the centre fre-
quency while maintaining a constant centre frequency to band-
width ratio. Deeper penetration is obtained by decreasing
the centre frequency while maintaining a constant centre
frequency to bandwidth ratio.

The data is displayed on a grey scale record on which
antenna position is the horizontal axis and radar signal
travel time is the vertical axis. The radar signal itself
appears as a shade of grey which is proportional to the signal
amplitude. Figure 3 shows a typical radar trace accompanied
by a graphic recorder record comprised of several tens of
similar traces from adjacent positions. Each trace is obtained
in about a tenth of a second.

SOME FIELD RESULTS

Two radar sections obtained in the Chalk River area are
used to demonstrate the utility of the radar. Figure 4 shows
a sketch map of the Perch Lake site with the radar profile
indicated. Figure 5 shows a mep of the Upper and Lower Bass
Lakes area with radar profiles indicated.
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Figure 6 shows a radar section obtained from the ice
surface of Perch Lake. Two reflectors are observed. Figure
7 shows a preliminary interpretation of the radar record.
The ice thickness was determined using an alternate higher
frequency antenna system (see Reference [3]).

The position of the events below the gyttja are accurate
to ±10 percent of the depth. The interpretation of what the
reflections are actually from may need revising when the
drilling data becomes available but it should be made clear
that there are reflections from the ranges shown to within
the accuracy given above.

figure 8 shows a radar section obtained on the road
which leads to the gravel pit near Upper Bass Lake. The in-
terpretation of the water table and bedrock depths accompa-
nies the data. Numerous other events appear on the record.
These reflections are from fine structures (changes in grain
size and permeability) in the geologic section. Some of
these reflections could arise from perched water tables as-
sociated with this geologic horizon. More detailed radar
soundings as well as drilling control are required to un-
scramble the geologic structure coherently.

The interpretation of the radar records require know-
ledge of the velocity versus depth profile. The Perch Lake
profile velocity section used the known ice velocity of
0.167 m/ns and water velocity of 0.033 m/ns. The gyttja
velocity was estimated to be 0.043 m/ns. The velocity sec-
tion used for the pit road profile was obtained from radar
common depth point (CDP) soundings. Common depth point
soundings are one type of sounding where the antenna separa-
tion is varied. The velocities determined in this way were
0.15 m/ns for the unsaturated soil and 0.06 m/ns for the
saturated soil.

SUMMARY AND CONCLUSIONS

The Chalk River area appears to be ideal for radar
soundings. The quaternary geology is comprised primarily
of coarse grained soils which are very transparent to radar
signals. Water table depth was mapped and bedrock was
delineated to depths exceeding 20 m. A great deal of graphic
information can be extracted quickly and inexpensively with
the radar method. The time required for the individual radar
profiles shown in this report was about 20 minutes each. The
pit road was profiled three times with different antenna
configurations in less than two hours.
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The results presented here are the product of a quick
set of tests conducted in the Chalk River area. The original
interest in the area stems from work on the radioactive waste
disposal program and the test drilling conducted for this pur-
pose. A more comprehensive radar program accompanied by
drilling control may prove to be of immense value to the
general hydrogeology studies in the Perch Lake area.
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Figure 1. Sketch of ground probing radar principles.



Figure 2. Photograph of antenna configuration used for profiling,
Antenna boxes are 1.3 m square and 0.4 m deep.
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PERCH LAKE RADAR SITE
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Figure 4. Sketch map of Perch Lake area at Chalk River.
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RADAR PROFILES AT

UPPER AND LOWER BASS LAKES

Figure 5. Sketch map of Upper and Lower Bass Lakes at
Chalk River.
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Figure 7. Interpretation of radar section of Perch Lake
shown in Figure 6.
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ULTRAFILTRATION TECHNIQUES FOR THE FRACTIONATION
OF ORGANICS IN GROUND WATER
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Dissolved organic carbon (DOC) in a ground water flow
system may be important in the redox processes of the system
[1], as metabolites for microorganisms, as well as in the
complexation and transport of various contaminants. Dissolved
organic carbon levels in ground water from selected sites in
the Perch Lake basin have been monitored since 1976; represen-
tative values are shown in Figure 1. The potential involvement
of organic molecules in the processes noted above has led us
to examine techniques for more detailed analyses of the organic
constituents of the ground water. Recent analytical efforts
have examined the potential of ultrafiltration for the frac-
tionation of these organics. The technique involved the pas-
sage of ground water through a series of ultrafiltration mem-
branes with nominal exclusion limits of 10,000 to 500 molecular
weight (MW).

A typical fractionation scheme is shown in Figure 2.
Ground water samples were collected into precombusted glass
bottles, capped tightly, then transported on ice to the labora-
tory for immediate analysis. The samples were prefiltered
through precombusted glass fiber filters (0.35 y) to remove
particulate organic matter and then passed through prewashed
Amicon ultrafiltration cells, pressurized with nitrogen to
maintain constant reproducible flow rates. Aliquots of both
the retentate and filtrate were retained and analyzed for DOC.

Background levels of organics leached from the cells and
membranes were monitored by washing extensively with distilled
water and then analyzing the filtrates and retentates for DOC.
With appropriate techniques backgrounds of 0.08 mg-L"-1- DOC or
lower were obtained. Organic carbon concentrations were deter-
mined with an Oceanography International Total Carbon Analyzer



- 138 -

utilizing a wet-oxidation technique to convert the organic
carbon to CO2. Standard curves were prepared using potassium
hydrogen phthalate.

Ground water samples were obtained from three sites;
HA-1 (in the recharge area), QA (midway down the flow system)
and KNEW (in the discharge area). Samples were taken from
piezometers at two depths at QA and KNEW nests.

The results of a typical ultrafiltration analysis are
presented in Table I. The total organic carbon content of
each fraction is listed in column 2. Column 3 lists the cor-
rection fcr organic carbon leached from the apparatus, as
calculated from the organic carbon concentrations observed in
the distilled water wash, plus for the retentate fractions a
correction for the amount of carbon smaller than the exclusion
limit that would have passed to the filtrate if the sample had
been washed extensively. The net carbon content of each frac-
tion is listed in column 4. In column 5 the carbon contents
have been normalized to the glass filter filtrate to correct
for volume loss at each step due to sample removal for analysis.
Finally the results have been corrected to account for losses
at each step. The results in Table I indicate that 87% of the
DOC at KNEW-4 is excluded by a QM0 5 membrane, that is has a
nominal molecular weight of 500 to 1,000.

TABLE I. Ultrafiltration of Ground Water from Piezometer KNEW-4

(jNr r J,T

Gl PT

PM10I|

PM10PT

UK2| ]
I

UM2PT |

UMO 51)

UMC5PT

266

197

66

fif'

116

33

96

CF d e n o t e s q l a R s f i b e r f i l t e r .
PMJO, IIM2 a n d UMOS d e n o t e t h e v
I I s i q m f i e s r e t o r . t a l e .
PT s L c i n i f i e s f i l t r a t e - .

No 1
Carbo

-̂  1 vnni c-orreeu-d
Carbon

'-- Carbon
fraction

4? 7

9

| 350

1H

150

164

nil

4 2 7

23

188

284

nil

inn

98

11

87

87

nil
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Similar analyses have been done at the other test
sites; the results are shown in Table II. The table has
been arranged to read from left to right with flow from re-
charge to discharge, and from top to bottom with depth.
This data demonstrates that the organics in ground water
can be fractionated into relatively discrete MW classes and
that the fractions vary from piezometer to piezometer. Con-
sistent trends are not evident in the small data set pre-
sented. However, if the DOC was continually undergoing oxi-
dation, as proposed in our model for redox processes in
ground water [1], one might anticipate the MW distribution
to skew to the smaller MW classes as the water progresses
down the flow system. The data for the shallow piezometers
HA-1, QA-2 and KNEW-2 may support this contention. Conversely
other processes such as microbiological synthesis and excre-
tion of organics, and the solution of sedimentary organic
matter may contribute larger MW organics. The latter pro-
cesses may account for the high percentage of larger MW
organics at QA-4.

TABLE II. Summary of Ultrafiltration Results on Ground Water
from Five Piezometers in the Perch Lake Basin

1

i.

•)

/I

4

MW Range

>10,000
1,000-10,000
500-1,000

<500

>10,000
1,000-10,000

500-1,000
<500

>10,000
1,000-10,000

500-1,000
<500

HA

0.8%
57.3
40.8
0.6

QA

12.9%
3.6

81.7
2.0

5.4%
80.0
nil

15.0

KNEW

nil
2.4%

97.5
nil

2.4%
10.7
86.8
nil

HA, QA and KNEW note the piezometer nests.
The numbers in the left hand column indicate the code
number of the piezometer sampled at each nest.
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This study has shown that fractionation of the organics
can be achieved by ultrafiltration. However, the utility of
these fractions for studying processes such as complexation
of metals is questionable since significant, and probably
variable, amounts of organics in each fraction are derived
from leaching of the organic constituents of the ultrafiltra-
tion cells and membranes. This is most evident in Table I
where UM05PT has actually been overcorrected.

Most of the external organic contamination could be
eliminated by replacing the Amicon ultrafiltration cells with
similar cells made of stainless steel and glass. These cells
would not leach organics and would tolerate precombustion to
remove residual organics. Any leaching due to the membranes
themselves could only be minimized by careful storage and
washing procedures.

REFERENCE
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Figure 2. Procedure for ultrafiltration fractionation of organics in
ground water. The exclusion limits of the various membranes
are noted in brackets. Samples of the retentate and filtrate
were removed for DOC analysis at each step.
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INTRODUCTION

This study was undertaken to:

(1) trace the molecular movement of water in the
infiltration process and obtain field data for
testing of numerical transport models.

(2) observe dispersive effects on the isotopically
labelled infiltration water.

(3) test techniques for obtaining samples of infil-
trating water for chemical and isotopic analysis.

(4) compare physical measurements of soil moisture
front advance and water table response.

Present address: South Florida Waste Management District,
Post Office Box V, WEST PALM BEACH, Florida 33402, U.S.A.
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SITE AND INSTRUMENTATION

A location in the eastern drainage basin of Perch
Lake was selected where soil characteristics were as homo-
geneous as possible from surface to the water table to
simplify mathematical modelling. The soil consisted of
fine-grained sand about 0.05 to 0.5 mm diameter having a
porosity of about 38%. All surface vegetation and roots
were removed from a plot 10 x 10 m which was levelled.
The central portion was divided into 7 x 7 one metre
squares by plywood frames having walls 25 cm high. Three
sets of porous cup tensiometers and three sets of suction
lysimeters were installed at 20 cm intervals from surface
to water table. Four aluminum tubes gave access for neutron
moisture probe scanning. A four inch well with water level
recorder was installed at the centre of the plot and three
multi-level ground water samples [1] extended to about 1.0 m
below the water table with sample points at 20 cm intervals.
After all instrumentation was installed the plot was
covered with burlap to prevent disturbance of the surface
when it was flooded.

EXPERIMENTAL PROCEDURES

Water was applied uniformly to the plot to a depth
of 8 cm by simultaneously slitting plastic garbage bags
which had been filled with the flood water and placed in
the square plywood frames. All bags were slit, emptied and
removed within three minutes. Infiltration was very fast,
the first square being free of surface water within six
minutes, all squares within 25 minutes. Instruments were
read, neutron probe scans run and samples collected peri-
odically after the flooding. Soil cores of 5 cm diameter
were taken by driving thin-walled aluminum tubing into the
ground with a vibrating hammer. After withdrawal with the
intact soil core, the tube was cut into 20 cm lengths and
the ends sealed with tape to prevent moisture loss and
isotopic exchange. The plot was covered with a plastic
sheet between samplings to prevent evaporation and infil-
tration of precipitation.
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Two floodings were performed 13 days apart. For the
first, water from nearby Perch Lake, which contains a suffi-
cient concentration of reactor waste tritium to provide a
good label, was used. It had the following isotopic com-
position:

Tritium - 319 disintegrations-min"1 -mL"1

Deuterium - 6D = -68°/

Oxygen-18 - i518O = -6.5°/
oo1

For the second flooding, water from the Ottawa River
was used as an essentially tritium-free slug of different
stable isotope content to contrast with the preceding slug.
It had the following isotopic composition:

Tritium - 1.7 disint-min"1 -mL l

Deuterium - SD = -85 / o o

Oxygen-18 - <5I8O = -10.9°/oo.

Each core section was well mixed before water was
extracted for isotopic analysis. Water was recovered from
most of the sections by the squeezing-displacement technique
described by Patterson, Frape, Dykes and McLeod [2].
This proved relatively tedious and azeotropic distillation
with toluene was used when there was no interest in the
chemical content of the interstitial water. Care was taken
to collect and mix all distillate to avoid isotopic fraction-
ation losses.

Tritium was measured by liquid scintillation counting
and the stabje isotopes by mass spectrometry.

RESULTS AND DISCUSSIONS

Sampling Techniques

Suction lysimeter sampling proved unsatisfactory in
this experiment because of inability to obtain sufficient
sample in a short time period. The small amounts of sample
were sensitive to cross-contamination by previous samples
left in the lines and cups. The actual sampling time was
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indefinite since the rate of filling of the lysimeter cups
was unknown and dependent on the soil moisture content.

Coring gave good samples but extraction of the water
involved considerable work. The major drawback to coring is
gradual perforation of the site by the numerous bore holes.

Water Content

Neutron probe scans gave the best measure of the pro-
gression of water through the soil profile. Data for one
access tube was consistently different from those of the
other three tubes. This could indicate site heterogeneity
but more likely it was caused by poor installation of this
tube - incomplete backfilling with leakage around the tube.
Mean water content profiles were calculated from the data
from the other three tubes.

Selected water content profiles for the two experiments
are presented in Figure 1 and 2 which show the high water
content at shallow depths immediately after flooding and the
subsequent redistribution and drainage from the profile.
Time variation of the volume of water stored in the profile
above 1.8 m depth is shown in Figure 3. In Experiment 1, an
initial peak extending to about 40 hours is followed by a
flat portion indicating little drainage or evaporation in
the period 40 to 140 hours and then a declining region in-
dicative of increasing drainage up to the time of the second
flooding at 313 hours. The early drainage creating the
initial peak probably results from transmission of a pressure
wave through the air trapped within the profile by the over-
lying flood water forcing water out of Lhe lowest layers of
the profile. In each experiment the water table recorder
responded within a few hours of the flooding. The peak
water content indicates an addition of 7.8 cm water in agree-
ment with the 8 cm applied. By the end of Experiment 1
(313 h), 5.4 cm of water had drained from the profile.

The second flooding was done before drainage initiated
by the first flooding was complete. As shown in Figure 3,
there was no plateau in the water content-time curve. The
higher water content resulting from the dual floodings pro-
duced a higher hydraulic conductivity throughout the profile
and hence a higher drainage rate. By 167 h of Experiment 2,
a further 5.7 cm of water had drained for a total of 11.1 cm
from both floodings. Thus, 4.9 cm less water had drained
from the profile than had been applied. In agreement with
this was the fact that there was 5.2 cm of water below the
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HTO front marking the first flood water. All of the drainage
was water that had been in the profile prior to the initial
flooding.

Tritium Distribution

Profiles of tritiated water content for selected times
are shown in Figures 1 and 2. In the first experiment, the
HTO distribited itself in the top 0.6 m of soil within the
first few hours and moved very little subsequently even
though there was considerable redistribution of water below
this depth as well as drainage from the soil column. The
concentration of tritium in the upper soil remained close
to that of the flood water indicating quite complete displace-
ment of the original soil water and little mixing. By 313 h
(0 h of Experiment 2, Fig. 2), the upper levels showed re-
duced HTO content as a result of bulk downward movement
broadening the HTO band to 1.0 m.'

The application of tritium-free water in Experiment 2
displaced the HTO band quite completely without dispersion.
In fact the HTO band was somewhat compressed as a result of
the upper layers being displaced and added to the underlying
layers before the latter moved. By 16 8 h after the second
flooding, practically all of the HTO was in a band from 0.6
to 1.2 m depth. The concentration over the central 0.2m
section was 85% of that of the original flood water.

The tritium distribution in the final core taken
1825 h after the first flooding is of particular interest.
The plot was left uncovered after 700 h from the first
flooding. There was frequent precipitation amounting to
12 cm from this time until the core was taken so that water
in the profile moved down under natural infiltration condi-
tions. In the 1825 h core the tritium extended from 0.8 m
depth to 2.0 m which, unfortunately, was the bottom of the
core. Maximum concentration occurred in the 1.0 to 1.2 m
section and was 50% of that of the tritiated flood water.
The concentrations in the three sections from 1.4 to 2.0 m
were 17%, 14% and 14% of the flood water value. Thus, the
leading edge of the HTO slug had been diluted and moved
down more rapidly than the rest, greatly broadening the HTO
band. Evidently the advancing slug suffered dilution and
dispersion by water from the saturated zone at levels well
above the water table. There is the possibility that the
prolonged natural infiltration of the final period was more
conducive to dispersion than the artificial slug infiltra-
tions had been. However, the first part of this natural
infiltration would have just been reaching the HTO band
when the final core was taken.
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Further Work Under Way

Evaluation of data from the experiments is continuing.
The water and tritium content data will be used to test
numerical transport models. The hydraulic properties of the
soil are being determined for use in this modelling.

The behaviour of the stable isotopes, deuterium and
oxygen-18, during the infiltration experiments is being
analyzed. However, interpretation is complicated by the
small differences in concentration between the flood waters
and waters in various parts of the profile prior to flooding.

CONCLUSIONS

This study has shown that a slug of water will move
into and through homogeneous unsaturated soil as a very
discrete packet until it comes within reach of the saturated
zone. In our experiment, the saturated zone evidently exerted
a dispersive influence on the water packet up to a metre
above the water table.
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INTRODUCTION

A laboratory experiment was conducted to investigate the
mixing that occurs as a series of labelled pulses of water are trans-
ported by gravity drainage down through a sand filled column having a
water table imposed at the bottom. It also demonstrated the utility
of gamma-ray emitting radioactive tracers in studying transport in
unsaturated or saturated porous media. The motivation for pursuing
this topic was developed from observing that the content of oxygen-18,
deuterium and tritium in rainwater shows marked temporal variations
whereas their concentrations below the water table in shallow ground
water flow systems are generally found to show much less variation.
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EXPERIMENTAL METHODS

The sand used In this study was taken from the east side of
the Perch Lake basin at the Chalk River Nuclear Laboratories (CRNL)
of Atomic Energy of Canada Limited. This sand was air-dried and then
packed into a 10.1 cm (inside diameter) by 200 cm long polyvinyl
chloride (PVC) column. The lower end of the column had a lucite end
plate sloping slightly to a central collection tube. Water from this
collection tube flowed to tubes in a fraction collector. The base of
the column of sand was maintained at zero atmospheric pressure through-
out the experiment. This arrangement is physically identical to the
existence of a water table at the column base. The input pulses of
water and tracer were added with a pump and allowed to drip onto a
layer of filter paper on top of the sand column. This produced a
relatively uniform infiltration rate over the top of the sand surface.

The uniformity in the initial bulk density was checked at
5 cm vertical intervals along the length of the column by transmission
gauging using the 103 keV gamma rays from a 200 uCi source of 153Gd
(half-life of 242 days). The radiation was detected by a 50 mm by
12 mm thick Nal (Tl) crystal couplnd to a 50 mm multiplier phototube.
The detector was connected to a CRNL portable count-rate meter AEP 2160
and a CRNL Health Physics portable sealer AEP 5226. The movable source-
detector apparatus consists of a bracket with the gamma source located
on one side of the column and a collimator and detector located on the
opposite side. The detector is shielded on the sides by lead.

An experiment was conducted to study Che transport of pulses
of water through the column of unsnturnted sand using radioactive
tracers. The pulses consisted alternately of tracer-free water and
water spiked with •" I and tritium. Tin.1 pulses had a volume of 400 ml
and were equivalent to a 5 cm layer of fluid over the column area. Each
pulse was applied over a one-hour period and there was a 36 hour inter-
val between the beginning of each pulse. By the beginning of application of
a pulse, the effect of the previous moisture pulse had been transmitted
through to the lower portion cf the column. The duration of the experi-
ment was 18 days during which a total of 12 pulses were added to the
column. Samples were collected in the fraction collector over 0.5 hour
intervals. These samples were weighed to obtain outflow rates at the
base of the column. One mL samples of the column effluent samples
were counted for "I on a Packard gamma counter with a 75 mm by 75 mm
well-type Nal cyrstal. All sample activities were corrected for
radioactive decay to the time at which the tracer test was started. One
mL samples were also analysed for tritium using a liquid scintillation
counLer.

A gamma-ray transmission gauging apparatus was used to obtain
moisture content profiles at various times. Calibration was accomplished
by comparison of counting rates for the column filled with air-dryed
sand and with saturated sf.nd. The 153Gd source was removed whenever the
column was scanned to detect gamma rays from tracer (131I) water within
the sand column.
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RESULTS AND DISCUSSION

The Chalk River sand contained 93% fine sand, 7% silt and 0%
clay (Unified Classification System). The approximate bulk density of
the sample packed in the column was 1.66 g*cm~3 with a total porosity of
0.38. The results of the garama-ray transmission gauging indicated that
the column of sand could be considered uniform.

The outflow rate at the base of the column was measured as a
function of time and outflow volume during the 36 hour periods. It
varied cyclically irom about 0.10 to 0.28 tuL-min"1 reaching a peak about
14 hours after t'.ie beginning of the addition of a pulse at the top of
the column. This variation in outflow rates is small when compared to
the much more extreme flow conditions imposed at the top of the
column. There pore water velocities vary by three orders of magnitude from
the period of infiltration during a pulse application to the time of the
end of drainage. This demonstrates the capability of the unsaturated
zone to greatly dampen hydraulic conditions during drainage and redis-
tribution of infiltrated water.

The results obtained from scanning the column with the gamma-
ray detector apparatus immediately before addition of the sixth pulse
are shown in Figure 1. This illustrates the displacement of the
pulses at the end of drainage before the next pulse is added to the
top of the column. The compression in length as they enter regions of
higher moisture content in the lower portion of the column is clearly
illustrated. The relative length of each slug that has been applied is
shown on the figure. The regions along the column which have a higher
counting rate for gamma-raya are denoted with an "I" and correspond
to the location of a pulse of water that was spiked with the tracer
13'l whereas regions of lower counting rate correspond to the location
of a pulse of water that was tracer-fret. As a result of mixing as
the pulses are transported down through the column there appears to
be no region at depta which is completely void of tracer. The gamma
scan results indicate relatively little mixing of the pulses until
they reach the lower portion of the column. In this lower part of the
column the pulses are contracted greatly in length due to increasing
moisture content and also they are transported much more slowly. Thus
diffusional redistribution from one pulse to another is enchanced
leading to concentration averaging.

The results obtained from scanning the column during moisture
redistribution after addition of pulse #6 are shown in Figure 2. The
time of -1 h corresponds to 1 hour before pulse #6 of tracer-free
water was added to the top of the column and 1.3 h corresponds to just
after the pulse addition. The moisture content (8) distribution is
shown in this figure by the dashed line and the scanning counting
results by the solid line. At time -1 h a tracer-spiked pulse was
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located from 0 to 70 cm depth. After the pulse addition of tracer-
free water, the tracer-spiked pulse is located from 25 cm to 70 cm
depth and has a much higher counting rate especially in the uppermost
portion of this zone. This contraction of pulses followed by expansion
after the moisture front passes continues along the length of the
column. This figure also shows that when a pulse of water is added to
an unsaturated porous medium, this pulse penetrates only to shallow
depths displacing moisture ahead of it.

The relative magnitudes of the mechanical dispersion coeffic-
ient and the molecular diffusion coefficient vary significantly both
spatially and temporally during infiltration and redistribution of the
input pulses. In the upper part of the column, the pore water velocities
are relatively high during and immediately after the infiltration of
the input pulses and hence mechanical dispersion dominates over molec-
ular diffusion. Once the input pulse has drained to greater depth,
pore water velocities decrease greatly in the upper part of the column
and hence molecular diffusion becomes dominant. Pore water velocities
in the lower part of the column do not exhibit the large variation in
magnitude that is present in the upper part. It is expected that
diffusion is important in this lower region because velocities are
relatively low, the moisture content is high and the individual pulses
are contracted in length.

Tne results of counting 1 mL samples from the column effluent
samples for '•'1I and tritium are shown in Figure 3. The relative con-
centration plotted versus the column effluent volume produces a sinu-
soidal curve after the first spiked water has been eluted. Each 400
mL of effluent is equivalent in volume to one input pulse. Initial
breakthrough of the first tracer-spiked pulse occurred after 5.5 pulse
volumes. The deviation of this breakthrough curve from a square wave
is a measure of the amount of mixing or dispersion that has taken place.
The peaks and troughs of the tritium curve exhibit a gradual dampening
to the right. There was a 4X differance in travel rates between
tritium and 1 3 1I. For the conditions imposed in this experiment it
appe.irs that significant concentration variations can be transmitted
through the unsaturated zone to the water table.

CONCLUSIONS

Pulses of water of different concentrations existing in a
soil profile will expand and contract greatly In length depending on
the location of the moisture front. The contracted size of individual
pulses as they enter the saturated zone leajs to enhanced diffusional
redistribution. The contracted size of pulses after entry to the
saturated zone necessitates water sampling at a very fine scale. Other-
wise, an averaged sample of different ground waters will result.
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The relative magnitudes of the mechanical dispersion and
molecular diffusion coefficients vary temporally and spatially during
infiltration and redistribution of the input pulse.

There was a 4% difference in travel rates between tritium and
^ 3*I. This effect was illustrated clearly for a 2 m column but would
have been difficult to define in shorter columns. This also raises
the common question as to what constitutes an ideal tracer.

The use of gamma-emitting tracers such as 13ll has been demon-
strated to be useful in studying transport in soil columns. It could
also be used in field studies of infiltration and mixing in the unsatur-
ated zone. There, a collimated detector could be lowered inside a
dry access tube to detect the tracer within the soil water.
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COLUMN GAMMA-RAY SCANNING
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Figure 1. Gamma scan results along column immediately before
addition of the sixth pulse.
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Figure 2. Gamma scan results along column during moisture
redistribution after addition of the sixth pulse.
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SESSION 3 - HYDROGEOLOGICAL PROCESSES AND SURFACE
INTERACTIONS. 2. GEOCHEMICAL PROCESSES

INTRODUCTION

The purpose of this session was to bring together
those geochemists working either in the Perch Lake basin
or on the topic of arsenic transport in ground water.
The session began with a discussion by R.E. Jackson of
Environment Canada of the general ground water geochemistry
in the lower basin and of the results of recent studies of
90Sr and 137Cs sorption in the waste management area.
D.R. Champ of the Atomic Energy of Canada Limited (AECL)
then presented evidence of considerable microbial activity
in the ground waters of the Perch Lake basin. L.S. Dykes
of Queen's University reported that there was a high degree
of homogeneity in four closely spaced sediment cores and
then described the relationship between the sediments and
the major ion chemistry. L.M. Johnston of Environment
Canada presented preliminary results of her monthly sampling
of the ground waters of the lower basin.

D.J. Bottomley of Environment Canada and J. Gulens
of AECL discussed the geochemistry of arsenic in fractured
rocks 'n the Maritimes and in prepared sand columns in the
laboratory, respectively. The session ended with two papers
on ground water seepage into Perch Lake. The first paper by
S.K. Frape of Queen's University described the seasonal varia-
tions in the seepage water quality and the seepage patterns
on the north side of Perch Lake. The second paper by D.R.
Lee of the University of Waterloo presented the results of
a chloride tracer experiment to determine the seepage pattern
on the south side of Perch Lake.
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GROUND WATER GEOCHEMISTRY

Since 1975 water quality samples have been collected
to assess the geochemistry of the ground water and dissolved
contaminants in the lower Perch Lake basin. These data are
shown in Tables I and II; the location of the piezometers
may be determined by reference to Figures 1, 2 and 3. The
ground water quality data shown in Table II have been ana-
lyzed by the WATEQ computer program [1] and saturation indices
(SI) for various mineral species are shown in Table III.

An inspection of Tables I, II and III suggests the
following patterns:

(1) Acid precipitation falls on the basin, is somewhat
buffered by the hardwoods, undergoes 60% evapora-
tion and is recharged to the flow system with ap-
proximately the following composition:

pH

EH

SO

NO

Cl

i.

<X,

2-
4

3

4

0

%

-X,

T.

.6

10

3

1

V

mg

mg

mg

•L

•L

•L

-1

-1

-1

*
c/o Atomic Energy ;of Canada Limited, Chalk River Nuclear
Laboratories, CHALK RIVER, Ontario, KOJ 1JO.



TABLE I. Precipitation, Stemflow and Throughfall Water Quality Data, 197? and 1977

Substance

Rain

Rain

(1)

(2)

Stemflow

Maple

Largetooth Aspen

Trembling Aspen

Birch

Throughfall

Sample
Date
(year,
month)

76-08

77-07

77-08

77-08

77-08

77-08

pH

-

4.1

4.3

4.4

4.5

5

7

4

6

(V)

|

-

0.61

0.54

0. 57

0.5

0.5

0.4

0.5

0.4

aoj"
(mg-L-l)

7.5

-

2.2

2.2

5

10

10

12

6.1

I

NO~

(rag.L-l)

1.2

-

-

-

-

-

-

-

-

Cl"

(mg-L-l)

0.4

-

-

-

-

-

-

-

-

Comments

Analyzed by Atmcspheric Environ-
ment Service, mean of 11 storms

Sample of P.C. Jay, Chalk River
Nuclear Laboratories

First rain, Sample of L.K. Hendrie,
University of Toronto

Second rain

Samples of L.K. Hendrie

M

I
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TABLE III. Saturation Indices, 1975 and 1976 Data (a)

FiGzometer

HA-1

M-2
->

OA-l
-2
- 3
_ / •

CaCO3
(c)

(ca lc i te )

-4.7

- 3 . 1
-2 . 7

-3.0
-0 .3

-4.0
-3 .1
-0 .1

0.0

SrCO3
( c )

vs t rcn t ian i te )

-

-2.7
-2 .1

-1.9
+ 0.3

- 3 . 0
- 2 . 5
+ 0 . 3
+ 0.4

QB-2
-3
-4

O-10

-3(b)

KNEW-2

-2.5
-1.8
-2.4
-1.1

-1.9
-1.9
-2.5

-1.9
-1.2
-1.7
-0.7

-1.2
-1.2
-1. 5

F e S ( d )

(pyrrhotite)

<0

-0 .2
+ 0. 7

+ 0 . ri

+ 2 . 7

.Ml data are converted to .] oq SI where .SI

(b)

(c)

..VKr.p

(d).

1976 data, except for SI (i"rC03>

Computed assuming titration alkalinity is identical to
bicarbonate alkalinity

=-17.2
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(2) Road salt (NaCl) runoff enters the ground water
flow system from the plant highway (30 metres
from HA-1) and from recharge from the beaver
dams (near NA-2 & -3, M - 3 ) , At HA-1 there is
evidence of sodium-calcium exchange.

(3) Figure 4 presents the E H - pH data for piezometers
along the HA - M - QB - O - KO profile of Figure 1;
the arrow represents the direction of ground water
flow between piezometers. The general trends of Ep
decrease and pH increase along the flow path are
accompanied by decreases in the concentration of DO
(dissolved oxygen), NO3 and SO^~ and increases in
alkalinity, iron and manganese. The loss of 0.1
millimoles of iron and sulfate between 0-8 and KNEW-2
(see Fig. 2) is probably due to the precipitation
of iron sulfide [see Table III, SI (FeS, KNEW-2)
>>0] since sulfate-reducing bacteria have been ob-
served in KNEW-2.

(4) In the deeper, and therefore presumably older,
ground waters of the lower Perch Lake basin (e.g.
NA-3, QA-3 & - 4 , KO-4 & -5 and KNEW-2 & - 4 , Table II)
the following hydrogeochemical facies seems to exist:

pH > 7.5

E u i- 0.1 V
n

Alk. > 1 meq-L" 1

Si T > 10 mg-lT 1

Ca > 15 mg-L" 1.

The saturation indices (Table III) of these waters suggest
that the ground waters are in equilibrium with CaCC>3 and SrCO,
mineral phases (i.e. log SI ^ 0.0 + 0.5).
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RADIONUCLIDE MIGRATION AND SORP'TION

In 1954 about 70 m of medium-level, liquid radioac-
tive waste containing about 60 Curies (Cif of 90Sr and 70 Ci*
of 137cs were released into a pit at "A" Disposal Area lined
with lime and dolomite. An experimental disposal in 1955
contained 300 Ci*of 90Sr and 250 Ci*of 1 3 7Cs, however, no
attempt was made to neutralize it with lime or dolomite as
in the previous disposal. Since that time these wastes have
chromatographically separated into 90sr an(j 137cs plumes
(Fig. 5) which are migrating through the sandy aquifer at
characteristic velocities much less than the velocity of the
transporting ground water (V>;W ^ 2 x 10~6 m-s~l). For

 9^Sr this
characteristic velocity is approximately 3% of that of the
ground water; for 1 3 7Cs it. is about 0.3%.

During 1977 several cores were obtained from a site
adjacent to M piezometer nest. Distribution coefficients
(Kd) for

 137Cs and 9°Sr (i.e. 90Sr adsorbed/90Sr in solution)
were determined after the interstitial water and the aquifer
qrains (Cation Exchange Capacity ^ 0.4 meq/100 g) were sepa-
rated by centrifugation. Unfortunately, insufficient dis-
solved l37Cs made it impossible to determine distribution
coefficients accurately for most samples containing this ra-
dionuclide, although one sample gave a value of K<j "- 300 mL-g
A rather wide variation for 90sr was obtained (K, = 4 -• 50);
it. is possible that this variation is an artificial one due
to sample disturbance during coring.

REFERENCE

[1] TRUESDELL, A.H. and B.F. JONES. 1974. WATEQ, a computer
program for calculating chemical equilibria in natural
wa t e r s . V. C. , Cool. ^:<>-i'r>, Jour. !'c:;.:-ri'.'r 2: 238-248.

* 1 Ci = 37 GBq
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Figure 1. Piezometer nest locations north of Perch Lake.
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Figure 5. Plan view of y0Sr and 137Cs migration plumes
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A model of redox processes in ground water flow systems
has been developed and tested [1]. One feature of this model
was the presumption of microbial catalysis of the sequence of
reactions. Nutrient availability and ground water temperature
were judged to be the two potentially limiting factors to
microbial proliferation and function in the ground water envir-
onment .

The nutrients in the system must satisfy both the syn-
thetic processes and the energy generation processes of the
cell. Those elements satisfying the synthetic requirements
can be divided roughly into three categories; the "major",
"minor" and "trace" elements (Table I). Details of these
requirements have been discussed previously [2], Tables II,
III and IV summarize these requirements (calculated from pub-
lished data), and compare them with the concentrations observed
in ground water of the Perch Lake basin (column 3). The nutri-
ent requirements of most microbes should be adequately met by
this ground water.

An analysis [2] of those compounds required as electron
donors, that is oxidizable organics or inorganics [dissolved
organic carbon (DOC), H2S, NH3, Fe+2, NO2], or as electron
acceptors [dissolved oxygen (DO), NO3, Fe+3, Mn+2, SO^2, C02
and others] in the energy generation processes of the cell
also indicates favourable conditions in the ground water.

Although the average temperature of Canadian ground wa-
ter is less than 12°C the existence of a class of microorgan-
isms, the psychrophiles, which grow well at near zero temper-
atures suggests that microorganisms adapted to the temperature
conditions of ground water should be observed.
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TABLE I. Microbial Nutrient Requirements

Major
(0.1-1 ppm)

Carbon

Nitrogen

Phosphorus

Sulfur

Minor
(10 ppb)

Potassium

Sodium

Magnesium

Calcium

Iron

Trace
(0.01-10 ppb)

Manganese

Zinc

Copper

Cobalt

Molybdenum

The expected range of concentrations required is listed in
brackets.

TABLE II. Major Element Requirements

Element

Calcium

Nitrogen

Phosphorus

Sulphur

Required
(ppm)

0.1-1

0.02-0.2

0.004-0.04

0.001-0.01

Observed
(ppm)

( 0.8-4.2 (DOC)

£O.18-1.8 (HCO~)

0.1-0.9 (NO~)

0.015-0.10 (PO4)

2-5 (SO^~)
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TABLE III. Minor Element Requirements

Element

Potassium

Sodium

Magnesium

Calcium

Iron

Required
Cppm)

0.02-0.4

Observed
(ppm)

0.27-10

1.2-14

0.15-12

1.6-15

0.15-3.2

TABLE IV. Trace Element Requirements

Element

Manganese

Zinc

Copper

Cobalt

Molybdenum

Required
(ppb)

<10

<0.04

<10

Observed
(ppb)

1.7-2.5

7-9

150-610

0.25-19
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Examination of ground water from the Perch Lake basin
has confirmed the existence of bacteria in this flow system.
Ground water samples have been taken from piezometers in the
recharge area (HA), midway down the: flow system (NA and 0),
and in the discharge area (KNEW). Determinations have also
been made at different depths at NA, 0 and KNEW. Ground
water samples were obtained and analyzed as shown in Figure 1.

An estimate of the total number of bacteria present
is provided by the direct count determination (Figure 2).
The bacterial cells from the ground water were collected onto
membrane filters, stained with methylene blue and then examined
with a phase contrast microscope (1200 X's magnification).
Approximately 2,000 to 9,000 bacteria per mL were present in
the various samples. Consistent trends with depth or with
passage down the flow system were not observed. In the upper
aquifer there was a general decrease in bacterial numbers
down the flow system and with depth. However, in the lower
aquifer neither of these trends was evident. The lower bac-
terial populations at piezometer NA-3 may be anomalous due
to some contamination from the chemical pits; previous geo-
chemical studies have also suggested this.

The observed population densities are relatively low;
however, these values probably represent only a small propor-
tion of the total bacterial population present, the remainder
being bound to the sediments or to substrate material associ-
ated with the sediments. The majority of cells were cocci;
however, considerable variation in size and staining inten-
sity at each site suggested multiple species.

Viable bacterial counts, a measurement of the number
of living cells, were also determined. The bacteria were
collected onto 0.45 pm membrane filters as for direct counts;
however, rather than examining for individual cells the
filters were placed on nutrient soaked pads and incubated
at 7oc or 20°C for a period of several days. During this
period each living cell on the filter theoretically can grow
and divide to produce a colony, or clump of cells. The
colonies are then stained with methylene blue and examined
microscopically (250 X's magnification). Figure 3 shows the
results of experiments run under aerobic conditions. These
counts were only 1.5% to 24% of the direct counts. This
discrepancy is expected since a proportion of the cells are
clumped and thus several cells may give rise to one colony
and also a large percentage of the cells may not grow on the
nutrients provided. The variability in the -oportion of the
direct counts that register as viable counts is also indica-
tive of some variation in the species of bac.eria present at
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the various sites. Figure 3 indicates that an appreciable
proportion of the bacteria are adapted to low temperatures
since the viable counts at 7°C are generally 50% or more of
the 20°C values. Population densities also appeared to be
somewhat higher in the lower aquifer, in agreement with the
direct count determinations.

When the bacteria were incubated under anaerobic condi-
tions (Fig. 4) the same trends were observed as for aerobic
conditions (Fig. 3). The results suggest that even in the re-
charge area (HA-1) a large proportion of the bacteria can
function anaerobically. It is somewhat surprising that more
of the bacteria at 0-8 and KNEW-4, the deepest piezometers
at these sites, don't function anaerobically since the ground
water at these sites is essentially anaerobic. The anaerobic
viable counts at 0-8 and KNEW-4 may be underestimates due to
difficulties encountered in the microscopic visualization of
stained colonies. The noticeably different degree of stain-
ing of colonies froir. these sites compared with those frcm HA
and NA reflects some difference in the species of bacteria
present at these sites.

This study has demonstrated the presence of bacteria
in the ground water flow system under examination. It has
shown that there are microorganisms that can adapt to the
low nutrient concentration and low temperature conditions of
ground water. It has not answered whether the bacterial popu-
lations present can account for the observed or postulated
reactions, and reaction rates, in the flow system. The ob-
served population densities could suggest a very low cataly-
tic capacity for the system; however, given the assumption
that the cells observed in the soluble phase represent a
small proportion of the total population and that we may be
looking at very slow rate processes it is conceivable that
bacteria could indeed catalyze the necessary reactions postu-
lated in our model [1].

REFERENCES

[1] Gulens, J., D.R. Champ and R.E. Jackson. Redox processes
in ground water, pp. 67-77 in Hydrological and Geoah.smi.oal
Studies in the Perch Lake Basin: A Report of Progress
(P.J. Barry, Ed.). Atomic Energy of Canada Limited,
Report AECL-5836.

[2] Champ, D.R., J. Gulens and R.E. Jackson. A model of
oxidation-reduction processes in ground water flow systems.
Submitted to Canadian Journal of Earth Sciences.
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To take advantage o± new equipment such as a large
capacity squeezer and a nitrogen filled glove box, four
cores from the Environment Canada Trailer (E.C.T.) site
in the Perch Lake basin (Fig. 1) were taken during
August 1977. The data from these cores supplemented
earlier work.

Coring started at the water table (approximately
120 cm from the surface) and continued to a depth of about
350 cm. The cores were sawed into 25 cm lengths and the
contained sediment sample was divided into two portions;
one destined to be squeezed to extract the pore water,
the other for sediment studies. Using this procedure
direct water-sediment correlation is possible.

The water chemistry results reveal a high degree of
homogeneity at this site. Figure 2 illustrates the ver-
tical trends in the studied parameters; variation between
samples is within analytical error except for K, Mg, Cl
and Eg. Variation from the mean is greatest in sample
H6 (depth 225 to 250 cm). Other cores from this site re-
flect a similar pattern. A vertical gradation in colour
of the water is also apparent; the samples H9 to H6 are
dominantly red, H5 to H2 are grey brown. Other water-
chemistry results including saturation data for calcite
are presented in Table I.
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TAELE i. Charge Balance CaCO^, Saturation and Colour
Trends of

AMPLE

CR-H9

^ • -

CP.--7

OF-HS

C " «<•

""-H3

r
DEPTH ]

(cm) !

J63

I8B

213

237

2n?.

237

31?

Waters from

CHARGE
BALANCE
(EPM)

- 172

- 215

• 256

- P , 6

- f,09

- 4 36

.. *r.4

Core H

Log Ksp

-12 03

-12 53

- 12 20

-12 20

-12 25

i r • ;>

COLOUR

RED

RED-BROWN

BROWN - RED

BROWN

BROWN-GRE"'

GREY-BROWN

GKPY

EPM = equivalents per million

Analysis of grain size, mineralogy and calcium
carbonate and organic contents have been made to charac-
toriz.? the sediments. Grain size analyses indicate the
presence of several silty horizons in the otherwise
medium-sized, well sorted sands (Fig. 3 and Table II).
"rends in the sorting index and skewness suggest that
the sediments grade from eolian at the top to beach or
swash zone at the bottom. Scanning electron microscope
analysis of grains supports this vertical change in
sediment genesis.
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TABLE II. Mineralogical Trends of Core H

SAMPLE

CR-HIO

CR-H9

CR-H8

CR-H7

CR-H6

CR-H5

CR-H4

CR-H3

CR-H2

CR-HI !

DEPTH

(cm!

139

163

188

213

2 3 7

2 6 3

2 8 ?

31 3

337

3 6 3

QUARTZ

FELDSPAR

7 3

7 3

7 3

7 3

7 3

3 2

7 3

3 2

7 3

7 3

AGGREGATE

GRAINS

—

—

—

—

FEW

—

—

TRACE

FEW

FEW

COATINGS

HEAVY

HEAVY

MODERATE

FEW

LE iS

TRACE

|

—

—

—

The mineralogy of the sediments at site E.C.T. is
mainly quartz and feldspar with biotite and hornblende,
accessory minerals and an assortment of trace minerals.
Accessory and trace minerals make up less than five
percent by weight of the sample. Calcium carbonate and
organic content analysis revealed the absence of these
components in the sediment, however by observation and
by X ray diffraction studies, calcium carbonate was found
to be present in trace amounts (probably below the detec-
tion limit of the CaC03 analysis). Table III shows the
mineralogy, size distribution and texturs of a typical
sediment sample.
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TABLE IT I . Breakdown of a Typical Sediment Sample at
Si te E.C.T. ( E . C . T V = 'T^vffbnrnent'CaM"da~~trailer) .

Quartz: - 55 to €5% of the sample
- mainly irregular shaped, angular edges
- trace amount of spherical shaped, rounded edges
- minor inclusions and may be coated

Feldspars: Plagioclase: - Anorthite content varies between
6 and 12

- Albite twinned, few grains exhib-
it zoning with Albite twinning
overprint usually strained

- irregular shaped, angular edges
- sericitized and usually coated

Microcline and Orthoclase: - irregular shaped,
angular edges

- scricitized
Plagioclase: Microcline:
3: 1: trace
for a more detailed descrip-

- ratio of Quartz:
Orthoclase is 9:

- refer to Table n
tion of the Quartx: Feldspar ratios

Biotite: - usually found in the coarser size fractions
- heavily weathered near the water table becoming

fresher with depth
- 1 to 2% of the sample

Hornblende: - usually found in finer size fractions of sample
- similar to Him i t"

Other minerals: - 1?, of the samp'i?
- Muscovi to
- kinked mir.i ( St: ibnopn 1 one)
- Actino]i to
- altered Pyroxene grainr,, replaced by a

Chlori tn (Pennitc)
- Epi'l^to an iron poor variety
- Zircon
- two varieties of r;arnet
- aggregate cirains consisting o£ fine Quartz,

Feldspar, Garnet-, IHotite, Hornblende sand
grains and a clay rich matrix with a calcium
carbonate cement in places (minor) probably
a Potsdam sandstone fragment usually found
in the coarsest size fractions or the finest
(broken fragments)

- Kyanite
- fine silt and clay sized particles are

mainly rock flour
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In all cores the colour of the sediment varies from
red near the top to grey-white at depth. The red colour
is due to the presence o£ cuatings on the sediment grains
(Table II). In addition, weathering, as indicated by the
extent of corrosion of feldspar and mafic grains, seems
to be related to the amount of red-coloured material on
the grains; the more intense the colour the more intense
the alteration. Mineralogical trends are difficult to
determine precisely since many grains are heavily coated.
However, there is a significant increase in feldspar con-
tent with depth and it appears that aggregate grains are
restricted to the silty layers (Table II). Further ana-
lysis of the sediments to measure cation exchange capaci-
ties of whole samples, segregated size fractions and
selected mineral concentrates is in progress. When thet'e
results are available relationships between sediment para-
meters and water quality will be evaluated.
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SEASONAL VARIATIONS IN CHEMICAL PROPERTIES OF GROUND WATER
IN THE LOWER PERCH LAKE BASIN

*
L.M. Johnston, K.J. Inch and R.E. Jackson

Inland Waters Directorate
Environment Canada
OTTAWA, Ontario

INTRODUCTION

Since 1975 water samples have been collected to aid in
assessing the geochemistry of the ground water in the lower
Perch Lake basin. To this time, the majority of samples have
been collected in the summer and fall months; in future,
samples will be taken at regular intervals throughout the
year.

Seasonal variations in water quality are superimposed
on any long-term trends and sufficient data are required to
separate the effects of these two time series.

Three piezometers with different water qualities were
selected for sampling. The spatial relationship of these
piezometers, HA-1, 0-8 and KNEW-2, are shown in Figure 1 and
their relationship to the aquifer system is illustrated in
Figure 2. It is assumed that, on the basis of the observed
ground water flow pattern, these three piezometers are re-
presentative of the changes in ground water quality along
the principal flow path of the aquifer system:

HA-1 - in a recharge area
- D0+ > 2 mg-L"1

- pH < 5.5
- E > 400 mv.

*
c/o Atomic Energy of Canada Limited, Chalk River Nuclear
Laboratories, CHALK RIVER, Ontario, KOJ 1JO

DO = dissolved oxygen
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0-8 - in the central area
- DO < 300 ug.L"1

- pH = 7
- 100 mV < E u < 300 mV.

H
KNEW-2 - in a discharge area

- DO < 300 ug-L~
- pH > 8
- E H < 150 mV.

SAMPLING PROGRAM

The three piezometers have been sampled on a monthly
basis since October 1977 and this program will continue
through to April 1979. The variables measured may be sum-
marized as follows:

- pH, Ej,, conductivity, dissolved oxygen, temperature
(field measurements using flow cells)

- DOC*, TICf, NO~ (at CRNL by J.L. Young)

- HCO~ SO2", Cl~ (at CRNL by K.J. Inch)

- Na+, K+, Sr2+, Ca 2 +, FeT, MnT (at CRNL by K.J. Inch
and at Environment Canada by L.M. Johnston)

- Si-p, Al T, trace elernants (at Environment Canada by
L.M. Johnston) .

PRELIMINARY RESULTS

Sampling has been in progress for six months. The sea-
sonal variations of selected variables are shown in Figure 3
and may be summarized as follows:

1. pH remains essentially constant at each station
throughout the sampling season.

2. Eg increases at each station during this same period.

3. DO shows a sharp decrease in the recharge area in
December as a result of freeze-up.

DOC - dissolved organic carbon

TIC = total inorganic carbon
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4. Conductivity decreases in the recharge area at
freeze-up followed by a gradual increase through-
out the spring.

5. Cl~ decreases until mid-winter then becomes in-
creasingly variable.

6. SO. values show minor variations.

The changes in the geochemistry along the flow system
are summarized in Figure 4.

FUTURE WORK

In the next year work will consist of:

1. continued monthly sampling

2. completion of trace element analysis

3. the testing of different sampling techniques •

4. the monitoring of a multilevel sampler near HA-1

5. measurements of DO throughout the basin.
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Figure 1. Piezometer nest locations north of Perch Lake.
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THE GEOCHEMISTRY OF ARSENIC CONTAMINATED
GROUND WATERS IN NEW BRUNSWICK AND NOVA SCOTIA

D.J. Bottomley
Inland Waters Directorate

Environment Canada
OTTAWA, Ontario

Recently, chemists and geochemists have shown a par-
ticular interest in the study of arsenic geochemistry of
natural waters and the ramifications for organisms, includ-
ing man, which depend on arsenic contaminated water resources.
This surge of interest is related both to the intriguing
biogeochenucal behaviour exhibited by arsenic and no doubt
to public pressure for remedial measures to specific instances
of arsenic contaminated water supplies.

In 1977 field investigations by the Hydrology Research
Division of Environment Canada were begun into the geochem-
istry of arsenic contaminated ground water in Harvey, New
Brunswick and Waverly, Nova Scotia. Two other sites in Nova
Scotia, Miller Lake and Lawrencetown, were also sampled but
not investigated in detail.

The well used for detailed geochemical studies in
Harvey is a 91 m deep well completed in a sequence of
Carboniferous volcanic tuffs (Harvey Formation). In Waverley,
the selected well for testing is a 38 m deep well drilled
into slate and quartzite of the Meguma Group of Ordovician
age. Both wells were sampled with a peristaltic pump and a
k hp submersible pump. Temperature, conductivity, pH and
Efj were measured in the field. Samples were filtered in the
field and acidified for major cations and trace elements and
were subsequently analyzed in the Ottawa laboratory. Anions
and silica were measured as soon as possible after collection
and filtered through silver membrane filters for dissolved
organic carbon (DOC) which was measured by the total carbon
analyzer at Chalk River Nuclear Laboratories (CRNL) of the
Atomic Energy of Canada Limited.
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Table I is a summary of the ground water chemistry
at the sites investigated. Arsenic was analyzed by arsine
generation, using sodium borohydride as the reducing agent,
and measured by atomic absorption spectroscopy. Trace
elements (Cu, Pb, Ni, Zn, Co, Cd, Cr) ware present at
levels of less than 0.5 yg-L"1. Table I shows that signifi-
cant differences in the arsenic, iron and manganese con-
centrations occurred between samples collected by the peri-
staltic and submersible pumps. It is believed that the
results from the submersible pump samples more closely
approximate the in situ conditions, especially after pro-
longed pumping, because of the inability of the small
capacity peristaltic pump to flush the standing column of
water from deep, large diameter wells. Sampling in the
1978 field season will utilize exclusively the submersible
pump to collect samples for pH, Ey and As as well as dis-
solved oxygen and sulphide.

In any arsenic study involving drinkin7 water supplies
it is important to know whether the arsenic *? in the (III)
or (V) valency state since As3+ is the ~ coxic form.
This can be determined by controlling t.,e pH of the arsine
generating media during analysis. Preliminary results in-
dicate that the arsen'^ in the Waverly ground water is al-
most entirely as As3+ in tne form of H3ASO3. At Harvey
the ratio of As5 + to As3+ is approximately 5 with much of
the arsenic in the form of H2ASO4. Rock samples collected
during the drilling of the two test holes are being analyzed
for their total arsenic content and arsenic of non-residual
origin (i.e. exchangeable arsenic and arsenic associated
with ferromanganese oxyhydroxides). The latter is being done
by cold acid extractions using 1M hydroxylamine hydrochloride
+ 25 percent acetic acid. The major source of arsenic at
Waverly is arsenopyrite and arseniferous pyrite which are as-
sociated with the gold-quartz veins which were mined here in
the 19th century. Ground water samples will be collected for
environmental isotopes (^O, D, 3H, 14C and 13C) to determine
whether the ground water sampled could either have had con-
tact with mine tailings before infiltrating into the subsur-
face or whether it infiltrated through old mine workings
thereby suggesting anthropogenic reasons for the arsenic pro-
blem. The rock source for arsenic at Harvey has not yet been
established. Geologic and mineralogic data and the relatively
high fluoride concentrations in the ground water suggest that
arsenic may be associated with minerals precipitated from
volatile fluid phases during the latter stages of the vulcanism
responsible for the Harvey Formation.



TABLE I . Ground Water__Geochemical Data From The 1977 Field season. Concentrations Are In
mg.L-i. Ranges In Concentrations Are Shown For Those cons t i tu ten ts For Which
More Than one Sample Was Analyzed

location

Harvey Station,
N.B.

Waverly, N.S.

Miller Lake,
N.S.

Lawrencetown,
N.S.

Sanpling
Puq?

peristaltic

submersible

peristaltic

subnersible

peristaltic
sutxnersible

peristaltic
sutrersible

Conductivity
untoos

410

375

154

161

N/A
127

N/A
430

Temperature

"c
9

8

12

10

10
8

12
9

pH

6.4

N/A

7.9

N/A

8.6
N/A

8.7
N/A

(mV)

+20

N/A

-30

N/A

+330
N/A

- 1 0 0
N/A

DOC

2.62-
2.76
0.78-
1.10

1.62-
1.76
1.48-
1.54

N/A
0.96

N/A
N/A

AS

0.005-
0.029
0.080-
0.185

0.078-
0.150
0.105-
0.340

N/A
0.013-
0.018

0.051
0.067-
0.086

F e T

0.4-
4.0

<0.1-
0.2

0.3-
4.0

<0.1-
0.4

N/A
<0.1-
0.2

0.1
<0.1

<*?

0.37-
0.53

<0.05

0.40-
0.60
0.32-
0.46

N/A
<0.01-
0.02

0.34
<0.05

Ca2+

57-
58
61-
68

40

37-
40

N/A
34

N/A
23

5.4-
5.5
4 . 5 -
5.0

3.7

4 .0 -
4.1

N/A
1.7

N/A
7.5

Na+

45

33-
34

6

6-
7

N/A
3

iv/A
97

K+

1.6

1.2-
?.3

0.9

0.8-
0.9

N/A
0.6

N/A
2.0

Sr J +

0.5

0.6-
0.7

0.2

0.2

N/A
0.1

N/A
0.9

HCO~

7 9 -
85

122-
134

134

165-
177

N/A
138

N/A
132

8-
17

7-
15

0-
4
3 -
7

N/A
4

N/A
1

C l "

140-
1<!5
105-
114

6

10-
15

N/A
8

N/A
148

Sil ics

12-
16
14-
19

10-
13
12-
13

N/A
9

N/A
10

F"

0.9-
1.3
1.2-
1.6

N/A

<0.1

N/A
<0.1

N/A
<0.1

N/A - no analysis for that parameter because no sanple collected by that punping method

DOC - dissolved organic carbon

Total inorganic arsenic

J

M
KO
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CHALK RIVER, Ontario
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A model of redox reactions in ground water flow systems
has been developed (from the Sillen/Stumm redox models of
seawater) and tested [1]. This model uses the flow system as
the hydrogeologic framework on which a thermodynamicilly based
sequence of redox reactions is superimposed. This model
predicts that in a closed oxidant (confined) aquifer, containing
excess dissolved organic carbon (DOC) and some solid phase
Mn(IV) and Fe(III) minerals, the oxidized species present in
the ground water will be reduced by the DOC, as the water
flows from recharge to discharge, in the following sequence:
dissolved oxygen, nitrate, (solid) manganese oxides, (solid)
ferric hydroxides, sulfate, dissolved C02 and finally dissolved
nitrogen. This sequence of redox reactions is analogous to
that observed in soils and marine environments. The reactions
are presumed to be microbially catalyzed. Three sequential
redox zones or environments may exist in confined aquifer
systems: an oxidizing zone (in the recharge area), a "neutral"
zone (in the transition area), and a reducing zone (in the
discharge area). Figure 1.
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The mobility and concentration of multivaient transition
metals and nonmetals varies in each of these zones, a
principle that can be usefully applied to the abatement and
prevention of ground water pollution. AG an example, Fe is
immobilized as the Fe(III) hydrous oxide in the oxidizing
zone; further downstream in a less oxidizing environment,
the "neutral" zone, Fe(II) is stable and as it is also more
soluble than the Fe(III) hydrous oxide, the latter dissolves,
becomes reduced and mobilized as Fe(II). In the reducing
zone, sulfate reducing bacteria may exist and Fe may again
be immobilized as the insoluble sulfide. We have been
studying the influence of the redox environment on the mobility
of As as a further illustration of this principle.

Arsenic may be immobilized in an oxidizing environment
by adsorption onto hydrous oxide surfaces, while in a
sufficiently reducing environment it should be removed as
a sulfide precipitate. The mobility of As through sand
columns was studied as a function of not only the redox
characteristics of the water used in the elution but also the
oxidation state of As, i.e. As(V) versus As(III). Plexiglas
columns (2.5 cm i.d., 23 cm long) were packed with sand (the
Fe and Mn content of the sand was 0.6% and 0.011% (w/w)
respectively, determined by HC1 extraction), equilibrated
and then loaded with radioactive arsenic (7GAs or 71|As).
The columns were eluted at 0.5 mL*min ', and eluant fractions
were collected and analyzed for As by y-ray spectrometry.
Air-saturated distilled water was used in the elution to
approximate an oxidizing environment, while ground water from
piezometers 0-8 and KNEW-2 in the lower Perch Lake Basin was
used to approximate the "neutral" and reducing environments
respectively (the geochemical parameters characterizing the
grojnd water at 0-8 and KNEW-2 are given in Table III of
reference [1]). The As(III) and As(V) elution profiles were
obtained from parallel columns.

The elution behaviour of As(III), is significantly
different from that of As(V), in terms of both its time of
initial appearance and the quantity of As eluted. These
parameters vary for each species with the redox character-
istics of the water used, Figure 2. In an oxidizing
environment, As(III) is detected in the column eluate 5-6
times sooner than As(V), and the amount of As(III) eluted
(̂ 60% of loading) is ^8 times larger than that of As(V).
In the "neutral" environment, the relative amounts of both
species eluted are unchanged; however, the As(V) moves through
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the column much more rapidly than before but still is
retarded with respect to the As(III). In the reducing
zone, the mobility of As(V) is accelerated: both
species now appear in the column effluent after less than
1 column volume is displaced. Both species are also
eluted almost quantitatively (^100% for As (III), ^80% for
As(V)) .

The results from these column experiments are in apparent
contradiction with the work of Yoshida, Kobayashi and Ueno [2],
who observed that silica gel impregnated with ferric
hydroxide removed As(III) as effectively as As(V) from
solution. The strong retention of As(V) in the oxidizing
environment is attributed to its adsorption by the hydrated
ferric oxide in the sand. In the reducing environment
(KNEW-2), reduction on the column of Fe(III) to Fe(II) and
As(V) to As(III) may occur, thereby accounting for the
increased mobility of As(V). The level of sulfide in this
reducing zone apparently is not high enough to immobilize the
arsenic as a sulfide precipitate. The weak retention of
As(III) in the oxidizing environment is presumably due to
a much weaker interaction between As(III) and Fe(III), the
hydrated ferric oxide. Homogeneous solution experiments
show that As(III) is not precipitated from a solution
containing equal amounts of Fe(III) and As(III) in the range
pH 4.5 - 5.5, while As(V) is removed quantitatively under the
same conditions.

The adsorption and retention characteristics of As
are influenced by both the As loading on the column and
the nature of the column materials. By decreasing the amount
loaded from ^180 yg As (Figure 2) to ^20 ng As, Figure 3,
much stronger retention of As is observed but the influence
of the redox environment on mobility is still evident.
Increased adsorption of both the As(III) and As(V) species
was also observed when medium-grained sands (of 5-35 mesh
size and with Fe and Mn content 0.8% and 0.013% (w/w)
respectively) were used. Figure 4, as compared to the fine-
grained sands (60-230 mesh) Figure 2 (both sands loaded with
^180 ug As). These results are in agreement with our
laboratory studies which show that the amount of As(III)
removed from solution by silica gel impregnated with ferric
hydroxide depends strongly on the iron loading of the silica
gel.



- 226 -

REFERENCES

[1] GULENS, J., D.R. CHAMP and R.E. JACKSON. 1977. Redox
processes in ground water, pp. 67-77 in Hydrologioal
and Geoehemical Studies in the Perch Lake Basin: A
Report of Progress, (P.J. Barry, Ed.). Atomic Energy
of Canada Limited, Report AECL-5836.

[2] YOSHIDA, I., H. KOBAYASHI and K. UENO. 1976. Selective
adsorption of arsenic ions on silica gel impregnated with
ferric hydroxide. Analytical Letters 9: 1125.



- 227 -

CONCENTRATION

~+300mV ~+100mV

DIRECTION OF GROUND WATER FLOW

Figure 1. The variation of the concentration of the major
species affected by redox processes within an
aquifer: , closed oxidant system; ,
open oxidant system.
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Closely spaced interstitial water samples were ob-
tained from Perch Lake sediments using a coring and
squeezing technique [1]. The sediment cores were taken
at several localities in Perch Lake, particularly in the
nearshore area opposite KO site, to investigate the i.ode
and chemical characteristics of seepage into the lake
(Fig. 1). Seasonal variations in seepage water quality
were evaluated by collecting closely spaced sets of cores
throughout the year.

The types of sediments encountered beneath the lake
at KO and stratigraphic relationships are illustrated in
Figure 2, which presents data for core 7722. Two major
sediment types are recognized; a fine- to medium-grained
fluvial sand overlain by up to 250 cm of organic sediments.
The organic sediments can be divided on the basis of colour,
fiber size and general appearance into fine, black, organic
gyttja and coarse to fine, brown fibrous peats. Determina-
tion of water content and loss on ignition at 4 50°C indi-
cate that the gyttja material has a lower water content
and loss on ignition (Fig. 2). These relationships would
indicate a higher inorganic or silty component in the gyttja
layers than in the peat material.



- 234 -

Results of chemical analysis of interstitial waters
obtained from two sets of closely spaced cores collected
near the KO site are illustrated in Figures 3, 4, 5 and 6.
The first set of cores, 7721, 7722 and 7723, were taken
in July of 1977 and cores 7726, 7727 and 7728 were taken
in December of 1977. It is apparent from the configuration
of contours for each component that the nearshore patterns
of concentrations change considerably from summer to winter.
These differences reflect seasonal changes in the nearshore
pattern of seepage flow into the lake. The pattern of flow
is best illustrated by the data for tritium which has been
added to local ground waters as a result of waste disposal
about 0.5 km north of KO. The summer results indicate
that the tritiated ground waters flow into the lake very
close to shore and that the direction of seepage flow in
this discharge area is almost vertical (Fig. 3a). This
pattern is consistent with the predictions of Winter [2],
and McBride and Pfannkuch [3], based on mathematical
modelling, and the experimental results obtained by Lee
{Personal communication 1978) . Under winter conditions wa-
ter freezes to the lake bottom for several metres offshore
and causes a disruption of summer flow patterns. As a
consequence, high level tritiated waters discharge through
the lake bottom farther offshore than daring the summer
months (Fig. 3b). In both the summer and winter sections,
the presence of the marked stratigraphic break between
the organic sediments and the underlying sands is not
reflected in the contours of tritium concentration. The
boundary is probably not apparent because the direction
of ground water flow is approximately at right angles to
the discontinuity. Other dissolved parameters such as
iron show patterns that are similar to those for tritium
(Fig.. 4) . Notable seasonal changes in pH and Efj also
occur supporting the hypothesis of a disrupted winter flow
situation (Figs. 5 and 6).

Future work in the area will consist of sampling
piezometers and coring to evaluate short-range changes
and monitor the return to summer flow conditions as seen
in 1977.
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This study was conducted for several reasons. The
groundwater component of hydrochemical budgets for sur-
face waters is often neglected, unrecognized, or misunder-
stood. Waste-water managers have almost no case studies
which document the actual transport of groundwater and
its solutes into lakes, streams and estuaries. A site was
needed for controlled field experiments on the migration
of contaminants within the groundwater environment and
from this environment to surface waters.

Several new or recently-developed tools were employed.
Twenty-five seepage meters were used to directly measure
the rates of groundwater flow from the lakebed and to docu-
ment the hydraulic heterogeneity of the study site and the
area around it. Continuous records of groundwater flow
were obtained with a water-level recorder in a piezometer
1 m below the lakebed and in an adjacent lake-level stilling
well. Three hundred sampling points were installed within
a lakebed volume approximately 7 m wide, 9 m long and 4 m
deep. Five wells, each screened 2 to 3 m below lakebed and
spaced along 2 m of the lake margin at 0.5 m intervals, were
used for the injection of a salt solution (CaCl-) . The

Works jointly with Dept. of Earth Sciences and Dept. of
Biology
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tracer salt increased the ionic strength of the natural
groundwater by a multiple of ten. A core from lakebed
down 2.8 m, taken for us by R.J. Patterson, K.E. Lyon
and S.K. Frape (Queen's University), gave indisputable
evidence of fine, clean sands at the study site.

The salt slug was approximately 2.5 m long, 1.0 m
high and 0.5 m thick just after injection. The salt was
traced through its lakeward course by measuring the
electrical conductance of samples collected from the
sampling network 25 times over a period of 90 days. The
tracer migrated beneath the lakebed, curved gently upward,
and entered the lake through a 4 x 4 m area of lakebed.
The entrance of the tracer slug, so small initially,
through so large an area of lakebed indicated that locat-
ing groundwater contaminant input zones in surface waters
might not be difficult if concentrations are clearly above
background. The extensive horizontal migration of the
tracer, when compared with flow nets currently under
scrutiny at the University of Waterloo, showed that the
sandy material was about ten times more permeable in the
horizontal direction than in the vertical direction.
This degree of anisotropy could account for the large ob-
served zone of tracer input through the lakebed.

Seepage into the lake declined exponentially with
distance from shore. Concentration of flow near the
edge of the lake was expected on the basis of previous
flow-net analyses and the only other extensive study of
seepage into a lake. An average linear pore-water velocity
was 10 cm per day, but the tracer moved faster initially
and slower later. This too was in agreement with the
flow-net analysis.

This work met its objectives. The site is currently
the focus of several studies, planned or under way.

The success of this project is a credit to those
who assisted in the field (P.J. Barry, V. Duret, P.J.
Durepeau, P. Johnson, L.K. Hendrie, Belva Lee, R.E. Legere,
R.D. Marchant, B.A. Risto, C.J. Ryan, David Wildsmith and
D.P. Wildsmith) and to those who gave helpful advice and
comments (I.L. Ophel, W.F. Merritt and P.J. Barry). The
work was funded by the Atomic Energy of Canada Limited
(Chalk River, Ontario) and a National Research Council
grant to J.A. Cherry).
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CHEMICAL CHARACTERISTICS OF SOIL MOISTURE
AT CHALK RIVER

R.A. McLeod and R.J. Patterson
Dept. of Geological Sciences
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During the past year research has been carried out
to develop a sampling and immiscible-fluid squeezing tech-
nique applicable in the study of water chemistry in the
unsaturated soil zone. To date the method involves the
recovery of undisturbed 15 to 20 cm horizontal soil cores
from a small sample pit. Each sample is capable of yield-
ing sufficient soil water for complete chemical analysis.
This method has the added advantage of providing soil
water as well as the coexisting sediment thus permitting
direct assessment of sediment(soil)-water interactions in
the soil system. The sequence of procedures used in sam-
pling and squeezing is outlined in Figure 1.

Samples have been collected at a site located adja-
cent to the Environment Canada field laboratory on Fire
Trail 3 at Chalk River Nuclear Laboratories of the Atomic
Energy of Canada Limited. This area was chosen because
it represents a relatively homogeneous and isotropic,
silica-rich, soil environment with a shallow, fluctuating
water table. Throughout the summer and fall of 1977 a
total of eleven soil pit walls were sub-sampled at 10 cm
intervals to a depth of about 1.3 metres. Soil profiles
were carefully described using the methods of the Canadian
Soil Survey [1].
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Soil moisture samples have been analyzed for a
number of chemical components including pH and EJJ using
double junction electrodes, Ca, Mg, Na, K, Sr, Fe and
Mn by atomic absorption spectroscopy, bicarbonate and
chloride by titrametric methods, and sulphate and nitrate
by turbidimetric means. The soil material has been
analyzed for the following parameters: water content,
mineralogy by light and scanning electron microscopy,
grain size by F.A.S.T. [2] pipette and dry sieving me-
thods, carbonate carbon and organic carbon by titra-
metric means, reactive Cu, Pb, Zn, Ni, Co, Cd, Fe and
'Mn by nitric acid digestion and atomic absorption analy-
sis, and total Cu, Pb, Zn, Ni, Co, Cd, Fe, Mn, Ca, Mg,
Na, K and Al by nitric-hydrofluoric acid digestion and
.analysis by atomic absorption.

Initial results show that soil development in the
area is relatively uniform producing a poorly differen-
tiated humo-ferric podzolic profile. Organic matter is
present in significant amounts only in the upper 5 to
10 cm which represent the Ao and slightly humic Ae hori-
zons. Iron, and manganese to a lesser extent, are en-
riched in the indurated Bf horizon between depths of 20
and 55 cm.' Underlying the Bf zone is the C horizon which
consists of banded salt and pepper sands that are typi-
cal of the Chalk River area. Microscopic and total
digestion analyses suggest that the soil is chemically
and mineralogically homogeneous and is composed of quartz,
albite feldspars, and small amounts of biotite, phlogo-
pite and hornblende. Physical and chemical data from
two representative soil profiles are presented in Figure 2.

Chemical concentrations in the soil solution are
found to be slightly lower and more variable than those
in the underlying saturated zone. Lateral and vertical
variations in the vadose zone water quality seem to be
related to the amount of organic matter and iron present
in the soil, the stratigraphic position of the sample and
the infiltration status of the site. The latter factor
causes a number of changes in water quality, particularly
pH, in response to precipitation events which serve to
recharge the water table. During dry periods capillary
rise from the saturated zone into the C horizon causes
increased concentrations of some chemical components in
the soil solution. Water quality data from two sampling
pits are illustrated in Figure 3.
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Future research aver the next field season will
consist of further sampling to investigate the nature
and extent of seasonal variations in soil moisture chem-
istry. In addition the sorption capacity of the soil
material will be assessed in an attempt to further clar-
ify the factors which control vadose water quality.

REFERENCES

[1] System of Soil Classification for Canada. 1974.
Canada Dept. of Agriculture, Publ* 1455, p. 255.
OTTAWA, Ontario.

[2] RUKAVINA, N.A. and G.A. DUNCAN. 1970. F.A.S.T. -
Fast analysis of sediment texture, pp. 274-281 in
Proa. 13th Conf. Great Lakes Research. Int. Associa-
tion for Great Lakes Research, c/o State University
College, Buffalo, N.Y.



- 252 -

LOCATE AND DIG

SAMPLE PIT

SAMPLE PIT FACE
AND

DESCRIBE SOIL PROFILE

1 STORE

UNSEAL

Af

SAMPLES 1

SAMPLES
JD

REMOVE SEDIMENT SUBSAMPLE

ANALYSE

SEDIMENTS !

SQ'EEZE |

COLLECT WATER

SAMPLES

ANALYSE
WATERS

Figure 1. Procedures used in unsaturated zone studies at
s i te E.C.T. (E.C.T. = Environment Canada t ra i ler )
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PERCH LAKU BASIN SEDIMENT AND SAND GRAIN SURFACES
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A sediment coring and squeezing technique is being
applied in the lower Perch Lake basin to study the geo-
chemical controls on the migration of radionuclides from
liquid waste disposal areas. Processes which occur at
the sediment-water interface are of principal interest.
Therefore, investigation includes characterization of
both the sediments and the waters.

Figure 1 shows the locations of piezometer nests in
the Perch Lake basin. Detailed investigations of the sedi-
ments and interstitial waters have been carried out at the
circled locations. At each site one or more pits were
excavated to the water table, and 3 m long aluminum cores
were then driven to extract undisturbed samples. Upon
recovery of the core, separate sections were squeezed to
extract interstitial water. Samples above the water table
were taken from the pit walls. The sediments cored are
predominantly fine-grained quartz and feldspar sands.

Selected analyses for squeezed waters are shown in
Table I. The first two sets of data, labelled HA and SA,
represent waters obtained from just above the water table
near piezometer nests HA and SA. These results are perti-
nent for their illustration of variations occurring over
close sampling intervals. The sediments were collected in
a 7.7 cm diameter, 25 cm long split core. Each half of
the core was squeezed separately (labelled aa and ab or ba
and bb). The two HA cores were taken 60 cm apart, while
the two SA cores were taken 30 cm apart. Each half of a
core yielded pore waters of relatively similar composition.



TABLE I. Selected Pore Water Analyses from the Lower Perch Lake Basin

Sample
Number

HA-aa
- a b
- b a
- b b

SA-aa
- a b
- b a
- b b

BM-6
- 5
- 4
- 3
- 2
- 1

Depth Below
Ground

(cm)

197-203
197-203
197-203
197-203

112-118
112-118
112-118
112-118

117-123
173-187
193-212
218-237
243-262
268-294

Date
1977

Sept.
Sept.
Sept.
Sept

Sept
Sept
Sept
Sept

Nov.
Nov.
Nov.
Nov.
Nov.
NOV.

09
09
09
09

09
09
09
09

11
11
11
11
11
11

pH

6 .
5 .
6 .
5 .

5 .
6 .
5 .
5 .

6

0
8
0
6

5
8
7
7

3

Fe

1
1
1
1

1
2
5
7

>50
>50

5
42

4
35

. 1

. 4

. 8

. 7

. 8

. 0

.4

. 3

. 0

. 8

Mn

<0.05
<0.05
<0.05
<0.05

<0.05
0.06
0.16
0.26

0.13
0.40
0.07
1.02
0.04
0.65

Ca

8
8

16
12

5 .
5 .
5 .
5 .

6 .
9 .
2 .
4 .
2 .
4 .

5
0
5
5

5
1
5
0
8
0

Mg

1 . 7
1 . 7
2 . 4
2 . 5

1 . 6
1 . 5
1 . 5
1 . 5

2 . 1
5 . 0
0 . 8
2 . 0
0 . 8
1 . 5

Na

30
30
47
39

3 .
5 .
4 .
5 .

1 .
4 .
2 .
4 .
4 .
3 .

5
5
5
5

3
2
8
1
3
0

K

2
2
2
2

0
0
0
1

2
2
2
2
2
2

. 0

.0

.6

. 9

. 5

. 8

. 5
.0

. 2

. 5

. 1

. 5

.4

. 9

TIC

1 .6
1 . 5
1 .9
1 .9

6 . 2
13 .0

5 . 8
3 . 7

2 . 5
3 . 5
1 .5
2 . 2

1 . 2

Atmosphere

N2

N2

a i r
N2

N2

N2
N 2

a i r

a i r
a i r
a i r
a i r
a i r
a i r

I

All results ppm, except pH.
Analysis of metals by atomic absorption spectroscopy;
carbon system analyzer.

TIC (total inorganic carbon) by
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Notable variations in quality are seen with Na in the HA-ba
and -bb cores and with TIC (total inorganic carbon) and K
in both SA cores. Elevai^C ouaioun levels at site HA are due
to nearby road salting. Comparison of separate cores (as
opposed to core halves) reveals considerably more variation
in quality at a given depth. It is felt that the spatial
variations in pore water quality are indicative of changes
in the geochemical environment. Such small scale variations
have not been documented by traditional well sampling tech-
niques, exemplifying the unsuitability of wells for detailed
inquiry into the nature of sediment-water interface processes.

The third set of water analyses, labelled BM, illustrated
the significance of varying amounts of colloidal material. At
site BM the water table was encountered at 120 cm below ground
surface. Comparison of the Fe, Mn, Ca and Mg levels reveals
a pattern that shifts up and down from sample to sample. This
pattern also corresponds exactly to the intensity of the colour
of the water extruded. That is, when the squeezed pore water
appears orange (presumably due to the presence of suspended
ferric oxyhydroxides) the concentrations are relatively high,
and when the water appears clear the metal levels are low.
The reason for this pattern is not due to variations in sedi-
ment composition, but in variations in the squeezing technique.
A long period (30 min) of squeezing in a tightly fitting
apparatus produces the clear waters. The significance of
this observation is threefold. First, colloidal material
appears to be present in the subsurface waters in amounts
higher than previously recognized. The presence of colloidal
material is not so apparent in piezometer samples because
the wells have been developed. Second, consistency of ex-
truded waters can be improved either through more careful
methodology or by the use of membrane filters. Third, a
ferric oxyhydroxide control is indicated for alkaline earth
elements. Although the results were corroborated with tests
on samples from the Q site, they are tentative and their
implication for controls on the migration of strontium and
cesium will be examined further.

A scanning electron microscope has been employed to
examine grain surface textures of freeze-dried sands col-
lected in association with the squeezed samples. Coatings
on the grains have only been observed in samples from the
unsaturated zone at sites Q, BM, SA and SB. The coatings
are patchy and discontinuous, and show dessication features
that develop during drying. Chemical analysis of the coat-
ing has not yet been undertaken, but the orange-red colour
indicates the presence of iron. One sample from the
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unsaturated zone also revealed a possible authigenic crystal
growth. Most grains, including those from the saturated
zone, appear to be clean and exhibit surfaces characteristic
of mechanical breakage. For quartz grains these surface
characteristics are represented by high-relief and by conchoidal
and stepped fracture surfaces diagnostic of glacial transport.
Possible etch patterns on mica and feldspar grains that re-
present chemical weathering are not generally well developed.
It has been noted that phlogopite grains are generally more
abraded than biotite grains, and that the most intense zone
of weathering occurs in the upper metre or two of section.
This can be documented by the degree of development of
cleavage traces on the mica grains. All of these observa-
tions reflect the relative geochemical immaturity of sands
in the basin.

Further field work will serve to extend characterization
of the pore waters, and particularly, the sediments. This
research will include elemental analysis of the colloids and
mineralogic analysis of the sand and clay. Laboratory exper-
iments will be conducted to evaluate the significance of the
various sediment constituents, including the colloids, for
interacting with Cesium and Strontium and thus influencing
their mobility in the subsurface.
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Figure 1. Piezometer nest locations north of Perch Lake.



- 263 -

CHEMICAL AND ISOTOPIC EVOLUTION OF SULPHUR
IN THE SATURATED AND UNSATURATED ZONE

E.J. Reardon and P. Fritz
Dept. of Earth Sciences
University of Waterloo
WATERLOO, Ontario

N2L 3Gi



- 265 -

CHEMICAL AND ISOTOFIC EVOLUTION OF SULPHUR
IN THE SATURATED AND UNSATURATED ZONE

E.J. Reardon and P. Fritz
Dept. of Earth Sciences
University of Waterloo

WATERLOO, Ontario

The geochemical and biogeochemical processes that
affect sulphur isotopic and chemical composition in un-
saturated and saturated zone materials are as varied as
they are complex. Sulphur enters the unsaturate ' zone
mainly through dissolution and infiltration of atmospheric
sulphur dioxide and sulphate aerosols. In addition to
direct dissolution of atmospheric sulphur, sulphur arti-
cles collected and/or produced by the forest canof. >r
forest floor are an important sulphur source for intiltrat-
ing waters. In the soil zone a variety of isotopically
fractionating and chemically modifying reactions may oc-
cur which include:

(1) Concentration due to evapotranspiration.

(2) Concentration changes due to anion exchange
reactions.

(3) Sulphur loss due to assimilatory sulfate
reduction.

(4) Sulphur input due to dissimilai,ory sulphide
oxidation from degrading organic material.

(5) Sulphur input from oxidation of s.̂ il sulphide
minerals or soluble sulphates.
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In addition, sulphate_in ground water may be reduced
by anaerobic bacteria to HS~ and precipitated as insoluble
sulphide along flow paths.

The purpose of the present investigation is to under-
stand the importance and the regime of influence of the
above processes to the overall isotopic and chemical evolu-
tion of sulphur in ground water flow systems from points
of recharge to points of discharge.

In the next three field seasons, we plan to attack
this problem through routine sampling and analyses of sur-
face, soil and ground waters by means of precipitation
collecting devices, suction lysimeters, soluble extracts
of soil cores and piezometer networks. In addition 34g
and 18Q isotopic analyses will be performed on all solid
material containing sulphur and interacting with infiltra-
tion such as aerosol sulph.-'-.es, surface vegetation, humus
material, exchangeable soil sulphate and natural sulphur-
containing, soil minerals.

Of primary importance in the first year of the study
will be an isotopic and chemical characterization of the
sulphur input both spatially and temporally in the study
area. A complete ground water sampling survey of the east
sub-basin flow system, however, will be performed in the
early phases of the study in order to couch the sulphur
input findings in the framework of the overall geochemical
system.



- 267 -

SESSION H - GEOLOGY

CHAIRMAN: P . J . BARRY



- 269 -

THE LATE QUATERNARY GEOLOGY OF THE CHALK RIVER AREA

N.R. Catto , W.A. Gorman and R.J. Patterson
Dept. of Geological Sciences

Queen's University
KINGSTON, Ontario

K7L 3N6

Present Address: Dept. of Geology, University of
Albjrta, Edmonton, Alberta



- 271 -
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A generalized regional stratigraphic column Tor the
Chalk River area is shown in Figure 1. The Chalk River
area was glaciated from the northwest during the Guildwood
stadial, approximately 60,000 years before present (B.P.).
No evidence of earlier glaciation is present in the re-
gion. The ice cover persisted until the middle of the
Ottawa interstadial, approximately 11,500 B.P. Deglacia-
tion during this time permitted the marine waters of
Champlain Sea II to occupy the southeastern portion of
the area"''. The marine clays in the area contain scattered
examples of the foraminifera Elphidium clavatum and E.
subavotioum. In addition, geochemical tests of the salin-
ity of the depositional environment of the clays confirm
their marine origin. The northern portion of the region
remained covered during the brief incursion of Champlain
Sea II waters. By approximately 11,200 B.P. isostatic
recovery of the land had forced the marine waters to re-
treat to the southeast even as deglaciation uncovered
the northern portion of the area.

Present address: Dept. of Geology, University of
Alberta, Edmonton, Alberta

An earlier marine incursion, Champlain Sea I, existed
prior to the Ottawa interstadial in the lower Ottawa
and St. Lawrence valleys.

**A complete report of this work can be found in Reference
[1].
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The entire region was glaciated during the St.
Narcisse stadial (11,000 to 10,750 B.P.) by a number of
independent lobes, producing complex patterns of eskers,
kames and interlobate moraines. In general, the direc-
tion of ice advance was almost north-south, as opposed
to the southeasterly advance during the Guildwood sta-
dial. Thus, the St. Narcisse and Guildwood tills can be
distinguished by fabric orientation. The St. Narcisse
period was marked by advances from both the main body of
ice, located north of the Ottawa River; and a small ice
cap centred in Algonquin Provincial Park that had become
detached from the main body during the Ottawa intersta-
dial.

Subsequent deglaciation during the Temiscaming
interstadial permitted the development of a number of
small periglacial lakes which were ponded against the
retreating ice. The existence of these lakes is indi-
cated by scattered varved silt and clay deposits at vary-
ing elevations. Continued retreat of the ice caused
these lakes to drain into the valley now occupied by the
modern Ottawa River.

At approximately 10,200 B.P. deglaciation of the
Mattawa valley permitted its use as a drainage outlet
for the upper Great Lakes. For approximately 600 years
prior to this event, water from the upper Great Lakes
had drained through Algonquin Park, to the south of the
remnant ice cap, and had discharged into the Ottawa
valley via the Bonnechere and Barron River valleys. The
increased discharge through the Ottawa valley raised the
level of the Ottawa River to a maximum of 208 m, flood-
ing the entire Chalk River Nuclear Laboratories (CRNL)
site and depositing the sand which currently comprises
the Petawawa sand plain. Structures within this sand
unit indicate that the sand was deposited in a fluvial
channel and not in a prodelta or delta front environment.
Champlain Sea II had continued to regress rapidly to the
south during this time, and as a result the shifting
marine shoreline did not permit the Ottawa River to de-
velop an extensive delta. The marine shoreline was
located at Fort Coulonge, Quebec at 10,250 B.P. and was
near Renfrew, Ontario c. 9,7 00 B.P.

Isostatic recovery of the North Bay outlet resulted
in a series of falling water levels of the Ottawa River.
Changes in the river's level from the early portion of
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the Temiseaming retreat to the present are shown sche-
matically in Figure 2. The fluctuations resulted from
the compound effects of isoutatic recovery and shifting
drainage patterns in northern Ontario. As the water
level declined, various channels and islands developed.
One major channel crossed the CRNL site, in the valley
now occupied by Balmer Bay, Maskinonge Lake and Chalk
Lake. Short-lived channels existed to the west of the
town of Chalk River and in the valley containing No-Name
and Perch Lakes.

At approximately 4,400 B.P., the North Bay outlet
was closed by isostatic recovery and the Ottawa River
attained its present level. The exposed sands which
had been deposited by previous high levels of the river
were reworked by aeolian activity to form barchan and
slif dunes, a process which continues today.

REFERENCE

[1] CATTO, N.R. 1978. The late quaternary geology of
the Chalk River area, Ontario and Quebec. Unpub-
lished B.Sc. Thesis, Queen's University, Kingston,
Ontario. 321 pp.
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Figure 1. Regional stratigraphic column, Chalk River area.



- 275 -

208 m

129m

111. 3m

MODERN OTTAWA
RIVER

J 61 m

Figure 2. Schematic changes of level, Ottawa River
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Palynological studies of Perch Lake sediments have been
continued during the past year and, in addition to po1len and
spores, the sediment samples were examined also for other
microfossils (for example, diatoms and sponge spicules) that
were believed to provide useful information on the changing
lacustrine environment during postglacial time.

A series of six additional radiocarbon dates were ob-
tained on samples from the sediment core (Table I) for the
purpose of a more accurate determination of sedimentation
rate that is required for the calculation of pollen influx
values, expressed as number of pollen grains deposited per
cm^ per year.

The radiocarbon dates indicate that the sedimentation
rate in Perch Lake has not been constant in postglacial time,
and this probably reflects the changes that have occurred in
the productivity and other limnological characteristics of
the lake (for example, the sediment chemistry).

There appears to be a correlation between the sedimenta-
tion rate and the distribution of some major and minor elements
in the sediments, as v.'ell as the presence and absence of some
microfossils (Fig. 1). This correlation is under further in-
vestigation, especially in respect to palynological records
and the environmental changes that can be inferred from it,
according to the chart presented by Terasmae in Reference [1]
(p. 125) .
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TABLE I. Radiocarbon Dates from Perch Lake Sediments

Depth from
Water-Sediment

Interface
(cm)

0

100

200

300

400

500

600

700

Dated
Interval

100

200

300

400

500

550

595

(cm)

- 110

- 210

- 310

- 410

- 510

- 560

- 605

1340

2510

3790

5780

7800

9030

9830

Radiocarbon
Dates
Years

+ 100

+ 130

± 120

± 160

t 300

± 220

± 250

in
B.P.

(BGS-510)

(BGS-509)

(BGS-508)

(BGS-507)

(BGS-506)

(BGS-505)

(GSC-1516)

Time
Intervals
in Years

1170

1280

1990

iO2O

1230

800

B.P. = Before present
GSC = Geological Survey of Canada
BGS - Brock Geological Sciences

The next "phase" of Perch Lake palynology will include
a detailed study of the top metre of sediment, and a series
of Surface sediment samples (collected along transects across
the lake) to investigate the present pollen deposition in
Perch Lake related to the surrounding vegetation, and to in-
tegrate the palynostratigraphy of the last 1000 years (repre-
senting approximately the deposition of the top metre of
sediment) with data obtained by other projects in the Perch
.ake basin.

On a more regional scale, the information provided by
the Perch Lake study (palynology, radiocarbon dating, surfi-
cial geology) will be correlated with the deglaciation history
of the upper Ottawa River valley region.

The surficial geology of the Renfrew-Pembroke area is
being mapped by P.J. Barnett (Ontario Geological Survey) and
the senior author has agreed to carry out supporting palyno-
logical studies and radiocarbon dating of lake sediment
cores collected at different elevations in this area for
the purpose of working out the chronology of deglaciation
events and the postglacial geological history.
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According to Harrison [2] the final drainage of glacial
Lake Algonquin down the Ottawa River valley occurred between
10,800 and .10,500 years ago (Fig. 2) . This is supported by
radiocarbon dating and palynological studies of sediments in
Perch Lake, and a radiocarbon date of 10,870 ± 130 years B.P.*
(GSC-90) on a sample of marii.e sheljs that the writer collected
in 1957 from the Champlain Sea deposits at Pembroke.

Perch Lake (elevation 156 m) is below the limit of
Champlain Sea [3] and the oldest organic sediments in it that
were dated at 9,830 ± 250 years B.P. (GSC-1516)(Fig. 3), pro-
bably post-date also the early Ottawa River. Since the pollen
record in Perch Lake extends into the inorganic deposits be-
neath the dated depth, it can be suggested that lacustrine
sedimentation in Perch Lake began at lsast 10,000 years ago
[5].

A radiocarbon date of 9,540 + 250 years B.P. (GSC-177)
was obtained by the writer in 1965 from the base of 7.6 m of
organic sediments (elevation 145 m) at the Chalk River Nuclear
Laboratories (CRNL) of the Atomic Energy of Canada Limited,
Chalk River, Ontario, during construction of a parking lot.
This site (Pig. 3, named the Chalk River bog) relates to the
early Ottawa River (present elevation 110 m) and supports the
Perch Lake date of 9,830 ± 250 years S.P. on the basis of
palynostratigraphy.
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