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ABSTRACT

Every year, roads and highways in Met-
ropolitan Toronto receive more than
100,000 tonnes (t) of NaCl road de-icing
chemicals. While much of this salt is
flushed from the region every winter
season by overland flow, a proportion
will enter the sub-surface and even-
tually discharge to urban streams as
baseflow. To determine annual reten-
tion rates of de-icing salts in an urban
watershed, a chloride mass balance
has been applied to the Highland Creek
basin, a typical urban catchment in
eastern Metropolitan Toronte. The
calchment has an area of 104 km2 and
groundwater recharge is estimated to

be 162 mm per year. Chloride input to
ihe catchment was determined from
municipal records. These show that the
catchment receives approximately
10,000 1 of chloride annually, predomi-
nanily in the form of NaCl de-icing
chemicals which are applied to roads,
highways and parking lots during the
winter months. Chloride output was es-
timated from stream flow and electrical
conductivity measurements recorded
at 15-minute intervals over a two-year
period.

The balance reveals that only 45% of
the salt applied to the catchment is
being removed annually and that the
remainder is entering temporary stor-
age in shallow sub-surface walers. If
present rates of sall application are
maintained, it is predicted that average
steady-state chloride concentrations in
ground walers discharging as springs
in the basin will reach an unacceptable
426 + 50 mgeL-? possibly within a 20-
year time frame. The value of 426
mg-L-1 represents a three-fold increase
over present average baseflow con-
centrations, and is nearly twice the
drinking water quality objective of 250
mg-L-1 maximum acceptable concen-
tration. :

INTRODUCTION

During the past 40 years, residents liv-
ing in the snowbelt regions of Europe,
Canada and the United States have
come to expect bare-pavement driving
conditions throughout the winter. As a
result, millions of tonnes of de-icing
agents, usually in the form of sodium
chloride {NaCl), have been applied to
urban roads and highways. The general
assumptions have been that the major-
ity of the applied salt is flushed from the
basin every season by rain and snow-
melt, and environmental impacts are
minimal. There is increasing evidence,
however, that a significant proportion of
the salt may be retained in the basin,

entering the shallow sub-surface and
migrating gradually to the watertable
(e.g., Diment et al., 1973; Eisen and
Anderson, 1980; Pilon and Howard,
1987). In such cases, serious degrada-
tion of groundwater quality could be
anticipated (Howard and Beck, in
press). The scenario shows an ominous
resemblance to the situation in the
United Kingdom and other European
countries (Howard, 1985) where nitrale,
innocently applied as fertilizer during
post-war years, migrated through the
unsaturated zone at a rate of ~1 m per
year and eventually caused extensive
contamination of major aquifers. In the
case of NaCl de-icing chemicals, the
most common concern is an increase in
salinity to levels which would make the
water unsuitable for human consump-
tion and some industrial applications.
There is also evidence, however, that
sodium, the counier ion to chloride in
most road de-icing salts, may have se-
rious health implications. The ion has
been strongly linked with the develop-
ment of hyperlension, a condition af-
fecting perhaps 20% of the United
States population (Moses, 1980; Craun,
1984; Tuthill and Calabrese, 1973). Ele-
vated sodium intake has also been as-
sociated indirectly with hypernatraemia
{World Health Organization, 1984). Itis
generally recommended thal sodium
concentrations in drinking water should
not exceed 20 mg-L-1 for patients with
hypertension or congestive heart
failure.

Concern for contamination by deicing
salts is particularly acute in the Toronto
region, where >100,000 t of NaCl are
applied to urban roads and highways
every year. Within Metropolitan Toronto,
major streams regularly cortain several
hundred mg-L-' chloride; in winter
months, values greater than 1000
mg-L-' are common. Recent records
suggest that values of this order have
shown little change in recent years



and, while these levels are unaccepta-
bly high, there has been little stream
quality evidence to indicate that the
situation will become any worse.

It was Paine (1979) who first sug-
gested that road de-icing chemicals
may be accumulating in the sub-surface
and could one day re-appear to cause
serious damage to urban walerways.
Paine performed a relatively coarse
chloride mass balance on the Don River
waltershed (Fig. 1) and suggested thal
as little as 50% of the applied chloride
was being removed from the basin an-
nually and that the remainder was being
stored in the shallow sub-surface. Fol-
low-up studies by Pilon and Howard
(1987), Eyles and Howard {1988), and
Taylor et al. {1991) confirmed that con-
centrations of chloride as high as
14,000 mg-L ' were accumulating in
shallow ground waters beneath Metro-
politan Toronto, raising concern thatthe
waters would ultimately enter local
streams where serious and uncontrol-
lable contamination would occur.

Recent and current studies at the
University of Toronto have been con-
cerned with the impact of urban de-
velopment on groundwater quality and
have focussed especially on the move-
ment and behaviour of shallow ground
waters containing elevated concentra-
tions of chloride. An overall goal of the
current work is to develop a series of
numerical models that will permit the
movement of de-icing salts in a catch-
ment to be simulated and thereby allow
the impact of allernative salting strat-
egies o be evaluated. The success of
these models depends, in turn, on an
understanding of the nature of salt be-
haviour in a typical urban calchment,
and, in particular, on an accurate knowl-
edge of the rate at which salt is retained
on an annual basis.

The retention rate of de-icing salts in
a watershed is most reliably determined
using a catchment mass balance ap-
proach. In this approach, salt input, rep-
resented by the mass of salt applied to
the catchment during a specified time
frame, is budgeted againsl salt outputin
the form of salt loads in the exiting
stream. The net difference represents
the mass of salt that is stored {retained)
within the catchment.

In practice, the rates of salt retention
will vary with time. At early times, the
amount of salt entering the sub-surface
will far exceed the amount leaving in
baseflow As time proceeds, salt con-

METROPOLITAN TORONTO AND REGION WATERSHED

Non River Sub-
Catchment

f Sub-Catchment Boundaries
Hightand Creek Sub-Catchment

Figure 1 Fourteen sub-catchments of the Metropolitan Toronto and Region Watershed.
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Figure 2 The Highland Creek basin showing distribution of major salted roads and highways.
The basin is highly urbanized,; minor salfed roads (not shown) comprise 75% of the tatal length of
salted roads and highways in the basin.
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centrations in baseflow will increase
and, on an annual basis, losses will start
to approach the amounts entering the
sub-surface. Steady state will be
reached when the net rate of salt reten-
tion equals zero and the inflow of salt
matches oulflow. While a simple salt
balance for a specific drainage system
will allow the rate of sall relention to be
determined for any one time period, cor-
rections for baseflow contributions to
the drainage system must be made if
the annual rate of contribution of salt to
the sub-surface is to be estimated.
The accuracy of the balance is deter-
mined by the quality, frequency and
time frame of the data used. Previous
studies, conducted in differing types of
catchment, have produced figures for
the amount of salt {chloride) retained
annually, ranging from 19% to 65%
(Wulkowicz and Saleem, 1974; Scott,
1980; Paine, 1979). Diment et al., (1973}
showed that the amount retained can
fluctuate each year, finding that un-
usually high summer rainfall in the sec-
ond year of a two-year study resuited in
much higher (20%) salt removal than
seenin the first year. A criticism of much
of the earlier work, however, is that the
balances were conducted over a rela-
tively short time (often one year or less})
and/or used daily stream flow data. The
tatter is of particular concern in urban
catchments, where stream flow rates
and chemical concentrations can vary
by three orders of magnitude within a

matter of hours. In the present study,
conducted on Highland Creek from
March 1989 to April 1991, this short-
coming has been surmounted by instal-
lation of a data logger to collect the nec-
essary data at 15-minute intervals.

STUDY AREA
The chloride mass balance study was
performed on Highland Creek basin,
one of 14 major sub-catchments in the
Metropolitan Toronto and Region waier-
shed (Fig. 1). Annual precipitation in this
catchment is approximately 850 mm
and Thornthwaite evapotranspiration is
estimated to be 800 mm. The catch-
ment has a total area of 104 km2 and an
Environment Canada gauging station is
located 5 km upstream of its discharge
into Lake Ontario. A review of storm
sewer drainage areas and topographic
data suggests that the catchment area
upstream of the weir has an area of
approximately 82 km2. This area was
used for the mass balance calculations.
The basinis almost entirely urbanized
(Fig. 2), with recreational open space
along the main Creek valley and some
remaining undeveloped land in the ex-
treme northeast. The surface sedimen-
ts are predominantly silty sand till (Kar-
row, 1967), but recent flood plain depos-
its occur extensively along the valley
floor. The most important aquifers in-
clude the Scarborough Sands and the
Lake Iroquois terrace deposits (Ontario
Ministry of Natural Resources, 1980).
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Figure 3 Highland Creek stream hydrograph for the period 1 January 1989 to 30 November 1990.

Locally these are separated by the Sun-
nybrook diamict. Total aquifer thickness
is estimated to be 30 m and the water
table depth varies up to 20 m. Ground-
water flow velocities are thought to bein
the range of 10-100 m per year.

The basin is crossed by Highway 401
{12 lanes wide), and by a grid of two- and
four-tane arterial roads about 1.5-2 km
apart. These arteries and numerous
secondary roads are regularly salted
throughout the winter season by five
agencies: the Ontario Ministry of Trans-
portation (MTO), Metropolitan Toronto,
City of Scarborough, Town of Markham,
and the Regional Municipality of York.
The basin raceives ~17.000 t of NaCl
road de-icing chemicals each year. This
represents approximately 200 g of NaCl
for every square metre of the catch-
ment.

Approximately two years of average
daily stream flow data for Highland
Creek are shown in Figure 3. Baseflow
contributions vary between 0.3 m3ss-1
and 1.2 m3s-1, peaking during the
spring, and average 0.42 m3+s-1 over
the year. This represents an average
annual recharge to the 82 kmZ calch-
ment of 162 mm. if all of the applied salt
were to enter the sub-surface via re-
charge, average sleady-state sodium
and chioride concentrations in ground
water would approach 500 mg+L-' and
800 mg-L-", respectively.

INSTRUMENTATION

Because no reasonably priced, reliable
and rugged chleride sensor was avail-
able, electrical conductivity, which is di-
rectly related to chloride concentration,
was selected as a surrogate for monitor-
ing in the field. Work began in July of
1988 when a YSI conductivity cell was
installed at the Environment Canada
weir to take advantage of the flow data
which were already being collected at
15-minute intervals. Within days, the
meter was damaged by a nearby light-
ning strike and the probe was buried in
the stream bed. A second attempt to
obtain data was made in March 1989,
when an iC Controls temperature-com-
pensated conductivity probe, model
CC01, was installed near mid-stream at
the weir. This probe is designed specif-
ically for industrial applications, with
both the sensor and sensor electronics
sealed in PVC. The probe was con-
nected by cable to a conductivity meter
which was housed in the Environment
Canada monitoring station, and pro-



vided a continuous output of efectrical
voltage as a measure of the conduc-
tivity. This output was recorded every 15
minutes by a Lakewood LE7110 data
logger, which is capable of storing up to
six months of data. When possible, data
were retrieved from the data logger
monthly using a laptop computer.

The probe sensors were cleaned
every 3-4 weeks with a very fine abra-
sive. Algal growth that accumulates dur-
ing the summer on the protective mesh
around the probe tip was removed man-
ually and appears to have had no effect
on the probe function.

Calibration

The probe was initially calibrated and
tested for drift in the laboratory using
NaCl solutions of known conductivity.
After installation in the creek, however,
a consistent difference was observed
between conductivity values calculated
from the in situ conductivity readings
and values measured from stream sam-
ples. This discrepancy is largely the re-
sull of monitoring in a flowing stream
versus calibrating in static solutions. A
small correction factor is now applied to
the field measurements.

To permit conversion of measured
electrical conductivity values to chlo-
. ride concentration, samples of water
were collected from the creek on a regu-
lar basis and analyzed for both parame-
ters As shown in Figure 4, the data
correlate well. The best line fil is repre-
sented by a second order quadratic of
the form:

Cl concentration (mgeL 1) =

0 0000025'E,? + 0 31°E_ - 96 (1}
where E_ is the electrical conduclivity in
uS/icm at 25°C.

CHLORIDE BALANCE
CALCULATION

The chloride balance study was carried
out from December 1988 to April 1991,
inclusive, and included three winter
seasons' salting. It was performed by
estimating the total chicride input to the
catchment over a pre-determined peri-
od and subtracting the amount of this
chloride leaving the watershed during
the same period by overland flow. The
difference represents the mass of chlo-
ride retained, at least temporarily, in sur-

5000 -

Chloride (mg/)

face walers, soils and subsurface
waters. In the study, the amount of chlo-
ride leaving the basin through stream
sediment load was assumed to be negli-
gible. Corrections were made, however,
to account for the mass of chloride leav-
ing the basin as baseflow, since very
little of this chloride would have origi-
nated from the previous salting season.

Chiloride Input Data
Road salt is the major source of chloride
entering the basin. It is applied as pure

C) concentration (mg/l) = 0.0000025‘]23 + 0.31'E, - %

where E_is the electrical conductivity in yS/cm at 25°C

! ¥ 1
8000 12000 16000

Electrical Conductivity ( pS/cm )

Figure 4 Relationship between chioride and efectrical conductivity used for site calibration.

Table 1
Salting Applied
Season to Roads/
Highways
{t
1988-89 15,031
1989-90 16,095
1990-A1 13149
Annual 14,758
Average

Annual rates of NaCl application to the Highland Creek catchment.

SODIUM CHLORIDE

Applied Domestic
to Parking Use
Lots (t)
{t)
2104 150
2253 161
1841 131
2066 147

CHLORIDE

Basin Basin
Total Total

" {t)

17285 10486
18,510 11,228
15122 9173
16,972 10,295
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salt (NaCl) or as a salt/sand mixture.
Daily sall application was determined
from the yard records of the five agen-
cies applying salt. Where salt/sanding
routes straddled the catchment bound-
ary, the total salt applied was appor-
tioned to the catchments on the as-
sumption that rates of application re-
mained consistent along the routes. To-
tal salt application in the study area

during the winters of 1988-89, 1989-90
and 1990-31 is shown in Table 1. The
annual distribution of chloride applica-
tion from 1 November 1989 to 30 Apri!
1991 is shownin Figure 5. ltis estimated
that these figures are accurate to +5%.

Alsoincludedin Table 1 are estimates
of other sources of chloride input. These
include the amount of salt applied to
parking lots, for which it was assumed

Chloride Input
{thousands of tonnes)

il

‘r-
N Dl

198%

T I i
J 4 AS O N D'J F M A
1991

Figure5 Temporal distribution of chloride input for the period 1 November 1989 to 30 Aprif 1991,
Data are plofted for periods ending on the tenth, twentieth and fast day of each month.
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Figure & Temporal distribution of chloride output in Hightand Creek for the period 1 November
1989 to 30 April 1991 Data are plotted for periods ending on the tenth, twentieth and last day of

each month.

that rates of application for shopping
centre lots were the same as those for
major roads, and for other lots, one-half
this rate (Scott, 1980). Salt apptied to
parking lots represented about 14% of
the total salt applied. Applicaticn by pri-
vate home-owners was estimated by
multiplying the approximate number of
single-family residences by an average
annual rate of 4 kg/household. This rep-
resented <1% of the total sait applica-
tion.

Other sources of chloride are rela-
tively insignificant. Chloride concentra-
tion in precipitation around Metropoli-
tan Toronto during 1986 averaged 0.2
mgeL- ? {Ontario Ministry of the Environ-
ment, 1988), which converts to ~0.1% of
the total chloride input. A calcium chlo-
ride de-icing additive is used occasion-
ally in the area, but contributes <01% of
the total chloride input. There are no
known sanitary-storm sewer intercon-
nections in the basin (Scarborough
Works; pers. comm.). Depending on
their chemical formulation, fertilizers
may contain a significant amount of
chloride; however, this potential contri-
bution is not thought to be significant
and has not been quantified in this
study.

Chloride Output Data
Chloride discharge or “loading” in a
stream can be calculated by:
Cl=Cm™*Q (2)
where Cm is mass concentration and Q
is stream discharge. This caiculation
was performed for 15-minute intervals
using a Lotus 123 spreadsheet. Totals
were output three times per month, at
the end of the tenth, twentieth and last
day of each month. Estimates for the
period from 11 March 1989 to 30 April
1991 are shown on Table 2; data for the
period from 1 November 1989 to 30 April
1991 are plotted in Figure 6. Some val-
ues in Table 2 are marked with an as-
terisk to indicate that some data were
lost during the time period: data extra-
polation was required in those cases.
Also shown in Table 2 are estimates
of the mass of chloride entering the
strearn as a result of baseflow. These
were determined by muitiplying the
average baseflow for the time interval of
interest by the estimated chloride con-
centration. Normally, this would be the
chleride concentration in the stsream at
atime, usually following several days of
dry weather, when stream flows are
maintained entirely by baseflow. Most of



the chloride contained in the baseflow is
unlikely to have originated during the
previous winter's salling, and instead
represents chloride that has accumula-
ted in the basin over its history of salt-
ing. As such, the baseflow contributions
must be subtracted from the total chlo-
ride load to calculate the amount of
chloride retained in the basin as a result
of the previous winter's salting. A sum-
mary of the results is shown in Table 3.

RESULTS AND

CONCLUDING DISCUSSION
Urbanized catchments of the Metro-
politan Toronto and Region watershed
have, for several decades, received
more than one hundred thousand
tonnes of de-icing salts annually. For
much of this time, it has been assumed
that most of this sall is flushed from the
catchments each season by overland
flow and that sub-surface impacts are

minimal. However, recent evidence of
elevated chloride in ground water be-
neath the catchments suggests that a
significant proportion of the applied salt
may be retained in the basin each sea-
son and may, therefore, be responsible
for the observed degradation in ground-
water quality.

The salt balance performed on the
Highland Creek basin of Metropolitan
Toronto has generated a large volume of

Table 2
Month Period Input Bassflow
(t) load
t
1968
Dec. 110 22862 -
11-20 1802 65 -
21-31 97362 -
1989
Jan. 110 176181 -
1-20 52617 -
21-1 412 93 -
Fab. t-10 103109 —
1120 23959 -
21-28 1453 80 -
March 1-10 73589 -
11-20 1024 05 112 50
2131 164 70 12150
Apr. 1-10 130 38 10800
11-20 000 99 00
21-30 000 45.00
May 140 oo 6120
$1-20 Qoo 76 50
21-31 000 45 80
June 1-10 000 45.00
11-20 000 36 00
21-30 000 34 20
July 1-10 000 45 36
1t-20 000 48 60
21-3 000 54 00
Aug. 110 000 63.00
11-2¢ 0.00 5472
21-3 000 5198
Sapt. 1-10 0 oQ 51.84
11-20 0.0 70.20
21-30 000 3699
Oct. 1-10 0.00 4725
11-20 ¢ 00 2780
21-31 000 16.88
Nov. 1-10 000 BG6.76
11-20 534 28 86750
21-30 217.00 B7.50
Dec. 1-10 57104 54 00
11.20 1340.71 60.75
23 269218 70 20
Notes !

- Not determined.
* Some data infilling required.

Chloride mass balance components for the period 1 December 1988 to 31 October 1991.

QOutput? Input Baseflow Output?
{t ) ioad 0]
4}
1990
- 173.83 4725 98.54"
- 728.48 4725 1359 52
- 1725.53 4725 38174*
- 1052.9¢ 4725 28194
- 1188 35 76.32 5133
- 494.25 7560 55813
- 160 74 8708 123 51
81070 95 32 13500 49.88
588 53 25177 44,55 34 53
1z 21 000 40.50 2470
109 54 0.00 26 64 28.93
2960 o oo 54.00 62 38
235.56 000 5175 319 30
201.86 0.00 56 25 42758
18765 000 63.00 285.23
104 50* 000 79.20 5615
92 94* 0.00 75 26 23.45
ar23 0.00 64.80 11019
4914 .00 69.84 14.00
18 70 0.00 7380 36 68
LAV 0.00 55.44 3698
35327 0.00 79.70 2213
174.85 0.00 85.32 5515
87| 000 72.00 1196
60.61 000 3893 907
14.62 0.00 32.63 2776
63.30 0.0 3510 1166
66.64 000 3186 387
2m o 00 6075 3018
114 0.00 64 08 5.48
6749 10.89 43.88 12.98
138 83 7076 88 20 50 47
182.03° 0.00 4410 3 5%
52.50 77343 70.56 34.43°
23.50 181.72 61.74 2242
14 6¢* 1582 66 52.92 6705

Outpul has been corrected for baseflow load.

Input Baseflow Output?
13 load {th
[th
1991
M6 75 94 05 319 24
1276 50 94 50 684.27
962 56 80.00 11750
11195 8100 14793
134716 43 20 429.98
89711 6120 166 43
111199 8190 103.40"
067 70 20 3708
900 79 56 134 657
000 40 50 140.76"
000 108.00 51.73
000 112 50 361t
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Table 3 Chloride balance summary for the period 1 November 1988 to 31 October 1991.
Salting Season Total Total Baseflow  Corrected Salt Qutput Total
Input {t} Output Load Output? (f} {as % of sait %
(t) ) applied during
salt season)
Winter (1 Nov.—30 April) 10486 21372 4862 16512 >152
1988-89 >34
Summer {1 May-31 Oct.) NIL 2889 867 2022 19
""""" Winter (1 Nov—30 Aprify 11228 4562 1135 3427 ¥
1989-90 45
Summer (1 May-31 Qct.} NIL 2699 1089 1609 14
Winter (1 Nov.—30 April) 9173 3651 1318 2318 2%
1990-91 >26
Summer {1 May-31 Oct.) NIL - - - -

Notes

— Not determined.

t Qutput has been corrected for baseflow load.
2 Data only available for March and April.

reliable data. Most of the data gaps are
due to the failure of flow logging instru-
ments; these gaps were usually filled by
correlation with data from neighbouring
catchments. In total, a full chloride bal-
ance was completed for 26 months, ex-
tending over three salting seasons.
The results (Table 3) are consistent
over the period of study. Each year, dur-
ing the winter period (1 November to 30
April), approximately 10,000 t of chio-
ride was applied to the Highland Creek
catchment. Only 45% of this was re-
moved by surface run-off before the fol-
lowing winter, when a new salting sea-
son began. Most of the chloride re-
moved was flushed from the catchment
during the winter in which it was applied.
Inthe 1989-90 salting season, for exam-
ple, 3427 t of chloride left the catchment
by overland flow before the end of April,
representing 31% of the total chloride
applied. A further 1609 t (or 14% of the
total) were removed by summer rain
between 1 April and 30 October, Data
are incomplete for the salting seasons
1988-89 and 1990-91, but the available
results are comparable to those for
1989-90. For example, in 1990-91, 26%
of the total chloride applied left the
basin during the winter months; in
19688-89, 19% of the total chloride ap-
plied was removed during the summer.
If only 45% of the salt applied to the
catchment is being removed annually,
then the remainder is being stored, pre-

sumably in underlying ground waters.
The rate of accumulation will depend on
the rate of groundwaler movement in
the basin. While the total mass of chlo-
ride entering the sub-surface is greater
than the mass of chloride leaving as
baseflow to the stream, chloride will ac-
cumulate in the ground water, and
groundwaler chloride concentrations
will increase. For the period of study,
total input of chloride far exceeds output
(including baseflow load) and signifi-
cant accumulation occurs. Eventually,
chloride in the ground water will reach a
level at which annual baseflow losses
will match the amount of chloride enter-
ing the sub-surface. At this stage,
steady-state will be reached and no fur-
ther deterioration of groundwater or
stream water quality will occur. Numeri-
cal modelling will allow the rates of
change of ground water and streamwa-
ter quality to be predicted with more
certainty. Assurming an annual recharge
of 162 mm, an aquifer thickness of 30 m,
a specific yield of 20%, and groundwa-
ter flow velocities of 100 m per year,
deployment of analytical transient solu-
tions for the transport of contaminants
from continuous line sources (Domen-
ico and Schwartz, 1990) indicates that
steady state concentrations could be
achieved within 60 years of initial salt
application, or approximately 20 years
from the present.

When steady state is reached, inflow

and outflow of chloride will be in balance
and the mass of chloride stored within
the basin will remain unchanged. The
stored chloride may not be eventy dis-
tributed within the sub-surface and
water quality stratification will occur de-
pending on the jocal groundwater flow
regime. If conditions in the catchment
remain lhe same and present rates of
salt application are maintained, how-
ever, a simple division of the total chlo-
ride entering the sub-surface by the an-
nual recharge reveals that average
chloride concentrations in ground
waters discharging as baseflow in the
basin will reach 426 + 50 mg-L-". This
value represents a three-fold increase
over present average baseflow con-
centrations, and is nearly twice the
drinking water quality objective of 250
mg-L-1 maximum acceptable concen-
tration.
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