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INTRODUCTION

The University of Georgia (UGA) main campus is dom-

inated by impervious surfaces that produce stormwater

runoff during rain events. Campus runoff drains directly

into local streams, primarily through storm drains. The

effects of organic and inorganic contamination on local

streams requires mitigation and management practices,

which are regulated by the Athens-Clark County MS4

program (ACC 2015).

The primary objective of this study is to observe and

better understand the hydrology of stormwater within

Lily Branch, one of three campus watersheds (Fig. 1).

A mixture of sodium chloride (NaCl) and Rhodamine

were used to characterize velocities and travel times

through a section of Lily Branch. NaCl was selected

because it is conservative, inexpensive, easily applied,

readily detectable using water-quality meters (i.e., spe-

cific conductance), and the chloride-ion concentration

can determined using subsequent chemical analysis by

ion chromatography (NMSU 2006). Rhodamine was

paired with NaCl to provide a visual signature that is

helpful for collecting samples. Rhodamine concentrations

can also be determined using fluorometric techniques

(Smart and Smith 1976).

A secondary objective is to evaluate stormwater move-

ment through a raingarden that receives water from an

impervious parking lot and deck, which then flows into

Lily Branch. NaCl is also a potential contaminant that

results from road-salt application during icy weather. As

such, the background and peak concentrations in local

streams are of concern, as is the ability of raingardens to

mitigate the adverse impacts of watershed salt loading.

Data collected from these natural and introduced tracer

tests provide insight into the pathways of NaCl de-icers

and how contaminants travel through an urban stream

and raingarden.

Figure 1: UGA campus watershed map.

LITERATURE REVIEW

Because the geomorphology of a naturally formed stream

is always variable, not all hydrodynamic characteristics

can be accurately described through visual observation

alone, especially with regard to travel times and velocity

distributions. Tracers are commonly used to obtain these

flow and transport characteristics. A tracer can be a

visual or chemical compound of varying concentration

that is natural occurring or injected into a hydrologic

system for the purpose of quantifying physical and chem-

ical processes. Tracer testing provides insight into the fate

and transport of contaminants as well as the dynamics

of flow associated with a particular geology, morphology,

ecosystem, and climate (Friedman 2014).

The use of a hydrological tracer test is diverse, par-

ticularly in an urban-stream environment. Contaminant

inputs into an urban stream may originate from mul-

tiple sources. A tracer can determine a particular flow-

path from a potential source at any flow. This partic-
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ular study utilizes a visual tracer in a similar manner to

that of a method developed by the United States Envi-

ronmental Protection Agency in 2005 called “Efficient

Hydrologic Tracer-Test Design (EHTD) Program”. The

methods emphasizes the importance of prior field mea-

surements in the calculation of flow velocity and travel

time. The method also connects the variables associated

with water infiltration and groundwater flow expressed in

the advection-dispersion equation. However groundwater

flow is not discussed in this study.

One method for preventing stream contamination is to

add a buffer between the water ways in the watershed and

impervious surface runoff (Walter et al. 2009). Another

method for mitigating contamination from stormwater

runoff is bio-retention via a raingarden (Yang et al. 2013).

A raingarden is a depression below stormwater outfalls

that is planted with native and nonative flora. The pur-

pose of the raingarden is to store and filter stormwater

by movement through soils, plant uptake, and microbial

activity. These processes substantially decrease contami-

nants in stormwater outflows (Shepard 2013).

Chloride is chronically toxic at concentrations above

230 mg/L and acutely toxic above 860 mg/L (USEPA

2003). Chloride contamination in stormwater has become

a major concern in recent decades due to its use as a

highway de-icer during winter months (Novotny et al.

2009). USGS observations in thirteen cities from Salt

Lake City, Utah, to Hartford, Connecticut, indicate an

exceedance of acute and chronic toxicity limits at 55

percent of sites (Corsi et al. 2010). In addition, chlo-

ride contamination can adversely affect metal structures

and exacerbate heavy metal pollution in local streams

and rivers. Chloride and sulfate concentration above 100

mg/L increase corrosion rates of metals including iron

and galvanically coupled lead-tin solder, subsequently

releasing potential contaminants into systems (Peng et

al. 2013).

Chlorides have a high potential to enter streams

and rivers as ice melts, and stream concentrations have

been directly correlated with the percent of impervious

surface (Kaushal et al. 2005). Studies by Sanzo and

Hecnar (2006), Collins and Russell (2009), and Gillis

(2011) revealed adverse effects of chloride contamination

to species such as tadpoles, spotted wood frogs, and

freshwater mussels.

Yet, few data are available on the fate of chloride

in infiltration-based stormwater control measures (Borst

and Brown 2014). Chloride is an anion and has less

affinity to the negatively charged surfaces of mineral

components of the soil, however, soil organic matter

provides positively charged sites for anions like chloride.

BREAKTHROUGH CURVES

The breakthrough curve, BTC, is a plot of the observed

tracer concentration over time. For example, the BTC for

a spike input will display an initial, pre-event concentra-

tion that begins to rise once some of the tracer arrives at

the monitoring location. The tracer eventually reaches a

peak concentration, and then declines back to the back-

ground concentration.

Alternative methods include a step input, where the

BTC rises to a constant peak concentration, where it

remains indefinitely. For a pulse input of sufficient dura-

tion, the BTC rises to a constant peak concentration,

remaining there until after the pulse injection has termi-

nated, and then returns to the background concentration.

The tracer mass flux is used if flow is changing over

space or time., The mass flux, M = C Q, is found by

multiplying the tracer concentration, C, by a known flow

rate, Q, where M would be in units of g/min, if Q is in

units of L/min and C is in units of g/L.

Note that discharge can be estimating using observed

concentrations and total mass load, Q = M/C. While

streamflow can be easily estimated to a small error with

the use of a weir or other channel control structures, such

facilities are not generally available. For small streams,

the time required to fill a known volume may also be

used. And finally, stream velocity measurements can be

estimated across the channel section.

A dimensionless breakthrough curve, dBTC, can be

constructed using the dimensionless concentration, C, and

the dimensionless time, τ . This formulation is useful for

comparing tracer tests with different input concentrations

and flow rates.

Dimensionless concentration, C, is defined using:

C =
C − Cb

Co − Cb
(1)

where Cb is the background concentration present before

and after the tracer test, and Co is the input concentration

at the source. Note that Cb ≤ C ≤ Co so that 0 ≤ C ≤ 1.

This means that the vertical axis on the dBTC is limited

to the range of 0 to 1.

Dimensionless time, τ , is defined using:

τ =
v̄ t

L
=

t

t̄t
(2)

where v̄ and L are the average velocity and distance

between the source and the observation locations, respec-

tively. Note that t̄t = L/v̄ is the mean travel time, so that

a tracer that does not disperse along the flowpath arrives

at τ = 1. With dispersion, a spread of arrival times will

be observed, some less than one and some greater.
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Figure 2: Lily Branch with transect boundaries (top) and

raingarden with inflow/outflow locations (bottom).

METHODS

Both laboratory and field tracer experiments were con-

ducted. Two tracer mixes (Rhodamine and an NaCl-

Rhodamine cocktail) were laboratory tested to visualize

mixing with water. These test were conducted purely

for visualization purposes and no quantitative data were

collected. Tests were conducted using Erlenmeyer flasks

filled to 200 mL with deionized water. Both tracer types

were then injected, one drop at a time, with a pipette.

The mixing of the tracers with water were video recorded

for later interpretation. An identical test was also con-

ducted as a pulse, injecting all tracer present in the

pipette over a short time.

Three field tracer tests were conducted between

November 2014 and March 2015 in Lily Branch, an

urban stream located on the UGA campus (Fig. 2).

Lily Branch is a first-order stream that is mostly routed

through storm sewers, but daylights approximately 444-

m upstream of its confluence with the North Oconee

River, a third-order stream. The channel cross-sectional

area was found every 10 m along the 40-m reach using

wetted-channel width and depth measurements.

For the tests, a tracer cocktail was prepared that was

composed of NaCl (table salt) and Rhodamine, a com-

monly used dye tracer. Approximately 500 to 1000 mL of

the cocktail was added as a slug (or spike) input where

Lily Branch daylights. The movement of the chloride-

dye cocktail was observed as it moved downstream. The

tracer travel times were recorded at the input point and

at the 40-m endpoint using a stopwatch. Travel times for

each tracer components were recorded independently. The

Rhodamine dye was observed to have reached the end-

point when the most identifiable level of the color was

detected to have crossed the endpoint threshold. NaCl

was measured to have crossed the 40-m endpoint after

the first significant rise in conductance readings. Con-

ductance measurements where observed using a Quanta

water-quality mulimeter. Conductance data were gath-

ered in 30-second time steps from the time of input until

readings returned to, or near, baseline values.

Stormwater samples were collected at the East

Campus raingarden (Fig. 2). The East Campus rain-

garden buffers runoff from a parking lot and parking

deck, which enters the at high velocities. Stormwater dis-

charge was estimated using water-level sensors installed

in weirs positioned upstream and downstream of the

raingarden. A sharp-crested, rectangular weir is used

to determine raingarden inflows, while a sharp-crested,

v-notch weir is used to measure raingarden outflows.

Water samples were collected upstream and down-

stream using ISCO automated samplers with 24 sample

bottles. The inflow sampler is triggered when the weir

stage reaches 15 cm, while the trigger for the outflow weir

is 8 cm. Composite samples were obtained by taking equal

parts from all bottles. Water samples were analyzed for

chloride concentrations by the UGA Ecology Analytical

Chemistry Laboratory using ion chromatography.

RESULTS

Rhodamine dye contributed a visual indicator to flow and

helped in providing an accurate 40-m travel time (Fig.

3, Tables 1-3). The concept emphasizes that active flow

(defined here as water movement that directly advects

the tracer) moves within 10-m stream reaches at different

rates. Note that each 10-m section multiplied by the cross

sectional area and divided by an assigned arbitrary flow

produces a mean travel time for that section.

The unknown stream discharge was adjusted until the

sum of 10-m travel times equaled the total travel time. In

this manner, Test 1 discharge was estimated to be 700

Lpm, which is consistent with the observed travel time

of 10 min (Table 1). In Test 2, the flow was adjusted to

859 Lpm yielding an 8.2-min travel time. In Test 3, the

flow was adjusted to 3,420 Lpm, yielding a 7.4-min travel

time. The water velocity was determined by dividing each

10-m section by its observed travel time.
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Figure 3: Photographs of Lily Branch tracer experiments;

Test 1 (top), Test 2 (middle), and Test 3 (bottom) looking

downstream from 33.9396N, 83.3697W.

The Rhodamine dye and salt traveled in tandem

despite a significant variation in specific conductivity

readings within the visual plume of the dye. Conduc-

tivity measurements, in the first test, recorded at the

front end of the plume located at 20-meter were high.

This indicated that the salt was moving with the dye to

an extent. Towards the center of the plume, though, at

10-meter, the highest conductivity reading was observed

with a difference of 110 µS/cm between the center and

the front end of the plume. The tail end of the plume

displayed another drop in conductivity. Identical mag-

nitudes in conductivity measurements were exhibited in

subsequent tracer tests.

A breakthrough curve for Test 3 was generated using

conductance data. Conductance values were multiplied by

Table 1: Observed travel times, velocities, and dischargers

for three tracer tests using sodium chloride and Rho-

damine along a 40-m reach of Lily Branch, University

of Georgia.

Date Time Velocity Discharge

(min) (m/min) (Lpm)

Nov 20, 2014 10 4.0 700

Feb 20, 2015 8.2 4.9 859

Mar 20, 2015 7.4 5.4 3,420

Table 2: Stream channel dimensions along a 40-m tran-

sect.

TESTS 1 and 2

Distance Wetted Depth (m)

(m) Width (m) Left Center Right Mean

0 0.90 0.025 0.025 0.010 0.020

10 2.25 0.051 0.114 0.064 0.076

20 3.20 0.025 0.043 0.035 0.033

30 4.70 0.013 0.025 0.013 0.017

40 2.30 0.241 0.178 0.010 0.143

MEAN 2.67 0.071 0.077 0.025 0.058

TEST 3

Distance Wetted Depth (m)

(m) Width (m) Left Center Right Mean

0 1.50 0.038 0.038 0.051 0.042

10 2.40 0.231 0.406 0.254 0.297

20 2.80 0.097 0.089 0.076 0.087

30 4.40 0.058 0.191 0.102 0.117

40 3.50 0.241 0.399 0.203 0.281

MEAN 2.92 0.133 0.225 0.137 0.165

a factor (1 µS/cm = 0.5 mg/L of NaCl) that converted

conductances to NaCl concentrations. This conversion to

mass was then used as an alternative method of calcu-

lating streamflow. This method was only applied to Test

3 because of a lack in sufficient conductance data for Tests

1 and 2.

A majority of data in regards to observations of chlo-

ride as a tracer through an urban raingarden was obtained

though analytical chloride analysis from composite sam-

ples comprised of inflow and outflow water gathered by

the ISCO automated sampler. The intention of observing

chloride was based on an understanding that chloride

has potential to contaminate surrounding waterways. As

Table 4 displays, the catchment basin contains detectable

concentration of chloride without any application of a

tracer. Therefore, the chloride can simply be observed as

an in-situ tracer analytically.
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Table 3: Cross-sectional areas, water velocities, and tracer

travel times for three tracer tests.

Distance Area Velocity Travel Time

(m) (m2) (m/min) (min)

TEST 1 0 0.0183 38.28 0.26

10 0.1715 4.08 2.45

20 0.1057 6.62 1.51

30 0.0796 8.80 1.14

40 0.3291 2.13 4.70

TOTAL 10.06

TEST 2 0 0.0183 46.9 0.213

10 0.1715 5.00 1.99

20 0.1057 8.12 1.23

30 0.0796 10.8 0.927

40 0.3291 2.61 3.83

TOTAL 8.20

TEST 3 0 0.064 53.9 0.186

10 0.713 4.80 2.09

20 0.244 14.0 7.14

30 0.514 6.65 1.50

40 0.984 3.48 2.88

TOTAL 7.37

Table 4: Inflow and outflow chloride concentrations during

four rain events at the Lily Branch raingarden.

Date Chloride (mg/L)

Inflow Outflow

Jul 19, 2014 0.280 0.319

Oct 3, 2014 0.216 0.408

Oct 14, 2014 0.770 0.719

Nov 15, 2014 0.905 1.351

MEAN 0.543 0.699

Based on chloride analysis data on Table 4, three

of four storm events displayed higher outflow concen-

trations than corresponding inflows, with an average

increase of almost thirty percent. This was an interesting

observation, primarily because the dissolved chloride was

moving through the soil of the raingarden uninterrupted

and seemingly moralized more chloride ions as the flush

reached the outflow weir.

DISCUSSION

An urban stream such as Lily Branch exhibit varying peak

discharges highly dependent on rain events and stormflow

inputs (Schwartz and Smith 2014) The first tracer test

conducted along the transect was in November 2014. The

Figure 4: Stream channel section displaying active (black

arrows) flowpaths and inactive flow zones (areas enclosed

in red boundaries)

day was cool and the last rain event was approximately

two weeks prior. Thus the flow within the stream was

visually low. When comparing calculated flows between

tests one and two or three, a discrepancy in rates are dis-

played. Test 2 was conducted three days after a moderate

storm events.

Although Test 2 maintained a nearly identical wetted

width and depth measurement to Test 1, the calculated

flow was slightly greater greater (700 vs. 859 Lpm).

Between the dates of the first and second tracer test, the

UGA grounds keeping management decided to remove

the moderately sized riparian buffer surrounding the

stream banks for unknown reasons. This action had an

observable effect on the streambank stability through

scouring during peak flows and a higher water level along

the test transect as displayed by Fig. 3.

Test 3 was conducted the day folliwng a rain event

that increased discharge five-fold over Test 1, and doubled

the wetted width and depth compared to Tests 1 and 2.

Pools within the stream channel expanded as well and

the stream banks where further eroded. Active flowpaths

where revealed upon observations of expanded pools

during Test 3. Rhodamine was observed within inac-

tive zones that stagnated flow and immobilized tracer

movement downstream (Fig. 4).

Dividing the stream transect into four 10-meter sec-

tions reveal a relationship between changes in tracer

velocity to changes in channel morphology. Tracer veloc-

ities calculated for Test 3 and graphed against distance

(Fig. 5) describe the morphological conditions and trends

of the stream transect. As velocities increased, one could

infer the presence of riffles and a narrowing of the stream

channel. As tracer velocities decreased with distance, the

stream width increased as well, and the presence of pools

could be inferred. Both these morphological inferences

are confirmed upon referring back to the stream itself.
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Figure 5: Water velocity vs. distance for Tests 1 and 3.

The significance of being able to infer morphological

trends in an urban stream system take two primary forms,

contaminant residence time and habitat potential. With

regard to the Lily Branch study stream, the elimination of

a riparian buffer in an urban setting increases the chances

for various contaminants including NaCl from road deicers

to enter the system. Vegetation along the streambank sig-

nificantly influence the transformation of nutrients such

as nitrogen and phosphorus, provide woody debris impor-

tant for habitat, and finally regulate stream temperature

by shading the stream channel (McMillan et al. 2014).

The use of a tracer to identify morphological trends

can be advantageous with respect to identifying areas,

such inactive zones, that may be subject to influxes of

soluble contaminates during periods of high stormwater

runoff. Mean velocity data can be used to calculate the

estimated residence time of water within an inactive

stream zone that intern governs the uptake availability of

contaminants to aquatic organisms such as algae (Jackson

et al. 2012).

Identifying morphological trends in an urban stream

can also assist in providing habitat. A wide stream

channel, the presence of a pool, and a steady riparian

contribution of course woody debris can provide sub-

stantial habitat for benthic invertebrate or fish taxa and

hyporheic taxa (Wagenhoff and Olsen 2014). However,

removing the riparian zone and destabilizing stream

banks lowers the chances of suitable habitat formation.

By-in-large, the NaCl component of the tracer cock-

tail traveled in tandem with the Rhodamine’s visual dye

plume, with the exception of a common 40-second lag

time during all three tests before a noticeable change in

conductance measurements. This observed lag time may

be explained due to the differences in densities between

the Rhodamine dye and the salt. The salt would sink to

the bottom of the stream channel and experience sub-

Figure 6: Test 3 breakthrough curves for specific conduc-

tance (blue) and sodium chloride mass recovery (orange)

at the 40-meter endpoint.

critical flow conditions, while the less dense dye experi-

enced super critical conditions.

A breakthrough curve illustrating conductance data

recorded at the transect endpoint over time (Fig. 6).

The figure also displays the total mass, in relation to the

original 1.8-kg input of NaCl recovered over time at the

transect end point. The percentage of mass transferred

through the stream assists in calculating flow. The con-

cept uses the known mass at the slug input and relates

that to the steady state nature of the stream. The amount

of salt imputed must equal the amount leaving the system

at the end point. Therefore, an assigned arbitrary flow

was adjusted until the cumulative mass at the transect

endpoint equalled the total mass originally injected.

The corrected Test 3 discharge using this mass

transfer method was 1,500 Lpm (vs. 3,420 Lpm obtained

earlier), which is due to differences between the morpho-

logical method of calculating stream flow and the mass

transfer method. The morphological method considers

the channel as a uniformly transient body and fails to

consider the impact of mobile and immobile areas of flow.

While the mass transfer method highlights mobile and

immobile flow as it governs the amount of cumulative

mass transferred over time within the stream, providing

a more accurate approximation of flow.

The Lily Branch raingarden bioretention area dis-

played an unexpected pattern during all four rain events

according to inflow and outflow concentrations of chlo-

ride originating from the parking lot and parking deck

stormwater runoff. The raingarden does not effectively

remove chloride from stormwater. To mitigate salt pol-

lution, soil structure and organic matter content are

important factors. The addition of soil organic matter
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to the Lily Branch raingarden may increase the anion

exchange capacity and hold chloride anions within fine

pores of soil aggregates before they reach downstream

waterways in high concentration (Tucker 1982).

CONCLUSIONS

This particular research can be further explored and

applied to real world problems effecting water resources.

On a large scale, rivers and localized systems lacking

sufficient satellite imagery could potentially be mapped

using tracers in the form of highly florescent dyes that

emit wavelengths of light detectable by LiDar. These

large-scale systems could also be potentially assessed for

habitat suitability with the use of chemical tracers similar

to NaCl, that do not harm the ecosystems within, but

identify deep and superficial zones in the channel that

are advantageous to specific organisms.

On an urban scale, the information gathered in this

study could be used to estimate the amount of contami-

nants adsorbed or taken up by specific organisms. Probes

of activated charcoal placed in areas (primarily inactive

flow zones) can adsorb contaminants and calculated mean

velocities, time, and cross sectional areas of flow can be

used to calculate total concentrations of adsorbed sub-

stance within those areas. Which would be a low cost

method to large-scale assessments projects on a research

and governmental level.
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