Proposed Tracer Study in Lake Arrowhead
Researchers from the University of Nevada, Las Vegas in cooperation with the United States Bureau of
Reclamation, the Arrowhead Lake Association and the Lake Arrowhead Community Services District are
conducting a study of Lake Arrowhead. The purpose of the study is to create a manual for water purveyors
across the country to understand how recycled water mixes into surface water. No recycled water will be
put into Lake Arrowhead during the study.
The researchers have been collecting data from the local area, as well as the lake, and have created a
three-dimensional hydrodynamic model of Lake Arrowhead. They are proposing to insert two non-toxic
tracers into the lake in early October, 2019. The two tracers include a diluted fluorescent dye called
Rhodamine WT and sucralose, an artificial sweetener. The quantities of the tracers will not have any
detrimental effect on the lake. The tracers will be inserted into the lake at a depth of 85 feet in the vicinity
of Village Bay. Initially, the dye tracer will have a red tinge but will not be visible once it is diluted. A
fluorometer will be used to detect the dye and determine its movement in the lake. Water samples will
also be taken. The researchers will use the movement of the tracers to confirm or disprove the results
from the hydrodynamic model. This method of tracing water movement has been used in similar
applications around the country.
The manual that will be created will help water purveyors determine if augmenting an existing water body
with recycled water is a viable option as an additional water supply. This is often referred to as Indirect
Potable Reuse or IPR. Various applications of IPR are currently in operation. Typical applications include
diluting recycled water into a water body or percolating it into groundwater from which it is later drawn
out and treated for potable uses.
Arrowhead Lake Association and the Lake Arrowhead Community Services District have agreed to
cooperate with the study to gather valuable information regarding the behavior of our lake. There are
currently no plans to augment Lake Arrowhead with recycled water but the data from this study may be
used to determine if it could be feasible at some point in the future.
For more details, see the technical report below.
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Executive summary
The following proposal describes the use of US EPA-allowed Rhodamine WT (RWT), a fluorescent dye
tracer, and sucralose, an artificial sweetener, as two environmentally safe tracers (co-tracers) to
investigate the pattern and intensity of mixing in Lake Arrowhead. Proposed injection and monitoring
sites, estimates of tracer use and nominal target concentrations are provided herein, along with
information regarding the method of Rhodamine WT and sucralose tracer release, tracer monitoring,
notification plans, and instrument calibration.
This proposed study is intended to determine the rate of movement and the dilution and dispersion of
RWT and optionally, sucralose, as co-tracers. If use of tracers is approved, tracer study results will be
used to calibrate a three-dimensional hydrodynamic computer model that will be used to simulate dilution
and assimilation of a hypothetical recycled water influent into Lake Arrowhead under different weather
conditions. Findings obtained from the combined tracer study and computer simulations will be used as a
basis for preparation of a guidance manual for water purveyors to support future studies of potential use
of recycled water for surface water supply augmentation that can improve communities’ drought
resilience.

Section 1: Introduction - RWT and/or sucralose
For this proposed study, the proposed tracer release site is in Village Bay on the southern side of Lake
Arrowhead. The movement and dispersion of the RWT tracer would be monitored in real-time by
continuous fluorometric measurements using depth-profiling sensors as it spreads across the lake. For
measurement of sucralose movement and dispersion, water samples would be withdrawn from the lake
simultaneously with RWT measurement and transported to UNLV’s laboratory for analysis.
Results of the proposed study would provide the following useful information:
1) travel time for tracers as they track water movement across Lake Arrowhead and spread laterally
into Lake Arrowhead’s several bays;
2) dilution of tracers as they travel across the lake;
3) estimates of numerical values of horizontal and vertical dispersion coefficients needed for the
hydrodynamic model;
4) validation of dilution and dispersion by using two different tracers; and
5) estimation of RWT photodegradation rate in the lake by comparing the concentration of the RWT
fluorescent tracer to the stable non-fluorescent tracer (sucralose).
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Section 2: About Rhodamine WT in the aquatic environment
Rhodamine WT (RWT), a fluorescent red dye, was formulated as a less toxic replacement for the
Rhodamine B dye that had been previously used for tracer studies. When excited with green light of
wavelength 558 nm, it fluoresces predominantly in the yellow (peak 582 nm) and red (up to 600 nm)
(USGS 1986). While it can be used as a visual tracer, RWT is not visually detectable over long path
lengths at concentrations of 10 ppb or less. It can be detected by fluorometric methods at concentrations
down to 0.01 ppb. It is most commonly detected using either bench top fluorometers (such as Turner
Designs model 10AU) or fluorometric sensors installed on multiparameter water quality sondes or probes
such as the Eureka TDX or Eureka Trimeter. The sensitivity of Eureka TDX/Trimeter probes (0.01 ppb
RWT) is documented in Appendix 1.
RWT’s aquatic toxicity has been extensively studied (Appendix 2). It has been found to have very low
aquatic toxicity. It is non-toxic to aquatic life at the 1988 US EPA advisory level of 100 parts per billion
(ppb) in surface waters. RWT decays when exposed to sunlight at rates on the order of 1-2% per day (Tai
and Rathbun, 1988), with estimated half-lives on the order of 15-22 days at 30 oN, and a time to degrade
to 1% of added RWT estimated to be 3 to 5 months6 (Appendix 2).
RWT can potentially react with nitrite ion (NO2-) to form the carcinogen N-nitroso-diethylamine (NDEA)
also known as diethylnitrosoamine (DENA) (Abidi, 1982, Steinheimer and Johnson, 1986) (Appendix
3). However, Steinheimer and Johnson (1986) found that NDEA was unlikely to form in surface waters at
typical RWT tracer concentrations and nitrite concentrations of 2 - 46 ug/L (ppb). A more detailed
literature summary can be found in Appendix 3.
Nitrite sampling of Lake Arrowhead by UNLV on July 17, 2018 found a maximum value of 0.008 mg/L
(0.8 ppb) in the lake’s metalimnion, with values below the 0.005 mg/L (0.5 ppb) detection limit1 in the
hypolimnion and values of < 0.2 to 0.8 ppb in the epilimnion and in the metalimnion. Details of UNLV’s
July 17 nitrite sampling results can be found in Appendix 3.
Estimated worst-case (low) RWT travel times from the proposed point of release to the Lake Arrowhead
Community Services District (LACSD) drinking water intakes are on the order of 1.15 to 1.60 days
(Appendix 4). A finite difference numerical dispersion model indicates that, at these expected travel
times, RWT concentrations approaching the LACSD drinking water intakes would be in the range of 1.72.7 ppb, below the US EPA 10 ppb advisory limit for drinking water intakes.
This document includes a plan for monitoring of Lake Arrowhead’s waters near each intake, closing the
intakes in the event that RWT concentrations near the intakes approach the 10 ppb advisory limit, and
monitoring LACSD drinking water treatment plant water. Standard chlorination doses in LACSD’s
drinking water treatment plants are sufficient to eliminate 10 ppb RWT from drinking water in a time
interval far less than the treatment plant’s typical storage time (Appendix 5, and see paragraph below).
At the 10 ppb 1988 US EPA advisory opinion limit for use as a tracer near drinking water treatment plant
intakes, RWT concentrations were reduced in 8 minutes to the US EPA Advisory 0.1 ppb limit for
1

Hach method 8507, https://www.hach.com/asset-get.download.jsa?id=7639983623 Accessed July 21, 2018
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drinking water distribution systems in Lake Arrowhead water in the presence of the typical 4 mg/L
standard added chlorine dose(1.5 mg/L residual) used by LACSD (Appendix 5). RWT was reduced to
below the 0.01 ppb TDX probe instrument detection limit in 11 minutes. Detention times at the 4 mg/L
standard applied chlorine dose (1.5 mg/L chlorine residual) in the LACSD storage tanks are 10-20 hours.
We conclude that there is more than sufficient detention time to completely destroy any RWT that might
enter the treatment plant despite monitoring effort and action plan efforts.
Section 3: Proposed Tracer Release, Monitoring and Notification Plan - RWT
1. Tracer release site location and size
The white circle in Figures 1-A and 1-B shows the proposed tracer release site in Village Bay. The
yellow pins show the locations of Lake Arrowhead’s drinking water intakes. Table 1 shows the
coordinates of the proposed tracer release site and the two drinking water intakes using the World
Geodetic System, 1984 datum (WGS 84). By nearest line of sight, the proposed tracer release
location is 2,950 feet from the North Bay (Bernina) intakes and 4,235 feet from the Emerald Bay
(Cedar Glen) intakes.
Table 1. GPS coordinates* of tracer release site and distances to the two LACSD drinking
water intakes . *World Geodetic Survey, 1984 and California State Plane coordinates
Location

Site Name

North Latitude

West
Longitude

Proposed
tracer
release
location

Village Bay
East of
Village
Point

34° 15’ 13”

117° 11’
10”

N/A

5,022

85.7

Bernina
Intake

North Bay

34° 15’ 37”

117° 11’
34”

2,950

5,040#

67.7

Cedar
Glen
Intake

Emerald
Bay

34° 15’ 35”

117° 11’
34”

4,235

5,040#

67.7

Shortest
distance to
proposed
tracer release
site (feet)

Site elevation
(1929
NGVD)
(feet)**

Water depth at
summer 2018
lake level
(feet)***

**Using the 1929 National Geodetic Vertical Datum (NGVD), which is 8.0 feet higher than the ALA datum 2, the
full lake level is 5,114.7 feet. Mean bottom elevation at chosen site is 5,022 feet. As of June 27, 2018, the
summer 2018 lake level was 7 feet below full = 5,107.7 feet.
#elevation of lake bottom at intake. Intake
screens up 7 ft from bottom
***tracer release site water depth = June 27, 2018 lake level – mean bottom elevation = 5,107.7-5022 = 85.7 feet
***Intake water depth = June 27, 2018 lake level – site elevation = 5,107.7 feet – 5,040 feet = 67.7 feet

Figure 1.
2

USBR, 2009. Lake Arrowhead 2008 Reservoir Survey. Technical Report No. SRH-2009-9. URL:
https://doi.org/https://www.usbr.gov/tsc/techreferences/reservoir/Lake Arrowhead 2009 Report.pdf
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a. Proposed tracer release site (white circle), locations of drinking water intakes (yellow
pins), and fixed monitoring station locations (blue points).
b. Proposed tracer release site, and boat track (yellow line) for real-time tracer
monitoring.

The proposed Village Bay tracer release site will be a circular area with a diameter of 230 ft =
41,548 sq. ft (ca. 0.95 acre) located on the top portion of the lake’s seasonal thermocline at a depth
ranging from 33 to 50 feet. This depth range is proposed to both provide sufficient dilution before
the injected RWT reaches the water surface, and also to reduce the rate at which the tracer could
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spread vertically downwards into denser water at the depth level of the LACSD drinking water
intakes, located at a depth of approximately 68 feet at the current summer 2018 lake level (Table 1).
If approved, RWT tracer would be injected using a weighted 2-meter long diffuser attached to a
pumping system that mixes 1,300 gallons of pumped lake water with 80 gallons water containing
8.62 pounds of RWT concentrate contained in a 100-gallon high density polyethylene mixing tank.
The mixed diluted RWT tracer would be injected over a 20-minute time period.
To develop an initial lake concentration that is at or below the EPA’s 1988 advisory
recommendation maximum RWT dye concentration of 100 ppb in surface waters3, the diluted RWT
dye solution will be discharged through a diffuser to mix within a 230-foot diameter circle (41,548
sq.ft. surface area, 0.95 acres) at the designated tracer release site. Based on depth from the water
surface to the depth of dye release above the thermocline (33 to 50 feet), the tracer release rate
through the diffuser within the 41,548 sq.ft. zone, and estimated wind-driven diffusivities in the
lake’s upper layers, the well-mixed dye concentration within the tracer release zone would be in the
70 to 100 ppb range (Table 2), less than the EPA’s 1988 advisory opinion of 100 ppb concentration
for surface waters.
2. Estimated RWT concentrations
There are two potable water intakes (Figure 1) in Lake Arrowhead:
1. The Bernina intake is located at North Bay, at a distance of 2,950 feet northwest from
the proposed tracer release site.
2. The Cedar Glen intake is located at Emerald Bay approximately 4,235 feet northeast
from the proposed tracer release site.
Both intakes are at elevations that position them in either the hypolimnion or the lower part of the
seasonal metalimnion (depending on time of year) at an expected summer 2018 depth of 68 feet,
at current lake levels. The current 68-foot summer 2018 intake water depth is approximately 1835 feet below the proposed 33-50 foot depth range for tracer release. The intakes are also in
colder denser water than at the level of tracer release. The denser more quiescent deep water
should limit downward spreading of the dye tracer.
With prevailing summer southerly to southwesterly winds expected to occur during the tracer
release, if authorized during late summer, neither drinking water intake is expected to be directly
downwind of the proposed tracer release site. In the absence of a perennial stream inflow to the
reservoir (Little Bear Creek and Grass Valley tunnel inflows are seasonal in winter time), water
circulation is expected to be driven by predominant south to southwesterly winds, with estimated
shoreline-following or depth contour-following wind-driven circulation travel distances of 1.5 to 1.6
miles for the Bernina intakes in North Bay, and 1.9 to 2.2 miles for the Cedar Glen intakes in
Emerald Bay (Appendix 4). These estimated circulation distances are much longer than the direct
line distances listed in Table 1.

3

Turner Designs, https://www.turnerdesigns.com/t2/doc/appnotes/998-5104.pdf)
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At these estimated circulation distances, for a worst-case wind-driven all-day average current
velocity4 of 0.025 meter/second at plume depth, (Bender 2012), travel times are estimated to be on
the order of 1.15 to 1.2 days for Bernina and 1.4 to 1.6 days for Cedar Glen (Appendix 4).
At these estimated travel times, preliminary finite-difference numerical modeling, with vertical
diffusion coefficients in the range of kv= 0.0015-0.0075 m2/s and horizontal diffusion coefficients in
the range of kh= 0.09-0.20 m2/s for the top 8.4 meters (28 feet) of the water column (the approximate
peak depth of the warm well-mixed epilimnion in summer), and kv= 8x10-5 to 4.0x10-4 m2/s and kh=
0.007-0.050 m2/s for depths of 8.4 meters (28 feet) to the bottom of the lake, simulating spread of the
tracer in Lake Arrowhead, assuming distances for tracer release that take into account prevailing
summer southerly to southwesterly winds ,with advection and spreading that follows the lake
shoreline or bathymetry back towards the drinking water intakes at a conservatively estimated
(worst-case) maximum constant wind-driven current velocity of 0.025 meter/second, based on
values modeled by Bender, (2012), and also assuming zero degradation5, indicate that estimated
worst-case mixed RWT concentrations would reduce from the initial 70-100 ppb tracer
concentrations to 2.4 to 2.7 ppb for Bernina and to 1.7 to 2.1 ppb for Cedar Glen before the tracer
would reach either intake, below the 1988 US EPA advisory opinion level for RWT. Details of the
assumptions and data used to generate these estimates can be found in Appendix 4.
Conservatively assuming no photodegradation5, the 8.62 pound added RWT mass, if mixed
completely into the entire 46,855 acre-foot lake volume, would result in an added concentration of
0.067 ppb. This added concentration would likely decay away to zero in 3 to 5 months5,6.
3. Measurement Instrumentation and calibration
Two boats, as well as the tracer-dispensing barge, will monitor tracer concentrations after addition to
the lake. On-board fluorometric RWT concentration monitoring will be performed using Eureka
TDX fluorometric sondes with RWT-specific sensors. The TDX sondes have a resolution of 0.01
parts per billion for RWT and a quantification limit of 0.01 ppb (Appendix 1). The fluorescence
signatures from microalgal chlorophyll-a and other background fluorescent constituents in the water
tend to resemble Rhodamine WT dye, and therefore can be detected as a background RWT-like
concentration. Weekly water quality monitoring in Lake Arrowhead in summer 2018 has found
background fluorescent RWT-like concentrations of up to 0.05 ppb.
To be able to detect and track the added RWT tracer, its concentration must be sufficiently above the
lake’s RWT-like background to be distinguished as added tracer. Considering that the volume of
4

Note, summertime Lake Arrowhead winds vary diurnally in speed, with low wind speeds at night
and in the early morning hours, and with winds building from the southwest throughout the day. A
worst-case 0.025 meter/second (1.34 mile/day) current velocity is assumed to persist throughout
the day and evening hours. Instead, it is more likely that this velocity magnitude would exist for a
few hours in the afternoon when surface winds are strongest.

5

Note: Tai and Rathbun, 1988, measured surface water RWT degradation rates corresponding to 35% loss in one day and 6-9% loss in 2 days, so degradation is expected to be minimal in one day,
but substantial over a period ranging from two weeks (36%-49% loss) to one month (61-76% loss).
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Lake Arrowhead, when full is 57,795,000 cubic meters (46,855 acre-feet) (USBR, 2009), the
proposed added 3.91 kg RWT dye mass would result in a final concentration of 0.067 ppb when
fully mixed within the lake if no photodegradation were to occur. This value provides a 1.3x
elevation over the 0.00 to 0.05 natural fluorescence background. At currently-published sunlight
photodecay rates in surface waters (Tai and Rathbun, 1988), photodecay would result in 99%
removal of all added RWT from the lake over a period of about 3 to 5 months6.
The Eureka TDX RWT sondes will be calibrated according to manufacturer’s protocols using
laboratory-prepared RWT standard solutions. Calibrated RWT sondes will be able to measure RWT
concentrations ranging from 0.01 ppb to 1,000 ppb. The sondes will be deployed on cables from
monitoring boats. At each predetermined monitoring location, sondes will be vertically moved
through the dye tracer mass at a rate of 10 centimeters per second (4 inches per second, or 1 foot
every 3 seconds) to capture the RWT tracer’s changing concentration with depth. To track the
position and concentrations in the released tracer mass, the sondes’ fluorescence, temperature and
depth readings will be automatically combined with a GPS signal and recorded in at 1-second
intervals and displayed in real-time laptop computers.
4. Sampling locations and method of measurement
Two RWT sonde-equipped boats and the tracer-dispensing barge will be deployed in the first few
hours after tracer release. Two sampling boats will monitor RWT concentration profiles on an hourly
schedule at a fixed grid of 16 sampling points that follow the thalweg of the reservoir (Figure 1-A).
They will also sample at the LACSD drinking water intakes (Figure 1) on an hourly basis. The barge
will track the plume by moving on a North-South East-West curving path (Figure 1-B) from one
edge of the plume to the other edge to track RWT fluorescence in real time. Sampling locations will
be adjusted over time as the tracer mass expands and dilutes in concentration. Based on prevailing
summer south to southwesterly winds (Figure 1-A) the tracer plume is expected to gradually move to
the north-east. Sampling will be timed to track the plume as it moves through the lake over a period
of 14-28 days.
Depending on wind intensity and rate of advection, RWT sampling will be continuous for the first
24-48 hours after tracer release as the dye mass spreads. Afterwards, sampling will occur every 4 to
6 hours at the Dam and at each major bay in the lake (Blue Jay Bay, North Bay, Tavern Bay, Village
Bay, Emerald Bay) for the next 2 to 3 days, and after that, the concentration profiles will be
measured daily at the intended locations until concentration profile changes are no longer detected.
Complete mixing is expected to occur in 14 to 28 days.
5. Measurement of Ambient Environmental Conditions
1) A Eureka Manta+30 7-parameter multiprobe will be used to measure and record profiles versus
depth of conductivity, temperature, pH, photosynthetically active radiation, chlorophyll-a and
dissolved oxygen at six predetermined sampling locations, one at the proposed tracer release
location in Village Bay, and one in each of the other major bays of the lake (Blue Jay Bay, North

6

For RWT half-lives derived from Tai and Rathbun (1988) data of 15-22 days at 30 oN, time to
degrade to 1% of added RWT is estimated to be 3 to 5 months.
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Bay, Tavern Bay, Emerald Bay), as well as near the dam. Manta+30 profiles will traverse the
entire water column from surface to bottom. The Manta+30 probe will be calibrated against
laboratory standards before each deployment. Manta+30 profiles will be taken:
1. On the day before the tracer release;
2. On the day of tracer release, before the start of release, and every 3 hours during
the first day of measurement; and
3. Once daily on subsequent days, until tracer concentrations measured with the
RWT TDX probes drop below 1 ppb, assumed to be about 10 days.
2) During the Manta+30 measurements, wind speed and direction will be recorded approximately
five feet above the water surface by a hand-held monitor and compass.
3) Five-minute interval wind speed, direction, air temperature and total radiation will be obtained
from two lakeshore meteorological stations operated by UNLV. One station is located on
Lollipop Point near Village Bay on the south shore of the lake, and the other is located at Tavern
Bay on the north shore of the lake.
6. Contingency Spill Plans
1) Spill prevention. To capture any spillage of tracer solution, the 100-gallon tracer mixing tank
will be tied down inside a 18-inch high 200-gallon spill-containment pan. The 200-gallon
containment pan will have sufficient capacity to capture the entire volume of dye should a leak
occur in the 100-gallon mixing tank. The mixing tank pump line, with a valved shutoff, will be
routed over the top of the containment pan using a vertical U-bend to prevent accidental gravity
drainage from the tank. In the event of a pump failure, a check valve in the main discharge line
will automatically prevent the blended lake water plus dye from flowing backwards into the lake
through the surface intake.
2) Spill pick up. Absorbent material and two 55-gallon drums, sufficient to capture the entire 80
gallons of tracer solution, will be on board the injection barge in case tracer solution escapes the
spill-containment pan. The absorbent will be pre-positioned at the ALA docks prior to transfer of
the tracer from shoreside to the barge. Since RWT is water soluble, water-absorbent materials
will be used.
3) Spill reporting. Any spillage escaping the containment tank, other than small drops that can be
wiped/washed clean, will be reported to the Lahontan Regional Water Quality Control Board
(LRWQCB) within 15 minutes of occurrence, and actions to clean up spills will be documented
and reported to LRWQCB within 24 hours of occurrence.

4) Unexpected movement monitoring and reporting.
A TDX sonde-equipped monitoring boat will measure RWT fluorescence hourly by vertical
profiling at the location of each drinking water intake over the first 2 days of the study. Measured
RWT concentrations will be compared to movement of the main body of the tracer by radio or
cell phone communications between the monitoring boats. If a RWT tracer concentration near the
EPA 10 ppb advisory limit appears to be approaching either water intake, the water purveyor, the
Lake Arrowhead Community Services District, will be notified within 5 minutes and the
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LRWQCB will be notified within 15 minutes. Results indicating direction of movement and
concentration of the RWT tracer will be provided to both LACSD and LRWQCB within one
hour.
Please see also below: 7. Dye Preparation, Transport and Mixing, for additional steps to be
taken to minimize magnitude of potential spills. Please see also below 10. Notification and
Action Plan, for steps to be taken should a tracer concentration near 10 ppb approach either
LACSD drinking water intake.

7. RWT Preparation, Transport and Mixing to minimize magnitude of potential spills
Liquid RWT dye concentrate, commercially available as a 20% by mass solution, will be transported
to the vicinity of Lake Arrowhead in a double-walled cooler chest capable of retaining the entire
contents of the stock dye solution.
The needed amount (volume) of dye concentrate required for the intended tracer addition will be
placed in sealed five-gallon bucket and stored at a location away from the Lake Arrowhead
waterfront in a room at the Arrowhead Lake Association (ALA) administrative offices.
Only the mass of Rhodamine WT needed for the proposed tracer (8.62 pounds, or 3.91 kilograms,
delivered as as 4.4 gallons of 20% solution) will be transported in the sealed 5-gallon bucket
positioned in a wheeled 32-gallon cooler chest to serve as the secondary containment from the ALA
offices to the docks and loaded on the tracer injection barge. The liquid spill pick-up materials will
be pre-positioned at dockside near the barge before transport. The RWT tracer concentrate will be
kept in the sealed bucket and cooler until the barge is anchored at the proposed tracer release point.
This approach limits the risk of a spill before mixing, and minimizes the potential for a spill to the
amount that would be injected in the site as planned.
The predetermined 4.4 gallon Rhodamine WT concentrate volume (8.62 pound mass of dye) will be
mixed with 75.6 gallons of water in the 100-gallon on board mixing tank while the injection barge is
anchored at the intended site of tracer release. In addition to on board adsorbents, the 100-gallon
tank will be surrounded by the 200-gallon containment pan to capture any tank leaks. An on-board
gasoline powered pump will be able to withdraw lake water and have a T-fitting connecting to a
spray nozzle and hose with sufficient length to cover the entire barge mixing area to wash off any
spilled RWT solution if the on board adsorbents are not able to capture all of a spill. This method
ensures that only the intended amount of dye could be spilled in the same area where it is planned to
be released.
8. RWT tracer quantity, tracer release surface area and measurement procedures
a. Surface Area and volume of water needed for discharge
1) The white circle in Figures 1-A and 1-B shows the proposed tracer release site location and
tracer release site surface area within Village Bay, comprising a circular diameter of 230 feet
and a surface area of 0.95 acres (Table 2). At a minimum depth of 33 feet, this corresponds to
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a water volume of 31.2 acre-feet. These dimensions were chosen to obtain an acceptable initial
RWT tracer concentration.
2) Table 2 shows the proposed tracer release site location and, surface area, water depth, tracer
release site water volume (acre-feet) and mass of Rhodamine WT to be released at the
proposed site.
Note. Some modifications to the proposed tracer release depth could be needed as result of
potential variation in the depth of thermocline due to changes in weather or seasonal cooling
depending on the actual tracer release date. LWRQCB and LACSD will be notified of any
proposed change in the tracer release depth 3 days prior to tracer release (Table 3).
b.

Proposed quantity of added RWT tracer
The projected maximum amount of RWT, 8.62 pounds, or 3.91 kilograms, is sufficient to
generate a detectable 0.067 ppb increase in RWT fluorescence above the 0.00-0.05 ppb
fluorescence background if the RWT were to not degrade and completely mix into the entire
lake volume. This mass of dye will be mixed as 4.4 gallons of 20% by mass dye concentrate
solution into a volume of 75.6 gallons of lake water contained in the 100-gallon mixing tank, for
a total volume of 80 gallons. The 80 gallons of mixed tracer solution will then be discharged
from the mixing tank at a flow rate of 4.0 gallons/minute (gpm) and simultaneously blended
with a 65 gpm stream of pumped clean lake water, for a total flow rate of 69 gallons/minute, and
then injected into the lake at 33-50 meters depth via a 2-meter long diffuser. Mixing of the dye
over the intended area in the water column will result in a dilution to a starting concentration of
70-100 ppb.
Note: The three-step formula sequence for calculating the volume of water needed to achieve a
well-mixed target dye concentration in ug/L (ppb) is:
1. Volume of water in liters = [(dye mass, lbm) x 0.453kg/lbm x 1x109 ug/kg]
(target concentration in ug/Liter)
then
2. Volume of water in acre-feet =
Volume of water in Liters
.
(28.3 liters/ft3) x (43,560 ft3/acre foot)
then
3. Area required = volume of water in acre-feet / maximum vertical mixed depth
Needed water surface areas are summarized in Table 2. Step by step calculations are shown
below:
For an initial RWT concentration of 70 ppb in a maximum depth of 50 feet, the calculations
are:
Volume of water in liters = [(8.62 lbm) x 0.453kg/lbm x 1x109 ug/kg]
(70 ug/L)
7
= 5.58 x10 liters
then
Volume of water in acre-feet =

5.58x107 liters
(28.3 liters/ft3) x (43,560 ft3/acre foot)

= 45.2 acre-feet
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.

Water area required = 45.2 acre-feet / 50 foot depth = 0.90 acres
0.90 acres x 43,560 ft2/acre = 39,423 ft2 or a circular diameter of 224 feet.
For an initial RWT concentration of 100 ppb at the minimum depth of 33 feet, the
calculations are:
Volume of water in liters = [(8.62 lbm) x 0.453kg/lbm x 1x109 ug/kg]
(100 ug/L)
= 3.91 x107 liters
then
Volume of water in acre-feet =

3.91x107 liters
(28.3 liters/ft3) x (43,560 ft3/acre foot)

.

= 31.2 acre-feet
Water area required = 31.2 acre-feet / 33 feet depth = 0.95 acres
0.95 acres x 43,560 ft2/acre = 41,548 ft2 or a circular diameter of 230 feet.
Results of the calculations are summarized in Table 2. Based on these calculations,
for the higher RWT tracer concentration (100 ppb) in the shallower mixed depth (33
feet) we selected the larger diameter, 230 feet, as conservative in estimating the
volume of water needed to assimilate the tracer to keep it below the US 1988 EPA
advisory opinion level of 100 ppb for surface waters.
c. Depth of tracer release
The tracer release depth at the proposed site in Village Bay will be on the top layer of the
seasonal thermocline, which, if the study is conducted in the summer, will likely be in the 33-50
foot depth range. The exact depth range will be determined by conductivity-temperature-depth
profiles measured by the Manta+30 multiprobe at the tracer release site on both the day before
and the day of the tracer release. The goal is to release the tracer in the top half of the
thermocline to limit downward spread to the level of the drinking water intakes. LRWQCB and
LACSD will be notified of any changes in the proposed release depth range.

Table 2. Summary of calculations to estimate needed initial receiving water volume and
surface area to be within the 100 ppb EPA-recommended RWT limit for surface waters.
Tracer release
condition
(assumes tracer
mixes
completely from
surface to water
designated
release depth

Concentration
(ppb)

Depth
(feet)

Volume of
water (liters)
for 3.91 kg
(8.62 pounds)

Volume
of water
in acrefeet
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Water
surface
area
needed =
Area (acrefeet) /
Depth
(feet)

Water
surface
area
(square
feet)

Circular
diameter
(feet)

Maximum
concentration
at minimum
mixed depth
of tracer
release

100

33

3.91x107

31.2

0.95

41,812

230

Minimum
concentration
at maximum
mixed depth
of tracer
release

70

50

5.58x107

45.2

0.90

39,423

224

d. Aquatic vegetation
The depth of the water at the proposed site in Village Bay, approximately 85 feet on June 27, at
lake water levels current for that date, 7 feet below the spillway, is below the 1% limit for the
photic zone (at approximately 60 feet as measured in June profiling) for freshwater aquatic
plants. We expect that submersed vegetation is neither expected to be found nor affected by the
proposed RWT tracer release.
e. Tracer mixing tank and spill containment
The on-board 100-gallon mixing tank containing 80 gallons of mixed RWT tracer solution is
translucent to enable monitoring of the mixed concentrate liquid level. The tank will be placed in
a 200-gallon containment pan to capture any spills or leaks. An in-line flow meter will be placed
in the discharge line from the mixing tank to monitor its evacuation flow rate (4.0 gallons/minute
(gpm)). The 4.0 gpm flow rate from the mixing tank will be blended into a 65 gpm flow rate of
lake surface water that is supplied by a gasoline-engine powered pump. The discharge side of the
gasoline pump will inject the blended and diluted RWT tracer solution at a rate of 69 gpm
through a diffuser at the 33-50 foot depth range. Pump pressures and flow rates in both the
mixing tank and lake water lines will be continuously monitored to ensure the correct mixing
ratio and constant output rate of the blended flow through the diffuser.
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f.

Pump flow rate settings
The objective is to distribute the diluted tracer solution evenly throughout the midwater zone at
the proposed tracer release site. Total flow rate will be adjusted so that the mixing tank solution
blended with lake water can be injected into the lake over a 20-minute period at a total rate of 69
gallons/minute. Flow rates will be controlled by valves on the discharge side of each pump.
Valve settings for both the mixing tank line and the lake water line will be determined
beforehand using plain water and verified with flow meters installed in each line to show an
output of 4.0 gpm for the mixing tank pump and 65 gpm for the main lake water pump. Output
will be measured at least three times during the plain water verification phase to determine the
correct settings. Depending on the length of the discharge line and fitting losses, the pressure
drop in the blended lake water discharge line is expected to be no more than 10 pounds per
square inch (psi). Discharge pressure will be monitored with a pressure gauge.

g. Solar radiation intensity in the water column and monitoring for RWT photodegradation
A LiCor™ Spherical Quantum detector for photosynthetically active radiation (PAR) attached to
the Eureka Manta+30 probe will be used to monitor light levels at the tracer release site from the
water surface and in 10-centimeter increments to the lake bottom at the tracer release site. This
information wil be used to estimate the potential rate of sunlight decay of RWT at varying
depths. PAR measurements will commence one hour before the tracer release begins, and
continue during the tracer release, and every one-hour after the tracer release and used in
combination with RWT samples suspended in a string of bottles to monitor the RWT dye’s
photodegradation rate at ambient conditions. Measured photodegradation rates will be used to
correct estimated dilutions of the tracer. Additional PAR measurements will be made at the other
lake monitoring sites as described in Section 5. Measurement of Ambient Environmental
Conditions.
9. Implementation Schedule
Table 3 shows a proposed implementation schedule, notification plans and reporting dates for a
late summer 2018 release. If permission is obtained after LRWQCB’s review, a discharge date
will be determined immediately after notification by LRWCQB, a tracer release date will be
selected that corresponds to minimum activity on the lake, probably a weekday early in the
week. Any subsequent change in selected discharge date or notification plans will be
communicated to both LACSD and LRWQCB within 24 hours of a decision to change and at
least 24 hours prior to implementation. If the study can be conducted during late summer, the
interim report will be provided on March 31, 2019 and the final report will be provided on April
30, 2019.
10.

Notification and Action plan
a. Village Bay tracer release site notification
Notification timing is summarized in Table 3. Implementation Schedule. If the study is
approved, LRWQCB will be notified at least 7 days before the proposed tracer release is to take
place. At least 7 days before the proposed tracer release, Lake Arrowhead property owners and
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community members will be notified by email and by posters located at LACSD and ALA
offices. Public notices will be posted in the two Lake Arrowhead area newspapers, the
Alpenhorn and the Mountain News. The location of the site will be provided in a map in the
email and on the posters at the LACSD and ALA offices.
A buoy will be installed at the center of the tracer release site two (2) days before the proposed
injection. Four buoys delineating the boundaries of the tracer release area will be positioned the
afternoon before the day of tracer release. The buoys will remain in place for the day of the
tracer release. If summertime south-southwesterly (Figure 1-A) winds were prevail throughout a
1-2 day period and influence lake water movement at the tracer release depth at maximum rates
modeled by the US Bureau of Reclamation (Bender, 2012), estimated to be, on average, about
0.025 meters/second, or 1.34 miles per day, advection of the tracer plume to the northeast is
expected to move the mass of released tracer away from the tracer release site within one day.
b. Lake Arrowhead Community Services District (water purveyor) notification
One potable water purveyor, the Lake Arrowhead Community Services District (LACSD)
draws potable water directly from Lake Arrowhead using intakes located in North Bay, at
approximately 2,950 feet from the proposed tracer release location, and in Emerald Bay at
approximately 4,235 feet from the proposed tracer release location (Figure 1-B, Table 1).
For prevailing summertime southerly to southwesterly winds, neither intake is directly
downwind of the proposed release location; expected tracer travel distances are greater than the
direct line distance. LACSD will be notified by email and telephone three days before dye
application. LACSD has the option to use alternative sources of supply, including both
groundwater wells, and the State Water Project, if diversion is needed. The conditions for
notification of LACSD were described in Section 6.4 Contingency Spill Plans - Unexpected
movement monitoring and reporting, above.
c. Lake Arrowhead Community Services District (water purveyor) proposed action plan
Upon notification of the potential approach to either intake of a RWT tracer concentration near
10 ppb, LACSD would take the following actions:
1. The potentially affected intake would be shut down.
2. Alternative water supplies would be obtained from the Crestline Lake Arrowhead Water
Agency (CLAWA);
3. Samples would be taken from the raw water line inside the plant at the potential affected
intake at the location where operators perform daily process control testing. RWT
fluorescence would be measured with a RWT fluorometric probe to determine if any tracer
reached the intake;
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4. Lake water at the intake will be monitored if the closed intake does become impacted by a
RWT concentration exceeding the 10 ppb US EPA advisory limit. The intake would remain
shut down until the RWT concentration drops below the 10 ppb advisory level.
5. In the unlikely event that any RWT were to be drawn into the intakes, it would be rapidly
consumed by the 4 mg/L standard applied chlorine dose in the treatment plant’s finished
water storage tanks before entering the distribution system. Please see below, d.
Destruction of Rhodamine WT by chlorine dose - experimental results
6. Upon notification that the above-intake RWT concentrations had dropped below 10 ppb,
once the intake is re-opened, RWT sampling would continue with measurement by the
fluorometric sonde in raw water and in the finished water to make sure that RWT
concentrations are below EPA advisory levels for both drinking water intakes (10 ppb) and
in finished drinking water (0.1 ppb).
d. Destruction of Rhodamine WT by standard chlorine dose - experimental results
LACSD reports (Brooks, personal communication, July 17, 2018) that their drinking water
treatment plant storage tanks hold 1.8 million gallons of finished water, with maximum daily
customer demand varying from 90,000 to 180,000 gallons per hour, giving typical storage tank
residence times varying from 10 to 20 hours. On being sent to the storage tanks from the treatment
plant, finished water is treated with sodium hypochlorite bleach solution at a standard applied
chlorine dose of 4 mg/L, with a target chlorine residual upon withdrawal to the distribution system
of 1.5 mg/L.
UNLV performed RWT decay experiments on a hypothetical 10 ppb RWT tracer concentration in
Lake Arrowhead raw water on July 19, 2018 using a 4 mg/L chlorine dose added as bleach solution
(identical to the approach used by LACSD). RWT decayed to 0.1 ppb (the US EPA advisory limit
level for drinking water) in 8 minutes and decayed to the RWT sonde’s 0.01 ppb detection limit in
11 minutes. When this result is compared to the 10-20 hour residence time of chlorinated finished
water before delivery to LACSD customers, in the unlikely event that a 10 ppb RWT concentration
were to reach the drinking water intakes before an intake could be shut down, it is concluded that
LACSD’s standard procedures for water disinfection chlorine dose and detention time would be
sufficient to oxidize the RWT to below the 1988 US EPA 0.1 ppb advisory limit for drinking water.
Additional details can be found in Appendix 5.
Regular RWT monitoring above the intakes during the initial stages of tracer release, combined
with:
1) the July 17, 2018 finding that Lake Arrowhead nitrite concentrations were 0.0008 mg/L (0.8
ppb) or less (Section 2),
2) intensive monitoring and rapid notification of LACSD in the event that a tracer concentrations
approach 10 ppb moves near the intake,
3) a plan to shut the intakes and shift to alternative water sources, if needed,
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4) in-plant raw water RWT monitoring immediately after the intakes, and
5) the ability of standard added 4 mg/L chlorine dose to destroy 10 ppb RWT to the 0.1 ppb
advisory limit, in 8 minutes compared to a 10-20 hour detention time in water storage tanks,
the available evidence and response measures described in 1) through 5) above should be
sufficient to make sure that:
a) it is very unlikely that formation of NDEA (DENA) will occur in Lake Arrowhead
b) the 1988 US EPA advisory limit of 0.10 ppb RWT in drinking water will not be exceeded
in the unlikely event that a tracer concentration approaching 10 ppb moves near the
LACSD intakes.
Table 3. Proposed Late Summer 2018 implementation schedule
Action

Notification
to
LRWQCB

7 days prior

Emails and
public notices
at LACSD and
ALA offices
Media notices
Signage
placement

LACS
D

Center Buoy
placement

7 days prior

3 days
prior

2 days prior

Boundary
Buoy
placement

1 day
prior

Monitoring
for
RWT

Interim
Report

Final
Report

Day of tracer
release until
RWT
concentration
s drop to
background
levels,
assumed to be
114 days.a

3/31/19

4/30/19

a

RWT can be rapidly measured by TDX probe in situ to determine status of tracer concentration elevation above
background.
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Appendix 1 - Eureka TDX fluorometric sonde/probe specifications.
Data for Rhodamine WT dye are located on the next to the last row in Table A1
Table A1 - Eureka Fluorometer Specifications.
Source: https://www.waterprobes.com/fluorometers
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Appendix 2: Ecotoxicity of Rhodamine WT
1. Summary of Reviewed Literature and Recommendation
A review of available articles on ecotoxicity of Rhodamine WT (RWT) published before and after the
August 1988 US EPA (Turner Designs, Document 998-5104.pdf) letter indicates that the majority of cited
works find very low ecotoxicity of RWT. Smart (1984) after an extensive review of the then-extant
literature, recommended that it should not be a problem to keep persistent dye concentrations below 100
ug/L. The lowest limits available in the literature appear to be 1.0-2.0 mg/L (1,000 to 2,000 ppb) for
accidental human ingestion and 20 mg/L (20,000 ppb) for a predicted growth effect on green algae (Field
et al 1995). Behrens et al’s 2001 finding of RWT mutagenic effects in bacteria has not subsequently been
replicated in tests with standard bioassay organisms, and RWT continues to be used worldwide as a
tracer. Rowinski and Chrzanowski (2011) observed some behavioral effects of RWT in two small aquatic
organisms at 100 ppb, and some red dye uptake at 100 ppb. They concluded that concentrations used for
hydrological purposes are low enough to exert almost no toxic impact on the studied water fauna.
Combining these reports with the 1988 US EPA advisory letter recommending a maximum value of 100
ug/L (100 ppb) in surface waters and 10 ug/L (10 ppb) around drinking water intakes, it would appear to
be prudent to continue to limit the initial well-mixed injected RWT concentration in the target initial
water volume at Lake Arrowhead to 100 ug/L (100 ppb). Lake Mixing should be sufficient to reduce the
RWT dye concentration to below 10 ug/L before it reaches the intakes (Appendix 4), and the proposed
response and chlorination measures should be sufficient to eliminate any RWT from LACSD’s drinking
water.
2. Objective
Determine if there is a risk toxicity to aquatic life at concentrations resulting from proposed released mass
of RWT into Lake Arrowhead
3. Annotated Bibliography of discovered articles about Rhodamine WT aquatic toxicity.
Parker, 1973 tested 8 each of silver salmon and rainbow trout as 4-6 inch long smolt in seawater and
reported “neither mortalities nor respiratory problems in concentrations of rhodamine WT of 10 mg/L
(10,000 ppb) for 17.5 hours at 22oC or an additional 3.2 hours at 375 mg/L (375,000 ppb). The fish
remained healthy in dye free water a month after the test. Parker, 1973 also stated that for RWT,
“development continued normally in Pacific oyster (Crassostrea gigas) eggs and no abnormalities
occurred in 12-day old larvae exposed in concentrations ranging from 1 ug/L (1 ppb) to 10 mg/L (10,000
ppb) for 48 hours at 24oC.
Smart and Laidlaw, 1977, evaluated eight fluorescent dyes, including RWT, comparing them in
laboratory and field experiments, and also reviewed available early literature about RWT toxicity. They
reported that according to a personal communication from J.S. Worttley and T.C. Atkinson (1975),
“Toxicity experiments conducted at 10 oC with a number of fresh and brackish water invertebrates
including water flea (Daphnia magna), shrimp (Gammarus zaddachi), log louse (Asellus aquaticis),
mayfly (Cloeon dipterum) and pea mussel (species pisidium) at a maximum concentration of Rhodamine
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WT of 2,000 mg/L (2,000,000 ppb) showed no mortality of any species over periods of 48 hours and 1
week compared to control animals.”
Smart, 1984, extensively reviewed available published toxicity data for 12 dyes used as tracers, including
Rhodamine WT. Smart advised that results of testing can vary with purity of dye solutions and
presence/absence of additives. With this qualification in mind, Smart’s literature review found:
● for RWT mammal dosages, an oral dosage greater than 25.0 gram/kg body weight was needed for
a LD50 (dose that was lethal to 50% of tested individuals) in rats, (meaning low toxicity). The
acute intravenous dose LD50 was 430 mg/kg. The no effect acute intraperitoneal dose was > 167
mg/kg. Smart concluded that “there is no evidence of either a short term or long term toxic hazard
to dye users or those drinking water containing tracer dyes. Even those employing tracers
routinely in their work would not be likely to ingest sufficient dye to cause concern.”
● For mutagenicity tests on microbes, Smart cited a study by Douglas et al (1983), where Douglas
et al. found very weak in vitro mutagenicity in the Ames test on Salmonella typhum bacteria
using very high dye concentrations and concluded that “Rhodamine WT appears not to represent
a major genotoxic hazard.”
● For aquatic toxicity, Smart’s literature review found that the RWT concentration needed for a 30day median lethal time (TL50) was 1,360 mg/L (1,360,000 ppb) for the guppy fish Lebistes
reticulatus. This mean lethal time concentration was three orders of magnitude greater than the
visible dye concentration and “five orders of magnitude in excess of those (concentrations)
expected in long-term tracer experiments.” The 48-hour and 96-hour LC50 toxicities for rainbow
trout (Salmo gairdneri) were greater than 320 mg/L (> 320,000 ppb). The 96-hour LC50 for the
water hog louse Asellus aquaticus was cited to be > 2,000 mg/L (> 2,000,000 ppb). The 72-hour
LC50 for the water flea Daphnia magna was cited to be 170 mg/L (170,000 ppb). No effect on
Pacific oyster (Crassostrea gigas) egg development was observed in a 48-hour exposure at 10
mg/L (10,000 ppb). Smart concluded that concentrations of 1 to 10 mg/L of Rhodamine WT and
two other dyes (depending on test organism) do not affect development or cause mortality after
48-hours’ exposure.
Field et al., 1995, reviewed available toxicity testing data for 12 fluorescent dyes, including Rhodamine
WT with the objective of addressing toxicity issues and explaining how the dyes could be used in a safe
manner. In their Table IV, they summarized RWT’s Ecological toxicity Structure Activity Relationships
(SAR) for RWT as > 320 mg/L measured (> 320,000 ppb) as a 96-hour 50% lethal concentration (LC50)
for fish, 170 mg/L measured (170,000 ppb) as 48-hour LC50 for Cladocera (Daphnia magna), and as 20
mg/L (20,000 ppb) as an estimated 96-hour 50% reduction in growth (EC50) for green algae and stated
that the algae No Effect Concentration for Acid Dyes as a class is 20.0 mg/L (20,000 ppb).
Field et al 1995 recommended that: “(1) individuals doing the tracer work be experienced or well-trained
in their use and (2) tracer concentrations not to exceed 1 to 2 mg/L (1,000-2,000 ppb) persisting for a
period in excess of 24 hours in groundwater at the point of groundwater withdrawal or discharge.” They
stated that this limit for human ingestion was far below known aquatic toxicity results.
Behrens et al, 2001, assessed 17 water tracers including RWT on the basis of results of toxicological tests,
available literature and expert knowledge. Tests of genotoxicity were conducted using salmonella bacteria
for microsome gene mutation and mammalian cell culture (for chromosome aberration). Ecotoxicity
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assessment were based on acute toxicity to daphniae and zebrafish. They found that RWT did not exhibit
any ecotoxicity (no mortality, LC0) at 10 mg/L (10,000 ppb) in the daphniae and zebrafish tests. RWT
exhibited genotoxicity in the salmonella microsome test and in the cytogenetic analysis. On the basis of
the genotoxicity results, they recommended against using RWT as a water tracer.
Rowinski and Chrzanowski (2011), evaluated Rhodamine B and Rhodamine WT toxicity in standardized
ecotoxicological tests against fairy shrimp larvae (Thamnocephalus platyurus), and observed effects on
water flea (Daphnia magna), horned planorbis snail (Planorbis corneus), guppy fish (Poecilla reticulata),
and the protozoan Paramecium caudatum. In the standardized fairy shrimp larvae test, a RWT
concentration of 1,698 mg/L (1,698,000 ppb) was needed to obtain 24-hour 50% mortality of the larvae.
Daphnia magna and T platyurus larvae exhibited some red dye uptake in RWT concentrations of 0.1
mg/L (100 ppb) and 5 mg/L (5,000 ppb). P. caudatum and D. magna exhibited escape reactions at 0.1
mg/L (100 ppb). P corneus embryos experienced size reduction in 100 mg/L (100,000 ppb) and dye
uptake at 5 mg/L (5,000 ppb). P corneus mature forms did not react to 100 mg/L (100,000 ppb) after 14
days’ exposure. Guppy fish (P reticulata) survived for 14 days in 100 mg/L (100,000 ppb) RWT,
exhibited increased mobility after exposure to dye concentrations of 5 mg/L (5,000 ppb) and 100 mg/L
(100,000 ppb) and showed dye staining in their gill covers at 100 mg/L (100,000 ppb). They concluded
that the concentrations of RWT in which bioindicative tests were performed do not occur in rivers during
tracer studies, that RWT should not cause a strong negative influence on the natural environment and that
“recommended concentrations should not be exceeded within long time intervals.” They concluded that
concentrations used for hydrological purposes are low enough to exert almost no toxic impact on the
studied water fauna.
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Appendix 3. Nitrite concentrations in Lake Arrowhead in relation to risk of formation of
diethylnitrosamine in Lake Arrowhead waters
Executive Summary
Steinheimer and Johnson’s 1986 USGS paper indicates that Diethylnitrosamine (DENA) could not be
detected (detection limit 0.03 ppb) in four streams at typical Rhodamine WT tracer concentrations and
ambient nitrite concentrations ranging from 2 to 46 ug/L. UNLV measured nitrite in 13 Lake Arrowhead
water samples and found a maximum concentration of 0.8 ug/L. We conclude that, based on data
available to date, DENA formation is unlikely to occur at the planned tracer concentrations and observed
nitrite concentrations in Lake Arrowhead.
Objective
Determine background nitrite concentrations in Lake Arrowhead to assess potential risk of NDEA
formation if Rhodamine WT dye tracer were to be released into Lake Arrowhead.
Literature Background
Abidi (1982) in laboratory experiments, detected DENA in the range of 0.25-7.02 ug/L (ppb) in river
water samples with pHs ranging from 7.3 to 8.2, at RWT dye in the concentration range of 1- 20 ug/L
(ppb) containing 10-27 ug/L (ppb) nitrite after the water samples had been spiked with additional nitrite in
the range of 10-100 ug/L, creating a large stoichiometric excess of nitrite. She found that NDEA
photodegradation rates were slow in the first 24 hours of simulated sunlight exposure. It is important to
note that Abidi’s total experimental nitrite concentrations in the range of 20 to over 100 ug/L are far
above any values observed in well oxygenated streams (see Steinheimer and Johnson, 1986, below) and
far above what has, to date, been measured in Lake Arrowhead.
Steinheimer and Johnson could not detect NDEA (detection limit 0.03 ug/L) in four different river
samples under field dye injection conditions with river water nitrite concentrations ranging from 2 to 46
ug/L (ppb). Their RWT concentrations were not reported, but the USGS advisory limit at the date of their
experiments was 10 ug/L near drinking water intakes, Wilson et al. (1986). In laboratory experiments,
they found that the half-life of 2 ug/L NDEA from a river water sample spiked with 20 ug/L RWT and 43
ug/L total nitrite ion was less than 3 hours at pH 8 under simulated sunlight intensities, a rate of decay
much faster than measured by Abidi (1982).
They concluded that their findings differed from those of Abidi (1982) because Abidi’s experiments used
a much larger stoichiometric excess of added nitrite, generating nitrite concentrations above values
observed in surface streams. Steinheimer and Johnson concluded that "Our findings indicate that, under
these conditions of recommended usage, rhodamine WT as an agent for surface-water-tracing studies
does not constitute an environmental hazard associated with man-made nitrosamines in the environment."
Laboratory measurement of nitrite in Lake Arrowhead water
To assess potential risk of NDEA formation during a proposed dye tracer experiment, UNLV collected 13
samples of lake water from the epilimnion, metalimnion and hypolimnion of Lake Arrowhead on July 17,
2018 and, within 15 seconds of bringing the water sample to the surface, initiated the colorimetric
reaction that measures nitrite in the field using Hach method 8507, Low Range for nitrite detection, with
an uncertainty of +/- 0.1 ppb, a detection limit of 0.5 ppb and a maximum limit of 350 ppb.
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Epilimnetic and metalimnetic nitrite concentrations ranged from < 0.3 ppb to 0.8 ppb. (Table A2). The
maximum measured nitrite concentration was 0.8 ug/L (0.8 ppb) from the metalimnion of the lake.
Hypolimnetic nitrite concentrations were less than the 0.1 ppb detection limit
Conclusions
Pending additional sampling of Lake Arrowhead for nitrite, since the 0.8 ug/L maximum observed nitrite
concentrations to date are a factor of 2/0.8 = 2.5 below the lowest value (2 ug/L) recorded by Steinheimer
and Johnson in four river samples, a factor of 10/0.8 = 12.5 below the lowest ambient value (10 ug/L)
recorded by Abidi (1982), and a factor of 20/0.8 = 25 below the lowest experimental value used by Abidi
in spiked samples, and, drawing upon Steinheimer and Johnson’s report of non-detectable (< 0.03 ug/L)
NDEA formation in the four river water samples at ambient nitrite levels ranging from 2 to 46 ug/L, it is
concluded that, based on nitrite data available to date, that there is minimal risk of NDEA formation in
Lake Arrowhead waters during the proposed tracer release experiment.
Table A2 – July 17, 2018 UNLV findings of nitrite concentrations as NO2-N with a method
reporting limit of 0.001 mg/L in Lake Arrowhead waters
Location

Depth (ft)

NO2-N (mg/L)

North Bay

12

0.007

North Bay

48

0.005

North Bay

75

0.003

Blue Jay

12

0.003

Blue Jay

25

0.005

Village Bay

12

0.007

Village Bay

45

0.005

Near the dam

12

0.003

Near the dam

60

0.008

Near the dam

100

Zero
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Lake’s middle

12

0.003

Lake’s middle

48

0.003

Lake’s middle

75

0.003
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Appendix 4. Preliminary estimated wind-driven circulation distances and worst-case travel times to
LACSD drinking water intakes for notification and response-planning purposes
Executive Summary
Assuming released tracer mass trajectories from the proposed release location influenced by prevailing
southerly to southwesterly winds to the north shore of the lake, that then either follow the shoreline or
bathymetry to the east or west, taking curved paths to the LACSD drinking water intakes, it is estimated
that travel distances would be 1.55 to 1.63 miles to the Bernina intakes in North Bay and 1.86 to 2.15
miles to the Cedar Glen intakes in Emerald Bay. Assuming, as a worst-case steady winds blowing for
more than two days7, tracer mass travel times at estimated water current velocities of 0.025 meter/second
(1.34 mile/day) would be in the range of 1.15 to 1.60 days. For the given range of travel times, estimated
peak tracer concentrations at the level of the intakes would be 1.7 to 2.7 ppb, below the 1988 US EPA
advisory opinion 10 ppb limit for use of RWT around drinking water intakes.
Objective
For planning purposes for a proposed tracer release in Lake Arrowhead, generate preliminary estimate
travel distances and worst-case travel times for tracer mass to circulate from intended point of release to
Lake Arrowhead drinking water intakes.

Input data and resulting assumptions
1) Inflow data: Recent USGS gauging station data for Little Bear Creek and the Grass Valley
Tunnel (Figures A1 and A2) and Willow Creek outflow (Figure A3) show that channel inflows
to Lake Arrowhead are episodic, driven primarily by winter storm events, with zero flow rates
during the summer. Assumption 1: Because of this it is assumed, that there isn’t a perennial flow
through Lake Arrowhead that might follow the thalweg (original stream channel) of the reservoir
or direct flow to the outlet during a summer tracer release.
2) Wind direction and speed data: Summer weather station monitoring from a station at Lollipop
Park on the south shore of the lake show that predominant summer wind directions are
southwesterly to southerly, with most wind speeds on the south shore of 3 meters/second (6 mph)
or less (Figure 1-A). Assumption 2: Although wind speeds typically vary diurnally, with
maximum intensities in the afternoon, and low intensities in the late evening and early morning
hours, it is assumed, for worst-case preliminary modeling purposes, that surface winds on the lake
would blow steadily at 3 meter/second from the south or southwest for more than 2 days,
influencing, in the absence of defined inflow or outflow current, the released tracer mass to
gradually move in a northerly to north-easterly direction towards the north shore of Lake
Arrowhead.

7

Note, Figure A4 from Lollipop Park on the south shore of the lake shows that summer wind speeds vary diurnally
from an evening minimum of about 1 meter/second to an afternoon maximum of 2-3 meter/second.
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3) Water current speed data: Bender (2012), conducted a QUAL2E water quality modeling study
of Lake Arrowhead. Bender’s model generated maximum wind-driven current speeds of 0.025
meter/second in the midwater of the lake (Bender’s Figures 13, 14, and 15). These estimated
values are slightly less than 1% of the maximum recorded 3-3.5 meter/second afternoon surface
wind velocities at Lollipop Park (Figure A4) on the south shore of Lake Arrowhead. Lawrence et
al 1995 found current velocities of 0.01 m/sec to occur in Twin West Lake, British Columbia in
response to a wind speed of 1 meter/second, also about a 1% ratio of wind speed to water current
speed, and indicated that this 1% ratio was consistent with two other cited sources for reservoirs.
Assumption 3: As a worst-case, it is assumed that 0.025 meter/second current speeds would
persist for more than 2 days in the case of persistent 3 meter/second winds, even though it is more
likely that water current speeds would vary as wind speeds vary diurnally. Figure A4 data show
that wind speeds drop at a steady rate after sunset, until late evening and early morning when
wind velocities are down to 0.5-1.5 meter/second. From a preliminary calculation of the Burger
number, it is further assumed that internal waves, if they exist, would not influence rate of travel
or vertical mixing of a tracer mass in a lake the size of Lake Arrowhead.
4) Tracer release depth assumption: It is assumed that a 3.91 kg (8.62 pound) mass of tracer
would be released as a cylinder of water occupying a depth of 33-50 feet and a diameter of 230
feet.
5) Bathymetry data: The US Bureau of Reclamation conducted a bathymetric survey of Lake
Arrowhead that shows steep gradients long the north shore of the lake (Figure A5). Assumption
4: It is assumed that a released tracer would, if encountering a shoreline barrier with near-shore
depths greater than its released depth, would turn in response to the prevailing wind direction
upon contact with the shoreline and follow the shoreline. This assumption applies to the shoreline
directly north of the release site and eastward into Emerald Bay. Assumption 5: It is assumed
that a tracer, if encountering the bottom at its approximate release depth before reaching the
shoreline, would turn and follow the bottom contour. This assumption applies to bathymetric data
available for the middle of North Bay, where North Bay’s bottom shoals from 100 feet depth at
its mouth to depths of 20 feet or less at the head of the bay.
6) Turbulent diffusivities. Assumption 6: It is assumed that vertical and horizontal diffusivities
would vary with depth, with highest values in the epilimnion and lower values in the metalimnion
and hypolimnion (Table A4). We chose representative values for lakes with length scales (100
meters to 1,000 meters) similar to Lake Arrowhead that were estimated to change with depth,
based on calculations in Saber et al (2018). Diffusivity ranges were:
a) for the top 8.4 meters of the water column (epilimnion) horizontal turbulent diffusion
coefficients in the range of kh = 0.09-0.20 m2/s and vertical diffusion coefficients in the
range of kv = 0.0015-0.0075 m2/s.
b) For the meta and hypolimnion below 8.4 meters, horizontal turbulent diffusion
coefficients in the range of kh = 0.007-0.050 m2/s and and vertical diffusion coefficients
in the range of kv = 8x10-5 - 4.0x10-4 m2/s.
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Assumed horizontal turbulent diffusion coefficients are consistent with prior published work for
similar length scales of 100 to 1,000 meters. Lawrence et al (1995) computed a surface horizontal
diffusivities of 0.05 m2/sec at a length scale of 100 meters in a small lake, Twin West Lake, in
British Columbia, Canada. Peeters et al 1996 computed horizontal diffusivities in the upper
hypolimnion of 0.02 to 0.18 m2/sec after accounting for velocity shear. Peters and Hoffman
(2015) estimated horizontal diffusivities to be 0.01 to 0.03 m2/sec at length scales of 100 meters
and 0.1 to 0.7 m2/sec at length scales of 1,000 meters in Lake Constance. Little experimental data
is available in the literature for vertical diffusivities, so we used estimated vertical diffusivity
values based on the computational modeling of Saber et al (2018).
After tracer release, vertically varying turbulent diffusion will cause the tracer mass to expand
non-uniformly over time, with higher diffusivities in the epilimnion causing more rapid lateral
expansion and vertical expansion and lower diffusivities in the metalimnion and hypolimnion
limiting rate of horizontal and vertical expansion towards the depth at which the drinking water
treatment plant intakes are located.
Preliminary estimates of travel distance to drinking water intakes for response planning purposes
While actual trajectories will be determined during the tracer release study, if approved, and subsequently
estimated with the hydrodynamic model, preliminary curved trajectories to each intake were estimated
based on a range of wind directions and response to shoreline geometry and lake bathymetry.
Southerly to southwesterly winds were assumed for preliminary estimated tracer trajectories to the Cedar
Glen intake (Figure 1-A) on the south shore of Emerald Bay (Figures A6, A7 and A8). It was assumed
that a released tracer mass would migrate across the lake, contact the north shore in deep water, then turn
east and migrate along the shoreline, eventually turning back towards the Cedar Glen intake. Upon
reaching the south or southeasterly shore of Emerald Bay, it was assumed as a worse-case estimate that
the tracer mass would be sheltered by nearshore terrain from winds that might push it back out into the
center of Emerald Bay. Depending on initial wind direction, the estimated travel distances from point of
tracer release to the Cedar Glen intake on the south shore of Emerald Bay would be 1.86 to 2.15 miles.
Preliminary trajectory distances were estimated using Google Maps(r) Estimate Distance function.
Southerly to southeasterly winds were assumed for preliminary estimated tracer trajectories to the Bernina
Intake (Figure 1-A) on the south shore of North Bay (Figures A9, A10, A11). It was assumed that a
released tracer mass would migrate across the lake, contact the north shore in deep water, then turn west
and migrate along the shoreline until encountering shoal water due to decreasing water depth, that would
influence the tracer mass to continue turning before reaching the head of North Bay. Upon reaching the
south shore of Emerald Bay, it was assumed as a worse-case estimate that nearshore terrain on the
peninsula that separates North Bay from Blue Jay would shelter the tracer mass from winds that might
push it back out into the center of North Bay. Depending on initial wind direction, the estimated travel
distances from point of tracer release to the Bernina intake on the south shore of North Bay would be 1.55
to 1.63 miles. Preliminary trajectory distances were estimated using Google Maps(r) Estimate Distance
function.
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Preliminary estimate of travel times to drinking water intakes for response planning purposes
Worst-case (lowest) travel time estimates were made by dividing the estimated trajectory distances by the
0.025 meter/second (0.056 mile/hour, 1.34 mile/day) water current speed data at depth shown in Bender’s
(2012) Figures 13, 14 and 15. For the 1.55 to 1.63 mile estimated trajectory distances to the Bernina
intakes, estimated travel times range from 1.15 to 1.21 days. For the 1.86 to 2.15 mile estimated
trajectory distances to the Cedar Glen intakes, estimated travel times range from 1.39 to 1.60 days.

Degree of dispersion of released RWT tracer mass
A finite-difference numerical model employing the turbulent diffusivities shown in Table A4 was used to
estimate the change in concentration distribution of the released tracer mass as a function of time. The
model was operated in a series of time steps up to the maximum estimated travel time to a maximum time
of 2.2 days. Although RWT is known to photodegrade slowly in sunlight, it was assumed that RWT did
not degrade for modeling purposes. Travel distances were computed from the travel times using the
estimated 1.34 mile/day travel velocity. Using a depth of 22 meters (corresponding to 73 feet) the
maximum value of the estimated concentration profile vs horizontal position was selected as a worst-case
estimate of a tracer concentration that might reach the drinking water intakes. The 22-meter maximum
concentrations were plotted as a function of time. Results are shown in Figure A12.
Discussion
Figure A12 shows that, for response planning purposes, using the above-described assumptions, RWT
concentrations in the range of 1.7 to 2.7 ppb might reach the LACSD intakes in the event that
southeasterly to southwesterly winds blow constantly over the duration of the proposed tracer release
experiment. These estimated values are below the 1988 US EPA advisory opinion limit of 10 ppb RWT
near drinking water intakes.
Actions to be taken as a consequence of Appendix 4 modeling and Appendix 5 RWT decay
A monitoring and notification plan has been established (Section 10 above) to monitor RWT
concentrations over the LACSD drinking water intakes and notify LACSD if plume concentrations near
10 ppb approach the LACSD intakes. The monitoring and notification plan states that LACSD intakes
would be closed if this should occur, and that alternative sources of water supply would be used until
RWT concentrations decline in the vicinity of the intakes. In-plant monitoring of RWT would take place
using fluorometric methods to determine if any RWT entered the intakes. RWT decay rate data in
chlorinated Lake Arrowhead water (Appendix 5) indicate that a 10 ppb RWT concentration would be
reduced to the 0.10 ppb US EPA advisory drinking water limit in 8 minutes at a typical LACSD
chlorination dose of 4 mg/L.
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Appendix 4 Figures and Tables

Figure A1 - USGS Little Bear Creek gauging station inflows to Lake Arrowhead, Blue Jay Bay
October 1, 2008 through October 14, 2011, showing low inflow rates, summer months

Figure A2 - USGS Grass Valley tunnel gauging station, episodic inflows to Lake Arrowhead,
Meadow Bay. October 1, 2008 through July 2, 2018, showing low inflow rates, summer months
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Figure A3. USGS Willow Creek gauging station, episodic outflows from Lake Arrowhead. October
1, 2008 through February 25, 2013

Figure A4 - Typical summertime wind velocities for south shore of Lake Arrowhead, UNLV Lollipop
Park weather station.
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Figure A5 - Color-coded contour map of Lake Arrowhead’s bathymetry. Black dots show proposed RWT
and sucralose tracer sampling locations. Depth Color codes: Light green: > 100 feet. Green: 80-100 feet.
Yellow: 60-80 feet. Red: 40-60 feet. Maroon: 20-40 feet. Grey: < 20 feet
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Figure A6 - Estimated minimum distance trajectory from proposed Village Bay point of tracer
release to LACSD Bernina intake in North Bay. South-southeasterly wind - distance 1.55 miles

Figure A7 - Estimated medium distance trajectory from proposed Village Bay point of tracer
release to LACSD Bernina intake in North Bay. Southerly wind - distance 1.60 miles
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Figure A8 - Estimated maximum likely distance trajectory from proposed Village Bay point of
tracer release to LACSD Bernina intake in North Bay. South-southwesterly wind - distance 1.63
miles
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Figure A9 - Estimated minimum distance trajectory from proposed Village Bay point of tracer
release to LACSD Cedar Glen intake in Emerald Bay. Southwesterly wind - distance 1.86 miles

Figure A10 - Estimated medium distance trajectory from proposed Village Bay point of tracer
release to LACSD Cedar Glen intake in Emerald Bay. South-Southwesterly wind - distance 1.94
miles
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Figure A11 - Estimated maximum distance trajectory from proposed Village Bay point of tracer
release to LACSD Cedar Glen intake in Emerald Bay. South-Southwesterly wind - distance 2.15
miles
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Table A4 - Estimated turbulent diffusion coefficients at different depth used in the finite-difference
model for initial estimates tracer release spread over time. Note: Kx and Ky were assumed to be
similar and their values correspond to the horizontal turbulent diffusivities Kh reported in the narrative,
and the Kz values correspond to vertical turbulent diffusitivies, Kv.
Depth (m)

Kx (m2/s)

Ky (m2/s)

Kz (m2/s)

0 m to 3 m

0.20

0.20

0.0075

3 m to 8.4 m

0.09

0.09

0.0015

8.4 m to 12 m

0.05

0.05

4 x 10-4

12 m to 16 m

0.03

0.03

2 x 10-4

16 m to 24 m

0.01

0.01

1 x 10-4

24 m to 30 m

0.007

0.007

8 x 10-5
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Figure A12 - Finite Difference unsteady diffusion model result - Horizontal lines show range of
estimated tracer concentration at depth 22 meters as as function of range of estimated travel distances to
LACSD drinking water intakes, using turbulent diffusivities from Table A4 and travel distances from
Figures A6 through A11, assuming a constant 0.025 m/sec water current velocity
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Appendix 5. Rhodamine WT (RWT) decay data in chlorinated Lake Arrowhead water
Executive Summary
The measured rate of RWT decay in Lake Arrowhead water was 8 minutes from 10 ppb to 0.1 ppb when
treated with a representative chlorine dose of 4.0 mg/L used in the LACSD drinking water treatment
plants. Decay followed first order kinetics with a half-life of 1.23 minutes. Decay to less than 0.01 ppb
occurred in 11 minutes.
Objective
Determine time for a 10 ppb RWT concentration to decay to 0.1ppb, the US EPA Advisory limit for
drinking water, in Lake Arrowhead water when exposed to standard Lake Arrowhead Community
Services District (LACSD) standard added chlorine dose of 4 mg/L.
Materials and Methods
Lake Arrowhead raw water withdrawn from the lake on July 17, 2018 was transported to the University
of Nevada Las Vegas. On July 19, a water sample spiked with 10 ppb RWT concentration, and then
treated with a 4.0 mg/L dose (as added chlorine) by addition of bleach solution. RWT concentrations were
monitored as a function of time with two calibrated Eureka Water probes TDX sondes equipped with
Turner Designs’ fluorometric detectors. One sonde was calibrated over a range of 0 to 1 ppb, and the
other sonde was calibrated to a range of 0-10 ppb RWT with standard RWT solutions. The experiment
was carried out at ambient laboratory temperature of 23 +/- 1 oC.
Results
The change in RWT concentration vs time is tabulated below in Table A5. RWT concentrations declined
rapidly, reaching the 0.1 ppb US EPA advisory drinking water limit in 8 minutes. RWT concentrations
decayed to the RWT sonde’s 0.01 ppb RWT detection limit in 11 minutes.
Evaluation of the decay kinetics for RWT via a plot of natural logarithm of the ratio of RWT
concentration to starting RWT concentration vs time, indicate that at a starting concentration of 10 ppb,
RWT decay followed first-order decay kinetics with a rate constant of k = 0.0094 sec-1, (or 0.564 min-1),
and an estimated half-life of 1.23 minutes (Figure A13).
Discussion
Since LACSD reports (Brooks, personal communication, July 17, 2018) that detention times for
chlorinated finished water in LACSD’s 1.8 million gallon storage tanks range from 10 to 20 hours at
delivery flow rates that range from 90,000 to 180,000 gallons per hour, it is concluded that, in the event
that the planned closure of LACSD’s intakes cannot be carried out with sufficient speed to prevent
accidental trace RWT concentrations entering the treatment plant intake, a 4 mg/L chlorine dose (1.5
mg/L residual after usual chlorine demand) would rapidly destroy RWT tracer to non-detectable levels
below the 0.1 ppb US EPA drinking water advisory limit.
Table A5 - Decay of 10 ppb Rhodamine WT vs time at 4 mg/L standard chlorine dose.
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time
(seconds)

time (minutes)

RWT concentration
(ppb)

Comment

0

0

10.0

US EPA advisory limit - drinking
water intakes

20

0.33

8.15

30

0.50

7.49

40

0.67

6.90

50

0.83

6.24

60

1.00

5.77

80

1.33

4.85

100

1.67

4.08

120

2.00

3.40

140

2.33

2.84

160

2.67

2.35

180

3.00

1.95

200

3.33

1.64

220

3.67

1.35

240

4.00

1.13

270

4.50

0.87

300

5.00

0.68
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Half life is 73 seconds (1.23 min)

480

8.00

0.10

540

9.00

0.06

600

10.00

0.04

660

11.00

0.01

US EPA advisory limit - drinking
water

Detection limit of TDX sonde.
Experiment stopped

Figure A13. First-order decay kinetics for 10 ppb Rhodamine WT in Lake Arrowhead water
treated with 4 mg/L standard chlorine dose.
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