ZUSGS

science for a changing world

Prepared in cooperation with the City of Aurora, Colorado, Utilities Department

Streamflow and Water-Quality Conditions Including Geologic
Sources and Processes Affecting Selenium Loading in

the Toll Gate Creek Watershed, Aurora, Arapahoe County,
Colorado, 2007

Scientific Investigations Report 2012—5280

U.S. Department of the Interior
U.S. Geological Survey



Cover: West Toll Gate Creek downstream from Mexico Avenue, Aurora, Colorado, April 2007 (Photograph by Suzanne Paschke).



Streamflow and Water-Quality Conditions
Including Geologic Sources and Processes
Affecting Selenium Loading in the Toll Gate
Creek Watershed, Aurora, Arapahoe County,
Colorado, 2007

By Suzanne S. Paschke, Robert L. Runkel, Katherine Walton-Day,
Briant A. Kimball, and Keelin R. Schaffrath

Prepared in cooperation with the City of Aurora, Colorado, Utilities Department

Scientific Investigations Report 2012-5280

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
SALLY JEWELL, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2013

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment, visit http://www.usgs.gov or call 1-888—ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http://store.usgs.gov

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Paschke, S.S., Runkel, R.L., Walton-Day, Katherine, Kimball, B.A., Schaffrath, K.R., 2013, Streamflow and water-
quality conditions including geologic sources and processes affecting selenium loading in the Toll Gate Creek water-
shed, Aurora, Arapahoe County, Colorado, 2007: U.S. Geological Survey Scientific Investigations Report 2012-5280,
108 p., http://pubs.usgs.gov/sir/2012/5280/.


http://www.usgs.gov
http://www.usgs.gov/pubprod
http://store.usgs.gov
http://pubs.usgs.gov/sir/2012/5280/

Contents
AADSTITACT ettt bR R E e bbbt 1
(0T U3 T OO 2
PUIPOSE @NA SCOPE c.cvueeriieeectretseeee ettt sttt en st ense s s 4
Selenium Occurrence and GEOCHEMISIIY ...t ssees 4
StUAY Area DBSCIIPLION.c...cvieceeceeeeeeeteee ettt ss st s s ssnes 5
Lo VAT o PP 5
LANGA USB .ttt et 5
Surface-Water Hydrology ...t sssssss s ssessns

Geology and Groundwater Hydrology
VBTN OAS ...ttt

Synoptic-Sampling and Tracer-Injection Background........cc.ocveveeveeeeeneineieisecesisesesessessseeens 17
Toll Gate Creek Stream Reaches and Sampling Sequence of Events ........cccccveveveeevcvennennnns 18
Synoptic Sampling and Tracer INJECTIONS ...t 19
Surface-Water Sample Processing and Analytical Methods .........cccocvevevcvecenincseireicesssiene 19
Surface-Water Mass-Loading Calculations........ccoceeiencncsesinsisseese s sssesssssssssseens 27
Multivariate and Linear Correlation ANAIYSIS ..o ssssssssssens 27
Groundwater Sample Collection, Processing, and Analytical Methods..........ccccocveuverreiennennen. 28
Solids-Sampling and Analytical Methods ... 28
Quality Assurance and Quality CONIOl ..ot 30
StreamMFIOW CONAITIONS. ..ottt ettt ettt ettt san s senserans 30
Low-Flow Conditions and Rainfall..........corinninnnessieieescseiss s sesssessssnens 30
Effects of Increased Streamflow on Constituent Concentrations..........ccoceeenvneeneereeseerneeneennens 30
Final Streamflow ESTIMAteS.......ccovueececteeee ettt 34
Water-Quality CONAItIONS. ..ottt s st es st esses s snsenns 36
Data AVAIADIITY ..ottt 36
Selenium CONCENTIALIONS ..ottt et see ettt aee st s s 36
Surface-Water Selenium LOadS ..ot sssnens 46
General Water-Quality CharaCteriStiCS ..ot sesssssnens 43
Total Dissolved Solids and Major-1on ChemiStry........cccceueenineenernerieessssise e 49
0] TP 50
DISSOIVE DXYUBN....ouctieceecietcteee ettt sttt enaen 51
NIEEAEE vttt bbb bbbt bbb s e s et s b s st st 52
Correlations Among Chemical CoNSHItUBNTS ......ccccrrveeeeeieeseinieeeesssseee s ssssssseens 52
Multivariate Analysis of Water ChEMIStIY.......ccvienneneneee e sessssssssnens 52
Inflow and Groundwater Samples
SErEAM SAMPIES .. ennen
Hydrogen- and Oxygen-Isotope Ratios as Indicators of Evaporation ..........cccccoeceeeeecrvinernnnees 63
Apparent Groundwater Ages and Recharge Rates ..o 65
Selenium in Solid MAtEIIalS ..ot 67
Geologic Sources and Processes Affecting Selenium Loading ........ccceevereeneeneinsernsneinsinseneissnseneens 67
SUMMATIY ettt ettt bbbt

Acknowledgments
RETEIENCES CILBU......uiueecececteceecc ettt bbbt bbbttt




Appendixes

Appendix 1. Development of Streamflow EStIMates........cccocceecverceeeiencseessessese e ssessessssssessnens 79
Appendix 2. Analytical Quality-Assurance and Quality-Control Data and Results for
Toll Gate Creek Surface-Water and Groundwater Samples, 2007 ..........ccccoemrrreereireerneenseneens 85

Appendix 3. Concentration and Loading Profiles for Constituents of Interest other
than SEIENIUM ..ottt

Appendix 4. Calculations of Evaporative Concentration and Loss

Figures
1. Map showing extent of Cretaceous shale in Colorado, Denver Basin, selenium-
impaired streams on the Colorado 303(d) list in 2006, and location of study area............. 3
2. Map showing land-surface altitude and location of synoptic-sampling study
reach, Toll Gate Creek watershed, Aurora, Colorado.........ccceveeeecvecceeceececseeceeee s 6
3. Map showing extent of urbanization since 1948 in the Toll Gate Creek watershed,
F XU o L= I 0] 1o =T [ OO U TP 7

4, Map showing location of synoptic-sampling subreaches, surface-water sampling
sites, groundwater monitoring wells, and the 6th Avenue stream gage (USGS gaging
station 394329104490101), Toll Gate Creek, July—August 2007 ........cccoeuerreereereereereereereerennn. 8

5. Photograph showing West Toll Gate Creek looking upstream from Mansfield Avenue
toward Quincy Reservoir, Aurora, Colorado, July 2007 (Photograph by Suzanne
P AS IR ettt e et ee et et e et eeee et en e e s eneeeere et eneeneeneneenanennens 9

6. Photograph showing West Toll Gate Creek looking upstream beneath the Hampden
Avenue bridge where stream enters the concrete-lined channel, Aurora, Colorado,
July 2007 (Photograph by Suzanne Paschke) ..........ccccviereeeeneiseceeeeeeecee s 10

7. Photograph showing West Toll Gate Creek concrete-lined channel looking
downstream toward Buckley Road, Aurora, Colorado, July 2007 (Photograph by

SUZANNE PASCRKE) ettt s ees e er st en et n e sn et ne st e enennes "
8. Photograph showing drop structure along West Toll Gate Creek downstream from

Mexico Avenue, Aurora, Colorado, July 2007 (Photograph by Robert Runkel)................ 12
9. Photograph showing West Toll Gate Creek downstream from Mexico Avenue,

Aurora, Colorado, April 2007 (Photograph by Suzanne Paschke) ........cccecvcecivcrcinnennce. 13

10. Photograph showing Toll Gate Creek (on left) and Sand Creek (on right) confluence.
View looking downstream toward confluence, Aurora, Colorado, April 2007 (Photo-

graph by SUzanne PaSChKE) ..ottt 14
11. Map showing Denver Formation outcrop and water-table altitude contours,
Toll Gate Creek, Aurora, Colorado (after Robson, 1996).........cccccveuververreennneeneineieresssieens 16

12.  Photograph showing tonstein within and secondary evaporative deposits on
surface of claystone bedrock outcrop along Toll Gate Creek streambank, Aurora,
Colorado, July 2007 (Photograph by Suzanne Paschke)..........cccecveveeveeerncverceiceieirennes 17

13.  Graph showing Toll Gate Creek stream stage at the 6th Avenue stream gage
(U.S. Geological Survey stream-gaging station 394329104490101),
March—September 2007 ..ot 31

14.  Graph showing Toll Gate Creek stream stage at the 6th Avenue stream gage
(U.S. Geological Survey stream-gaging station 394329104490101) showing
sequence of stream field activities and periods of tracer injection,
JUIY—AUGUSE 2007 ....oeeereerreeereeseesseseseessesseseseessesssssseesessssssssssessssssssssessssssssssessesssssnssssessssnsssseens 32



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Graph showing Toll Gate Creek stream stage at the 6th Avenue stream gage

(U.S. Geological Survey stream-gaging station 394329104490101) during
tracer-injection and synoptic-sampling periods. Stream stage during
synoptic-sampling periods is shown as a thick line and indicates synoptic

sampling occurred during surface-water flow recession........coccceeeevecceevcresecesesevennes 33
Graph showing relation between stream stage and specific conductance at the

6th Avenue stream gage (U.S. Geological Survey stream-gaging station
394329104490101) during Toll Gate Creek middle subreach synoptic sampling,

JUIY 29, 2007 ..ottt s bbb 34
Graph showing final stream stage estimates related to distance downstream from
Quincy Reservoir, Toll Gate Creek, July—August 2007 ..........cccouuereerverrrrrererrerseseeree e 35
Graph showing dissolved stream selenium concentrations related to distance
downstream from Quincy Reservoir, Toll Gate Creek, July—August 2007............cccceuvnnnee 37

Graph showing dissolved stream and inflow selenium concentrations related to
distance downstream from Quincy Reservoir, Toll Gate Creek, July—August 2007 ......... 38

Photograph showing left-bank inflow TG-2165, groundwater discharge along the
contact between surficial materials and underlying claystone bedrock, March 2008.
(Photograph by Suzanne PaSChKE)........ccueuueiuiriiceeeeescsee et 44
Photograph showing right-bank inflow TG-10557, groundwater discharge along

the contact between surficial materials and underlying claystone bedrock, July

2008 (Photograph by Suzanne PaschKe)......c.coeeniniieeeeeissssseseesssssssssse e ssessssnes 45
Boxplot showing distribution of dissolved selenium concentrations, in micrograms

per liter, for groundwater, inflow, and stream samples, Toll Gate Creek, July—August
2007. Sample names indicated for groundwater upper outliers........coceceverereeeereereereenens 46

Map showing dissolved selenium concentrations in groundwater, springs, and
the eleven inflows with the greatest selenium concentrations from synoptic

sampling, Toll Gate Creek, July—August 2007..........cccceurereerrerrerrreeererssese s essssaeens 47
Graph showing dissolved selenium instream load in relation to distance
downstream from Quincy Reservoir, Toll Gate Creek, July—August 2007.............cccevvnnnee 43

Boxplot showing distribution of total dissolved solids concentrations, in
milligrams per liter, for groundwater, inflow, and stream samples, Toll Gate
Creek, July—August 2007. Site names indicated for groundwater upper outliers............ 49

Trilinear plot showing percentages of major cations and anions, in
milliequivalents per liter, for groundwater, inflow, and stream samples,

Toll Gate Creek, July—AugUSt 2007 .........c.ccueververrereeerceerss st s s esas s esssssenans 50
Boxplot showing distribution of pH values, in standard units, for groundwater,
inflow, and stream samples, Toll Gate Creek, July—August 2007...........ccccocrrrverrerrnrrerennenns 51

Boxplot showing distribution of dissolved nitrate (nitrite plus nitrate)
concentrations as nitrogen, in milligrams per liter, in groundwater, inflow,
and stream samples, Toll Gate Creek, Colorado, July—August 2007 ........ccccccveeeverrrerrenennes 56

Graphs showing dissolved A, selenium and B, sulfate concentrations related

to distance downstream from Quincy Reservoir, and cluster analysis results for

stream and inflow samples, Toll Gate Creek, July—August 2007...........cccccverrrrerverrerrerrennns 60
Graphs showing variation of A, sodium, B, bromide, C, selenium, and D,

uranium concentrations with sulfate concentration, and cluster-analysis

results (inflow and groundwater groups derived from cluster analysis) for
surface-water inflows and groundwater along the study reach, Toll Gate Creek,
JUIY—AUGUSE 2007 ...ttt ses ettt st enseens 61
Graph showing elation of dissolved selenium and sulfate concentration, and
cluster-analysis results (stream groups derived from cluster analysis in table 12)

for stream samples, Toll Gate Creek, July—August 2007 .........cccceveurerrerreerrensereeereesnenseeenns 62



vi

32.

33.

34.

35.
1-1.

3-3.

3-4.

3-5.

3-6.

Graph showing variation of manganese concentration with distance downstream

from Quincy Reservoir, and cluster analysis results (Stream and Inflow groups

defined on table 12 and table 11) for stream and inflow samples along the study

reach, Toll Gate Creek, Aurora, Colorado, July—August 2007...........ccceevrererrrrrrerrerrerensennens 63

Graph showing global meteoric water line, local meteoric water line, and 3°H

related to 5'°0 ratios and total dissolved solids concentration for groundwater,
inflow, and stream samples, Toll Gate Creek, July—August 2007. Total dissolved
solids symbols are continuously scaled. Several sizes are shown for reference

INThE XPIANATION 1.t ennes 64
Graph showing water-extractable selenium concentration in core in relation to

depth below land surface for Well ET-1 ... 68
Conceptual diagram of selenium occurrence in the Toll Gate Creek watershed............ 69

Graph showing acoustic Doppler Velocity meter streamflow measurements and
linear regression lines for alternative streamflow estimates, Toll Gate Creek,

July—August 2007 (Regression lines defined in table 1-3) .....ocoveeeceeeeeeeeeceeeeee e 84
Graphs showing spiked-standard concentrations for surface-water samples,
Toll Gate Creek, July—AugUSE 2007.........c.cceeverreerireeeeeecteeese st sesassesssssenaes 98

Graph showing dissolved sodium concentrations for stream and inflow samples
compared to distance downstream from Quincy Reservaoir, Toll Gate Creek,
JUIY—AUGUSE 2007 ..ottt ettt ess et ss s s s st ensesnsns 100
Graph showing dissolved sulfate concentrations for stream and inflow samples
compared to distance downstream from Quincy Reservoir, Toll Gate Creek,
JUIY—AUGUSE 2007 ....ooeeeereeereieessieeseeseesseseseessesssseseessssessssessessssssssssesssssssssssssssssssssesssssssessessnsns 101
Graph showing dissolved uranium concentrations for stream and inflow

samples compared to distance downstream from Quincy Reservoir, Toll Gate

Creek, JUIY—AUGUST 2007 .......covuereeecrierrieee et se s 102
Graph showing dissolved sodium stream load compared to distance

downstream from Quincy Reservoir, Toll Gate Creek, July—August 2007............cccceuee... 103
Graph showing dissolved sulfate stream load compared to distance

downstream from Quincy Reservoir, Toll Gate Creek, July—August 2007.............ccccoue... 104
Graph showing dissolved uranium stream load compared to distance

downstream from Quincy Reservoir, Toll Gate Creek, July—August 2007........................ 105

Tables

1.

Toll Gate Creek synoptic surface-water sampling, tracer injection, and

groundwater sampling sequence of events, 2007.........oorerernrereereerereerereeseeeeseeseeseeeenees 20
Site information for stream and inflow synoptic-sampling sites, Toll Gate Creek,
JUIY—AUGUSE 2007 ...ttt sss e ses s sessesesss st sssesssssessnsssssssssnsnsseees 20
Water-quality constituents analyzed for surface-water and groundwater samples,

Toll Gate Creek, July—AugUSE 2007 .........c.cceeerrerrerreeeeesrssesse st sssessssesssssessssssssssesaes 26
Location and completion information for sampled groundwater monitoring wells,

Toll Gate Creek, JUly—AUGUSE 2007.........ccovuurreriereeeieceneessiseie st sssssssssnens 29
Selected analytical results for synoptic surface-water samples, Toll Gate Creek,
JUIY—AUGUSE 2007 ...t sssse e s sss e ses st st sesssssessnsesssssssnssseens 39
Selected analytical results for groundwater samples, Toll Gate Creek, July—August
2007 oottt ettt et 42

Site information for 11 inflow sites with greatest dissolved selenium
concentration, Toll Gate Creek, July—August 2007............coeevrererererrireerneneeesenseseeseeesseseenenes 43



1-1.

1-2.

1-3.

2-2.

2-3.

2-4.

2-5.

4-1.

Tritium, dissolved-gas, and chlorofluorocarbon concentrations, apparent
groundwater ages, and apparent recharge rates for selected groundwater

samples, Toll Gate Creek, JUly—AuguUSt 2007 .........ccoeeererrerieeeeernsereeseesessessessssssssessessessssnes 53
Linear correlation coefficients for dissolved constituents in stream samples,

Toll Gate Creek, July—AugUSE 2007 ...........oceeeerrereerereeesereseessessessssesesssssssssssesssssssssessssssssssesses 57
Linear correlation coefficients for dissolved constituents in groundwater

samples, Toll Gate Creek, July—August 2007..........ccoveerrrverrernerreeeerresssese s essssaeens 57
Representative samples from each of the inflow groups defined by cluster

analysis, Toll Gate Creek, JUly—AuguUSt 2007 ..........cccevererrrreermreeiesinsisessesssssesssssssssessessessenss 59
Representative samples from stream groups defined by cluster analysis, Toll Gate
Creek, JUIY—AUGUST 2007 .......coeurrerreeerrireineeseeessissssesess s ssesssssssssesssssssssessssssssssessssssssssessens 62

Summary of bromide concentrations, tracer-dilution estimates, and current-meter
measurements used to develop final streamflow estimates, Toll Gate Creek,

JUIY=AUGUST 2007 ...ttt et s st s st s s s s st es st sanes 79
Summary of hydrologic and tracer-injection information used to determine

streamflow estimates and interpret results, Toll Gate Creek, July—August 2007 ............ 81
Development of alternative streamflow estimates, Toll Gate Creek,

JUIY—AUGUSE 2007 ...t sss s sss sttt snsessessessnsesssssssnsnsnens 83
Analytical quality-assurance and quality-control data for surface-water sampling
blanks, Toll Gate Creek, July—August 2007 ............coceuverrereeerreererseeesesss s sssssssesaens 86
Analytical quality-assurance and quality-control data for groundwater sampling
blanks, Toll Gate Creek, July—AuguUSt 2007 ..........c.ooeueerrereeeeeeeeeeteeeeeeeeetee e e essessesaes 87
Analytical quality-assurance and quality-control data for surface-water

replicates, Toll Gate Creek, July—August 2007.........ccocrrermerreneerernersenseseeeeesssssseeessssssssssees 90
Analytical quality-assurance and quality-control data for groundwater

replicates, Toll Gate Creek, July—August 2007............ccceuereerrerrererieersensiseiesse e ssssssesaens 94
Analytical quality-assurance and quality- control data for surface-water sample
spikes, Toll Gate Creek, July—AugUSt 2007 .........cccovuererrerrereeeeeeesssressessessesssssssssssessessessssees 97

Evaporative concentration calculations from oxygen-isotope ratios for
groundwater, inflow, and stream samples, Toll Gate Creek, July—August 2007............. 106



viii

Conversion Factors

SI to Inch/Pound
Multiply By To obtain
Length
micrometer (pm) 0.00003937 inch (in)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
kilometer? (km) 0.3861 mile? (mi*)
Volume
liter (L) 0.2642 gallon (gal)
cubic meter (m?) 264.2 gallon (gal)
cubic meter (m?®) 3531 cubic foot (ft*)
Flow rate
cubic meter per second (m?/s) 35.31 cubic feet per second (ft¥/s)
liter per second (L/s) 15.85 gallon per minute (gal/min)
Mass
kilogram (kg) 2.205 pound, avoirdupois (1b)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83)

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at
25 °C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (ug/L).

Abbreviations and Acronyms

bmm binary-mixing model
CFC chlorofluorocarbon

clICP-MS collision/reaction cell inductively coupled plasma-mass spectrometry

cm centimeters
DIW deionized water
8%H stable-isotope ratio of hydrogen (*H and 'H) relative to Vienna Standard Mean Ocean

Water



30 stable-isotope ratio of oxygen ("®0 and '®0) relative to Vienna Standard Mean Ocean

Water
DO dissolved oxygen
DOC dissolved organic carbon
ft feet

GMWL global meteoric water line

ICP-AES inductively coupled plasma-atomic emission spectrometry

IRL interim reporting level

in inches

in/yr inches per year

LMWL local meteoric water line

LRL laboratory reporting level

m meters

ug/L micrograms per liter

mg/L milligrams per liter

MRL minimum reporting level

uS/cm microsiemens per centimeter at 25 degrees Celsius

NAWQA National Water Quality Assessment
NTRU nepheline turbidimetric ratio units
NwaQL National Water Quality Laboratory
pfm piston-flow model

ppm parts per million

pmoles/kg picomoles per kilogram

pptv parts per trillion by volume

RPD relative percent difference

RSIL Reston Stable Isotope Laboratory
SC specific conductance

TDS total dissolved solids

TGH Toll Gate headwaters

TGL Toll Gate lower

TGM Toll Gate middle

TGU Toll Gate upper

TU tritium units

URLUS Urban Land-Use study
USEPA U.S. Environmental Protection Agency
USGS U.S. Geological Survey






Streamflow and Water-Quality Conditions Including
Geologic Sources and Processes Affecting Selenium
Loading in the Toll Gate Creek Watershed, Aurora,
Arapahoe County, Colorado, 2007

By Suzanne S. Paschke, Robert L. Runkel, Katherine Walton-Day, Briant A. Kimball, and Keelin R. Schaffrath

Abstract

Toll Gate Creek is a perennial stream draining a subur-
ban area in Aurora, Colorado, where selenium concentrations
have consistently exceeded the State of Colorado aquatic-life
standard for selenium of 4.6 micrograms per liter since the
early 2000s. In cooperation with the City of Aurora, Colo-
rado, Utilities Department, a synoptic water-quality study
was performed along an 18-kilometer reach of Toll Gate
Creek extending from downstream from Quincy Reservoir
to the confluence with Sand Creek to develop a detailed
understanding of streamflow and concentrations and loads of
selenium in Toll Gate Creek. Streamflow and surface-water
quality were characterized for summer low-flow conditions
(July—August 2007) using four spatially overlapping synoptic-
sampling subreaches. Mass-balance methods were applied to
the synoptic-sampling and tracer-injection results to estimate
streamflow and develop spatial profiles of concentration and
load for selenium and other chemical constituents in Toll
Gate Creek surface water. Concurrent groundwater sampling
determined concentrations of selenium and other chemical
constituents in groundwater in areas surrounding the Toll Gate
Creek study reaches. Multivariate principal-component analy-
sis was used to group samples and to suggest common sources
for dissolved selenium and major ions. Hydrogen and oxygen
stable-isotope ratios, groundwater-age interpretations, and
chemical analysis of water-soluble paste extractions from core
samples are presented, and interpretation of the hydrologic
and geochemical data support conclusions regarding geologic
sources of selenium and the processes affecting selenium load-
ing in the Toll Gate Creek watershed.

Streamflow conditions observed and measured during the
synoptic water-quality study represent summer base-flow con-
ditions and rainfall conditions for July 2007. The final stream-
flow profile for July 2007 provides evidence that streamflow
increases steadily within each subreach and for the entire study
reach, indicating that Toll Gate Creek is a gaining stream. The
lack of large tributary inflows and the spatial distribution of
small tributary inflows, seeps, and springs indicate that diffuse

and discrete groundwater inflow supports streamflow during
low-flow conditions along the entire 18-kilometer stream reach.
Streamflow in the Toll Gate Middle (TGM) subreach was
substantially greater than that in the other subreaches because
of rainfall. Streamflow in the TGM subreach increased rapidly
in response to the rainfall as would be expected in a suburban
setting where paved areas and channelization increase surface-
water runoff and decrease runoff transit time to local drainages
compared to undeveloped areas.

Concentrations of dissolved selenium within all sub-
reaches of Toll Gate Creek exceeded the Colorado aquatic-life
standard of 4.6 micrograms per liter in 2007. Concentrations
of selenium in the upper portion of the Toll Gate Headwaters
subreach (TGH) remained close to the aquatic-life standard
at about 5 micrograms per liter. Wetlands in the upper TGH
create reducing conditions where selenium can be reduced to
insoluble forms and removed from the water column. Down-
stream from the wetland reach is a concrete-lined channel that
likely prevents groundwater and thus selenium discharge to
the stream, and selenium concentrations are at about 5 micro-
grams per liter. Downstream from the concrete-lined channel,
inflows with selenium concentrations greater than the stream
contribute selenium load to surface water. However, stream
selenium concentrations were less than 20 micrograms per
liter all along Toll Gate Creek. Concentrations of selenium
were diluted to less than 10 micrograms per liter for the TGM
subreach because of rainfall that occurred prior to synoptic
sampling. Of the 32 discrete sampled inflows, selenium con-
centrations in 11 inflows were greater than 21 micrograms per
liter. Selenium concentrations at the remaining 21 inflows were
less than 12 micrograms per liter. Nine of the 11 inflows with
the greatest selenium concentrations emanate from culverts,
which are channelized tributaries and storm drains that collect
surface-water runoff and groundwater discharge. Two of the
11 inflows are springs along the contact between bedrock and
overlying alluvial materials where groundwater flows directly
to the stream. Concentrations of selenium in groundwater were
in general substantially greater than the Colorado aquatic-life
standard of 4.6 micrograms per liter and at some locations were
greater than the U.S. Environmental Protection Agency primary
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drinking-water standard for selenium of 50 micrograms per
liter. The distribution of selenium concentrations in ground-
water, springs, and the 11 inflows with the greatest selenium
concentrations indicates that shallow groundwater in surficial
materials and the Denver Formation bedrock is a source of
selenium loading to Toll Gate Creek and that selenium loading
is distributed along the entire length of the study reach down-
stream from the concrete-lined channel at Buckley Road.

General water quality in the Toll Gate Creek watershed
is characterized by total dissolved solids concentrations that
frequently exceed the U.S. Environmental Protection Agency
secondary drinking-water standard of 500 milligrams per liter,
near neutral to slightly alkaline pH conditions, a wide range
of reduction and oxidation (redox) conditions, detections of
nitrate in groundwater, hydrogen-oxygen isotope ratios indica-
tive of active evaporative processes, and apparent ground-
water-age interpretations of primarily young water recharged
since the 1960s. Strong linear statistical correlations among
selenium and other dissolved constituents indicate that the
correlated constituents are derived from the same or related
geologic sources. Concentrations of selenium and major-ions
in groundwater in combination with oxygen-isotopic results
and apparent groundwater ages indicate water-rock interac-
tion, evaporation, and possibly nitrate reduction processes
are affecting concentrations of selenium in groundwater. At
the two wells with the greatest selenium concentrations, a
component of old groundwater is indicated by low tritium
concentrations, and water-rock interaction over long ground-
water-residence times, on the order of 50 years or longer,
is considered a primary process affecting concentrations of
selenium in groundwater. Oxygen-isotope results indicate
evaporative loss in the semiarid climate also contributes to
concentrating selenium and major ions in groundwater; how-
ever, evaporation is considered a secondary process because
evaporative loss cannot fully account for the observed concen-
trations of selenium and total dissolved solids.

Water-quality and solids-sampling results from this study
indicate weathering processes release water-soluble selenium
from the underlying Denver Formation claystone bedrock
with subsequent cycling of selenium in the aquatic environ-
ment of Toll Gate Creek. Exposure of the Denver Formation
selenium-bearing bedrock to oxidizing atmospheric condi-
tions, surface water, and groundwater, oxidizes selenide, held
as a trace element in pyrite or in complexes with organic
matter, to selenite and selenate. Secondary weathering prod-
ucts including iron oxides and selenium-bearing salts have
accumulated in the weathered zone in the semiarid climate
and also can serve as sources or sinks of selenium. Present-
day selenium-bearing evaporative salts observed along
streambanks concentrate selenium from underlying bedrock
and sediments and another source of selenium to Toll Gate
Creek surface water. These evaporative deposits are rapidly
dissolved during high streamflow events contributing sele-
nium and total dissolved solids to Toll Gate Creek. Concen-
trations of selenium and major ions exhibited less variability
in surface water than concentrations in inflow or groundwater

indicating that hydrological, geochemical, and biological
instream processes were effectively mixing the inflow and
groundwater discharge received by the stream. In addition,
plant uptake was likely attenuating selenium and nitrate
concentrations in surface water during the summer low-flow
study period.

Introduction

Selenium is a trace element essential to humans and
animals; however, elevated concentrations of selenium can
be toxic to humans, fish, and wildlife (Stadtman, 1974,
Gissel-Nielson and others, 1984). In the aquatic environment,
selenium in the water column can accumulate through the food
chain leading to elevated selenium concentrations in tissues
of fish and birds (Lemly, 1985; Ohlendorf and others, 1986;
Ohlendorf, 1989; Presser, 1994). Toxic effects of selenium on
fish and birds can include mortality, decreased reproduction,
and deformities in offspring (Ohlendorf and others, 1986;
Presser and Ohlendorf, 1987; Ohlendorf, 1989). The U.S.
Environmental Protection Agency (USEPA) established a pri-
mary drinking-water standard for selenium of 50 micrograms
per liter (ug/L) (U.S. Environmental Protection Agency, 2003)
and, in 1997, the State of Colorado established an aquatic-life
standard for selenium of 4.6 pg/L (Colorado Department of
Public Health and Environment, 2008). Statewide in Colo-
rado, numerous streams are included on the Colorado list of
impaired waters under provisions of Section 303(d) of the
Clean Water Act of 1972 (303(d) list) because concentrations
of dissolved selenium exceed the aquatic-life standard of
4.6 ng/L (fig. 1).

Many selenium-impaired streams in Colorado are associ-
ated with nonpoint-source groundwater discharge and selenium
loading from areas underlain by Cretaceous marine shale
(fig. 1). Both the Cretaceous Mancos Shale in western Colorado
and its equivalent, the Cretaceous Pierre Shale, in central and
eastern Colorado are known sources of selenium. In the Toll
Gate Creek watershed examined by this study, near-surface bed-
rock consists of interbedded nonmarine claystones, sandstones,
lignites, and volcanic deposits of the Cretaceous- to Tertiary-
aged Denver Formation (Robson and Romero, 1981). Claystone
and lignite deposits containing ash and sediment from volcanic
origins, such as the Denver Formation, can contain elevated
selenium (Kulp and Pratt, 2004; Neuzil and others, 2005,
Fernandez-Martinez and Charlet, 2009), and the Denver Forma-
tion is the likely geologic source of selenium to shallow ground-
water and surface water in the Toll Gate Creek watershed. The
Cretaceous Pierre Shale occurs at an approximate depth of
about 550 meters (m) below land surface (Paschke, 2011) and is
not the likely source of selenium in Toll Gate Creek.

Concentrations of dissolved selenium in Toll Gate Creek
of Aurora, Colo., have consistently exceeded the Colorado
aquatic-life standard of 4.6 png/L since the early 2000s (Brown
and Caldwell and Chadwick Ecological Consultants, 2003;
Herring and Walton-Day, 2007). Toll Gate Creek is a perennial
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plains stream that drains a suburban area within the City of
Aurora, Colo., where surface water is derived from local rainfall
and snowmelt (surface-water) runoff, urban storm drainage,
and groundwater discharge from the encompassing water-
shed. No known point discharges to the stream exist that could
account for the observed selenium concentrations. Previous
work indicates that greater than 85 percent of the selenium
loading to Toll Gate Creek originates from the tributary of
West Toll Gate Creek, and groundwater discharge to the stream
was considered as the source of selenium to Toll Gate Creek
(Herring and Walton-Day, 2007). Previous hydrogeologic maps
of the watershed (Robson, 1996) depict a variably saturated
water-table groundwater system in the Quaternary surficial
materials and top of the underlying Denver Formation with
groundwater flow toward Toll Gate Creek and its tributaries.
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In addition, groundwater-quality data from the U.S. Geologi-
cal Survey (USGS; http://waterdata.usgs.gov/nwis/, accessed
August 28, 2008) indicate the presence of dissolved selenium
concentrations at the water table in the vicinity of Toll Gate
Creek for samples collected in 2003. These observations pro-
vided evidence that selenium concentrations in Toll Gate Creek
are the result of water-rock interaction among groundwater,
surface water, and the selenium-bearing bedrock of the Denver
Formation, with subsequent flow and discharge to Toll Gate
Creek. The U.S. Geological Survey, in cooperation with the City
of Aurora, Colorado, Utilities Department, conducted this study
of Toll Gate Creek in late July and early August 2007 to further
characterize streamflow and water-quality conditions including
geologic sources and processes affecting selenium loading in
the Toll Gate Creek watershed for low-flow conditions.
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Purpose and Scope

The purpose of this report is to describe and interpret
streamflow and water-quality conditions including geologic
sources and processes affecting selenium loading in the
Toll Gate Creek watershed for summer low-flow condi-
tions in 2007. The 18-kilometer (km) reach of Toll Gate
Creek extending from downstream from Quincy Reservoir
to the confluence with Sand Creek was assessed using four
spatially overlapping synoptic-sampling subreaches. Field
reconnaissance identified all inflows for the 18-km reach
of Toll Gate Creek, and its tributary West Toll Gate Creek,
and a series of synoptic-sampling and tracer-injection
events were employed to assess selenium loading to the
stream. Mass-balance methods were applied to the synoptic-
sampling and tracer-injection results to estimate streamflow
and develop spatial profiles of concentration and load for
selenium and other chemical constituents in Toll Gate Creek
surface water. Concurrent groundwater sampling determined
concentrations of selenium and other chemical constituents
in groundwater in areas surrounding the Toll Gate Creek
study reaches. Multivariate principal-component analysis
was used to group samples and to suggest common sources
for selenium and other dissolved constituents. Results for
hydrogen and oxygen stable-isotope ratios, groundwater-age
interpretations, and chemical analyses of water-soluble paste
extractions from core samples are presented, and interpreta-
tion of the hydrologic and geochemical data support conclu-
sions regarding the geologic sources and processes affecting
selenium loading in the Toll Gate Creek watershed.

Selenium Occurrence and Geochemistry

Many rocks and minerals are selenium bearing, and
weathering of these rocks is the major natural source of
selenium in the aquatic environment (McNeal and Balistrieri,
1989). Chemical reactions that occur during weathering such as
mineral dissolution and precipitation, chemical adsorption and
desorption, evaporative concentration, and biological uptake
and release all can control selenium concentrations and trans-
port in the aquatic environment (McNeal and Balistrieri, 1989).
Selenium can exist at four different oxidation states such that
reduction and oxidation (redox) conditions and chemical reac-
tions affect selenium speciation, mobility, and bioavailability in
the aquatic environment (McNeal and Balistrieri, 1989).

Organic-rich fine-grained sediments including coal
tend to have high selenium concentrations (Adriano, 2001),
on the order of 0.5 to 11 milligrams per kilogram (mg/kg),
because of the presence of included volcanic ash layers
(Kulp and Pratt, 2004; Neuzil and others, 2005), selenium-
bearing sulfide minerals, or the complexation of selenium
with organic matter (McNeal and Balistrieri, 1989; Yudovich
and Ketris, 2006). Large selenium contents are common in
sedimentary rocks associated with coal in the western United
States (Lakin, 1961), and selenium is considered one of the

most enriched trace elements in coal because of its affinity to
organic carbon. (Gluskoter and others, 1977; Valkovic, 1983;
Coleman and others, 1993; Neuzil and others, 2005). Sele-
nium also is associated with volcanic activity and volcanic
deposits are sources of selenium. (Sindeeva, 1964; Malisa,
2001; Witham and others, 2004). Sedimentary rocks with
volcanic input, such as bentonite claystones containing ton-
steins and volcanic ash, also frequently exhibit high selenium
concentrations (Davidson and Powers, 1959; Kulp and Pratt,
2004). In addition to selenium, volcanic ash deposits contain
calcium, magnesium, sodium, sulfate, chloride, bromide, and
uranium that can form soluble salts upon weathering (Witham
and others, 2004).

The chemistry of selenium resembles that of sulfur and,
like sulfur, selenium can exist at four different oxidation
states: (1) 2— (Se?, selenide), (2) 0 (Se®, elemental sele-
nium), (3) 4+ (SeO,*, selenite oxyanion), and (4) 6+ (SeO,*,
selenate oxyanion) (McNeal and Balistrieri, 1989). Sele-
nium oxidation states depend on pH and redox conditions,
which frequently are controlled by biological reactions with
microorganisms (McNeal and Balistrieri, 1989; Fernandez-
Martinez and Charlet, 2009). Each oxidation state exhibits
different chemical behavior that determines mobility and
thus bioavailability in the aquatic environment (McNeal and
Balistrieri, 1989; Fernandez-Martinez and Charlet, 2009).
Selenide and elemental selenium occur in acidic, reducing,
and organic-rich environments, such as swamps, wetlands, or
bottom sediment. Reduced forms of selenium occur primarily
as immobile solid phases, such as selenium-bearing pyrite,
and are considered to have little toxicological significance
(McNeal and Balistrieri, 1989; Naftz and Rice, 1989; Kulp
and Pratt, 2004; Fernandez-Martinez and Charlet, 2009). Sel-
enide also forms complexes with organic matter, which can
be biologically available and potentially toxic to plants and
animals (Fernandez-Martinez and Charlet, 2009). The oxi-
dized species of selenium (selenite and selenate oxyanions)
are mobile in the aquatic environment, are readily transported
by surface-water and groundwater movement, and are toxic to
plants and animals (Fernandez-Martinez and Charlet, 2009).
Selenite is generally mobile in the aquatic environment under
mildly oxidizing conditions, and it is more bioavailable and
more toxic than selenate (Lemly, 1993). Selenite can be
immobilized by adsorption onto bentonite clays at pH values
less than 7 and onto iron oxides at pH values between 5 and
8 (Balistrieri and Chao, 1987; McNeal and Balistrieri, 1989;
Boult and others, 1998) and is more strongly adsorbed than
selenate (Fernandez-Martinez and Charlet, 2009). Selenate is
highly mobile in the aquatic environment, especially under
alkaline and oxidizing conditions (Naftz and Rice, 1989),
forming soluble salts and weakly adsorbing to iron oxides,
clay particles, and organic matter (McNeal and Balistrieri,
1989; Naftz and Rice, 1989; Kulp and Pratt, 2004). Selenate
also substitutes for sulfate in the structure of gypsum (Fernan-
dez-Gonzalez and others, 2006) and other evaporative salts
such as thenardite (Na,SO,) (Michele Tuttle, U.S. Geological
Survey, written commun., 2012).



Study Area Description

Toll Gate Creek is a perennial tributary of Sand Creek
located near the eastern edge of the Denver metropolitan area
in the municipality of Aurora, Colo. The study area encom-
passes the 18-km reach of West Toll Gate and Toll Gate Creek
downstream from Quincy Reservoir to the confluence with
Sand Creek. (fig. 2) as well as the surrounding area where
groundwater monitoring wells were sampled.

Physiography

Toll Gate Creek originates in the west-central plains of
the Denver Basin and flows north-northwest toward its con-
fluence with Sand Creek, which in turn flows into the South
Platte River. Neither Toll Gate Creek nor Sand Creek are
used for drinking-water supply. West Toll Gate Creek drains
the western part of the watershed and is the larger of the two
tributaries that comprise Toll Gate Creek (fig. 2). East Toll
Gate Creek drains the eastern part of the watershed. Quincy
Reservoir is located along West Toll Gate Creek south of
Quincy Avenue, although West Toll Gate Creek surface water
is diverted around Quincy Reservoir. Hereinafter the sampled
reaches of West Toll Gate Creek and Toll Gate Creek are
referred to as “Toll Gate Creek.”

Toll Gate Creek is located in the Great Plains physio-
graphic province (Trimble, 1980) where topography is char-
acterized by rolling hills and dissected plains. Land-surface
altitude in the watershed ranges from about 1,859 m (6,100 ft)
in the headwaters of West Toll Gate Creek to about 1,630 m
(5,250 ft) near the confluence with Sand Creek (fig. 2). Cli-
mate of the region is semiarid with mean annual precipitation
averaging about 36 to 41 centimeters (cm) (14 to 16 inches
[in]) in the basin for the period 1931-2003 (National Oce-
anic and Atmospheric Administration, 2003; Paschke, 2011).
About 70 percent of the precipitation falls during the 6-month
period from April through September as summer thunder-
showers, and the remaining 30 percent of precipitation mostly
occurs as snowfall from November through March (Hansen
and others, 1978). Native vegetation consists of grasslands
with mixed-grass prairie and rangeland shrubs (Keith and
Maberry, 1973) with phreatophytes such as cottonwoods, wil-
lows, and cattails occurring immediately adjacent to streams
in valley bottom lands and flood plains (Keith and Maberry,
1973; Driscoll, 1975).

Land Use

Urbanization of the Toll Gate Creek watershed since
the 1940s has changed the land use, vegetation, and hydrol-
ogy of the area. Development of this part of Aurora began
during World War II in response to residential and com-
mercial growth surrounding nearby Buckley Air Force Base
and former Lowry Air Force Base (fig. 3). In 1948, about
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3.3 square kilometers (km?) of the Toll Gate Creek watershed
were urbanized, primarily in the northern part of the study
area. From the 1960s to the 1990s, urbanization spread south
through the Toll Gate Creek watershed such that by 2001,
about 55 km? of the 104 km?* watershed, or about 53 percent
of the watershed, was urbanized (fig. 3). Rangeland prairie
and shrubs were converted to lawns with trees and gardens in
residential areas and to paved areas in transportation corridors
and commercial developments.

Surface-Water Hydrology

Toll Gate Creek has undergone engineered channeliza-
tion over much of its length as part of urbanization, and small
tributaries were piped through culverts beneath roads and
highways (Jill Piatt Kemper, City of Aurora, oral commun.,
2007). These channelized tributaries and culverts also collect
and carry shallow groundwater to Toll Gate Creek. At low-
flow (base flow) conditions, streamflow in Toll Gate Creek is
supported primarily by groundwater inflow. Downstream from
Quincy Reservoir to Hampden Avenue, West Toll Gate Creek
flows through a wetland area (figs. 4 and 5) passing under
Mansfield Avenue. At Hampden Avenue, West Toll Gate Creek
enters a concrete-lined channel (figs. 4 and 6), which extends
from Hampden Avenue downstream to Buckley Road (figs. 4
and 7). The concrete-lined channel appears to prevent ground-
water and thus selenium discharge to the stream on the basis
of stream-selenium concentrations of about 5 pg/L measured
in the reach by this study. The West Toll Gate Creek channel
is unlined downstream from Buckley Road to the confluence
with East Toll Gate Creek north of Alameda Avenue. Down-
stream from Mexico Avenue, a series of drop structures con-
trol flow in the creek (figs. 4 and 8) such that flow is relatively
slow moving and, in some locations, stagnant behind each
of these structures (figs. 4 and 9). Streamflow was difficult
to quantify in these slow-moving reaches as described in the
“Streamflow Conditions” section of this report. Downstream
from the confluence of East and West Toll Gate Creeks, Toll
Gate Creek flows about 5.4 km to its confluence with Sand
Creek (figs. 4 and 10).

Toll Gate Creek is presently (2012) a perennial stream.
Topographic maps from the 1960s show springs along West
Toll Gate Creek near its confluence with East Toll Gate Creek,
and historical accounts of the creek from the 1950s indicate
perennial flow in some reaches at that time (Pyle, 1998).
However, the creek was likely ephemeral prior to urbaniza-
tion, with only occasional or local flow, similar to Sand Creek,
Coal Creek, and other plains streams originating in eastern
Colorado (Friedman and Lee, 2002). Increased water use in
the area likely increased surface-water runoff, streamflow, and
groundwater recharge and discharge in developed areas similar
to the phenomena noted for the main stem of the South Platte
River following agricultural development in the valley (Nadler
and Schumm, 1981).
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Figure 2. Map showing land-surface altitude and location of synoptic-sampling study reach for the Toll Gate Creek watershed, Aurora,
Colorado.
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Figure 5. Photograph showing West Toll Gate Creek looking upstream from Mansfield Avenue toward Quincy Reservoir, Aurora,
Colorado, July 2007 (Photograph by Suzanne Paschke).
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Figure 6. Photograph showing West Toll Gate Creek looking upstream beneath the Hampden Avenue bridge where stream enters the
concrete-lined channel, Aurora, Colorado, July 2007 (Photograph by Suzanne Paschke).



Introduction 1

Figure 7. Photograph showing West Toll Gate Creek concrete-lined channel looking downstream toward Buckley Road, Aurora,
Colorado, July 2007 (Photograph by Suzanne Paschke).
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Figure 8. Photograph showing drop structure along West Toll Gate Creek downstream from Mexico Avenue, Aurora, Colorado, July
2007 (Photograph by Robert Runkel).
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Figure 9. Photograph showing West Toll Gate Creek downstream from Mexico Avenue, Aurora, Colorado, April 2007 (Photograph by
Suzanne Paschke).
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Figure 10. Photograph showing Toll Gate Creek (on left) and Sand Creek (on right) confluence. View looking downstream toward
confluence, Aurora, Colorado, April 2007 (Photograph by Suzanne Paschke).



Geology and Groundwater Hydrology

Groundwater hydrology of the Toll Gate Creek watershed
is characterized by variably saturated water-table conditions
in Quaternary unconsolidated surficial materials and the top
of the underlying and weathered Cretaceous- to Tertiary-
aged Denver Formation bedrock (Robson, 1996). Surficial
materials include alluvial, colluvial, and eolian deposits. The
alluvial deposits consist of gravel, sand, silt, and clay; col-
luvial deposits may consist of reworked alluvial deposits and
underlying bedrock; and eolian deposits consist of fine- to
medium-grained windblown sand (Robson, 1996). The water
table may occur in surficial deposits or the weathered top of
bedrock with depths to water generally less than 50 ft below
land surface and saturated thickness generally less than 20 ft
(Robson, 1996; Richard Vidmar, City of Aurora, written
commun., 2007; this study). Organic-rich Denver Formation
claystone underlies surficial materials in parts of the Toll Gate
Creek watershed (Jennifer Beck, U.S. Geological Survey, writ-
ten common., 2005; Richard Vidmar, City of Aurora, written
commun., 2007), and the low-permeability claystone inhibits
the downward movement of shallow groundwater such that a
perched water-table exists in the surficial materials and under-
lying top of bedrock.

Denver Formation claystone is considered the geologic
source of dissolved selenium and other inorganic constitu-
ents to surface water and groundwater in the Toll Gate Creek
watershed. The Denver Formation that crops out and underlies
surficial deposits in the Toll Gate Creek watershed consists of
poorly consolidated nonmarine claystone and occasional beds
of consolidated siltstone or sandstone, localized seams of low-
rank coal (lignite), and lithified volcanic ash layers (tonsteins)
(Kirkham and Ladwig, 1979; Robson and Romero, 1981;
this study). Robson (1996) shows bedrock outcrops along the
channel of Toll Gate Creek upstream from (south of) Quincy
Reservoir and along the edges of valley-fill surficial materials
downstream from Quincy Reservoir (fig. 11). Field reconnais-
sance for this study observed outcrops of claystone, and in
some areas sandstone, in streambeds and cut banks, and drilling
logs indicate that claystone underlies surficial materials at most
drilled locations in the watershed (Jennifer Beck, U.S. Geologi-
cal Survey, written commun., 2005; Richard Vidmar, City of
Aurora, written commun., 2007). Tonsteins also were observed
within the claystone bedrock (fig. 12).

Exposure of the Denver Formation bedrock to surface
water, groundwater, and oxidizing atmospheric conditions has
resulted in erosion and chemical weathering of the minerals
and trace elements contained in the bedrock. Weathering in
a semiarid climate creates alkaline and oxidizing conditions
that oxidize the reduced mineral forms, such as selenium-
bearing pyrite or selenium complexed with organic mat-
ter, and generate soluble selenium (Naftz and Rice, 1989).
Secondary weathering products (iron oxides and salts) are
evident in the Toll Gate Creek watershed and are similar to
those observed in western Colorado for the Mancos Shale
(Michele Tuttle, U.S. Geological Survey, written commun.,
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2012). Weathered bedrock from groundwater monitoring well
URLUS-30 in the Toll Gate Creek watershed is described as
“yellow-brown to olive-gray claystone with iron staining and
gypsum” (Jennifer Beck, U.S. Geological Survey, written
commun., 2003). The presence of iron oxides and second-
ary salts indicates oxidized chemical conditions, whereas the
unweathered claystone is generally grey to black in color,
indicating abundant organic matter and reduced chemical
conditions. The oxidation and weathering of reduced sele-
nium-bearing minerals or organic material in the claystone
bedrock is a likely mechanism for selenium dissolution and
mobilization in the Toll Gate Creek watershed. Oxidized
secondary selenium-bearing salts accumulated in the weath-
ered zone also can dissolve in surface water or groundwater
under present-day hydrologic conditions and also are possible
sources of selenium to the aquatic environment of Toll Gate
Creek (Michele Tuttle, U.S. Geological Survey, written com-
mun., 2012).

Recharge to the water table is from infiltration of incident
precipitation, surface-water infiltration, and deep percolation
of lawn-irrigation water. Prior to urbanization, agricultural
activities in the area likely contributed recharge to the water
table by deep percolation of agricultural-irrigation water
conveyed to fields by irrigation ditches. Irrigation water to
the area historically was diverted from the South Platte River
upstream from Aurora and carried through the Highline Canal
(Pyle, 1998). The Highline Canal crosses the Toll Gate Creek
watershed, and leakage from the Highline Canal has likely
been a source of recharge to the local water table, although the
effects of ditch leakage on groundwater flow were not exam-
ined by this study.

Groundwater-flow direction in the surficial materials
and weathered bedrock is generally from south to north,
down valley and toward Toll Gate Creek (fig. 11). Where
claystones are present at the land surface or beneath surficial
materials, they generally form a confining unit, which inhib-
its the downward movement of shallow groundwater, such
that groundwater flow generally follows the top of bedrock
toward local drainages. The uppermost layers of claystone
are commonly saturated with shallow groundwater and
weathered to a blocky appearance indicating the weathered
zone is locally in hydraulic connection with the overlying
surficial materials.

Groundwater discharges to Toll Gate Creek and its tributar-
ies from discrete seeps, springs, and engineered culverts, which
were sampled for this study, and by diffuse flow and evaporation.
Seeps and springs observed along the Toll Gate Creek channel
margins during field reconnaissance for this study occur at the
weathered contact between the surficial materials and the under-
lying less-permeable claystone bedrock. Toll Gate Creek has
eroded through (incised) the surficial materials and weathered
bedrock along parts of the study reach so that the stream also
flows directly on bedrock. Evaporative salt deposits observed
on the surface of bedrock outcrops and along streambanks are
evidence for evaporation from groundwater discharge and the
stream hyporheic zone (Herring and Walton-Day, 2007) (fig. 12).
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bedrock outcrop along Toll Gate Creek streambank, Aurora, Colorado, July 2007 (Photograph by Suzanne Paschke).

Methods

This study characterized streamflow and water-quality
conditions including geologic sources and processes affect-
ing selenium loading in the Toll Gate Creek watershed for
summer low-flow conditions in 2007. This report section
describes the field and analytical methods used for synop-
tic sampling, tracer injection, mass-loading calculations,
multivariate analysis, groundwater sampling, and solids
sampling. Quality-assurance and quality-control results also
are presented.

Synoptic-Sampling and Tracer-Injection
Background

Synoptic-sampling and tracer-injection methods developed
by the USGS Toxic Substances Hydrology Program (Kimball
and others 2002, 2007) were used to develop spatial profiles of
concentration, streamflow, and load in Toll Gate Creek. These
methods have been applied primarily to assess metal loading from
abandoned mine lands (Bencala and McKnight, 1987; Paschke
and others, 2005; Runkel and others, 2007, 2009; Walton-Day
and others, 2005), but they also are applicable to other constitu-
ents in gaining streams (for example, Kimball and others, 2008).
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Quantification of constituent load in a stream requires
accurate streamflow measurements and representative con-
centrations of chemical constituents. Estimates of streamflow
at each stream sampling location can be developed using the
tracer-dilution method (Kilpatrick and Cobb, 1985) or current-
meter measurements (Rantz and others, 1982). Synoptic
sampling (Bencala and McKnight, 1987; Kimball and others,
2002) provides a detailed spatial profile of constituent con-
centration in the stream and its tributaries. Spatial profiles of
in-stream load are in turn used to identify constituent sources
(increases in load with distance) and sinks (decreases in load
with distance).

Synoptic water-quality studies typically are conducted
during base-flow (low-flow) conditions. Application of
the synoptic-sampling approach to low-flow conditions is
appropriate for two reasons. First, the mass-loading profiles
developed for low-flow conditions generally provide a strong
representation of groundwater discharge that is not diluted
by excess surface-water runoff. Second, during the low-flow
periods, dilution of chemical constituents is minimal, and
toxicity standards based on metal concentrations are more
likely exceeded (Besser and others, 2001). Low-flow condi-
tions also make it logistically possible to measure streamflow
and collect samples at many synoptic-sampling sites in a
single day.

Tracer injection is a method of estimating streamflow
in gaining streams (Kilpatrick and Cobb, 1985). A tracer
injection consists of continuously injecting an inert chemical
tracer into the stream at a constant rate and concentration and
measuring the downstream dilution of the tracer at various
locations. Given sufficient time during a tracer injection, all
portions of the stream including side pools and the hyporheic
zone will become saturated with tracer, and in-stream tracer
concentrations will reach a plateau (Kimball and others, 2002).
Downstream decreases in tracer plateau concentration indicate
tracer dilution by surface-water and groundwater inflow to
the stream, and streamflow is calculated from the downstream
dilution. The downstream arrival, concentration plateau, and
departure (upon cessation of the injection) of the tracer also
are monitored at selected transport sites to compute stream
velocities and other hydrologic properties.

Synoptic sampling is a one-time detailed sampling of
stream sites and all visible tributary inflows to the stream
that provides a description of the stream and tributary inflow
chemistry. Synoptic sampling generally is performed dur-
ing the plateau period of the tracer injection. Streamflow
computed from tracer concentrations in samples collected
during synoptic sampling accounts for both the surface and
the hyporheic flow because the tracer flows with the water
through bed sediment. The tracer-injection method also
allows streamflow estimates at numerous locations in a short
time frame. Zellweger and others (1988) provide additional
details of tracer-injection methods. The section of this report,
“Synoptic Sampling and Tracer Injections” describes the
specific synoptic-sampling and tracer-injection methods used
for this study.

Loading profiles developed for the stream use mass-
balance calculations, which combine streamflow with
constituent concentrations in synoptic samples. Loading-
calculation results for a synoptic study can identify where
changes in stream load occur and can lend insight to sources
of loading and potential geochemical controls on stream
chemistry. However, study results do not identify specific
pathways to the stream from particular sites, except for
visible inflows. The section of this report, “Surface-Water
Mass-Loading Calculations” describes the specific loading
calculations used for this study.

Toll Gate Creek Stream Reaches and Sampling
Sequence of Events

The 18-km study reach was divided into four subreaches
for synoptic sampling (fig. 4). To quantify day-to-day variabil-
ity in streamflow and constituent concentration, the subreaches
overlapped; with one or more stream sites at the end of each
subreach being shared with the downstream subreach (for
example, the one or two most downstream sites in a given
subreach comprise the two most upstream sites of the next
subreach). Synoptic sampling of each subreach occurred on
different days, so the overlapping stream sites were sampled
on two different days (table 1). Study subreaches are labeled
as Toll Gate headwaters subreach (TGH, Quincy Reservoir to
Mexico Avenue), Toll Gate upper injection subreach (TGU,
Mexico Avenue to Alameda Avenue), Toll Gate middle injec-
tion subreach (TGM, Alameda Avenue to 6th Avenue), and
Toll Gate lower injection subreach (TGL, 6th Avenue to Sand
Creek) (fig. 4).

Detailed field reconnaissance of the study reach down-
stream from the end of the concrete-lined channel at Buckley
Road (lower part of TGH and all of TGU, TGM, and TGL)
was accomplished June 27-29, 2007, and reconnaissance
downstream from Quincy Reservoir to upstream from Buck-
ley Road (upper part of TGH) was accomplished on July
27,2007 (table 1). During field reconnaissance, stream- and
inflow-sampling locations were identified, noted, flagged, and
recorded with a Global Positioning System device so they
could be revisited during the synoptic sampling. Streambed
and inflow characteristics also were observed and recorded.
Field reconnaissance resulted in a spatially detailed sampling
plan and understanding of the stream and inflows (tributaries,
culverts, seeps, and springs). Hydrologic properties of the sub-
reaches (time of travel and time to plateau) were determined
using instream releases of Rhodamine WT dye in the TGU,
TGM, and TGL subreaches July 9-14, 2007.

Synoptic sampling was accomplished on the TGU, TGM,
and TGL subreaches July 26—August 2, 2007. Each of these
sampling events employed tracer injections that allowed for
the determination of streamflow using the tracer-dilution
method. Tracer injections continued for 2—3 days, allowing
time for the injected tracer to fully saturate the stream and
hyporheic zone, such that a steady-state tracer plateau con-
centration was achieved (Kimball and others, 2002, 2007).



Upon reaching the plateau, synoptic samples were collected
(July 26, July 29, and August 2; table 1) at the predetermined
stream and inflow locations (table 2). A tracer injection was
not attempted on the TGH subreach because of the presence of
wetlands and the concrete-lined channel. Streamflow was mea-
sured in the TGH subreach downstream from Buckley Road
using a current meter during synoptic sampling on August 1,
2007. No streamflow measurements were obtained upstream
from Buckley Road because of the presence of wetlands and
the concrete-lined channel that prevented execution of both
tracer injection and current-meter streamflow measurements.
Groundwater sampling at selected locations (fig. 4) occurred
July 12—August 6, 2007, such that groundwater samples are
considered synoptic with the surface-water samples (table 1).

Synoptic Sampling and Tracer Injections

Water-quality samples were collected from all surface-
water sites within the TGH, TGU, TGM, and TGL sub-
reaches on the specific days listed in table 1 starting with the
most downstream subreach (TGL) and generally proceeding
upstream. In total, samples were collected from 63 stream and
32 inflow locations (table 2). Sample collection within each
subreach proceeded in the downstream-to-upstream direction to
prevent suspended streambed sediments, dislodged by sampling
teams, from contaminating downstream samples. Water-quality
samples at all stream locations were collected using a DH-81
sampling device and equal-width-increment sampling methods
such that constituent concentrations were width and depth inte-
grated and represent a velocity-weighted cross-sectional average
(U.S. Geological Survey, variously dated). Stream samples were
collected as rapidly as possible to minimize site-to-site varia-
tion in water quality caused by diel constituent fluctuations and
changes in streamflow (Nimick and others, 2003). Elapsed time
between adjacent stream samples was about 20 minutes. Manual
grab samples were collected at all inflow sites. Water tempera-
ture was measured at each site during sample collection.

A spatially detailed profile of streamflow was developed
using current-meter measurements and tracer-dilution estimates
as described in Appendix 1. Current-meter measurements were
made at stream sampling locations (Rantz and others, 1982)
using a handheld Acoustic Doppler Velocity meter (ADV,
FlowTracker®). Tracer-dilution estimates of streamflow were
available for most stream sampling locations within the TGU,
TGM, and TGL subreaches, where conservative tracer injec-
tions were initiated in the days prior to synoptic sampling
(table 1). All tracer injections implemented a continuous,
constant-rate injection (Kimball and others, 2002, 2007) of a
concentrated sodium bromide solution.

During each synoptic-sampling event, two to four sites
were instrumented with automatic sampling devices, pressure
transducers, and continuous specific-conductance meters to
help monitor tracer arrival and plateau along the study reach.
These data were also useful in evaluating the timing of the
effects of rain along the study reach. Only a limited amount of
these data are included in this report.
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Surface-Water Sample Processing and
Analytical Methods

Surface-water samples were transferred from the DH-81
sampling device to one-gallon polyethylene bottles and trans-
ported to a field laboratory where aliquots were prepared for
various constituent analyses (table 3). Surface-water samples
were analyzed for physical properties, major ions, trace ele-
ments, nutrients, and hydrogen and oxygen stable-isotope
ratios (table 3). Onsite processing included measurement
of pH and specific conductance (SC) in unfiltered samples,
sample filtration, and sample preservation for cation and nutri-
ent analysis. Filtration was completed using 0.45-micrometer
capsule filters, and constituent concentrations obtained from
analysis of the 0.45-micrometer filtrate are referred to as
“dissolved” concentrations in this report. Filtered aliquots for
dissolved major-cation and trace-metal analysis (aluminum,
calcium, iron, magnesium, manganese, selenium, sodium, ura-
nium, and zinc) were preserved to a pH less than 2 with 1 mil-
liliter of ultrapure nitric acid. Aliquots for dissolved nutrient
analysis (orthophosphate and ammonia, nitrite, and nitrite plus
nitrate as nitrogen) were maintained at 4 °C until they were
submitted to the USGS National Water Quality Laboratory
(NWQL) in Lakewood, Colo. Total nitrogen and phosphorous
were determined from unfiltered aliquots that were preserved
in the field with 1 milliliter of 4.5 N sulfuric acid and were
maintained at 4 °C until they were submitted to the NWQL.

Laboratory analyses were performed at the NWQL in
Lakewood, Colo., unless specified otherwise. Laboratory
analyses of surface-water samples included general sample
properties (alkalinity and total dissolved solids), dissolved
silica, dissolved anions, and unfiltered and dissolved major
cations and trace elements (table 3). In addition, 45 of 108
surface-water samples, including 15 inflows, were analyzed
for nutrients and stable-isotope ratios of hydrogen and oxy-
gen. Alkalinity and total dissolved solids were analyzed on
filtered samples using methodology described in Fishman and
Friedman (1989). Silica concentrations greater than or equal
to 0.2 milligrams per liter (mg/L) were determined colori-
metrically after a reaction with a molybdate reagent in acid
(Fishman and Friedman, 1989). Silica concentrations less than
0.2 mg/L were determined using inductively coupled plasma-
atomic emission spectrometry (ICP-AES) (Fishman, 1993).

Anion analysis included dissolved bromide, chloride,
and sulfate determined using ion-exchange chromatography.
Major-cation and trace-element analysis included unfiltered
and dissolved concentrations of aluminum, calcium, iron, mag-
nesium, manganese, selenium, sodium, uranium, and zinc. Dis-
solved concentrations of selenium and zinc were determined
using collision/reaction cell inductively coupled plasma-mass
spectrometry (cICP-MS) (Garbarino and others, 2006). Dis-
solved concentrations of the remaining cations were measured
from filtered and acidified samples using ICP-AES (Fishman,
1993). Concentrations of major cations and trace elements in
unfiltered samples were measured after in-bottle acid digestions
following the methods of Garbarino and Struzeski (1998).



Table 1. Toll Gate Creek synoptic surface-water sampling, tracer injection, and groundwater sampling sequence of events, 2007.

[NA, not applicable; TGH, Toll Gate Creek headwater subreach; TGU, Toll Gate Creek upper subreach; TGM, Toll Gate Creek middle subreach; TGL Toll Gate Creek lower subreach]

Date

June 27-29, 2007

July 12—August 6, 2007
July 9-14, 2007

July 24-26, 2007

July 26, 2007

July 27-29, 2007

July 27,2007

July 29, 2007

July 30-August 2, 2007
August 1, 2007

August 2, 2007

Subreach Activity Purpose
lower TGH, TGU, TGM, TGL Stream reconnaissance Identify and map stream and inflow sampling locations
NA Groundwater sampling Determine groundwater quality upgradient of sampled surface-water reaches
TGU, TGM, TGL Instream dye releases Determine travel-time for planning tracer injections
TGL Tracer injection Characterize hydrology of subreach and estimate stream flow
TGL Synoptic sampling of stream sites and inflows Determine water quality of stream and inflows
TGM Tracer injection Characterize hydrology of subreach and estimate stream flow
Upper TGH Stream reconnaissance Identify and map stream and inflow sampling locations
TGM Synoptic sampling of stream sites and inflows Determine water quality of stream and inflows
TGU Tracer injection Characterize hydrology of subreach and estimate stream flow
TGH Synoptic sampling of stream sites and inflows Determine water quality of stream and inflows
TGU Synoptic sampling of stream sites and inflows Determine water quality of stream and inflows

Table 2. Site information for stream and inflow synoptic-sampling sites, Toll Gate Creek, July—August 2007.

[Site ID, U.S. Geological Survey site identification number; Sample ID, synoptic-sample identification number; TG, Toll Gate; WP, waypoint number assigned by Global Positioning System unit; LBI, left-
bank inflow; RBI, right-bank inflow; TGH, Toll Gate Creek headwaters subreach; TGU, Toll Gate Creek upper subreach; TGM, Toll Gate Creek middle subreach; TGL, Toll Gate Creek lower subreach; m,
meters; E., East; in., inch; =, approximately; ft., foot; m, meter]

frg: tg:ﬁ]ec Latitude Longitude .0 de
Site ID Sample ID Site Name Source . v Site Description (decimal (decimal Subreach
Reservoir (feet)
degrees) degrees)
(meters)
393821104465601 TG-WP451 TG-WP451 stream site at WP451 Stream 0 West Toll Gate Creek downstream from 39.63911 —104.782 5,597 TGH
Quincy Reservoir (just downstream from
E Quincy Avenue)
393836104470301 TG-WP453 TG-WP453 stream site at WP453 Stream 628 West Toll Gate Creek upstream from East 39.64326 —104.784 5,677 TGH
Mansfield Avenue
393858104465701 TG-WP457 TG-WP457 left-bank inflow at WP457  LBI 1,337 39.64933 —104.782 5,644  TGH
393908104464501 TG-WP459 TG-WP459 stream site at WP459 Stream 1,748 West Toll Gate Creek 39.65231 -104.779 5,636 TGH
393909104464502 TG-WP460 TG-WP460 right-bank inflow at WP460 RBI 1,772 Small unnamed creek collecting groundwater 39.65251 -104.779 5,629 TGH
discharge and storm runoff
393910104464501 TG-WP461 TG-WP461 right-bank inflow at WP461 RBI 1,794 39.65278  —-104.779 5,633 TGH
393910104464502 TG-WP462 TG-WP462 stream site at WP462 Stream 1,809 West Toll Gate Creek upstream from Hamp- 39.65274  -104.779 5,629 TGH

den Avenue
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Table 2. Site information for stream and inflow synoptic-sampling sites, Toll Gate Creek, July—August 2007.—Continued

[Site ID, U.S. Geological Survey site identification number; Sample ID, synoptic-sample identification number; TG, Toll Gate; WP, waypoint number assigned by Global Positioning System unit; LBI, left-
bank inflow; RBI, right-bank inflow; TGH, Toll Gate Creek headwaters subreach; TGU, Toll Gate Creek upper subreach; TGM, Toll Gate Creek middle subreach; TGL, Toll Gate Creek lower subreach; m,
meters; E., East; in., inch; =, approximately; ft., foot; m, meter]

frg:tg:;::: Latitude Longitude Altitude
Site ID Sample ID Site Name Source A v Site Description (decimal (decimal Subreach
Reservoir degrees) degrees) (feet)
(meters)
393913104464401 TG-WP463 TG-WP463 stream site at WP463 Stream 1,893 West Toll Gate Creek in concrete channel 39.65354 —104.779 5,649 TGH
downstream from Hampden Avenue
393921104463901 TG-WP466 TG-WP466 right-bank inflow at WP466 RBI 2,181 Culvert inflow, ~50 m downstream from 39.65595 —104.778 5,608 TGH
Hampden Avenue. Possible former
tributary.
393927104463901 TG-WP467 TG-WP467 stream site at WP467 Stream 2,356 West Toll Gate Creek in concrete channel 39.65753 -104.777 5,604 TGH
393937104463901 TG-WP468 TG-WP468 right-bank inflow at WP468 RBI 2,668 Seepage from concrete joint 39.66031 —104.778 5,592 TGH
393944104464001 TG-WP470 TG-WP470 stream site at WP470 Stream 2,886 West Toll Gate Creek in concrete channel 39.66225 -104.778 5,592 TGH
394000104464201 TG-WP472 TG-WP472 stream site at WP472 Stream 3,413 West Toll Gate Creek at inlet to reservoir near 39.66674 -104.778 5,571 TGH
Vassar Elementary School
394006104464501 TG-WP453B  TG-WP453B stream site at WP453B Stream 3,646 39.66836 —104.779 TGH
394021104470701 TG-WP452 TG-WP452 stream site at WP452 Stream 4,539 39.67242 —104.785 5,576  TGH
394025104471001 TG-WP451RLR TG-WP451RLR right-bank inflow at RBI 4,707 Culvert inflow under Iliff Avenue. Possible 39.67361 -104.786 5,565 TGH
WP451RLR former tributary piped to culvert.
394037104472901 TG-0 TG-0 stream site at 0 m Stream 5,330 West Toll Gate Creek, end of concrete chan- 39.67683 -104.791 5,557 TGH
nel at Buckley Road
394039104474201 TG-371 TG-371 stream site at 371 m Stream 5,701 West Toll Gate Creek, ~370 m downstream 39.67737 -104.795 5,556 TGH
from Buckley Road
394039104474301 TG-383 TG-383 left-bank inflow at 383 m LBI 5,713 39.67742 —104.795 5,539 TGH
394046104474701 TG-626 TG-626 stream site at 626 m Stream 5,956 West Toll Gate Creek at riffle downstream 39.67936 -104.796 5,524 TGH
from pool
394051104475901 TG-976 TG-976 stream site at 976 m Stream 6,306 West Toll Gate Creek at second foot bridge in 39.68095 -104.8 5,516 TGH
Horseshoe Park
394052104480001 TG-1001 TG-1001 left-bank inflow at 1,001 m LBI 6,331 Seepage area 39.68108 -104.8 5,503 TGH
394055104480301 TG-1118 TG-1118 stream site at 1,118 m Stream 6,448 West Toll Gate Creek, ~450 m upstream from 39.68189 —104.801 5,527 TGH
Mexico Avenue
394055104480302 TG-1129 TG-1129 left-bank inflow at 1,129 m  LBI 6,459 Cherry Creek Spillway tributary 39.68195  —104.801 5,509 TGH
394107104481001 TG-1536 TG-1536 stream site at 1,536 m Stream 6,866 West Toll Gate Creek, ~30 m upstream from 39.68517 —104.803 5,495 TGH
Mexico Avenue
394107104481101 TG-1558 TG-1558 left-bank inflow at 1,558 m LBI 6,888 Inflow ~10 m upstream from Mexico Avenue 39.68531 -104.803 5,488 TGH
394107104481102 TG-1584 TG-1584 left-bank inflow at 1,584 m LBI 6,914 Inflow inside left third (upstream) of a three 39.68539 —104.803 TGH

part box culvert
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Table 2. Site information for stream and inflow synoptic-sampling sites, Toll Gate Creek, July—August 2007.—Continued

[Site ID, U.S. Geological Survey site identification number; Sample ID, synoptic-sample identification number; TG, Toll Gate; WP, waypoint number assigned by Global Positioning System unit; LBI, left-
bank inflow; RBI, right-bank inflow; TGH, Toll Gate Creek headwaters subreach; TGU, Toll Gate Creek upper subreach; TGM, Toll Gate Creek middle subreach; TGL, Toll Gate Creek lower subreach; m,
meters; E., East; in., inch; =, approximately; ft., foot; m, meter]

frg:tg:;::: Latitude Longitude Altitude
Site ID Sample ID Site Name Source R v Site Description (decimal (decimal Subreach
Reservoir degrees) degrees) (feet)
(meters)

394107104481103 TG-1585 TG-1585 right-bank inflow at 1,585 m  RBI 6,915 Inflow inside right third (downstream) of a 39.68539  -104.803 TGH
three part box culvert

394109104481201 TG-1649 TG-1649 left-bank inflow at 1,649 m LBI 6,979 12 in. culvert ~12 m downstream from 39.68597 —104.803 5,489 TGH
Mexico Avenue

394112104481401 TG-1748 TG-1748 stream site at 1,748 m Stream 7,078 TGU Transport Site #0 39.68678 -104.804 5,485 TGU,

TGH

394115104481501 TG-1859 TG-1859 left-bank inflow at 1,859 m LBI 7,189 Former tributary now piped to culvert. 39.68751 —104.804 5,501  TGU

394119104481801 TG-1997 TG-1997 stream site at 1,997 m Stream 7,327 West Toll Gate Creek, ~170 m downstream 39.68863 -104.805 5479 TGU,
from large drop structure TGH

394124104481801 TG-2148 TG-2148 stream site at 2,148 m Stream 7,478 West Toll Gate Creek ~320 m downstream 39.68996 -104.805 5,470 TGU
from large drop structure (TGU Transport
Site #1)

394124104481802 TG-2165 TG-2165 left-bank inflow at 2,165 m LBI 7,495 Contact spring 39.6901 —104.805 5,484 TGU

394130104481801 TG-2346 TG-2346 stream site at 2,346 m Stream 7,676 West Toll Gate Creek ~570 m upstream from 39.69172 —104.805 5,470  TGU
Mississippi Avenue

394131104481801 TG-2365 TG-2365 left-bank inflow at 2,365 m LBI 7,695 39.69189 —104.805 5489 TGU

394134104481701 TG-2452 TG-2452 stream site at 2,452 m Stream 7,782 West Toll Gate Creek ~470 m upstream from 39.69265 —104.805 5,461 TGU
Mississippi Avenue

394141104481901 TG-2708 TG-2708 stream site at 2,708 m Stream 8,038 West Toll Gate Creek ~210 m upstream from 39.69469 —104.805 5,465 TGU
Mississippi Avenue

394146104482101 TG-2893 TG-2893 stream site at 2,893 m Stream 8,223 West Toll Gate Creek ~25 m upstream from 39.69621 -104.806 5,463 TGU
Mississippi Avenue (TGU Transport Site
#2)

394153104482101 TG-3114 TG-3114 stream site at 3,114 m Stream 8,444 West Toll Gate Creek ~120m downstream 39.69817 —104.806 5,464 TGU
from Mississippi Avenue

394200104482101 TG-3330 TG-3330 stream site at 3,330 m Stream 8,660 West Toll Gate Creek ~340 m downstream 39.70011 -104.806 5,474  TGU
from Mississippi Avenue

394205104482001 TG-3466 TG-3466 stream site at 3,466 m Stream 8,796 West Toll Gate Creek ~470 m downstream 39.70131 -104.806 5,495 TGU
from Mississippi Avenue

394205104482002 TG-3479 TG-3479 left-bank inflow at 3,479 m LBI 8,809 Large cement culvert. Likely former tributary 39.70142 —104.806 5,498 TGU
piped to culvert.

394210104482001 TG-3627 TG-3627 stream site at 3,627 m Stream 8,957 West Toll Gate Creek ~660 m upstream from 39.70275 -104.806 5,470  TGU
Alameda Avenue (TGU Transport Site #3)

394210104482002 TG-3641 TG-3641 right-bank inflow at 3,641 m  RBI 8,971 39.70286 —104.806 5469 TGU
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Table 2. Site information for stream and inflow synoptic-sampling sites, Toll Gate Creek, July—August 2007.—Continued

[Site ID, U.S. Geological Survey site identification number; Sample ID, synoptic-sample identification number; TG, Toll Gate; WP, waypoint number assigned by Global Positioning System unit; LBI, left-
bank inflow; RBI, right-bank inflow; TGH, Toll Gate Creek headwaters subreach; TGU, Toll Gate Creek upper subreach; TGM, Toll Gate Creek middle subreach; TGL, Toll Gate Creek lower subreach; m,
meters; E., East; in., inch; =, approximately; ft., foot; m, meter]

frg: tg:ﬁ]ec Latitude Longitude .0 de
Site ID Sample ID Site Name Source . v Site Description (decimal (decimal Subreach
Reservoir (feet)
degrees) degrees)
(meters)
394218104482101 TG-3897 TG-3897 stream site at 3,897 m Stream 9,227 West Toll Gate Creek ~20 m downstream 39.70501 —104.806 5,515  TGU
from large drop structure
394223104482201 TG-4086 TG-4086 stream site at 4,086 m Stream 9,416 West Toll Gate Creek ~210 m downstream 39.70645 -104.806 5,498 TGU
from large drop structure
394223104482202 TG-4087 TG-4087 left-bank inflow at 4,087 m LBI 9,417 39.70645 —104.806 5,480 TGU
394227104482101 TG-4216 TG-4216 stream site at 4,216 m Stream 9,546 West Toll Gate Creek ~70 m upstream from 39.70759 —104.806 5,463 TGU
Alameda Avenue
394230104482001 TG-4268 TG-4268 right-bank inflow at 4,268 m RBI 9,598 Inflow on upstream side of the Alameda 39.70829 —104.806 5475 TGU
Parkway bridge
394231104482001 TGM-4361 TG-4361 stream site at 4,361 m Stream 9,691 TGU Transport Site #4 39.70871 —104.805 5,462  TGM,
TGM Transport Site #0 TGU
394242104481801 TGM-4695 TG-4695 stream site at 4,695 m Stream 10,025 TGM Transport Site #1 39.71159 —104.805 5,445  TGM,
TGU
394243104481701 TGM-4723 TG-4723 right-bank inflow at 4,723 m  RBI 10,053 Contact spring 39.71185 —104.805 5492 TGM
394244104481901 TGM-4820 TG-4820 stream site at 4,820 m Stream 10,150 West Toll Gate Creek, ~800 m upstream from 39.71224 —104.805 5475 TGM
Chambers Road bridge
394243104482801 TGM-5075 TG-5075 stream site at 5,075 m Stream 10,405 West Toll Gate Creek, ~540 m upstream from 39.71204 —104.808 5,469 TGM
Chambers Road bridge
394247104483301 TGM-5301 TG-5301 stream site at 5,301 m Stream 10,631 West Toll Gate Creek, under footbridge at 39.71292 —104.809 5,452 TGM
DeLaney Farm
394254104483501 TGM-5617 TG-5617 stream site at 5,617 m Stream 10,947 West Toll Gate Creek at upstream edge of 39.71502 -104.81 5,462 TGM
Chambers Road bridge
394302104483901 TGM-5928 TG-5928 stream site at 5,928 m Stream 11,258 West Toll Gate Creek, ~300 m downstream 39.71724 -104.811 5,470 TGM
from Chambers Road bridge
394308104484101 TGM-6111 TG-6111 stream site at 6,111 m Stream 11,441 West Toll Gate Creek (TGM Transport Site 39.71882 -104.811 5,466 TGM
#2)
394310104484501 TGM-6348 TG-6348 stream site at 6,348 m Stream 11,678 West Toll Gate Creek, ~700 m downstream 39.71931 -104.813 5,420 TGM
from Chambers Road bridge
394310104484601 TGM-6373 TG-6373 left-bank inflow at 6,373 m LBI 11,703 ~4 ft culvert near Dearborn Street 39.71952 —104.813 5433 TGM
394313104484301 TGM-6531 TG-6531 stream site at 6,531 m Stream 11,861 West Toll Gate Creek at narrow constriction 39.72037 -104.812 5456 TGM
under streamside cottonwood trees
394314104484801 TGM-6854 TG-6854 stream site at 6,854 m Stream 12,184 West Toll Gate Creek ~140 m upstream from 39.72068 -104.813 5409 TGM

confluence with East Toll Gate

spoysi\

€



Table 2. Site information for stream and inflow synoptic-sampling sites, Toll Gate Creek, July—August 2007.—Continued

[Site ID, U.S. Geological Survey site identification number; Sample ID, synoptic-sample identification number; TG, Toll Gate; WP, waypoint number assigned by Global Positioning System unit; LBI, left-
bank inflow; RBI, right-bank inflow; TGH, Toll Gate Creek headwaters subreach; TGU, Toll Gate Creek upper subreach; TGM, Toll Gate Creek middle subreach; TGL, Toll Gate Creek lower subreach; m,
meters; E., East; in., inch; =, approximately; ft., foot; m, meter]

frg: tti;::::: Latitude Longitude i e
Site ID Sample ID Site Name Source R v Site Description (decimal (decimal Subreach
Reservoir degrees) degrees) (feet)
(meters)

394314104485201 TGM-6982 TG-6982 stream site at 6,982 m Stream 12,312 West Toll Gate Creek ~10 m upstream from 39.7205 -104.814 TGM
confluence with East Toll Gate

394314104485202 TGM-6993 TG-6993 right-bank inflow at 6,993 m  RBI 12,323 East Toll Gate Creek 39.72051 -104.815 5390 TGM

394314104485601 TGM-7098 TG-7098 stream site at 7,098 m Stream 12,428 Toll Gate Creek »100 m downstream from 39.72067 -104.816 5,410 TGM
confluence of East and West Toll Gate
(TGM Transport Site #3)

394317104485501 TGM-7214 TG-7214 stream site at 7,214 m Stream 12,544 Toll Gate Creek downstream from riffles 39.72144 -104.815 5379 TGM

394323104485801 TGM-7447 TG-7447 stream site at 7,447 m Stream 12,777 Toll Gate Creek downstream from 3-4 ft high 39.72298 -104.816 5427 TGM
dam

394323104490201 TGM-7560 TG-7560 left-bank inflow at 7,560 m LBI 12,890 39.72314 -104.817 5,398 TGM

394330104490501 TGM-7818 TG-7818 stream site at 7,818 m Stream 13,148 Toll Gate Creek just upstream from 6th 39.72512 —104.818 5,427 TGM
Avenue (TGM Transport Site #4; Stream
gage for Urban Drainage and Flood Con-
trol District, Device #703)

394332104490701 TGM-7890 TG-7890 left-bank inflow at 7,890 m LBI 13,220 ~4 ft culvert at downstream side of 6th Av- 39.72568 -104.819 5,417 TGM
enue. Former tributary piped to culvert.

394336104490501 TGM-8011 TG-8011 stream site at 8,011 m Stream 13,341 Toll Gate Creek »130 m downstream from 39.72673 -104.818 5,402 TGL,
6th Avenue TGM

394343104491101 TGM-8281 TG-8281 stream site at 8,281 m Stream 13,611 39.72864 —104.82 5,417 TGL,

TGM

394348104491801 TG-8538 TG-8538 stream site at 8,538 m Stream 13,868 Toll Gate Creek at Aurora Meadows bridge 39.73009 -104.822 5,389 TGL

394355104491901 TG-8794 TG-8794 stream site at 8,794 m Stream 14,124 Toll Gate Creek, ~330 m upstream from 39.73195 -104.33822 5,412 TGL
1-225 bridge

394359104493001 TG-9129 TG-9129 stream site at 9,129 m Stream 14,459 Toll Gate Creek at upstream side of 1-225 39.73303 —104.825 5418 TGL
bridge (TGL Transport Site #0)

394406104493501 TG-9408 TG-9408 stream site at 9,408 m Stream 14,738 Toll Gate Creek, ~300 m downstream from 39.73503 —104.826 5415 TGL
1-225 bridge (TGL Transport Site #1)

394414104493401 TG-9673 TG-9673 stream site at 9,673 m Stream 15,003 Toll Gate Creek, ~550 m downstream from 39.73719 —104.826 5,401 TGL
1-225 bridge

394423104493501 TG-9971 TG-9971 stream site at 9,971 m Stream 15,301 Toll Gate Creek, ~30 m upstream from 39.73984 —104.826 5375 TGL
Colfax Avenue

394424104493501 TG-9989 TG-9989 right-bank inflow at 9,989 m  RBI 15,319 Box culvert, ~10 m upstream from Colfax 39.73997 —104.826 5,384 TGL

Avenue
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Table 2. Site information for stream and inflow synoptic-sampling sites, Toll Gate Creek, July—August 2007.—Continued

[Site ID, U.S. Geological Survey site identification number; Sample ID, synoptic-sample identification number; TG, Toll Gate; WP, waypoint number assigned by Global Positioning System unit; LBI, left-
bank inflow; RBI, right-bank inflow; TGH, Toll Gate Creek headwaters subreach; TGU, Toll Gate Creek upper subreach; TGM, Toll Gate Creek middle subreach; TGL, Toll Gate Creek lower subreach; m,
meters; E., East; in., inch; =, approximately; ft., foot; m, meter]

Dlstan_c € Latitude Longitude .
. . from Quincy . L . . Altitude
Site ID Sample ID Site Name Source - Site Description (decimal (decimal Subreach
Reservoir (feet)
degrees) degrees)
(meters)
394432104493601 TG-10236 TG-10236 stream site at 10,236 m Stream 15,566 Toll Gate Creek, ~200 m downstream from 39.74212 -104.827 5,366 TGL
Colfax Avenue bridge
394432104493602 TG-10242 TG-10242 right-bank inflow at 10,242 m RBI 15,572 39.74216 —104.827 5,347 TGL
394439104494001 TG-10497 TG-10497 stream site at 10,497 m Stream 15,827 Toll Gate Creek, ~10 m upstream from 39.74429 —104.828 5,310 TGL
Wilderman Place/Fitzsimons Way bridge
(TGL Transport Site #2)
394441104493901 TG-10557 TG-10557 right-bank inflow at 10,557 m RBI 15,887 Contact spring 39.74481 —104.828 5,289 TGL
394446104494201 TG-10716 TG-10716 stream site at 10,716 m Stream 16,046 Toll Gate Creek, ~200 m downstream from 39.74607 —104.828 5,303 TGL
Wilderman Place/Fitzsimons Way bridge
394455104494201 TG-10993 TG-10993 stream site at 10,993 m Stream 16,323 Toll Gate Creek at narrow constriction with 39.74848 -104.828 5,310 TGL
claystone bedrock
394502104494401 TG-11228 TG-11228 stream site at 11,228 m Stream 16,558 Toll Gate Creek, ~700 m downstream from 39.75048 —104.829 5,325 TGL
Wilderman Place/Fitzsimons Way bridge
394502104494402 TG-11246 TG-11246 right-bank inflow at 11,246 m RBI 16,576 Contact spring/seep 39.75064 —104.829 5306 TGL
394504104494401 TG-11292 TG-11292 right-bank inflow at 11,292 m RBI 16,622 39.75105 —104.829 5312 TGL
394504104494402 TG-11312 TG-11312 stream site at 11,312 m Stream 16,642 Toll Gate Creek at narrow constriction (TGL 39.75122 -104.829 TGL
Transport Site #3)
394505104494401 TG-11326 TG-11326 right-bank inflow at 11,326 m RBI 16,656 39.75132 —104.829 5319 TGL
394507104495001 TG-11473 TG-11473 stream site at 11,473 m Stream 16,803 Toll Gate Creek 39.75188 —104.831 5,321 TGL
394509104495301 TG-11570 TG-11570 left-bank inflow at 11,570 m  LBI 16,900 39.75236 —104.831 5308 TGL
394516104495801 TG-11835 TG-11835 stream site at 11,835 m Stream 17,165 Toll Gate Creek 39.75449 —104.833 5315 TGL
394520104500901 TG-12164 TG-12164 stream site at 12,164 m Stream 17,494 Toll Gate Creek under foot bridge, ~200 39.75568 -104.836 5,359 TGL

m upstream from confluence with Sand
Creek (TGL Transport Site #4)
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26 Streamflow and Water-Quality Conditions in the Toll Gate Creek Watershed, Aurora, Arapahoe County, Colorado, 2007

Table 3. Water-quality constituents analyzed for surface-water and groundwater samples, Toll Gate Creek, July—August 2007.

[Detection level is the concentration below which the analyte is considered not detected. Reporting level is the concentration at which the analyte is censored
(given a less than value) if it is below the detection level. Values between the detection level and the reporting level are coded with an “E” value. mg/L, mil-
ligrams per liter; lab, laboratory; CaCO,, calcium carbonate; na, not applicable; uS/cm, microSiemens per centimeter at 25 degrees Celsius; pg/L, micrograms
per liter; SiO,, silica; N, nitrogen; TU, tritium units]

Sampled in groundwater,

Constituent Detection level  Reporting level surface water, or both

Physical properties, in units as noted

Dissolved oxygen, in mg/L 0.1 0.1 Groundwater
pH, field, in standard units na na Both
Specific conductance, field, in pS/cm 2.6 2.6 Both
Water temperature, in degrees Celsius na na Both
Turbidity, in nepheline turbidimetric ratio units (NTRU) 0.2 0.2 Groundwater
Major ions, in milligrams per liter unless noted
Calcium, filtered 0.01 0.02 Both
Calcium, unfiltered 0.007 0.014 Surface water
Magnesium, filtered 0.007 0.014 Both
Magnesium, unfiltered 0.001 0.002 Surface water
Sodium, filtered 0.10 0.20 Both
Sodium, unfiltered 0.25 0.50 Surface water
Potassium, filtered 0.02 0.04 Groundwater
Alkalinity, in mg/L as CaCO, 5 5 Both
Chloride, filtered 0.06 0.12 Both
Sulfate, filtered 0.09 0.18 Both
Fluoride, filtered 0.05 0.1 Both
Bromide, filtered 0.01 0.02 Both
Silica, filtered, in mg/L as SiO, 0.009 0.018 Both
Total dissolved solids, filtered 10 10 Both
Trace elements, in micrograms per liter
Aluminum, filtered 0.8 1.6 Both
Aluminum, unfiltered 1 2 Surface water
Iron, filtered 3 6 Both
Iron, unfiltered 3 6 Surface water
Manganese, filtered 0.1 0.2 Both
Manganese, unfiltered 0.2 0.4 Surface water
Selenium, filtered 0.04 0.08 Both
Selenium, unfiltered 0.04 0.08 Surface water
Uranium, filtered 0.02 0.04 Both
Uranium, unfiltered 0.006 0.012 Surface water
Zinc, filtered 0.3 0.6 Both
Zinc, unfiltered 1.0 2.0 Surface water
Nutrients, in milligrams per liter
Ammonia, as N, filtered 0.01 0.02 Both
Nitrite, as N, filtered 0.001 0.002 Both
Nitrite plus nitrate, as N, filtered 0.03 0.06 Both
Total nitrogen, unfiltered 0.03 0.06 Both
Total phosphorous, unfiltered 0.004 0.008 Both
Orthophosphate, filtered 0.003 0.006 Both
Other constituents, in units as noted
*H-'H ratio, per mil na na Both
180190 ratio, per mil na na Both
Tritium, in TU 1,000 1.000 Groundwater
Dissolved organic carbon, in mg/L 0.2 0.4 Groundwater
Dissolved gases, in mg/L na na Groundwater

Chlorofluorocarbons, in picomoles per kilogram na na Groundwater




Concentrations of orthophosphate and ammonia, nitrite,
and nitrite plus nitrate as nitrogen were determined from filtered
samples using colorimetry (Fishman, 1993). Total nitrogen and
phosphorous were determined from unfiltered aliquots that were
digested with alkaline persulfate. Nitrogen and phosphorous
were determined with a two-channel photometric, air-segmented
continuous flow analyzer (Patton and Kryskalla, 2003).

Unfiltered samples for analysis of stable-isotope ratios
of hydrogen (*H and 'H, hereinafter abbreviated as 6*H) and
oxygen ('*O and'®O, hereinafter abbreviated as 6'*0) relative
to Vienna Standard Mean Ocean Water were collected in
clear glass bottles and analyzed at the USGS Reston Stable
Isotope Laboratory (RSIL) in Reston, Va. Hydrogen-isotope
ratios were analyzed using the gaseous hydrogen equilibration
procedure (Coplen and others, 1991). Oxygen-isotope ratios
were determined from the carbon dioxide-water equilibra-
tion technique of Epstein and Mayeda (1953) (http://isotopes.
usgs.gov/Quality. htm#tsamples, accessed March 20, 2008).
Methods used to calculate evaporative concentration of water
samples based on isotope ratios are presented in the “Hydro-
gen and Oxygen Isotope Ratios as Indicators of Evaporation”
section of this report.

Filtered, unacidified aliquots from synoptic samples were
analyzed for the bromide tracer using ion chromatography at the
USGS laboratory in Salt Lake City, Utah (Brinton and others,
1996). Additional samples collected to document the presence
(or absence) of a steady-state tracer plateau (a time series of
samples collected at a subset of stream sites) also were analyzed
for bromide at the USGS laboratory in Salt Lake City as were
presynoptic samples used to determine ambient bromide con-
centrations. Methods and quality-assurance procedures used for
bromide analysis are described in Kimball and others (1999).

Surface-Water Mass-Loading Calculations

Streamflow estimates were combined with synoptic-
sampling results to compute mass-loading graphs for constitu-
ents of interest. Under the synoptic mass-balance approach
(Kimball and others, 2002, 2007), the sampled instream load
(M) is the constituent load at the downstream end of a stream
segment and is defined as the product of constituent concentra-
tion and streamflow:

M=CQ (D

where M is sampled instream load (mass/time), C is instream
concentration (mass/volume), Q is streamflow (volume/time),
and C and Q and are in consistent units (C in milligrams per
liter and Q in liters per second, for example). Values of C used
in this report correspond to dissolved constituent concentra-
tions. The sampled instream load of a stream segment includes
the load from the upstream end plus the load contributed by
all surface and subsurface inflows between two encompassing
stream sites. The sampled instream load represents the effects
of changing streamflow, constituent source, and geochemical
reactions occurring in the stream.

Methods 27

For the Toll Gate Creek dataset, spatial profiles of sampled
instream load (M) were developed using constituent concentra-
tions and the final streamflow estimates developed in Appendix
1. These spatial profiles were then used to interpret the general
loading patterns of constituent mass within Toll Gate Creek for
selenium, calcium, magnesium, sodium, sulfate, chloride, and
uranium. The spatial resolution of constituent concentrations
was insufficient to interpret loading profiles for nutrients.

Multivariate and Linear Correlation Analysis

An important objective of synoptic sampling is to rec-
ognize patterns or chemical characteristics among samples
that can help identify the various sources and sinks of solutes.
As water interacts with different mineral assemblages or is
affected by human activities, it obtains a distinct chemical sig-
nature. A method of cluster analysis called partitioning around
medoids was used to evaluate distinctions among the samples
(Kauffman and Rousseeuw, 1990). The method operates by
computing the Euclidian distance among samples as a measure
of similarity. Each sample is then assigned to the cluster of
the nearest medoid, a type of multivariate median for a group
of samples. Choosing the number of groups for inflows and
stream sites was guided by the ability to explain a grouping
in terms of geologic, hydrologic, or geochemical information.
Any cluster that could not be explained in relatively simple
physical or chemical terms was not added.

To emphasize linear relations derived from mass balance
of dissolving minerals and possible controls from chemical
equilibria, the data were converted to units of millimoles per
liter and then log transformed. These transformed concentra-
tions were converted to standard normal variables for the clus-
ter analysis by subtracting the mean (of each log-transformed
data distribution) from each log-transformed data value and
dividing the result by the standard deviation (of each log-
transformed data distribution) to give an equal weighting to
major and trace elements. Principal components also were
determined using these data to identify groups of constituents
with meaningful covariation.

Measures of correlation between variables (linear cor-
relation coeffcients or Pearson’s r) were determined from
linear regression (Helsel and Hirsch, 2002). Linear correlation
coefficients, which measure the linear association between
variables, are dimensionless and are scaled to lie in the range
greater than or equal to —1 and less than or equal to 1. Correla-
tion coefficients greater than zero indicate that as one variable
increases so does the correlated variable, and correlation coef-
ficients less than zero indicate that as one variable increases the
correlated variable decreases. The greater the absolute value of
the correlation coefficient, the stronger the correlation. There
is no correlation between two variables when the correlation
coefficient is zero. The significance of a correlation is evaluated
using a t-distribution statistical test to determine whether the
linear correlation coefficient differs from zero, and the p-value
is a measure of the significance. Results are generally consid-
ered significant when p-values less than 0.1.
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Groundwater Sample Collection, Processing,
and Analytical Methods

Groundwater samples from 19 existing monitoring wells
in the study area (table 4) were collected, processed, and
analyzed. Three of the wells (URLUS-18, URLUS-28, and
URLUS-30) were established in 2003 by the USGS as part of
the National Water Quality Assessment Program (NAWQA)
Urban Land-Use Study (URLUS) (http://co.water.usgs.gov/
nawqa/splt/html/spgwurbandata.html). The other 16 wells
were installed in 2005 by the City of Aurora as part of a lawn-
irrigation return-flow study (Richard Vidmar, City of Aurora,
oral commun., 2007). Sixteen of the 19 wells are completed in
surficial materials, two of the wells are completed in surficial
materials and weathered Denver Formation claystone, and one
well is completed in surficial materials and weathered Denver
Formation sandstone. Well purging, sample collection, field
measurements, and equipment cleaning methods followed stan-
dard USGS protocols (Koterba and others, 1995; Lapham and
others, 1995; U.S. Geological Survey, variously dated).

Groundwater samples were analyzed for physical proper-
ties, major ions, trace elements, nutrients, hydrogen and oxygen
stable-isotope ratios, tritium, dissolved organic carbon (DOC),
dissolved gases, and chlorofluorocarbons (CFCs) (table 3). Water
temperature, depth to water, turbidity, SC, pH, alkalinity (by
titration), and dissolved oxygen were determined in the field at
the time of sample collection following standard USGS sampling
protocols (U.S. Geological Survey, variously dated). Filtration,
sample preservation, and laboratory analysis were consistent
for all analytes common to both surface-water and groundwater
samples (table 3) as previously described in the “Surface-Water
Sample Processing and Analysis” section of this report. Potas-
sium concentrations were determined using ICP-AES described
in Standard Method 3120 (American Public Health Association,
1998). Unfiltered groundwater samples for tritium analyses were
collected and stored in high-density polyethylene bottles and
analyzed by the USGS Isotope Tracers Laboratory in Menlo
Park, Calif., using electrolytic enrichment and analysis by liquid
scintillation counting (Thatcher and others, 1977).

Samples for analysis of DOC were filtered, acidified to
pH less than 2 using 4.5 N sulfuric acid, and chilled in amber
glass bottles for transport to NWQL. The DOC content was
analyzed by oxidizing samples to carbon dioxide using persul-
fate in the presence of ultraviolet light and quantifying carbon
dioxide using nondispersive infrared spectrometry (Brenton
and Arnett, 1993).

Groundwater ages are estimated for samples collected
by this study using measured concentrations of dissolved
gases, CFCs, and tritium (*H) in water compared to historical
concentrations in the atmosphere (Plummer and Busenberg,
1999; Bohlke, J.K., U.S. Geological Survey, written com-
mun., 2006; Steven Phillips, U.S. Geological Survey, written
commun., 2010). Dissolved gas analysis included oxygen
(O,), carbon dioxide (CO,), nitrogen (N,), and argon (Ar) as
indicators of recharge temperature and were analyzed using
gas chromatography (http://water.usgs.gov/lab/dissolved-gas/

lab/analytical procedures/, accessed March 20, 2008), and
CFCs were analyzed using purge-and-trap gas chromatogra-
phy with an electron capture detector (http://water.usgs.gov/
lab/chlorofluorocarbons/lab/analytical procedures/, accessed
March 20, 2008). Samples for dissolved gas and CFCs were
analyzed at the USGS CFC Laboratory in Reston, Va. Field
collection procedures for dissolved gas and CFC sample
aliquots are detailed on the Web sites referenced in this para-
graph. Unfiltered samples for tritium analyses were collected
and stored in high-density polyethylene bottles and analyzed
by the USGS Isotope Tracers Laboratory in Menlo Park,
Calif., using electrolytic enrichment and analysis by liquid
scintillation counting (Thatcher and others, 1977). Methods
used to estimate apparent groundwater ages from the dis-
solved gas, CFC, and tritium concentration data are presented
in the “Apparent Groundwater Ages and Recharge Rates” sec-
tion of this report.

Solids-Sampling and Analytical Methods

Previous studies of geologic materials in the Toll Gate
Creek watershed (Herring and Walton-Day, 2007) indicate
claystone bedrock of the Denver Formation contains elevated
concentrations of water-soluble selenium and is a likely source
of selenium in surface water and groundwater. Additional
solids samples were analyzed during this study to further
examine the vertical distribution of potential selenium sources
in the stratigraphic column. Samples of subsurface geologic
materials were obtained from core samples for 5-ft intervals
below land surface at well ET-1. The core samples were col-
lected from the subsurface using a core barrel through hollow-
stem augers at the time of well installation in 2005, and the
samples were provided to this study by the City of Aurora
(Richard Vidmar, City of Aurora, oral commun., 2007). Well
ET-1was selected for solids analysis because (1) an elevated
selenium concentration was observed in the groundwater
sample collected from the well (49 ng/L); (2) the borehole
penetrates both alluvial material and weathered claystone
bedrock material representative of geologic conditions present
beneath much of the watershed; and (3) well ET-1 is centrally
located within the study area.

Solids samples were crushed and sieved to minus
100-mesh (less than 150 micrometers) according to methods
described in Taylor and Theodorakos (2002). Varying ratios of
sample to deionized water were mixed according to consistent
endpoint saturation criteria to obtain a saturated paste extrac-
tion as described in Burt (2004). Solids samples were prepared
by Bureau of Reclamation laboratories in Lakewood, Colo.
Specific conductance and pH of the extracted solutions were
measured immediately following extraction and the percent
saturation (the weight of water divided by the dry weight of
sample extracted times 100) was calculated for each sample
(Burt, 2004). Filtered, acidified paste-extraction (aqueous)
samples were analyzed at the NWQL for aluminum, barium,
manganese, strontium, and uranium by ICP-MS (Faires, 1993);
for arsenic and selenium by collision/reaction cell ICP-MS


http://co.water.usgs.gov/nawqa/splt/html/spgwurbandata.html
http://co.water.usgs.gov/nawqa/splt/html/spgwurbandata.html
http://water.usgs.gov/lab/chlorofluorocarbons/lab/analytical_procedures/
http://water.usgs.gov/lab/chlorofluorocarbons/lab/analytical_procedures/

Table 4.

Location and completion information for sampled groundwater monitoring wells, Toll Gate Creek, July—August 2007.

[Site ID, U.S. Geological Survey site identification number; NADS3, North American Datum of 1983; depths and intervals in feet below land surface]

_ Latitude (NADS3  Longitude (NADS3 Land §urface Well depth . Screened Sample Depth to water Water-table altitude
Site ID Well name decimal degrees)  decimal degrees) altitude (feet) interval depth date on sample date on sample date
(feet) (feet) (feet) (feet)
394305104482601 ET-1 39.71806 —104.80722 5,423 24.0 14.0-24.0 7/30/2007 12.1 5,410.9
394305104482301 ET-2 39.71806 —104.80639 5,425 27.0 17.0-27.0 7/16/2007 10.1 5,415.0
393750104415901 MC-2B 39.63056 —104.69972 5,800 12.0 7.0-12.0 7/17/2007 4.9 5,795.1
394456104503501 SC-4 39.74889 —104.84306 5,365 48.0 43.0-48.0 7/31/2007 44.3 5,320.7
394434104453601 SC-6 39.74278 —104.76000 5,455 35.0 20.0-35.0 7/18/2007 4.72 5,450.3
394525104495401 SCTC-5 39.75694 -104.83167 5,330 35.0 25.0-35.0 7/18/2007 6.14 5,323.9
394520104500001 TC-1 39.75556 —104.83333 5,321 24.0 14.0-24.0 7/20/2007 5.77 5,315.2
394522104495801 TC-2 39.75611 —104.83278 5,333 27.0 17.0-27.0 7/20/2007 6.34 5,326.7
393846104465601 URLUS-18 39.64631 —104.78228 5,725 38.2 28.4-38.2 7/17/2007 20.1 5,704.9
393742104453801 URLUS-28 39.62839 —104.76064 5,782 28.6 18.3-28.1 7/12/2007 10.5 5,771.5
393903104455701 URLUS-30 39.65100 —104.76600 5,725 38.5 28.0-37.5 8/06/2007 15.0 5,710.0
394304104483801 WT-1 39.71778 —104.81056 5,409 15.0 10.0-15.0 7/16/2007 4.0 5,405.0
393903104480701 WT-11 39.65083 —104.80194 5,660 17.0 7.0-17.0 7/19/2007 8.2 5,651.8
394002104483001 WT-12 39.66722 —104.80833 5,624 40.0 25.0-40.0 7/19/2007 15.1 5,609.0
394040104465701 WT-14 39.67778 —104.78250 5,589 13.0 8.0-13.0 7/31/2007 5.1 5,583.9
394007104465001 WT-19 39.66861 —104.78056 5,525 26.0 16.0-26.0 7/24/2007 7.6 5,517.4
394304104483301 WT-2 39.71778 —104.80917 5,421 20.0 10.0-20.0 7/30/2007 11.4 5,409.6
394055104480001 WT-4 39.68194 —104.80000 5,510 32.0 22.0-32.0 7/23/2007 4.7 5,505.3
393939104453701 WT-8 39.66083 —104.76028 5,613 26.0 8.5-18.5 7/23/2007 4.5 5,608.5
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(Garbarino and others, 20006); for calcium, iron, magnesium,
potassium, silica, and sodium by ICP-AES (Fishman, 1993;
Standard Method 3120); for chloride and sulfate by ion chro-
matography (Fishman and Friedman, 1989); and for nitrite plus
nitrate by colorimetry (Fishman, 1993). Results were multi-
plied by percent saturation (in decimals) to correct back to dry
weight of soil and allow direct comparison between samples.

Quality Assurance and Quality Control

Quality assurance and quality control (QA/QC) for water
samples was accomplished using standard USGS protocols
and equipment for (1) field collection of surface-water and
groundwater samples; (2) equipment cleaning between col-
lection of individual samples; (3) sample analysis at USGS
laboratories; and (4) collection and analysis of blanks, repli-
cates, and standard-reference samples. Field and laboratory
methods for surface-water sample collection and analysis are
discussed in the “Surface-Water Sample Processing and Ana-
lytical Methods™ section of this report. Field and laboratory
methods for groundwater sample collection and analysis are
discussed in the “Groundwater Sample Collection, Process-
ing, and Analytical Methods™ section of this report. Analytical
data for QA/QC water samples collected July—August 2007
are provided and described in Appendix 2.

Precision and accuracy of sampling and analysis proce-
dures were evaluated through analysis of blanks, replicates, and
standard-reference materials. Analysis of blank samples indi-
cated that concentrations of most analytes, including selenium,
were unaffected by contamination during sample processing.
Aluminum contamination was significant relative to concentra-
tions in environmental samples. Minor zinc contamination was
likely present in environmental samples having concentrations
less than 2 pg/L. In general these contamination issues are
minor and do not affect the interpretations presented herein.
Analysis of replicate samples indicated that most analytes,
including selenium, showed excellent precision (less than 10
relative percent difference). Minor problems noted for alumi-
num, iron, zinc and orthophosphate are described in Appendix
2, but do not affect interpretations presented herein. Analysis
of standard-reference materials spiked with elevated concentra-
tions of bromide and sulfate indicated excellent results for iron,
sodium, selenium, and uranium compared to the most probable
values. Results indicated potential low bias in silica and zinc
results when sulfate concentrations were greater than 1,000
mg/L. Low bias occurred for low concentrations of manganese.
These minimal issues do not affect the results presented herein,
but are included in the interest of full disclosure, and for anyone
who may use the data for purposes other than this study. Nega-
tive bias in the concentrations of unfiltered relative to filtered
selenium was likely caused by differences in the analytical tech-
niques and instrumentation used for the analyses (Appendix 2).
Analytical results for filtered selenium samples were used for
all calculations and interpretations presented herein because
they did not show appreciable bias. Bias in the total recoverable
selenium concentrations is attributed to laboratory methods, and

because the analytical issues could not be completely resolved,
the unfiltered selenium analyses were excluded from the dataset
used for this study.

Streamflow Conditions

Streamflow conditions observed and measured during the
synoptic water-quality study represent summer low-flow (base
flow) and summer rainfall conditions for July 2007. Stream-
flow, as determined from current-meter measurements and the
tracer-dilution method, is described with respect to stage and
its relation to changing constituent concentrations. Results
provide the hydrologic setting for the concentration and load
interpretations presented in the “Selenium Concentrations”
and “Surface-Water Selenium Loads” sections of this report.

Low-Flow Conditions and Rainfall

Hydrologic conditions in the Toll Gate Creek watershed
are represented herein by data from USGS stream-gaging sta-
tion 394329104490101 (referred to herein as the “6th Avenue
stream gage”) and an associated rain gage located just upstream,
near the end of the TGM subreach (fig. 4). Stage data from the
6th Avenue stream gage are presented in figure 13. The surface-
water field effort described in this report was completed during
a low-flow period of the annual hydrograph (fig. 13). This
low-flow period was selected to facilitate implementation of the
tracer-dilution method and to quantify the constituent sources
attributable to groundwater discharge (Kimball and others,
2007). A relatively dry period preceded the primary synoptic
sampling period, as only one rainfall event was recorded at the
6th Avenue stream gage from June 19, 2007 through July 26,
2007. This dry period was followed by a series of rainfall events
from July 27 through August 1, 2007 that increased stream stage
and therefore streamflow (fig. 14). Synoptic sampling activities
(table 1) were generally conducted 1-2 days following each
rainfall event, after peak streamflow was observed at the 6th
Avenue stream gage. As a result, synoptic sampling within each
subreach was conducted as streamflow was receding (fig. 15).

Effects of Increased Streamflow on Constituent
Concentrations

Constituent concentrations may increase or decrease
in response to rainfall with the magnitude and direction of
the change often being dependent on the timing of sample
collection. Constituent concentrations may increase during
the initial rise of the hydrograph, for example, as sources of
a constituent are flushed from the landscape. This increase in
concentration typically is short lived, however, as the sources
are rapidly depleted, streamflow increases, and the effects of
dilution begin to predominate stream-water chemistry. This
dilution effect was observed in the data from the 6th Avenue
stream gage in the TGM subreach, where specific-conductance
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Figure 13. Graph showing Toll Gate Creek stream stage at the 6th Avenue stream gage (U.S. Geological Survey
stream-gaging station 394329104490101), March—September 2007.
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Figure 14. Graph showing Toll Gate Creek stream stage at the 6th Avenue stream gage (U.S. Geological Survey
stream-gaging station 394329104490101) showing sequence of stream field activities and periods of tracer
injection, July—August 2007.
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measurements are available from both a dry period (during
the rhodamine WT dye release July 9-14, 2007) and a wet
period (a large rainfall event occurred on the day prior to the
TGM synoptic sampling; Appendix 1). Specific-conductance
measurements made during the dry period were greater than
2,500 microsiemens per centimeter at 25°C (uS/cm), whereas
specific-conductance measurements on the day of the rain
event (July 28) were less than 1,100 pS/cm (table 5). The
effects of dilution subsided on the synoptic-sampling day
(July 29) as the hydrograph receded and specific conductance
began to return to pre-rainfall levels (fig. 16).

Streamflow and Water-Quality Conditions in the Toll Gate Creek Watershed, Aurora, Arapahoe County, Colorado, 2007

Final Streamflow Estimates

Final streamflow estimates for each study subreach
(Appendix 1) are shown in figure 17. The effects of rain-
fall are most pronounced for the TGM subreach, where a
large rainfall event following the TGL synoptic sampling
resulted in increased streamflow (see streamflow estimates
for overlapping TGM/TGL stream sites, fig. 17). Streamflow
decreased following the TGM synoptic, as shown by the
lower streamflow estimates at the end of TGU subreach (see
overlap of TGU/TGM, fig. 17).
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Figure 16. Graph showing relation between stream stage and specific conductance at the 6th Avenue stream gage (U.S.
Geological Survey stream-gaging station 394329104490101) during Toll Gate Creek middle subreach synoptic sampling, July 29,

2007.



As discussed in Appendix 1, development of a final
streamflow profile for Toll Gate Creek is a subjective exercise
that is prone to uncertainty; therefore, final streamflow esti-
mates for specific stream sites need to be viewed in light of the
potential errors. As such, specific conclusions based on indi-
vidual estimates of streamflow and point-to-point comparisons
(increases/decreases for one stream site to the next) are not
appropriate. Despite this limitation, the general characteristics of
the final streamflow profile support several conclusions regard-
ing Toll Gate Creek stream hydrology. Streamflow estimated
for the TGH, TGU, and TGL subreaches is representative of
low-flow (base flow) conditions, and the estimated streamflow
ranged from about 2 cubic feet per second (ft*/s) near Buckley
Road to about 4 ft*/s downstream from 6th Avenue (fig. 17).
Farther downstream from 6th Avenue, estimated streamflow
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increased to as much as 7.5 ft¥/s upstream from the confluence
with Sand Creek. Streamflow thus increases steadily within
each subreach and for the entire study reach, indicating that
Toll Gate Creek is a gaining stream. The lack of large tributary
inflows and the spatial distribution of small tributary inflows,
seeps, and springs indicates that diffuse and discrete groundwa-
ter inflow supports streamflow during low-flow conditions along
the entire 18-km stream reach. Streamflow within the TGM
subreach was substantially greater than that in the TGH, TGU,
and TGL subreaches during the study period because of local
precipitation (rain). Streamflow in the TGM subreach increased
rapidly in response to the local rainfall as would be expected

in an suburban setting where paved areas and channelization
increase surface-water runoft and decrease runoff transit time to
local drainages compared to undeveloped areas.
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Figure 17. Graph showing final streamflow estimates related to distance downstream from Quincy Reservoir, Toll Gate Creek, July—

August 2007.
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Water-Quality Conditions

Surface-water and groundwater quality in Toll Gate
Creek are affected by surface-water runoff, precipitation and
irrigation recharge to the water table, water-rock interaction
with surficial and bedrock materials, evaporation, and urban
land and water use. Selenium was the primary constituent of
interest for this study; however, samples also were analyzed
for a suite of major ions, trace elements, nutrients, isotopes,
and environmental tracers such that overall water quality and
the processes affecting that quality can be described. Correla-
tions among constituent concentrations indicate that selenium
and major ions in surface water and groundwater are derived
from the same geologic sources in the watershed, and rela-
tions among various constituents indicate that hydrological,
water-rock interaction (dissolution and precipitation), redox,
evaporative, and likely biological processes affect selenium
concentrations in Toll Gate Creek.

Data Availability

Selected analytical results for surface-water samples are
provided in table 5, and selected analytical results for ground-
water samples are provided in table 6. Complete analytical
results for samples discussed in this report can be accessed
from the USGS National Water Information System (NWIS)
(http://waterdata.usgs.gov/nwis/, accessed August 28, 2008)
by searching for data using the USGS site identification num-
bers listed in tables 2 and 4. For surface-water stream samples
collected during tracer-injection plateau periods, the reported
sodium and bromide concentrations are affected by injection
of the sodium-bromide tracer and are not considered represen-
tative of environmental concentrations.

Selenium Concentrations

Concentrations of dissolved selenium in all sampled sub-
reaches of Toll Gate Creek exceeded the Colorado aquatic-life
standard of 4.6 pug/L during July and August 2007 (fig. 18),
consistent with previous findings (for example, Herring and
Walton-Day, 2007). Concentrations in the upper part of the
TGH subreach, where West Toll Gate Creek flows through a
wetland area and then the concrete-lined channel, were close
to the aquatic-life standard at about 5 pg/L. The wetlands
upstream from Hampden Avenue contain abundant organic
matter, which promotes low-oxygen and reducing conditions
that are likely attenuating stream selenium concentrations.
Reduced and insoluble forms of selenium can be removed
from the water column by precipitation of selenium-bearing
sulfide minerals or adsorption onto and (or) complexation with
the abundant organic matter and plant material in the wetland
reach. Downstream from the wetland reach, stream sele-
nium concentrations in the concrete-lined channel were near
5 ng/L with a large and abrupt increase of 15 pg/L observed
at the downstream end of the concrete-lined channel. The

concrete-lined channel is likely preventing groundwater and
thus selenium discharge to the stream as evidenced by the lack
of inflow through the reach. Stream concentrations down-
stream from Buckley Road and the concrete-lined channel in
subreaches TGH, TGU, and TGL (reaches not substantially
affected by rainfall during sampling) generally were greater
than 10 pg/L and less than 20 pg/L (fig. 18). The maximum
stream selenium concentration of 19 ng/L occurred at Buckley
Road at the downstream end of the concrete-lined channel and
downstream from a right-bank culvert inflow with a selenium
concentration of 78.5 ng/L (TG-WP451RLR; fig. 19). Concen-
tratins of dissolved selenium less than 10 pg/L for the TGM
subreach are attributed to dilution (see “Effects of Increases
of Streamflow on Constituent Concentrations”) that occurred
because of rainfall and the resulting increased streamflow

(fig. 18).

Downstream from the concrete-lined channel, increases
in stream selenium concentrations were observed downstream
from inflows with selenium concentrations greater than that
of the stream. Concentrations of dissolved selenium in 11 of
the 32 sampled inflows exceeded 21 pg/L (circled on fig. 19),
whereas the dissolved selenium concentrations in the remain-
ing 21 inflows were less than 12 pg/L (fig. 19). All of the
inflows exceeding 21 pg/L had concentrations greater than
nearby stream concentrations (fig. 19, table 7) and, thus, have
the potential to increase stream concentrations. For example,
the right-bank inflow TG-WP451RLR, located 4,707 m down-
stream from Quincy Reservoir, had a dissolved selenium con-
centration of nearly 80 ug/L (table 7), and is likely responsible
for the aforementioned increase in stream selenium concentra-
tion downstream from Buckley Road (fig. 19).

The 11 inflows with concentrations of dissolved selenium
exceeding 21 pg/L represent surface-water runoff and ground-
water discharge to the stream from the surrounding watershed.
Nine of the 11 inflows emanate from culverts, which are chan-
nelized tributaries and storm drains that collect surface-water
runoff and groundwater discharge. During base-flow condi-
tions, water from the culverts represents groundwater dis-
charge to Toll Gate Creek. Two of the 11 inflows are springs
along the contact between surficial materials and underlying
bedrock where groundwater discharges directly to the stream
(figs. 20 and 21). Reconnaissance of the drainage basin indi-
cates that discrete anthropogenic sources such as industrial or
wastewater discharge of selenium are not present.

Despite the presence of inflows with selenium concentra-
tions greater than that of the stream, stream selenium con-
centrations were less than 20 pg/L all along Toll Gate Creek
(fig. 19) indicating that selenium was being removed from the
water column by chemical or biological reactions and was not
transported conservatively through the surface-water system
during summer low-flow conditions. Several reactions could
account for decreases in stream selenium concentrations.
Where oxidized conditions are present in rapidly flowing
reaches, oxidized and soluble forms of selenium (selenite and
selenate) may adsorb to iron oxides or clays that are present
in the streambed sediment and substrate. Oxidized selenium
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Table 5. Selected analytical results for synoptic surface-water samples, Toll Gate Creek, July—August 2007.

[All analyses completed on filtered samples except Field pH, Field SC, Temp, 8*°H, and 3'*0; Site ID, U.S. Geological Survey site identification number; LBI, left-bank inflow; RBI, right-bank inflow; SC,
specific conductance in microSiemens per centimeter at 25 degrees Celsius; TDS, total dissolved solids, in mg/L; Temp, temperature; °C, degrees Celsius; Ca, calcium; mg/L, milligrams per liter; Mg, mag-
nesium; Na, sodium; Se, selenium; pg/l, micrograms per liter; U, uranium; SO,, sulfate; HCO,, bicarbonate; Cl, chloride; Br, bromide; NO,+NO,, nitrite plus nitrate; N, nitrogen; §°H, stable isotope ratio of
hydrogen (*H and 'H) relative to Vienna Standard Mean Ocean Water; 8'%0, stable isotope ratio of oxygen (**O and '°O) relative to Vienna Standard Mean Ocean Water; blank, no data]

NO,+NO,

Site ID Source Sample Field Field TDS Temp Ca Mg Na Se U S0, HCO, Cl Br as N 62H_ 6‘80_
Date pH SC (mglL) (C) (mg/L) (mg/L) (mg/L) (pg/L) (pg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (per mil) (per mil)
393821104465601  Stream  8/01/2007 8.1 1,760 1,330 27.9 190 382 158 48 275 607 226 91.1 0.74 0.04 -83.7 -10.15
393836104470301  Stream  8/01/2007 7.9 1,740 1,340 26.8 197 385 158 50 285 612 227 946 0.71
393858104465701  LBI  8/01/2007 7.9 1,750 1,310 27.6 195 37.8 156 33 234 563 257 97.8  0.69
393908104464501 Stream  8/01/2007 7.8 1,870 1,410 22.6 204 393 168 3.0 21.1 604 272 113 0.78 0.11 -85.8 —10.77
393909104464502  RBI ~ 8/01/2007 9.0 2,700 2,310 30.5 258 67.8 310 303 157 1,240 81 182 1.48 0.21 -89.1 -103
393910104464501  RBI  8/01/2007 7.9 3,470 3,020 184 376 849 430 11,5 375 1,570 307 162 132
393910104464502  Stream  8/01/2007 7.9 1,940 1,510 23.5 207 424 181 55 21.1 657 255 119  0.82 0.11 -86.3 -10.76
393913104464401 Stream 8/01/2007 8.1 1,970 1,490 242 214 435 179 50 188 671 251 120 0.81
393921104463901  RBI  8/01/2007 82 1,480 1,040 192 149 308 137 280 108 397 186 133 0.69
393927104463901 Stream 8/01/2007 8.5 1,800 1,360 30.0 157  41.7 176 45 179 655 131 120 0.81 0.06 —84.1 -104
393937104463901  RBI  8/01/2007 9.0 1,710 1,260 31.3 138 363 172 83 135 621 80 125 0.76
393944104464001 Stream 8/01/2007 8.7 1,770 1,320 324 154 399 178 47 165 654 100 122 0.79
394000104464201  Stream  8/01/2007 9.0 1,800 1,290 31.9 148 356 178 7.1 13.9 650 75 123 0.84 0.06 803  —9.44
394006104464501 Stream  8/01/2007 7.9 2,030 1,550 263 216  43.6 198 58 17.1 720 221 120 0.91 0.08 -83.7 -10.27
394021104470701  Stream 8/01/2007 8.7 1,910 1,450 30.0 173 415 192 50 167 725 112 121 0.87
394025104471001  RBI  8/01/2007 8.1 2,970 2,510 22.0 288 652 376 785 542 1280 274 154 120
394037104472901 Stream 8/01/2007 82 2,200 1,660 30.0 197 443 218 190 200 843 127 132 1.02 0.84 -83.6 -10.25
394039104474201 Stream  8/01/2007 8.0 2,210 1,710 224 432 205 147 221 803 228 125 092
394039104474301  LBI  8/01/2007 7.3 1,380 989 135 237 144 90 150 378 221 104 0.1
394046104474701  Stream  8/01/2007 7.9 2,120 1,600 216 409 202 134 219 764 237 125 085
394051104475901  Stream  8/01/2007 7.8 2,080 1,610 20.5 231 434 203 164 219 737 243 123 0.89 0.89 842  -10.37
394052104480001  LBI  8/01/2007 7.3 1,070 650 535 10.1 160 0.9 1.6 414 147 250  0.12 0.07 —69.0  -8.39
394055104480301 Stream  8/01/2007 7.7 2,060 1,530 20.5 214 415 212 1.1 213 686 241 138 0.82
394055104480302  LBI  8/01/2007 7.4 1,400 762 185 687 143 180 0.7 3.6 524 206 277 021 0.16 -73.8 9.1
394107104481001 Stream 8/01/2007 7.8 2,020 1,500 22.5 184  39.6 198 11.6 200 684 194 132  0.82 0.57 820  —9.96
394107104481101  LBI  8/01/2007 8.1 1,330 911 21.0 109 251 133 55 154 317 241 89.1 0.49
394107104481102  LBI  8/01/2007 7.4 2,110 1,590 19.0 211 412 225 45 183 694 226 164 087
394107104481103  RBI  8/01/2007 7.5 2,290 1,680 17.0 222  40.1 223 23 272 648 282 230  0.86
394109104481201  LBI  8/01/2007 7.5 2,910 2270 17.5 270 51.5 406 31,5 436 988 393 200  0.93
394112104481401  Stream  8/01/2007 7.9 1,990 1,430 22.0 182 383 200 114 169 662 177 130 0.85 0.51 814  —9.88
394112104481401  Stream  8/02/2007 8.1 2,170 1,690 23.0 223 492 245 155 207 758 216 150  0.96 0.73 843  -10.16
394115104481501  LBI  8/02/2007 7 4,090 3,410 12.0 395 783 544 450 664 1690 308 245  1.64 5.18 —99.7  -12.89
394119104481801  Stream 8/01/2007 8.1 2,090 1,630 24.0 182  40.5 216 128 20.8 725 192 151 3.00
394124104481801 Stream 8/02/2007 8.2 2,060 1,600 25.0 197 43.1 240 126 179 711 181 157 3.05 0.53 -82.4  -10.09
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Table 5. Selected analytical results for synoptic surface-water samples, Toll Gate Creek, July—August 2007.—Continued

[All analyses completed on filtered samples except Field pH, Field SC, Temp, 8*°H, and 3'*0; Site ID, U.S. Geological Survey site identification number; LBI, left-bank inflow; RBI, right-bank inflow; SC,
specific conductance in microSiemens per centimeter at 25 degrees Celsius; TDS, total dissolved solids, in mg/L; Temp, temperature; °C, degrees Celsius; Ca, calcium; mg/L, milligrams per liter; Mg, mag-
nesium; Na, sodium; Se, selenium; pg/l, micrograms per liter; U, uranium; SO,, sulfate; HCO,, bicarbonate; Cl, chloride; Br, bromide; NO,+NO,, nitrite plus nitrate; N, nitrogen; §°H, stable isotope ratio of
hydrogen (*H and 'H) relative to Vienna Standard Mean Ocean Water; 8'%0, stable isotope ratio of oxygen (**O and '°O) relative to Vienna Standard Mean Ocean Water; blank, no data]

Site ID Source Sample Field Field TDS Temp Ca Mg Na Se 1] S0, HCO, cl Br Ngz::o3 &°H LR
Date piH SC (mg/L) (C) (mg/L) (mg/L) (mg/L) (pg/L) (pg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (per mil)  (per mil)

394124104481802 LBI  8/02/2007 7.9 4,420 3,930 150 398 59.5 683 56.3 46.2 2230 287 160 1.43 5.34 -100 -12.99
394130104481801  Stream 8/02/2007 8.2 2,030 1,520 25.0 185 393 227 11.3 16.3 663 172 156 3.09
394131104481801 LBI  8/02/2007 8.4 665 509 200 71.8 17.6 50.5 52 10.1 181 133 37.1 0.13
394134104481701  Stream 8/02/2007 8.2 2,010 1,490 250 184 39.0 225 11.7 16.3 654 172 157 3.05
394141104481901  Stream 8/02/2007 8.1 1,990 1,490 24.0 179 372 222 12.2 17.0 659 176 158 2.84
394146104482101  Stream 8/02/2007 8 1,980 1,500 23.0 171 355 215 13.8 16.6 657 179 157 2.82 0.58 -82.8 -10.15
394153104482101  Stream 8/02/2007 7.9 2,080 1,590 21.0 200 40.5 226 13.2 18.8 720 193 143 2.69
394200104482101  Stream 8/02/2007 7.9 2,050 1,630 21.0 214 41.7 240 12.5 20.7 757 212 138 2.51
394205104482001  Stream 8/02/2007 7.9 2,050 1,520 20.0 205 39.8 225 11.6 20.9 705 223 133 2.26

394205104482002 LBI  8/02/2007 8.2 2470 2,510 17.0 298 454 377 24.0 63.6 1270 288 151 0.73 2.90 956 -12.28
394210104482001  Stream 8/02/2007 7.8 2,020 1,550 21.0 199 39.0 215 11.1 18.8 695 232 136 241 0.63 -82.6 —10.06
394210104482002  RBI  8/02/2007 7.5 1,680 1,270 19.0 157 320 182 7.9 14.6 587 170 116 2.00

394218104482101  Stream 8/02/2007 8 2,060 1,590 21.0 196 40.7 220 12.9 20.6 720 218 141 2.55 0.51 -82.6 —10.02

394223104482201  Stream 8/02/2007 8 1,780 1,590 21.0 199 40.6 233 11.5 21.7 737 208 140 2.50
394223104482202 LBI  8/02/2007 7.8 962 656 18.0 94 21.7 70.1 0.4 6.5 172 175 102 0.19

394227104482101  Stream 8/02/2007 7.8 2,020 1,560 21.0 182 369 216 12.4 17.9 707 191 133 2.40 0.55 -80.3 -9.76
394230104482001 RBI  8/02/2007 8.3 238 472 180 57.6 11.0 55 0.6 2.2 88.6 143 584  0.09 0.24 -92.7  -11.09
394231104482001  Stream 7/29/2007 8.2 1,600 1,180 25.5 160 304 155 8.1 16.1 544 189 98.1 0.63 0.42 —78.6 -9.88
394231104482001  Stream 8/02/2007 7.7 1,960 1,480 20.5 187 38.0 223 152 19.0 693 180 129 2.26 0.59 —78.6 -9.59

394242104481801  Stream 7/29/2007 8.2 1,620 1,200 25.0 158 30,0 154 8.4 15.9 526 180 944 1.38
394242104481801  Stream 8/02/2007 8 2,020 1,530 20.0 199 38.6 225 11.8 18.1 705 188 129 2.32
394243104481701 RBI  7/29/2007 7.4 2,500 1,940 15.5 350 50.0 177 6.3 32.1 565 214 395 0.92
394244104481901  Stream  7/292007 8.2 1,600 1,200 25.5 155 30.0 155 8.4 16.5 528 179 96 1.35
394243104482801  Stream  7/292007 82 1,590 1,100 25.5 155 29.7 155 8.1 15.4 523 176 97 1.34 0.36 -79.8 -9.82
394247104483301 Stream 7/292007 82 1,580 1,140 25.0 152 29.2 156 8.3 16.5 519 174 97.8 125
394254104483501  Stream  7/292007 82 1,550 1,130 25.0 148 28.0 150 8.3 15.5 504 171 97 1.23
394302104483901  Stream  7/292007 8.2 1,520 1,110 25.0 144 272 144 8.2 13.8 493 166 93 1.14
394308104484101  Stream  7/292007 8.2 1,500 1,080 24.5 144 273 144 7.9 13.4 469 166 923 1.11
394310104484501  Stream  7/292007 82 1,510 1,110 24.5 143 26.7 144 8.1 13.7 476 168 949 1.17

394310104484601 LBI  7/292007 8.1 2,500 1,870 18.5 232 320 344 36.7 33.8 917 223 166 0.92 3.81 925 -11.65
394313104484301 Stream 7/292007 82 1,480 1,110 24.0 146 27.1 152 8.9 13.9 484 169 96.3 1.11
394314104484801 Stream  7/292007 82 1,500 1,080 23.5 144 26.0 151 8.3 14.0 485 169 98.5 1.08
394314104485201 Stream  7/292007 82 1,470 1,020 23.5 146 26.7 149 8.8 13.0 479 168 96.8 1.04 0.46 —78.7 —-9.88

394314104485202 RBI  7/292007 8.1 1,870 1,350 19.5 174 30.7 194 5.1 13.0 550 190 172 0.85 0.32 -93.6 -11.54
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Table 5. Selected analytical results for synoptic surface-water samples, Toll Gate Creek, July—August 2007.—Continued

[All analyses completed on filtered samples except Field pH, Field SC, Temp, 8*°H, and 3'*0; Site ID, U.S. Geological Survey site identification number; LBI, left-bank inflow; RBI, right-bank inflow; SC,
specific conductance in microSiemens per centimeter at 25 degrees Celsius; TDS, total dissolved solids, in mg/L; Temp, temperature; °C, degrees Celsius; Ca, calcium; mg/L, milligrams per liter; Mg, mag-
nesium; Na, sodium; Se, selenium; pg/l, micrograms per liter; U, uranium; SO,, sulfate; HCO,, bicarbonate; Cl, chloride; Br, bromide; NO,+NO,, nitrite plus nitrate; N, nitrogen; §°H, stable isotope ratio of

hydrogen (*H and 'H) relative to Vienna Standard Mean Ocean Water; 8'%0, stable isotope ratio of oxygen (**O and '°O) relative to Vienna Standard Mean Ocean Water; blank, no data]

NO,+NO,

Site ID Source Sample Field Field TDS Temp Ca Mg Na Se 1] S0, HCO, cl Br as N 62H_ 6‘80_
Date pH SC (mglL) (C) (mg/L) (mg/L) (mg/L) (pg/L) (pg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (per mil) (per mil)
394314104485601  Stream  7/292007 8.2 1,500 1,040 23.0 144 263 149 79 132 479 169 99.1 1.06 0.46 -79.5  -9.94
394317104485501  Stream  7/292007 8.2 1,480 1,060 22.5 142 258 143 83  13.1 456 167 96.6 1.03
394323104485801 Stream  7/292007 8.2 1,440 1,060 22.0 135 24.6 139 78 127 447 165 94.6  0.99
394323104490201  LBI  7/292007 8.1 879 1,050 21.5 127 138 173 10.1 184 388 117 170 0.82
394330104490501  Stream  7/292007 8.2 1,440 972 215 136 245 143 77 11,6 442 163 94.8 1.00 0.47 -79.1  -9.92
394332104490701  LBI  7/292007 83 2,220 2,920 175 309 339 570  60.5 822 1280 229 366  1.68
394336104490501  Stream 7/26/2007 8.4 2,400 1,660 27.5 213 39.9 257 150 210 809 170 157 1.0l 0.51 -81.3  -9.88
394336104490501 Stream  7/29/2007 82 1,460 1,020 20.5 135 247 145 78 12,6 450 165 99.2  0.99 0.57 ~-78.5  -9.89
394343104491101  Stream  7/26/2007 8.4 2,360 1,640 28.5 206  39.0 248 108 13.8 796 16l 154 093
394343104491101  Stream  7/29/2007 8.1 1,450 1,040 20.5 133 237 146 78 138 441 163 98.6 0.92
394348104491801 Stream 7/26/2007 8.5 2,370 1,630 29.5 211 40.5 252 159 209 795 155 153 091
394355104491901  Stream 7/26/2007 8.4 2,380 1,600 29.0 211 402 255 16.1 215 792 157 152 0.93
394359104493001 Stream 7/26/2007 84 2320 1,620 27.5 206 38.8 244 137 21.1 78 170 150  0.94 0.38 822 995
394406104493501  Stream 7/26/2007 8.4 2,360 1,620 27.0 203 38.6 241 151 216 784 165 151 233
394414104493401 Stream 7/26/2007 8.4 2,340 1,630 26.5 215  40.1 252 141 216 784 177 151 235
394423104493501 Stream  7/26/2007 8.5 2,340 1,610 27.0 204 389 243 132 21.1 782 167 151 230 0.32 809 9.7
394424104493501  RBI  7/26/2007 8 2,680 1,900 155 222 33.7 317 550 480 910 273 153  1.05 6.88 —99.4 -13.15
394432104493601 Stream  7/26/2007 8.4 2360 1,610 255 216 403 259 153 225 78 172 151 216 0.73 -82.0  -9.86
394432104493602  RBI  7/26/2007 7.4 2,440 1,650 160 284  32.0 218 109 265 579 388 211  1.04 3.27 992 -12.93
394439104494001  Stream 7/26/2007 83 2,330 1,620 24.0 209 37.8 250 154 221 780 181 151  2.00 0.71 803  -9.73
394441104493901  RBI  7/26/2007 7.2 2,800 2,050 15.0 305 37.0 323 211 409 735 447 304  1.20 471  -103 ~13.42
394446104494201  Stream 7/26/2007 8.4 2,350 1,640 23.0 207  38.1 249 176 223 775 182 152 1.95
394455104494201  Stream  7/26/2007 8.3 2,350 1,650 23.0 206  36.8 248 162 220 775 186 154  1.87
394502104494401 Stream 7/26/2007 83 2,320 1,800 23.0 203 364 246 155 217 745 185 150 1.75
394502104494402  RBI  7/26/2007 6.9 2,760 1,910 23.0 292  32.8 319 89 620 609 446 295  1.08 6.11 -103 -13.52
394504104494401  RBI  7/26/2007 7.8 1,780 1,140 220 132 287 186 35 236 572 127 96.5 0.59 0.06 918 -1
394504104494402  Stream 7/26/2007 8.2 2,320 1,600 22.5 213 383 256 143 208 747 198 152 181 0.80 785  -9.52
394505104494401  RBI  7/26/2007 7.6 2,260 1,450 16.0 186  29.1 243 08 19.6 484 308 200  0.61
394507104495001  Stream 7/26/2007 8.2 2260 1,580 225 202 359 242 137 200 709 193 147  1.62
394509104495301  LBI  7/26/2007 7.5 1,440 1,040 203 148 199 113 65 103 361 212 78.8  0.63 1.89 —68.7  -7.62
394516104495801 Stream 7/26/2007 8.1 2,100 1,480 213 174 313 215 134 18.1 659 184 142 1.68
394520104500901 Stream  7/26/2007 7.9 2,290 1,580 21.6 204  36.5 252 142 219 745 194 153 2.3 0.70 -80.6 9.6
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Table 6. Selected analytical results for groundwater samples, Toll Gate Creek, July—August 2007.

[All analyses completed on filtered samples except Field pH, Field SC, Temp, §°H, and §'*O Site ID, USGS Site identification number; SC, specific conductance in microSiemens per centimeter at 25 degrees
Celsius; TDS, total dissolved solids, in mg/L; Temp, temperature; °C, degrees Celsius; DO, dissolved oxygen; mg/L, milligrams per liter; DOC, dissolved organic carbon, Ca, calcium; Mg, magnesium; Na,
sodium; K, potassium; Se, selenium; pg/L, micrograms per liter; U, uranium; SO,, sulfate; HCO,, bicarbonate; Cl, chloride; Br, bromide; NO,+NO,, nitrite plus nitrate; N, nitrogen; 6°H, stable isotope ratio of
hydrogen (°*H and 'H) relative to Vienna Standard Mean Ocean Water; §'*0, stable isotope ratio of oxygen ('*0 and '°O) relative to Vienna Standard Mean Ocean Water; nd, no data; shaded rows represent data
for water samples from wells URLUS-28 (Site ID 393742104453801) and URLUS-30 (Site ID 393903104455701)]

Site ID Well Sample Field Field DS Temp DO DOC Ca Mg Na K Se U S0, HCO, CI, Br N:z:xo-" &°H 50
name date pH SC (°C)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (pg/L) (pg/L) (mg/L) (mg/L) mg/L (mg/L) (mg/L) (per mil) (per mil)

394305104482601  ET-1  7/30/2007 7.1 1,630 1,180 114 01 22 150 22 184 08 49 9.66 482 264 945 0.6l 246 102 -13.15
394305104482301  ET-2  7/16/2007 7.3 1,570 1,190 128 02 1.8 208 281 966 079 625 173 513 258 733 055 45 -102 ~13.12
393750104415901 MC-2B  7/17/2007 7.1 1,640 1290 168 0.1 46 247 258 82 7.8 0.1 26 453 382 102 046  <0.06 —959  —12.81
394456104503501  SC-4  7/31/2007 7.0 2,720 1,740 170 35 3.1 278 348 355 266 193 783 936 446 128 063 136 -104 ~13.53
394434104453601  SC-6  7/18/2007 7.4 2250 1,770 130 74 3.6 234 335 278 622 279 249 804 299 929 086 103 977 -12.72
394525104495401 SCTC-5  7/18/2007 7.4 1,080 693 127 02 37 936 127 119 5.12 03 127 141 334 945 041 <006 992  —13.00
394520104500001  TC-1  7/202007 6.8 2210 1,540 150 0.1 34 216 327 264 429 324 405 479 546 172 0.89 4.89  —100 ~13.20
394522104495801  TC-2  7/20/2007 6.9 1,890 1,320 176 0.1 3.1 201 281 174 394 226 514 378 463 149 063 105 -99.6  —13.18
393846104465601 URLUS-18 7/17/2007 7.1 1900 1,500 155 nd 1.8 242 501 127 2.13 59 174 601 341 124 0.61 541 982  -12.73
393742104453801 URLUS-28 7/12/2007 6.8 4,510 4,070 155 23 82 631 959 390 7.92 192 101 2,170 238 306 4.6 12.7 999  -12.81
393903104455701 URLUS-30 8/6/2007 7.3 5080 4400 146 20 99 491 888 665 643 264 30 2370 184 308 478 186 863  -10.35
394304104483801  WT-1  7/16/2007 69 2450 1,880 146 1.8 29 296 462 200 189 124 386 696 368 239 1.46 1.55 —100 ~13.09
393903104480701  WT-11  7/19/2007 7.1 1200 787 142 06 24 123 381 774 205 182 232 107 478 826 036 781 969  -12.93
394002104483001  WT-12  7/19/2007 7.3 1,020 679 133 01 1.7 111 221 758 193 6.6 15 98.1 332 768 034 626 102 ~13.33
394040104465701  WT-14  7/31/2007 7.0 3,630 2,970 174 1.0 55 481 805 407 7.05 53 998 1530 542 159 1.44 5.23 98.6  —12.54
394007104465001  WT-19  7/24/2007 7.1 2,660 2,110 135 nd 32 323 45 232 095 559 307 953 407 172 1.35 6.03 969  —12.38
394304104483301  WT-2  7/30/2007 7.1 1,850 1240 150 04 1.8 215 302 150 097 28 223 479 339 171 0.76 0.12  -100 -13.15
394055104480001  WT-4  7/23/2007 7.1 3,680 3,310 135 01 49 530 845 316 224 372 833 1,730 454 149 1.55 726 101 ~13.20
393939104453701  WT-8  7/23/2007 7.1 3,650 3230 132 0.1 28 456 821 393 099 513 316 1,790 318 124 0.77 234 -100 ~13.03
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Table 7.

Site information for 11 inflow sites with greatest dissolved selenium concentration, Toll Gate Creek, July—August 2007.

[Site ID, U.S. Geological Survey site identification number; Sample ID, synoptic-sample identification number; TG, Toll Gate; WP, waypoint number assigned by Global Positioning System unit; RBI, right-
bank inflow; LBI, left bank inflow; in., inch; ft., foot; m, meters; =, approximately; pg/L,micrograms per liter; m, meter]

Distance from Selenium Selenium
Site ID Sample ID Site name Source  Quincy Reservoir Site description concentration concentration
(meters) (ng/L) rank

393909104464502 TG-WP460 TG-WP460 right-bank inflow RBI 1,772 Small unnamed creek collecting groundwater 30.3 8
at WP460 discharge and storm runoff

393921104463901 TG-WP466 TG-WP466 right-bank inflow RBI 2,181 Culvert inflow, ~50 m downstream from 28.0 9
at WP466 Hampden Avenue. Possible former tribu-

tary piped to culvert.

394025104471001 TG-WP451RLR  TG-WP451RLR right-bank RBI 4,707 Culvert inflow under Iliff Avenue. Possible 78.5 1
inflow at WP451RLR former tributary piped to culvert.

394109104481201 TG-1649 TG-1649 left-bank inflow at LBI 6,979 12 in. culvert ~12 m downstream from 31.5 7
1,649 m Mexico Avenue. Likely former tributary

piped to culvert.

394115104481501 TG-1859 TG-1859 left-bank inflow at LBI 7,189 Former tributary piped to culvert. 45.0 5
1,859 m

394124104481802 TG-2165 TG-2165 left-bank inflow at LBI 7,495 Contact spring 56.3 3
2,165 m

394205104482002 TG-3479 TG-3479 left-bank inflow at LBI 8,809 Large cement culvert. Likely former tributary 24.0 10
3,479 m piped to culvert

394310104484601 TGM-6373 TG-6373 left-bank inflow at LBI 11,703 ~4 ft culvert near Dearborn Street 36.7 6
6,373 m

394332104490701 TGM-7890 TG-7890 left-bank inflow at LBI 13,220 ~4 ft culvert at downstream side of 6th 60.5 2
7,890 m Avenue. Former tributary piped to culvert.

394424104493501 TG-9989 TG-9989 right-bank inflow at RBI 15,319 Box culvert, ~10 m upstream from Colfax 55.0 4
9,989 m Avenue

394441104493901 TG-10557 TG-10557 right-bank inflow RBI 15,887 Contact spring 21.1 11

at 10,557 m
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44 Streamflow and Water-Quality Conditions in the Toll Gate Creek Watershed, Aurora, Arapahoe County, Colorado, 2007

compounds also can be precipitated as selenium-bearing
salts along streambanks as evapotranspiration occurs, and
selenium-bearing evaporative salts were identified along
Toll Gate Creek by Herring and Walton-Day (2007). Where
reducing conditions are present in wetland areas or stagnant
stream reaches, selenium can be reduced to insoluble forms
such as selenide and can be removed from the water column
by precipitation of selenium-bearing sulfide minerals or by
adsorption onto and (or) uptake into organic matter. The
presence of large algal blooms and abundant macrophytes, in
conjuction with the attenuation of selenium and nitrate (see
sections “nitrate”) in surface water, indicates that plant uptake
was likely decreasing stream selenium concentrations during
the summer low-flow study period.

Concentrations of selenium in groundwater were, in
general, substantially greater than inflow and stream sele-
nium concentrations and the Colorado aquatic-life standard
of 4.6 pg/L, and at some locations were greater than the

Approsdimate Surffcial materials

comntact

USEPA primary drinking-water standard of 50 pg/L (figs. 22
and 23). Groundwater selenium concentrations ranged from
a minimum of 0.1 pg/L at well MC-2B to a maximum of
264 pg/L at well URLUS-30, with a mean value of 48.1 pg/L
and a median value of 27.9 ng/L (table 6; fig. 22). Concen-
trations of selenium in groundwater are of the same order

of magnitude as the 11 inflows with the greatest selenium
concentrations, 2 of which are springs (table 7). The mean
(18.1 pg/L) and median (8.6 pg/L) inflow selenium concen-
trations and the mean (10.9 pg/L) and median (11.5 pg/L)
stream selenium concentrations are less than those for
groundwater (fig. 22). Stream selenium concentrations range
from 3.0 to 19.0 pg/L (a span of 16.0 pg/L) exhibiting less
variability than inflow or groundwater selenium concentra-
tions indicating that hydrological, geochemical, and biologi-
cal instream processes were effectively mixing the inflow
and groundwater discharge received by the stream during
summer low-flow conditions.

Claystone bedrock

Groundwater
seepage

Figure 20.

Photograph showing left-bank inflow TG-2165, groundwater discharge along the contact between surficial materials and

underlying claystone bedrock, March 2008 (Photograph by Suzanne Paschke).
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Surficial materials

Approximate
contact

Figure 21.

Claystone bedrock

Photograph showing right-bank inflow TG-10557, groundwater discharge along the contact between surficial materials and

underlying claystone bedrock, July 2008 (Photograph by Suzanne Paschke).

Spatially, concentrations of selenium in groundwater
greater than 50 pg/L generally occurred in wells upgradient
of West Toll Gate Creek in areas where the Denver Forma-
tion crops out at the land surface (fig. 23). For the inflows
that are springs, the greatest selenium concentrations (21
and 56 pg/L) occurred near the western extent of the Denver
Formation outcrop area downstream from Buckley Road
(fig. 23), also indicating that groundwater discharge from
bedrock to Toll Gate Creek contributes to selenium load.
The distribution of the 11 inflows with the greatest selenium
concentrations indicates that in addition to the springs down-
stream from Buckley Road, culverts that drain parts of the
watershed downstream from 6th Avenue also contribute sele-
nium load to Toll Gate Creek. The distribution of selenium
concentrations in groundwater, springs, and the 11 inflows
with the greatest selenium concentrations indicates that

groundwater in surficial materials and the Denver Formation
bedrock is a source of selenium loading to Toll Gate Creek
and that selenium loading from groundwater discharge and
surface-water tributaries is distributed along the entire length
of the study reach downstream from the concrete-lined
channel. Where the stream is incised and flows directly on
bedrock, selenium also can be mobilized directly to surface
water by oxidation and (or) dissolution processes.

The maximum dissolved selenium concentrations in
groundwater of 264 ng/L and 192 pg/L occurred at wells
URLUS-30 (Site ID 393903104455701) and URLUS-28
(Site ID 393742104453801), respectively (table 6). These
wells are located upgradient, east and south, respectively, of
the Toll Gate Creek study reach (fig. 23) and are completed
in bedrock materials. Water quality at these two wells is
substantially different than at other sampled well locations
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Figure 22. Boxplot showing distribution of dissolved selenium concentrations, in micrograms per liter, for groundwater, inflow, and

stream samples, Toll Gate Creek, July—August 2007. Sample names indicated for groundwater upper outliers.

and is characterized by selenium concentrations ranging
from 192 to 264 pg/L, total dissolved solids (TDS) values
ranging from 4,070 to 4,400 mg/L, dissolved-oxygen con-
centrations of about 2 mg/L, DOC concentrations ranging
from 8.2 to 9.9 mg/L, sodium concentrations ranging from
390 to 665 mg/L, sulfate concentrations ranging from 2,170
to 2,370 mg/L, chloride concentrations of about 300 mg/L,
bromide concentrations greater than 4 mg/L, nitrate concen-
trations ranging from 12.7 to 18.6 mg/L (table 6), and mixed
groundwater ages (discussed in the “Apparent Ground-
water Ages and Recharge Rates” section of this report). Well
URLUS-30 is completed 28 to 37.5 feet below land surface
in weathered Denver claystone at a location where the water
table occurs in the weathered bedrock. Core from the well is
described as “yellow-brown to olive-gray claystone with iron
staining and gypsum” (Jennifer Beck, U.S. Geological Sur-
vey, written commun., 2003). Well URLUS-28 is completed
18.3-28.1 feet below land surface in a dark gray wetland
clay, underlain by weathered claystone bedrock. (Jennifer
Beck, U.S. Geological Survey, written commun., 2003).

Surface-Water Selenium Loads

Dissolved selenium loads calculated using equation 1
are presented in figure 24. As with the final streamflow esti-
mates (see “Streamflow Conditions”), specific conclusions
based on individual values and point-to-point comparisons
are not appropriate because of potential temporal variation
in concentration and streamflow (see “Effects of Increased
Streamflow on Constituent Concentrations,” fig. 16, and
Appendix 1). In lieu of specific conclusions, the appropri-
ate focus is the general pattern of selenium loading over the
length of the study reach. The general pattern of selenium
loading within the study reach is a steady downstream
increase in mass load (fig. 24). This steady increase is consis-
tent with the spatial distribution of inflows with the greatest
selenium concentration (see “Selenium Concentrations”
section), contributions from diffuse groundwater discharge,
and the steady downstream increase in streamflow (fig. 17).
Further, the smooth transition of the loading profile from one
subreach to the next indicates that the loading analysis is
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not adversely affected by the increased streamflow associ-
ated with rainfall during sampling of the TGM subreach. The
smooth transition is attributable to the fact that the increased
streamflow values (fig. 17) and diluted selenium concentra-
tions (fig. 18) associated with the TGM subreach tend to
balance each other within the load calculations. The loading
analysis for the TGM subreach is thus consistent with the
other subreaches despite the increased streamflow because
the net effect of increased streamflow was dilution, a process
that does not influence constituent load.

The loading results presented in figure 24 are subject
to uncertainty because of the complicating factors discussed
in the previous paragraph and in Appendix 1. Of particu-
lar concern are the estimates of streamflow that are used
within equation 1 to calculate load. To evaluate the potential

Streamflow and Water-Quality Conditions in the Toll Gate Creek Watershed, Aurora, Arapahoe County, Colorado, 2007

uncertainty in the loading analysis, selenium loads were
recalculated using the alternative streamflow profiles devel-
oped in Appendix 1. The resultant loading profile is similar to
that shown in figure 24, and thus provides assurance that Toll
Gate Creek is subject to a steady increase in selenium loading
under low-flow conditions.

General Water-Quality Characteristics

The underlying geology, the semiarid climate, and likely
agricultural and urban development affect water quality in
the Toll Gate Creek watershed, which is characterized by
TDS concentrations that frequently exceeded the USEPA
secondary drinking-water standard of 500 mg/L (U.S.
Environmental Protection Agency, 2003), near-neutral to

T T A T T T T T T T T
- [} -
3 EXPLANATION .\ |
Toll Gate headwaters subreach /..
B — ® — Toll Gate upper subreach 7]
.—.
—® — Toll Gate middle subreach o
L o2 _
—@ — Toll Gate lower subreach
2
S L _
o °
wv
o [ J
2+ / .
é [}
22 LN _
= [ ]
1S |
£ Mg S % .
s o o N\
2 o/ N\g® ¢
IS ~e [ J [} n
= o /
5 ° o-o
2L / .
w
3 .
=
= | ° |
§ ,0.\ / o ® /
3 ° o0 @ °
11— \ / ® e ]
[ ]
[ )
_ 8 ]
) W
W =
Q > ]
- < = > .
S [y = w
o > < =)
N < S E
[ [) ] N
L = S _
< 2 S < o
S g 3 = N
B @ = < < Ry |
ol 1 i | ! | ! | ! | ! | ! | !
0 50 6,000 8,000 10,000 12,000 14,000 16,000 18,000

Distance downstream from Quincy Reservoir, in meters

Figure 24. Graph showing dissolved selenium instream load in relation to distance downstream from Quincy Reservoir, Toll Gate Creek,

July—August 2007.



slightly alkaline pH values, a wide range of redox condi-
tions, detections of nitrate in groundwater, hydrogen-oxygen
isotope ratios indicative of active evaporative processes, and
groundwater-age interpretations of primarily young water
recharged since the 1960s.

Total Dissolved Solids and Major-lon Chemistry

Concentrations of TDS ranged from 679 to 4,400 mg/L
for groundwater samples, from 472 to 3,930 mg/L for inflow
samples, and from 972 to 1,800 mg/L for stream samples
(fig. 25). While the median TDS concentrations were similar
among the groundwater, inflow, and stream samples (1,540,
1,520, and 1,520 mg/L, respectively), and frequently exceeded
the USEPA secondary drinking-water standard of 500 mg/L
(U.S. Environmental Protection Agency, 2003), TDS values
for stream samples were less variable than for groundwater or
inflow samples (fig. 25). The widespread occurrence of ele-
vated TDS concentrations in groundwater, inflows, and stream
samples indicates groundwater is interacting with and dissolv-
ing soluble minerals and salts from the surficial materials and
claystone bedrock as it moves downgradient from recharge
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areas toward the discharge area of Toll Gate Creek. During
precipitation events, present-day evaporative salts observed
on streambanks are dissolved by rising streams and the water
table, and are another source of increased selenium and TDS
concentrations in Toll Gate Creek. The groundwater TDS con-
centration at a given location would depend on the occurrence
and availability of soluble salts, pH, redox conditions, and
groundwater-residence time. Other processes that can increase
TDS concentrations include evaporative concentration, irriga-
tion return flows, or runoff and recharge from urban areas. The
relatively small variability in TDS concentrations for stream
samples indicates that hydrological, geochemical, and biologi-
cal instream processes are effectively mixing the inflows and
groundwater discharge received by the stream.

In order of decreasing abundance, major cations in
water in the Toll Gate Creek watershed are calcium, magne-
sium, and sodium; major anions are sulfate, bicarbonate, and
chloride; and the predominant water type is calcium sulfate
(fig. 26). Similar to selenium and TDS, major-ion chemistry
for groundwater and inflow samples was more variable than
that for stream samples and ranged from calcium-carbonate
to sodium-sulfate type water (fig. 26). Calcium-sulfate type
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water was observed for the majority of groundwater and
inflow samples and all of the stream samples. Calcium-
carbonate type water was observed only in groundwater
samples from wells WT-11 and WT-12, which are completed
in surficial materials. Sodium-sulfate type water was observed
for five inflows. Calcium-carbonate type water represents
recharge and water-rock interaction with surficial materials
that contain more carbonate minerals than the bedrock (Rob-
son and Romero, 1981), whereas calcium-sulfate water type
with increased selenium and TDS concentrations compared to
calcium-carbonate-type waters represents water-rock inter-
action with claystone bedrock. Sodium-sulfate type water
observed for inflow samples represents an increase in sodium
cations as compared to calcium cations and could be caused
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by dissolution of sodium from bedrock, urban runoff, or
exchange of calcium for sodium from the claystone bedrock.
The preponderance of calcium-sulfate type water indicates
that groundwater and surface water sampled by this study are
affected by water-rock interaction with Denver Formation
claystone bedrock.

pH

Values of pH were near neutral for groundwater, near
neutral to slightly alkaline for inflows, and slightly alkaline
for stream samples (fig. 27). Groundwater pH ranged from 6.8
to 7.4 standard units with a median of 7.1. Inflow pH ranged
from 6.9 to 9.0 with a median of 7.8, and stream pH ranged
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Figure 26. Trilinear plot showing percentages of major cations and anions, in milliequivalents per liter, for
groundwater, inflow, and stream samples, Toll Gate Creek, July—August 2007.



from 7.7 to 9.0 with a median of 8.2 standard units. Inflow
and stream pH values were in general greater than and more
variable than groundwater pH values indicating they are likely
affected by biological processes that generate alkalinity such
as biological respiration or plant activity. The pH values are in
the range where oxidized forms of selenium (selenite and sel-
enate) can adsorb onto bentonite clays (pH values less than 7)
and onto iron oxides (pH values between 5 and 8; McNeal and
Balistrieri, 1989).

Dissolved Oxygen

The dissolved-oxygen (DO) concentration of water is an
indicator of its reduction/oxidation potential or redox state,
and is an important parameter to consider because chemical
speciation and concentrations of other dissolved constituents,
such as selenium, can depend on redox state. For example,
selenium is mobile and toxic in the near-surface environment
in the oxidized forms selenate (SeO,*’) and selenite (SeO,>),
and is less mobile in its reduced forms elemental selenium
(Se°) and selenide (Se*). Oxidized waters in equilibrium with
atmospheric oxygen typically will have DO concentrations on
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the order of 5-10 mg/L, whereas low-oxygen waters that have
undergone some reduction will typically have DO concen-
trations on the order of 0.5-2 mg/L (Rose and Long, 1988).
Reduced waters generally exhibit DO concentrations less than
0.5 mg/L and may also contain other reduced chemical species
such as nitrogen gas, methane, or hydrogen sulfide depending
on the presence of electron acceptors (Rose and Long, 1988).
Low-oxygen concentrations in the presence of reduced chemi-
cal species can indicate mixed redox conditions and that the
water is not in chemical equilibrium (White and others, 1990).
Groundwater samples for the Toll Gate Creek study
exhibited DO concentrations ranging from 0.1 mg/L to
7.4 mg/L indicating a wide range of redox conditions in
the groundwater system. The greatest DO concentrations
representing oxidizing conditions (7.4 mg/L and 3.5 mg/L)
occurred in water from wells SC-6 and SC-4, respectively,
which are completed in the surficial materials along Sand
Creek and outside of the Toll Gate Creek watershed. Water
from 4 wells had low-oxygen DO concentrations ranging
from 1.0 to 2.3 mg/L, and water from the remaining 11 wells
for which DO was measured indicated reducing conditions
with DO concentrations of 0.6 mg/L or less. There was no
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clear spatial pattern to the groundwater DO concentrations,
although all of the wells sampled within the Toll Gate Creek
watershed indicated low-oxygen to reducing conditions,
and there was no strong statistical correlation between DO
and selenium concentrations determined by linear regres-
sion (Helsel and Hirsch 2002) (linear correlation coefficient
= 0.17) indicating that concentrations of selenium were not
everywhere related to dissolved-oxygen concentrations and
that mixed-redox conditions are possibly present in ground-
water. Concentrations of DO were not measured for inflow
or stream samples in contact with the atmosphere for this
study. Oxidizing conditions would be expected in surface
water when the stream flows over rapids and is well aer-
ated, whereas low-oxygen or reducing conditions would be
expected locally in streambed sediments or in wetland areas
with abundant plant matter.

Nitrate

Dissolved nitrite plus nitrate as nitrogen, herein referred
to as “nitrate,” concentrations in groundwater ranged from
less than 0.06 mg/L to a maximum of 18.6 mg/L at well
URLUS-30 with a median concentration of 5.4 mg/L (table 6;
fig. 28). Nitrate concentrations in groundwater were greater
than the lowest surface-water concentration of 0.5 mg/L at
16 of the 19 wells and greater than the USEPA secondary
drinking-water standard of 10 mg/L (U.S. Environmen-
tal Protection Agency, 2003) at 5 of the 19 wells (table 6).
Dissolved-oxygen concentrations of 2 mg/L or less in the
presence of nitrate were observed at those 5 wells and can
be indicative of nitrate-reducing conditions (denitrification).
(Peter McMahon, U.S. Geological Survey, written commun.,
2011; White and others, 1990). Denitrification tends to reduce
nitrate to nitrogen gas, decreasing nitrate concentrations
and increasing nitrogen gas concentrations in groundwater
(Knowles, 1982; Bohlke and others, 2007). The presence of
excess nitrogen gas concentrations at wells MC-2B, WT-8§,
and WT-14 (see table 8) indicates denitrification was occur-
ring, and the detection of low-oxygen concentrations in the
presence of nitrogen gas indicates mixed-redox conditions
were present at some locations in the groundwater system.
Nitrate has been identified under laboratory conditions as an
electron donor that can oxidize reduced forms of selenium
during denitrification (Weres and others, 1990; White and
Dubrovsky, 1994), and two of the greatest nitrate concentra-
tions for Toll Gate Creek groundwater samples were observed
for the two samples with the greatest selenium concentrations
(URLUS-30 and URLUS-28). Possible sources of nitrate in
the Toll Gate Creek watershed include atmospheric deposi-
tion, organic nitrogen from soils and bedrock, synthetic or
manure fertilizers, leaking sewers or septic systems, or human

or animal waste. Results from ongoing studies of selenium
oxidation state and mobilization in western Colorado indicate
that organic nitrogen can be released from organic-rich shale
as nitrate (Alisa Mast, U.S. Geological Survey, oral commun.,
2012). Synthetic or manure fertilizers and leaking sewers

or septic systems are other possible sources of nitrate in the
urbanized area of Toll Gate Creek. Analysis of the nitrogen-
and oxygen-isotope composition of dissolved nitrate could
help identify and better understand nitrate sources in the
study area.

Dissolved nitrate concentrations in inflow samples
(median concentration of 2.9 mg/L) were in general less than
in groundwater samples (median concentration of 5.4 mg/L;
fig. 28) possibly because of dilution and (or) nitrate reduction
along flow paths where groundwater is in contact with organic
carbon in claystone and lignite. Similar to selenium, dissolved
nitrate concentrations in stream samples (median concentra-
tion of 0.51 mg/L; fig. 28) were less than and less variable
than in groundwater or inflow samples. Nitrate concentrations
in surface water are likely attenuated by plant uptake as evi-
denced by large algal blooms and abundant aquatic macro-
phytes noted during field activities.

Correlations Among Chemical Constituents

Stream concentrations of dissolved selenium exhibit
positive correlation with concentrations of TDS and dissolved
sodium, sulfate, uranium, chloride, and nitrate in Toll Gate
Creek (table 9). Because most of these constituents are derived
from weathering of underlying bedrock and transported to the
stream by the same processes as dissolved selenium, stream-
profiles for concentrations and loads of sodium, sulfate, and
uranium (Appendix 3) are similar to those for selenium and
exhibit increases in load in a downstream direction (figs. 3—1
to 3-6). In groundwater, dissolved selenium concentrations are
strongly correlated with concentrations of TDS and dissolved
calcium, magnesium, sodium, sulfate, chloride, bromide,
nitrate, organic carbon and oxygen-isotope ratios (table 10).
Strong correlations among dissolved constituents indicate
that the constituents may be derived from the same or related
geologic sources.

Multivariate Analysis of Water Chemistry

Multivariate cluster analysis was applied to data for water-
quality samples to recognize patterns or chemical characteristics
among samples that can help identify the various sources of
constituents (Kauffman and Rousseeuw, 1990). Data for inflow,
groundwater, and stream samples were analyzed separately
because different sets of variables were used for each.



Table 8. Tritium, dissolved-gas, and chlorofluorocarbon concentrations, apparent groundwater ages, and apparent recharge rates for selected groundwater samples, Toll
Gate Creek, July—August 2007.

[DO, dissolved oxygen; TU, tritium units; mg/L, milligrams per liter; °C, degrees Celsius; CFC, chlorofluorocarbon; pmol/kg, picomoles per kilogram; pptv, parts per trillion by volume; nd, no data; na, not
applicable; in/yr, inches per year; pfim, piston-flow model; bmm, binary-mixing model; N,, nitrogen gas; CH,, methane gas; OF, old fraction; YF, young fraction]

Corrected CFC concentration in Calculated CFC atmospheric mixing

Well Geologic materials of  Tritium DO Excess N, Methane Recharge solution (pmol/kg) ratio (pptv)
R temperature
name screened interval (TU) (mg/L) (mg/L) (mg/L) o
(°C) CFC-12 CFC-11 CFC-13 CFC-12 CFC-11 CFC-13
ET-1 Alluvium 6.8 0.1 0.0 0.0 15.2 3.67 1.33 0.11 1022.3 102.8 27.6
ET-2 Alluvium 8.6 0.2 0.0 0.0 11.9 3.86 4.14 0.33 962.4 273.3 713
MC-2B Alluyium 10.9 0.1 1.0 0.062 13.2 127 0.03 0.02 330.0 2.1 3.4
SC-6 Alluvium 15.0 7.4 0.0 0.0 12.1 3.05 4.17 0.33 773.7 280.3 7.7
SCTC-5 Alluvium 9.5 0.2 0.0 0.254 15.9 0.68 0.05 0.02 198.7 3.9 4.0
URLUS-18 Alluvium 75 nd 0.0 0.0 17.7 1.25 2.29 0.15 362.7 186.8 38.8
URLUS-28 Alluvium/Denver 2.6 23 0.0 0.0 52 2.02 2.45 0.20 360.9 113.9 28.6
Claystone
URLUS-30 Denver claystone 2.5 2.0 0.0 0.0 12.9 2.50 3.61 0.39 646.4 259.1 89.3
WT-1 Alluvium/Denver ) 5 1.8 0.0 0.0 1.5 1.98 1.62 0.18 483.8 105.4 37.0
sandstone
WT-12 Alluvium nd 0.1 0.0 0.0 13.6 2.25 0.18 0.03 596.9 13.2 6.3
WT-14 Alluvium 8.7 1.0 2.0 0.016 28.0 0.90 0.29 0.04 417.7 40.0 17.3
WT-19 Alluyium 8.2 nd 0.0 0.0 15.5 2.32 0.19 0.02 665.8 155 5.6
WT-4 Alluvium 8.6 0.1 0.0 0.0 15.0 1.10 0.29 0.01 315.7 22.8 2.9
WT-8 Alluvium 5.4 0.1 3.0 0.0 12.3 17.19 0.09 0.02 4257.0 6.4 3.4
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Table 8. Tritium, dissolved-gas, and chlorofluorocarbon concentrations, apparent groundwater ages, and apparent recharge rates for selected groundwater samples, Toll
Gate Creek, July—August 2007.—Continued

[DO, dissolved oxygen; TU, tritium units; mg/L, milligrams per liter; °C, degrees Celsius; CFC, chlorofluorocarbon; pmol/kg, picomoles per kilogram; pptv, parts per trillion by volume; nd, no data; na, not
applicable; in/yr, inches per year; pfim, piston-flow model; bmm, binary-mixing model; N, nitrogen gas; CH,, methane gas; OF, old fraction; YF, young fraction]

CFC Binary-mixing Binary-mixing Depthtotop  Depth to top

. CFC Tritium Estimated .
piston-flow . . model apparent model of screened of screened - Comments and basis
Well piston-flow piston-flow . . piston-flow .
model apparent recharge year young-water interval below interval below for piston-flow model (pfm)
name model apparent model apparent . recharge
recharge age recharae vear  recharge vear of young-water fraction land surface  water table rate (in/yr) apparent age
(years) gey gey fraction (percent) (feet) (feet) ¥
ET-1 25-34 1974-1983 1982 1989 40-50 14.0 1.9 0.7-0.9  CFC-12 contaminated; possible

CFC-11 and CFC-113 degrada-
tion; pfm age on the basis of
CFC-11, CFC113, and tritium;
possible mixture, bmm results
on the basis of CFC-113/CFC-11
ratio; DO concentration indicates
reducing conditions.

ET-2 13-18 1989-1995 1990 na na 17.0 6.9 1.9-2.8  CFC-12 contaminated; pfm age on
the basis of CFC-11, CFC-113,
and tritium; DO concentration
indicates reducing conditions.

MC-2B 27-32 1976-1981 1981 na na 7.0 2.1 0.5 CFC-11 and CFC-113 degraded;
pfm age on the basis of CFC-12
and tritium; DO concentration
indicates reducing conditions; ex-
cess N2 indicates denitrification;
CH4 indicates methanogenesis.

SC-6 13-19 1989-1995 after 1990 na na 20.0 15.3 3.3-4.7  CFC-12 contaminated; pfm age on
the basis of CFC-113 and tritium.

SCTC-5 34 1974 1974 na na 25.0 18.9 1.9 CFC-11 and CFC-113 degraded;
pfm age on the basis of CFC-12
and tritium; DO concentration in-
dicates reducing conditions; CH4
indicates methanogenesis.

URLUS-18 23-26 1982-1983 1983 na na 28.4 8.3 1.6 CFC-12 contaminated; pfm age on
the basis of CFC-11, CFC-113,
and tritium.

URLUS-28 24-27 1980-1984 pre-1953 1990 60-70 18.3 7.7 0.70OF  CFC-11 degraded; pfm age on the
22YF basis of CFC-12 and CFC-113;
bmm results on the basis of CFC-
113/CFC-11 ratio and tritium.
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Table 8. Tritium, dissolved-gas, and chlorofluorocarbon concentrations, apparent groundwater ages, and apparent recharge rates for selected groundwater samples, Toll
Gate Creek, July—August 2007.—Continued

[DO, dissolved oxygen; TU, tritium units; mg/L, milligrams per liter; °C, degrees Celsius; CFC, chlorofluorocarbon; pmol/kg, picomoles per kilogram; pptv, parts per trillion by volume; nd, no data; na, not
applicable; in/yr, inches per year; pfim, piston-flow model; bmm, binary-mixing model; N, nitrogen gas; CH,, methane gas; OF, old fraction; YF, young fraction]

_ CFC CEC Tritium Binary-mixing Binary-mixing Depthtotop  Depth to top Estimated )
piston-flow . . model apparent model of screened of screened - Comments and basis
Well piston-flow piston-flow . . piston-flow .
model apparent recharge year young-water interval below interval below for piston-flow model (pfm)
name model apparent model apparent . recharge
recharge age recharae vear  recharge vear of young-water fraction land surface  water table rate (in/yr) apparent age
(years) gey gey fraction (percent) (feet) (feet) ¥
URLUS-30 11-12 1996-1997 pre-1953 1996 95 28.0 13.0 1.0 OF  CFC-12 contaminated; pfm age on
4.4-4.38 the basis of CFC-113; possible
YF mixture; bmm results on the basis
of CFC-11, CFC-113, and tritium.
WT-1 18-19 1988-1989 1989 na na 10.0 3.5 1.4 CFC-11 degraded; pfm age on basis
of CFC-12 and tritium.
WT-12 3742 1966-1971 nd na na 25.0 16.8 1.7-2.0  CFC-12 contaminated; pfm age on

the basis of CFC-113; no tritium
analysis; DO concentration indi-
cates reducing conditions.

WT-14 22 1986 1986 na na 8.0 2.9 0.8 CFC-11 and CFC-113 degraded; ex-
cess N2 indicates denitrification;
CH4 indicates methanogenesis;
pfm age on the basis of CFC-12
and tritium.

WT-19 45 1962 1961 or early na na 16.0 8.4 0.9-1.6  CFC-12 contaminated; pfm age on
1980s the basis of CFC-11 and tritium.
WT-4 28 1980 1980 na na 22.0 17.3 2.4 CFC-11 and CFC-113 degraded;

pfm age on the basis of CFC-12
and tritium; DO concentration
indicates reducing conditions.

WT-8 na na na na na na na na  Cannot date; CFC-12 contaminated;
CFC-11 and CFC-113 degraded;
DO concentration indicates
reducing conditions; excess N2
indicates denitrification.
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Table 9. Linear correlation coefficients for dissolved constituents in stream samples, Toll Gate Creek, July—August 2007.

[All constituents are dissolved except 8'*0; TDS, total dissolved solids; 8'%0, stable isotope ratio of oxygen (**O and '°O) relative to Vienna Standard Mean Ocean Water; gray shading, linear cor-
relation coefficient of about 0.60 or greater]

Constituent TDS Calcium Magnesium Sodium Selenium Uranium Sulfate Alkalinity Chloride Bromide Nitrate
TDS 1
Calcium 0.90 1
Magnesium 0.88 0.83 1
Sodium 0.89 0.76 0.64 1
Selenium 0.64 0.50 0.37 0.78 1
Uranium 0.73 0.81 0.70 0.58 0.32 1
Sulfate 0.97 0.84 0.83 0.90 0.69 0.70 1
Alkalinity 0.25 0.53 0.30 0.03 —0.13 0.47 0.05 1
Chloride 0.85 0.66 0.61 0.95 0.72 0.45 0.84 —0.03 1
Bromide 0.39 0.21 0.12 0.57 0.47 0.14 0.34 0.03 0.61 1
Nitrate 0.33 0.29 0.08 0.50 0.85 0.09 0.33 0.01 0.44 0.39 1
50 —-0.10 -0.24 —-0.38 0.26 0.36 -0.21 0.03 —0.56 0.20 0.33 0.31

Table 10. Linear correlation coefficients for dissolved constituents in groundwater samples, Toll Gate Creek, July—August 2007.

[All constituents are dissolved except 8'*0 ; TDS, total dissolved solids; 8'%0, stable isotope ratio of oxygen ('30 and '°O) relative to Vienna Standard Mean Ocean Water; DOC, dissolved organic carbon; gray
shading, linear correlation coefficient of about 0.60 or greater]

Constituent TDS Calcium Magnesium Sodium Selenium Uranium Sulfate Alkalinity Chloride Bromide Nitrate 80
DS 1
Calcium 0.96 1
Magnesium 0.95 0.95 1
Sodium 0.90 0.78 0.78 1
Selenium 0.80 0.66 0.68 0.78 1
Uranium 0.32 0.40 0.36 0.39 —-0.09 1
Sulfate 0.99 0.96 0.94 0.90 0.78 0.32 1
Alkalinity -0.24 -0.11 -0.11 -0.18 -0.53 0.67 -0.27 1
Chloride 0.76 0.70 0.66 0.69 0.75 0.09 0.70 -0.23 1
Bromide 0.85 0.76 0.75 0.77 0.94 -0.01 0.82 -0.44 0.90 1
Nitrate 0.53 0.42 0.44 0.65 0.68 0.21 0.53 -0.16 0.47 0.63 1
3180 0.58 0.40 0.47 0.65 0.77 —-0.07 0.56 -0.40 0.56 0.70 0.51 1
DOC 0.82 0.74 0.70 0.79 0.85 0.17 0.79 -0.26 0.76 0.90 0.61 0.73
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Inflow and Groundwater Samples

Chemical distinctions among groups of inflows are help-
ful to understand the various types of water that affect the
stream chemistry. Four groups of inflow samples were distin-
guished from the cluster analysis, and representative samples
from each group are listed in the order of increasing selenium
concentration in table 11. The groups are distinguished mostly
by variation in the concentrations of selenium, calcium, mag-
nesium, sodium, sulfate, bromide, and uranium. This grouping
of constituents represents the first principal component and
accounts for the majority of variation among inflow samples;
the grouping also includes the constituents that have the most
effect on stream chemistry. Samples from inflow group 1
generally have the lowest selenium and sulfate concentrations
(table 11, fig. 29) whereas samples from inflow group 4 have
the greatest concentrations of both constituents. It is notable
that samples from inflow group 4 having the greatest selenium
concentrations are distributed throughout the length of the Toll
Gate Creek study as are samples from inflow groups 2 and 3
that generally have lesser selenium and sulfate concentrations
(table 11, fig. 29).

The particular grouping of constituents prominent in
samples of inflow water gives an important indication of the
source of solutes affecting the stream (fig. 30). Groundwater
groups also are plotted for comparison. Although the clus-
ter analyses were constructed separately on samples from
wells and samples of inflows, the clusters of samples from
both analyses were principally distinguished by variations
among concentrations of selenium, calcium, sodium, sulfate,
bromide, and uranium. Four inflow groups and five groups
of groundwater samples were distinguished in the cluster
analysis. Among the groundwater samples, the groups had
increasingly greater concentrations of constituents, similar to
the concentrations shown in table 11 for the inflow samples.
However, the groundwater sample for URLUS-30 was distin-
guished as a separate, additional group because that sample
had much greater concentrations of several constituents than
samples in the other groups. So using inflow and groundwa-
ter samples together, the covariation of sulfate with sodium
(fig. 304), bromide (fig. 30B), selenium (fig. 30C), and
uranium (fig. 30D) is a likely result of a common geologic
source for these constituents. The majority of inflow samples
that have relatively greater concentrations of sodium and
sulfate (inflow groups 2, 3, and 4; table 11) plot along a line
that indicates a constant ratio between the solutes (fig. 304).
This pattern is consistent with having a common source of the
solutes, and in those samples having sulfate concentrations
greater than 300 mg/L, the inflow groups represent progres-
sively greater concentrations of both selenium and sulfate.
Also, concentrations of the solutes in groundwater samples
generally “surround” those of the inflows, which is consistent
with the explanation that the chemistry of the high-selenium
inflows relates to the chemistry of the groundwater. Thus,
the distinction of the various inflow groups is likely a matter
of progressive addition of the solutes through water-rock
interaction. This relation of inflow to groundwater samples,

in general, holds true for all the solutes in figure 30. These
results support the hypothesis that dissolved selenium, cal-
cium, sodium, sulfate, bromide, and uranium are derived from
the same geologic sources in the study area.

If the extent of water-rock interaction is a key to the
concentrations of these solutes for particular inflows, then the
groups could represent the size of drainage area contributing
to the inflows, or local variations in bedrock mineralogy, or
groundwater-residence time. Most of the samples from inflow
group 4 come from culverts draining surface water and ground-
water along the study reach. Although the extent of urbaniza-
tion obscures the delineation of drainage areas, it is likely that
these samples represent previous tributary areas that essentially
collect more water that has flowed through the contributing
geologic materials, causing the greater concentrations. Alterna-
tively, the distinctions could be related to local variations in the
mineralogy of the Denver Formation and the inflow samples
that have the greatest concentrations of selenium, sulfate, and
uranium could be from areas that contain more of the minerals
being dissolved to contribute these solutes. Longer ground-
water-residence times, caused by variable saturated thickness,
perched water-table conditions, low-permeability materials,
and low recharge rates, allow more time for water-rock interac-
tions and provide yet another explanation for the variation
in concentrations between groups. Finally, a combination of
drainage area, mineralogy, and groundwater-residence time
could be affecting constituent concentrations.

Stream Samples

Chemical differences among stream samples along
a study reach typically indicate the principal sources and
transformations of solutes along the study reach. If a study
reach has been divided into a sequence of tracer-injection
subreaches, as with the Toll Gate Creek study, any chemi-
cal differences among subreaches likely are a result of these
sources and transformations and not a result of the opera-
tional details or changing weather conditions during the
different injections. For Toll Gate Creek, samples from the
different injection subreaches were affected by rain storms,
and thus, the effects of solute sources and processes are dif-
ficult to interpret.

Samples of stream water in Toll Gate Creek were
separated into five groups defined by cluster analysis. The
representative chemistry of samples in each group is given in
table 12. The effects of rain on these groups varied. Stream
groups | and 2 include samples from the headwater sample
subreach (TGH) and were the least affected by rain. In addi-
tion, these samples have lesser selenium concentrations than
downstream samples (fig. 18, table 12) which causes them
to fall below the line defined by stream group 3 through 5
samples in figure 31. Samples from stream group 3 (mostly
from the TGU subreach) and stream group 5 (all from the
TGL subreach) were affected by rain and both were sampled
as streamflow decreased after storms (fig. 15). Samples
from stream group 4 (TGM subreach) were most affected by
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Representative samples from each of the inflow groups defined by cluster analysis, Toll Gate Creek, July—August 2007.

[mg/L, milligrams per liter; CaCO,, calcium carbonate; SiO,, silica; pg/L, micrograms per liter]

Group

Constituent 1

2 3 4

Lowest concentrations of High manganese, High alkalinity, High selenium
sulfate and selenium moderate selenium moderate selenium and sulfate

Distance, meters 9,417 12,323 16,576 8,809
Number of samples 5 11 7 9
pH, standard units 7.8 8.1 6.9 8.2
Calcium, filtered, mg/L 94 174 292 298
Magnesium, filtered, mg/L 21.7 30.7 32.8 454
Sodium, filtered, mg/L 70.1 194 319 377
Alkalinity as CaCO,, mg/L 175 190 446 288
Sulfate, filtered, mg/L 172 550 609 1,270
Chloride, filtered, mg/L 102 172 295 151
Fluoride, filtered, mg/L 1.1 .67 .54 1.0
Bromide, filtered, mg/L .19 85 1.08 73
Silica as SiO,, filtered, mg/L 19.7 17.1 37.5 18.4
Aluminum, filtered, pg/L 12.5 14.5 69.3 8.0
Iron, filtered, pg/L 61 41 4.2 20
Manganese, filtered, pg/L 31.1 456 62.1 3.8
Selenium, filtered, pg/L 4 5.1 8.9 24.0
Uranium, filtered, pg/L 6.52 13.0 62.0 63.6
Zinc, filtered, pg/L 11.8 3.7 2.5 12.4

the rain, and concentrations of almost all constituents were
diluted compared to samples upstream and downstream. Dilu-
tion of both selenium and sulfate was systematic for stream
group 4 as indicated by the decreased concentrations along a
1:1 slope (fig. 31). Concentrations of major ions in groups 3
and 5 are similar to one another and are greater than concen-
trations of major ions in group 4. Dividing concentrations of
group 4, which generally are more dilute, by the average con-
centration of groups 3 and 5, yields a dilution factor between
62 and 69 percent caused by rainfall.

Samples from the headwaters (TGH) subreach were
from the wetland reach of the stream and comprise stream
group 1. High concentrations of manganese in three stream
samples (fig. 32) were likely caused by reducing conditions in
the streambed materials that caused the release of dissolved
manganese to the stream (manganese, like iron, occurs as a
dissolved (soluble) cation under reduced condition and forms
insoluble oxides under oxidizing conditions). A similar pattern
was observed in Emigration Creek, Utah for both manganese
and iron (Kimball and others, 2008). The change to stream
group 2 occurred downstream from Hampden Avenue, where
Toll Gate Creek is confined to a concrete-lined channel,
beginning at about 1,794 m. Many constituents have similar
concentrations in samples from stream groups 1 and 2. For
example, selenium and sulfate concentrations are nearly equal

(table 12), but constituents, like iron and manganese, that
are most affected by reduced conditions in the wetland reach
upstream from Hampden Avenue have greater concentrations
in samples of stream group 1.

At 5,330 m, just downstream from Buckley Road, the
channel is again unlined, and the stream chemical character
changes to that of stream group 3. This change likely occurs
because of the inflow of seepage from the surrounding area
that particularly increases the concentrations of selenium and
sulfate (fig. 29), but also could be caused, in part, by the sele-
nium and sulfate concentrations added upstream at the culvert
inflow at 4,707 m. The generally greater concentrations of
selenium, sulfate, and manganese downstream from 4,707 m
in stream groups 3 and 4 than in groups | and 2 (figs. 29, 31,
and 32) indicate that the inflows that have the greatest effect
on instream concentrations of selenium occur downstream
from the concrete-lined channel.

Samples in stream group 5 are located in the lower injec-
tion subreach (TGL). This group generally had the greatest
concentrations of selenium, major ions, and uranium, likely in
response to several inflows from inflow group 4 that had high
concentrations of all these constituents. Without the effect
of some rain during the period of sampling for the lower
injection subreach, the concentrations would likely have been
greater than those observed.
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Figure 29. Graphs showing dissolved A, selenium and B, sulfate concentrations related to
distance downstream from Quincy Reservoir, and cluster analysis results for stream and inflow
samples, Toll Gate Creek, July—August 2007.
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Table 12. Representative samples from stream groups defined by cluster analysis, Toll Gate Creek, July—August 2007.

[TGH, Toll Gate headwaters subreach; TGU, Toll Gate upper subreach; TGM, Toll Gate middle subreach; TGL, Toll Gate lower subreach; mg/L, mil-
ligrams per liter; CaCO,, calcium carbonate; SiO,, silica; pg/L, micrograms per liter; m, meter]

Group
1 2 3 4 5
Constituent Upstream from From2,356to  Upper sampling subreach from Middle injection Lower injection
2,356 m 5330 m 5,956 to 7,327 m and upper subreach after subreach plus
(TGH) (TGH) injection subreach storm 5,330 to 5,956 m
(mostly TGU) (TGM) (mostly TGL)
Distance, meters 1,809 2,886 8,444 11,441 15,003
Number of samples 6 4 24 20 21
pH, standard units 7.9 8.7 7.9 8.2 8.4
Calcium, filtered, in mg/L 207 154 200 144 215
Magnesium, filtered, in mg/L 42.4 39.9 40.5 27.3 40.1
Sodium, filtered, in mg/L 181 178 226 144 252
Alkalinity as CaCO,, in mg/L 255 100 193 166 177
Sulfate, filtered, in mg/L 657 654 720 469 784
Bromide, filtered, in mg/L 0.82 0.79 2.69 1.11 2.35
Chloride, filtered, in mg/L 119 122 143 92.3 151
Fluoride, filtered, in mg/L 0.71 0.62 0.62 0.56 0.64
Silica as SiO,, in mg/L 15.5 12 13.3 10.8 10.7
Aluminum, filtered, in pg/L 5 7.3 1.6 18.2 15.8
Iron, filtered, in pg/L 27 23.8 15 13 12
Manganese, filtered, in pg/L 1,220 40.1 391 144 133
Selenium, filtered, in pg/L 5.5 4.7 13.2 7.9 14.1
Uranium, filtered, in pg/L 21.1 16.5 18.8 13.4 21.6
Zinc, filtered, in pg/L 0.89 0.98 1.6 24 0.97

NpP—————— T

Line of constant ratio

of selenium to sulfate
3 & ‘0 ® EXPLANATION E
@ Stream group 1
€ Stream group 2
<& Stream group 3

Dissolved selenium concentration,
in micrograms per liter

i ¢ & Streamgroup4 | |
@ Stream group 5
400 600 800 1,000

Dissolved sulfate concentration, in milligrams per liter

Figure 31. Graph showing relation of dissolved selenium and sulfate
concentration, and cluster-analysis results (stream groups derived from
cluster analysis in table 12) for stream samples, Toll Gate Creek, July—
August 2007.
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Figure 32. Graph showing variation of manganese concentration with distance downstream
from Quincy Reservoir, and cluster analysis results (Stream and Inflow groups defined on table
12 and table 11) for stream and inflow samples along the study reach, Toll Gate Creek, Aurora,

Colorado, July—August 2007.

Hydrogen- and Oxygen-Isotope Ratios as
Indicators of Evaporation

All of the groundwater samples and a selected subset of
inflow and stream samples in the Toll Gate Creek watershed
were analyzed for the stable-isotope ratios of hydrogen (3°H)
and oxygen (8'%0) of water as an indication of the water ori-
gin and the processes that may have affected the water since
its origin (Clark and Fritz, 1997). Hydrogen- and oxygen-
isotope ratios for the Toll Gate Creek groundwater, inflow,
and stream samples plot below and with lesser slopes than
the global meteoric water line (GMWL; Craig, 1961) and the
local meteoric water line (LMWL) for northeastern Colorado
(Harvey, 2005) (fig. 33) indicating that they likely represent
meteoric water (precipitation) which has been affected by
evaporation (Clark and Fritz, 1997).

There are at least three possible explanations for the
hydrogen- and oxygen-isotopic data distribution. The first
explanation is that because these data fall along an evapora-
tion line with a slope of about 6 and a correlation coefficient
of 0.97 (fig. 33), the study-area samples may have all evolved
through varying degrees of evaporation from a single source

of water (Clark and Fritz, 1997) having a composition deter-
mined by the intersection of the LMWL and the evaporation
line (8"*0 =-15.99, 6°H =-118.0). Although these results do
indicate evaporation has affected the groundwater, inflow, and
stream samples, it is unlikely that all samples were derived
from water having a single isotopic composition. A second
more likely explanation is that samples had an original com-
position that plots along the LMWL and were then subject to
varying amounts of evaporation as indicated by evaporation
arrows between the meteoric water lines and the evaporation
line in figure 33. Location of samples along a meteoric water
line is controlled by the temperature of precipitation with sam-
ples from colder precipitation having lower isotope ratios than
samples from warmer precipitation (Clark and Fritz, 1997).

A third explanation is that the evaporation line in figure 33

is a mixing line along which samples plotting near the center
of the line are mixtures of samples having lesser (depleted)
isotopic ratios and samples having greater (enriched) isotopic
ratios (Clark and Fritz, 1997). However, the evaporation line
likely does not represent a mixing line because the samples
are not physically located along groundwater or surface-water
flow paths where mixing would occur.
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dissolved solids concentration for groundwater, inflow, and stream samples, Toll Gate Creek, July—August 2007. Total dissolved
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Groundwater samples plot nearer the GMWL and the
LMWL than stream samples, indicating groundwater samples
were less affected by evaporation than stream samples. The
Toll Gate Creek inflow samples plot all along the evapora-
tion line. Some of the inflow samples are most similar to
groundwater samples, including 5 of the 11 inflows with the
greatest selenium concentrations, 2 of which are the springs
TG-2165 and TG-10557 (table 7). Some of the inflow samples
have hydrogen- and oxygen-isotope ratios intermediate to the
groundwater and stream samples, and some indicate more
evaporation than stream samples.

Evaporation concentrates dissolved constituents in
water and also affects the isotope ratios. The greater the
evaporation, whether along a single evaporative line or from
various starting points on the LMWL, the greater the §'%0.
Consequently, positive correlation between 880 and dis-
solved selenium and TDS may indicate whether evaporation
processes are effectively concentrating dissolved selenium
and TDS. This analysis for groundwater, inflow, and stream
samples produced mixed results. Correlations with 3'*0
in groundwater samples were strong and positive for dis-
solved selenium (linear correlation coefficient r = 0.77,
p-value less than 0.001) and TDS (r = 0.58; p-value less than

0.01) indicating that evaporation may have contributed to
increased selenium and TDS concentrations. These correla-
tions, however, were leveraged by one sample, URLUS-30.
When this sample was removed from the analysis, the
correlations were no longer strong or significant (80 and
dissolved selenium, r = 0.25, p-value = 0.31; 8'%0 and TDS,
r=0.28, p-value = 0.26). Similarly, for stream samples, cor-
relation between 6'30 and selenium was weak and not highly
significant (r = 0.35, p-value = 0.04) and correlation between
880 and TDS was not significant (r = —0.11, p-value = 0.52),
indicating that evaporation is not the primary process
affecting surface-water quality in Toll Gate Creek. Finally,
correlations for inflow samples were negative and somewhat
significant (6'*0 and dissolved selenium, r =—0.53, p-value
=0.04; 30 and TDS, r = -0.61, p-value = 0.014) consis-
tent with the understanding that inflow samples represent a
wide range of hydrologic conditions such that their chemis-
try is affected by a variety of processes. The TDS range in
figure 33 helps emphasize that the relation between isotope
ratios and TDS concentration is not straightforward, and that
the three inflow samples having the most enriched isotopic
ratios and theoretically most affected by evaporation have
TDS concentrations less than 500 mg/L.



To quantify the role of evaporation in concentrating
solutes in the water, the maximum percentage of evaporative
loss was calculated for each sample having an isotope analy-
sis. The calculations of evaporative loss represent the maxi-
mum possible amount of evaporative concentration because
they assume that the isotopic compositions for all samples
were derived from water with a single isotopic composition
(6'80 =-15.99; d*H = —118.0). This simplifying assumption is
made for the purpose of performing the following calculations,
but the isotopic composition of water in the study area likely
was not the result of evaporation from one single fixed isoto-
pic composition because in practice the temperature and thus
isotopic composition of precipitation likely varied spatially
and seasonally.

The percentage of evaporative loss was calculated from
the oxygen-isotope ratio for each sample with a stable-isotope
analysis following the methods of Clark and Fritz (1997). The
fractional water loss from evaporation can be modeled accord-
ing to Rayleigh distillation and is a function of the measured
oxygen-isotope ratio and equilibrium and kinetic fractionation
factors (Clark and Fritz, 1997). For §'%0, the evaporative
enrichment is equal to the difference between the measured
value for the sample and the 6'*O value of precipitation at the
intersection of the best-fit evaporative line with the LMWL
(d'®*0 =-15.99). The enrichment is equal to the sum of the
equilibrium (s“‘Oeq) and kinetic (Ag'*O) enrichment factors
(e"0,,,) (table 4-1) multiplied by the natural logarithm (In) of
the residual water fraction (f) (Clark and Fritz, 1997):

"0, .~ 8%0

sample

precipitation Smototal * In(f) 2
The equilibrium enrichment factor (—10.60) was determined
from a table as a function of mean annual air temperature,
which was assumed equal to 10°C (Clark and Fritz, 1997, their
table 1-4). The kinetic enrichment factor was calculated as a
function of the humidity at the air-water interface, and humid-
ity was determined graphically from the slope of the evapora-
tive concentration line in figure 33 compared to figure 2—8 in
Clark and Fritz (1997):

A0 =142 * (1 — humidity) 3)

By this method, humidity equals 85 percent. The residual
water fraction was determined as an exponential function of
the measured 6'*O enrichment divided by £"*O__:

- 3”0

f = exponential((3'*O /e®0,.) 4

sample precipitation)

Evaporative loss is calculated as one minus the residual water
fraction (1 — f) (Clark and Fritz, 1997).

Calculation results indicate that the evaporative loss
varies from about 18 to 36 percent in groundwater samples,
from about 18 to 48 percent in inflow samples, and from about
34 to 40 percent in stream samples (table 4—1). Forty-eight
percent evaporation from a sample corresponds to a solute
concentration factor of approximately 1.9. In other words,
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evaporation of 48 percent of the water from a sample would
result in solute concentrations almost double the original con-
centrations. In the study area where TDS concentrations range
from 472 to 4,440 mg/L, or by a factor of 9.4, evaporation can
explain some, but probably not all, of the solute concentration
observed in the water samples from the study area.

The isotopic results indicate that evaporation contrib-
utes to concentrating solutes in some samples (for example,
URLUS-30). Strong correlations between dissolved selenium
and TDS in groundwater and surface-water samples (tables 9
and 10) indicate that concentrated waters contain the greatest
concentrations of selenium. However, evaporative loss less
than 50 percent does not account for the observed TDS con-
centrations, and 6'*0 does not strongly or positively correlate
with dissolved selenium or TDS in most groundwater, inflow,
and stream samples. The lack of strong positive correlation
between '*0 and dissolved selenium and TDS contrasted
with strong correlations between dissolved selenium, TDS,
and other major ions in water indicate that, for most samples,
increased selenium and TDS concentrations are likely more
a result of water-rock interaction with solute-generating rock
layers, and possibly residence time in the groundwater sys-
tem, than of evaporation. Evaporative concentration of sol-
utes in groundwater and surface water, including selenium,
is likely a secondary and not the primary process affecting
concentrations of dissolved selenium and major ions in Toll
Gate Creek.

Apparent Groundwater Ages and Recharge
Rates

Apparent groundwater age (time since recharge) was esti-
mated for groundwater samples using recharge temperatures
calculated from dissolved-gas concentrations and the concen-
trations and ratios of chlorofluorocarbons (CFCs) CFC-11,
CFC-12, CFC-113 and tritium in water compared to historical
concentrations in the atmosphere (Plummer and Busenberg,
1999; Bohlke, J.K., U.S. Geological Survey, written com-
mun., 2006; Steven Phillips, U.S. Geological Survey, written
commun., 2010; table 8, this report). The computed ground-
water ages are considered “apparent ages” because they are
calculated using simplifying assumptions regarding transport
processes (Plummer and Busenberg, 1999). The piston-flow
model is a simple and commonly used method for calculat-
ing apparent groundwater age that assumes the tracer moved
vertically through the aquifer in a piston-flow manner and is
not altered by mixing or dispersion from the point of recharge
to the point of measurement (Rupert and Plummer, 2004). All
groundwater pumped from a well is, to some extent, mixed
within the well bore (Plummer and Busenberg, 1999). Wells
with long screened intervals can draw water of different ages
from multiple parts of an aquifer, which mix in the well bore,
and sampling results can produce mixed groundwater ages,
complicating the calculation of apparent groundwater ages
(Rupert and Plummer, 2004). The simplest case of mixing
occurs if the water is a binary mixture of young (post-1953)
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and old (pre-1953) water, and a binary mixing model is used
to estimate the young fraction of a mixed water (Rupert and
Plummer, 2004).

Chlorofluorocarbons are stable, synthetic organic com-
pounds that were developed in the early 1930s for refrigera-
tion and have been used in a wide range of industrial and
refrigerant applications (Plummer and Friedman, 1999).

The use of CFC refrigerants, their release to the atmosphere,
and the subsequent recharge of CFCs to groundwater make
these compounds excellent tracers for estimating the appar-
ent age of groundwater recharged since the 1950s through the
1990s (Plummer and Busenberg, 1999). Because atmospheric
concentrations of CFCs have declined since the 1990s, dating
of groundwater recharged since the 1990s using CFC concen-
trations can be uncertain (Peter McMahon, U.S. Geological
Survey, written commun., 2011).

Groundwater-age dating with CFCs is based on Henry’s
law of gas solubility, which is affected by recharge tempera-
ture, excess air in the water samples, and recharge altitude
(Plummer and Busenberg, 1999). The recharge temperature
is the groundwater temperature at the water table at the time
of recharge and is affected by mean air temperature at the
time of recharge. Excess air is air dissolved in groundwater
in excess of that determined by solubility equilibrium with
atmospheric gasses (Rupert and Plummer, 2009). Excess air
can be trapped and dissolved in groundwater when the water
table rises rapidly in the capillary fringe and is determined by
comparing the ratio of nitrogen gas (N,) to argon (Ar) in air
to the equilibrium solubility ratio of N, to Ar in water (Rupert
and Plummer, 2009). The presence of excess air can add CFCs
to groundwater and, if not accounted for in age interpretations,
causes a young age bias (Plummer and Busenberg, 1999).
Concentrations of dissolved gases N, and Ar in groundwater
were used to estimate recharge temperature and excess air
following the methods of Plummer and Busenberg (1999).
Recharge altitude was assumed equal to land-surface altitude
at the sampling location.

Tritium is another groundwater-age tracer, the concen-
trations of which can be used as a check on CFC apparent
groundwater ages. Atmospheric thermonuclear testing from
1952 through the 1960s resulted in the release of tritium
to the atmosphere and to precipitation recharge such that
the presence and concentrations of tritium in groundwater
can be used to estimate the apparent age and mixtures of
groundwater recharged since 1953 (Clark and Fritz, 1997).
Atmospheric tritium concentrations peaked in 1963 (Clark
and Fritz, 1997) and have been decreasing since that time
because of the exchange of water with the oceans, the short
half-life of tritium, and the discontinuation of most atmo-
spheric thermonuclear weapons testing (Rupert and Plum-
mer, 2004). Tritium concentrations in precipitation prior to
thermonuclear weapons testing are not well known but prob-
ably did not exceed 2 to 8 tritium units (TU) (Plummer and
others, 1993). Because tritium has a half-life of 12.32 years,
water derived from precipitation before thermonuclear weap-
ons testing would contain a maximum tritium concentration

0f 0.12 to 0.5 TU by the early 2000s (Rupert and Plummer,
2004). Waters with tritium activities greater than about

30 TU contain a considerable component of recharge from
the 1960s, and waters with no tritium activity (less than a
detection limit of about 1 TU) are considered old (pre-1953)
waters (Clark and Fritz, 1997).

For the groundwater samples from the Toll Gate Creek
study area, CFC and tritium concentrations were used to
estimate groundwater age. The use of multiple tracers (CFCs
and tritium) proved advantageous to the interpretation of
groundwater-age results because low-oxygen and reduc-
ing conditions in addition to thin saturated thickness in the
shallow groundwater system complicated interpretations
of the CFC results. Under low-oxygen and reducing condi-
tions, CFCs can be degraded by microbial action (Plummer
and others, 1993), and CFC concentrations were degraded
in at least five wells—MC-2B, SCTC-5, WT-14, WT-4, and
WT-8—as indicated by the presence of low-oxygen concentra-
tions, excess nitrogen gas and (or) methane (table 8). Apparent
groundwater ages calculated for wells with low-oxygen or
reducing conditions are based on selected CFC concentrations
(CFC-12) not affected by degradation and (or) tritium con-
centrations. In addition, if the water table is drawn down and
the well screened interval is exposed to the atmosphere dur-
ing sampling, CFCs in groundwater can be contaminated by
present-day atmospheric concentrations of CFCs, such that the
resulting data are not useful for estimating apparent ground-
water age. Contamination of CFCs occurred at wells ET-1,
ET-2, SC-6, URLUS-18, URLUS-30, WT-12, WT-19, and
WT-8, and the groundwater-age calculation for these samples
was based on noncontaminated CFC concentrations and (or)
tritium concentrations as noted in table 8.

On the basis of CFC results, tritium concentrations, and
the piston-flow model, most apparent groundwater ages for the
Toll Gate Creek groundwater system range from 11 to 45 years
with apparent groundwater-recharge dates ranging from the
early 1960s to 1997 (table 8). As described previously in this
section, low-oxygen and reducing conditions in addition to
CFC contamination complicated the groundwater-age inter-
pretations. However, for all of the wells except URLUS-30
and URLUS-28, the CFC concentrations indicate piston-flow
model groundwater recharge and young water with apparent
recharge dates from the mid-1960s through the mid-1990s that
are supported by the trittum concentration data.

The groundwater-age estimates in combination with the
oxygen-isotope and water-quality data indicate multiple hydro-
logic and geochemical processes are occurring in the ground-
water system of Toll Gate Creek to mobilize selenium and
major ions. At wells URLUS-30 and URLUS-28, low tritium
concentrations combined with the CFC concentrations indi-
cate that groundwater samples from these locations contained
mixtures of old and young water. The young fraction of water
for these two samples was recharged in the 1990s, and the old
fraction of water was recharged prior to 1953. As described
in the “Selenium Concentrations” section of this report, the
maximum concentrations of selenium in groundwater were



detected in samples from wells URLUS-30 (264 pg/L) and
URLUS-28 (192 pg/L), the two wells are completed in bedrock
materials, and water quality at these two wells is character-
ized by elevated concentrations of dissolved selenium, TDS,
major ions, organic carbon, and nitrate under low-oxygen
conditions. Compared to groundwater samples with young
apparent ages, the component of old groundwater in samples
with the greatest dissolved selenium and TDS concentrations
indicates that selenium and other major ions were dissolved
from the claystone bedrock by water-rock interaction over long
groundwater-residence times on the order of 50 years or longer.
The groundwater-age results support the hypothesis that long
groundwater-residence times in Denver Formation claystone
bedrock promote dissolution of selenium and major ions in
groundwater. The presence of young water with elevated sele-
nium concentrations in wells completed in surficial materials
indicates that selenium also can be mobilized and transported
by more recent recharge during shorter groundwater-residence
times on the order of 10 to 40 years, although the concentra-
tions of dissolved selenium and major ions were greatest in
samples containing a fraction of old water. Denitrification of
nitrate also may be contributing to selenium oxidation.

The apparent groundwater ages (A) were used to estimate
piston-flow recharge rates (R) as a linear function of porosity
(®) and sample depth (midpoint of the screened or saturated
interval) below the water table (d) (Bohlke and others, 2007):

R =(® *d)y/A (5)

A porosity of 0.25 was assumed for the calculations, although
values could range from 0.15 to 0.44 (Robson, 1983). The
results (table 8) indicate recharge rates that ranged from about
0.5 to 4.8 inches per year (in/yr). For wells URLUS-30 and
URLUS-28, recharge rates for the old fraction of groundwa-
ter were 1.0 and 0.7 in/yr, respectively, and represent natural
precipitation recharge rates prior to urbanization. Recharge
rates for the young fraction of groundwater represent urban-
ized recharge rates and ranged from 4.4 to 4.8 in/yr at well
URLUS-30 (1996-1997 apparent recharge year of young frac-
tion). A rate of 2.2 in/yr was estimated for the young fraction of
groundwater at well URLUS-28 (1990 apparent recharge year).
For the remaining wells, the apparent recharge year ranged
from 1974 (well SCTC-5) to 1990 (well ET-2) or after 1990
(well SC-6), and recharge rates ranged from 0.5 in/yr at well
MC-2B, located in an undeveloped part of the watershed, to
4.7 in/yr at well SC-6 located in an urbanized area outside the
watershed. All of these rates are near the range of natural pre-
cipitation (0.5 to 1.1 in/yr) and urban (2.5 to 3.5 in/yr) recharge
rates estimated by Paschke (2011) for the Denver Basin.

Selenium in Solid Materials

Previous analysis of total selenium in Denver Forma-
tion claystone and lignite horizons (Katherine Walton Day,
U.S. Geological Survey, written commun., 2007) indicate
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total selenium concentrations ranged from 0.11 to as much as
13 parts per million (ppm) and were greatest in samples con-
taining indications of reducing conditions (dark gray to black
claystones and lignite horizons). Water-soluble selenium
concentrations in associated paste extractions ranged from 8
to 4,600 pg/L and were greatest in dark gray claystone. The
lowest water-soluble selenium concentrations were observed
for more oxidized samples that contained staining from oxi-
dized iron minerals. Low water-soluble selenium concentra-
tions also were observed for a lignite sample. The dark gray
(unweathered and reduced), organic-rich claystone of the
Denver Formation contained greater water-soluble selenium
sources than the weathered and oxidized claystone indicat-
ing that perhaps selenium has already been leached from the
weathered bedrock.

The present study analyzed additional solids samples
from the core of well ET-1 to examine the vertical distribution
of possible selenium sources in a representative stratigraphic
column. The vertical distribution of water-extractable sele-
nium in the core from well ET-1 (fig. 34) indicates that the
greatest concentration of water-soluble selenium (117 ppm)
occurred at a depth of 31 feet in the less-weathered claystone
of the Denver Formation. Substantial water-soluble selenium
also can occur in the more weathered claystone (70 ppm in
core from well ET-1 at 25 to 27 feet), whereas little water-
soluble selenium occurred in the sand and clay deposits of
surficial materials.

Geologic Sources and Processes
Affecting Selenium Loading

Water-quality and solids-sampling results from this
study indicate ongoing weathering processes release water-
soluble selenium from underlying claystone bedrock with
subsequent cycling of selenium in the aquatic environment of
Toll Gate Creek (fig. 35). Water-soluble selenium concentra-
tions in paste extractions from core were greatest for less-
weathered dark gray claystone indicating the organic-rich
claystone is a primary geologic source of selenium in the
Toll Gate Creek watershed. Selenium can occur as selenium-
bearing pyrite or as an organic complex in the organic-rich
claystone. Oxidized (weathered) claystone samples with
iron oxides contained lesser water-soluble selenium con-
centrations than the less-weathered samples indicating that
selenium may be somewhat leached from weathered bed-
rock or that selenite may be strongly sorbing to iron oxides.
Secondary salts observed in the weathered zone also may be
a source of selenium, but their composition was not specifi-
cally addressed by the solids analyses.

Selenium is mobilized from the claystones into near-
surface groundwater by oxidation and weathering processes.
Exposure of the Denver Formation selenium-bearing bed-
rock to oxidizing atmospheric conditions, surface water, and
groundwater oxidizes selenide held as a trace element in pyrite
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Figure 34. Graph showing water-extractable selenium concentration in
core in relation to depth below land surface for well ET-1.

or in complexes with organic matter to selenite and selenate.
Secondary weathering products including iron oxides and
selenium-bearing salts formed in the semiarid climate can
serve as sinks or sources of selenium. Selenite is strongly
sorbed to iron oxides making it less soluble in water, whereas
selenium-bearing salts in the weathered zone can later dissolve
and release oxidized forms of selenium to groundwater and
surface water.

Groundwater selenium and major-ion concentrations
in combination with oxygen-isotopic results and apparent
groundwater ages indicate water-rock interaction, to a lesser
extent evaporation, and possibly nitrate-reduction processes,
are affecting selenium concentrations in groundwater. At
the two wells with the greatest selenium concentrations
(URLUS-30 and URLUS-28), a component of old groundwa-
ter indicates water-rock interaction over long groundwater-
residence times, on the order of 50 years or longer, as the
primary selenium-dissolution process that contributes to the

greatest dissolved selenium concentrations. Oxygen-isotope
results indicate evaporative loss in the semiarid climate also
contributes to concentrating dissolved selenium and major
ions. However, evaporation cannot fully account for the
observed selenium and TDS concentrations indicating that
evapoconcentration is a secondary chemical process affect-
ing selenium and major-ion concentrations The presence

of young water and dissolved nitrate in wells completed in
surficial materials indicates that selenium also is mobilized
and transported by more recent recharge during shorter
groundwater-residence times on the order of 10 to 40 years.
Denitrification of nitrate also may be contributing to sele-
nium oxidation.

Selenium-bearing evaporative salts observed along
streambanks are another source of selenium to Toll Gate Creek
surface water. Ongoing evaporative processes concentrate
selenium and major ions from underlying bedrock and sedi-
ments, and selenium-bearing evaporative salts are deposited
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along streambanks (Herring and Walton-Day, 2007). These
evaporative deposits are rapidly dissolved during high stream-
flow events contributing selenium and TDS to Toll Gate Creek
as was observed by this study during a rain storm.

Dissolved selenium is transported toward Toll Gate Creek
in groundwater, which discharges to surface water from seeps,
springs, and engineered culverts. Concentrations of selenium
in groundwater greater than 50 pg/L generally occurred in
wells upgradient of West Toll Gate Creek in areas where the
Denver Formation crops out at the land surface, and inflow
with the greatest selenium concentrations (45 and 56 pg/L)
occurred near the western extent of the Denver Formation out-
crop area downstream from Buckley Road. The distribution of
the 11 inflows with the greatest selenium concentrations indi-
cates that in addition to the springs downstream from Buckley
Road, culverts that drain parts of the watershed downstream
from 6th Avenue also contribute selenium load to Toll Gate
Creek. The distribution of selenium concentrations in ground-
water, springs, and the 11 inflows with the greatest selenium
concentrations indicates that groundwater in the Denver For-
mation bedrock is a source of selenium loading to Toll Gate
Creek and that selenium discharge to the stream is distributed
along the entire length of the study reach downstream from the
concrete-lined channel. Where the stream is incised and flows
directly on bedrock, selenium likely can be mobilized directly
to surface water by oxidation and (or) dissolution processes.

Surface-water chemistry and selenium concentrations
exhibited less variability than concentrations of selenium for
inflows or groundwater indicating that hydrological, geo-
chemical, and biological instream processes were effectively
mixing the inflow and groundwater discharge received by
the stream during the summer low-flow study period. Several
geochemical reactions could account for the observed varia-
tion and attenuation of stream-selenium concentrations. In
the upper headwaters subreach (TGH), selenium concentra-
tions were about 5 pg/L. Wetlands in the upper TGH create
reducing conditions, as evidenced by increases in dissolved
manganese concentrations, where selenium can be reduced
to insoluble forms such as selenide and can be removed from
the water column by precipitation of selenium-bearing sulfide
minerals or by adsorption onto and (or) uptake into organic
matter and plant material. Downstream from the wetland
reach is the concrete-lined channel where selenium concentra-
tions also remained near 5 pg/L. Oxidizing conditions exist
in the concrete-lined channel, which contains no plants, so
that reducing conditions cannot account for the low selenium
concentrations. The lack of inflows in the reach are evidence
that the concrete lining likely prevents groundwater and thus
selenium discharge to this section of Toll Gate Creek. Down-
stream from the concrete-lined channel, inflows with selenium
concentrations greater than the stream contribute selenium
load to surface water; however, stream selenium concentra-
tions were less than 20 pg/L all along Toll Gate Creek. This
apparent attenuation of selenium concentration indicates
that selenium was being removed from the water column by
reactions and was not transported conservatively through the

surface-water system. Several reactions could account for
decreases in stream selenium concentrations. Where oxidized
conditions are present in rapidly flowing reaches, oxidized and
soluble forms of selenium (selenite and selenate) may adsorb
to iron oxides or clays that are present in the streambed sedi-
ment and substrate. Oxidized selenium compounds also can
be precipitated as selenium-bearing salts along streambanks

as evapotranspiration occurs, and selenium-bearing evapora-
tive salts were identified along Toll Gate Creek by Herring and
Walton-Day (2007). Where reducing conditions are present

in wetland areas or stagnant stream reaches with abundant
plant matter, selenium can be reduced to insoluble forms

such as selenide and can be removed from the water column
by precipitation of selenium-bearing sulfide minerals or by
adsorption onto and (or) uptake into organic matter such as
algae, phytoplankton, waterweeds, or other plant material. The
presence of large algal blooms and abundant macrophytes,

in conjuction with the attenuation of selenium and nitrate in
surface water, indicates that plant uptake was likely decreasing
stream selenium concentrations during the summer low-flow
study period.

Summary

Toll Gate Creek is a perennial stream in Aurora, Colo.,
where dissolved selenium concentrations have consistently
exceeded the State of Colorado aquatic-life standard for
selenium of 4.6 pg/L since the early 2000s. Toll Gate Creek
drains a suburban area where surface water is derived from
local rainfall and snowmelt runoff, urban storm drainage, and
groundwater discharge from the encompassing watershed.

No known point discharges exist that could account for the
observed selenium concentrations. Previous work concluded
that greater than 85 percent of the selenium loading to Toll
Gate Creek originates from the tributary of West Toll Gate
Creek, and groundwater discharge to the stream was consid-
ered as the source of selenium to Toll Gate Creek. Groundwa-
ter hydrology of the Toll Gate Creek watershed is character-
ized by variably saturated water-table conditions in Quaternary
surficial materials and the top of the underlying Cretaceous- to
Tertiary-aged Denver Formation bedrock with groundwater
flow toward Toll Gate Creek. Groundwater-quality data from
the U.S. Geological Survey National Water-Quality Assess-
ment program indicated the presence of dissolved selenium
concentrations at the water table in the vicinity of Toll Gate
Creek for samples collected in 2003. These observations
provided evidence that selenium concentrations in Toll Gate
Creek are the result of water-rock interaction among ground-
water, surface water, and the selenium-bearing bedrock of the
Denver Formation, with subsequent flow and discharge to Toll
Gate Creek.

The U.S. Geological Survey, in cooperation with the City
of Aurora, Colorado, Utilities Department, conducted this
study of Toll Gate Creek in late July and early August 2007 to
further characterize streamflow and water-quality conditions



including geologic sources and processes affecting selenium
loading in the Toll Gate Creek watershed for low-flow condi-
tions. The 18-km reach of Toll Gate Creek extending from
downstream from Quincy Reservoir to the confluence with
Sand Creek was assessed using four spatially overlapping
synoptic-sampling subreaches. Field reconnaissance identified
all inflows for the 18-km reach of Toll Gate Creek, and its trib-
utary West Toll Gate Creek, and a series of synoptic-sampling
and tracer-injection events were employed to assess selenium
loading to the stream. Mass-balance methods were applied to
the synoptic-sampling and tracer-injection results to estimate
streamflow and develop spatial profiles of concentration and
load for selenium and other chemical constituents in Toll Gate
Creek surface water. Concurrent groundwater sampling deter-
mined concentrations of selenium and other chemical constitu-
ents in groundwater in areas surrounding the Toll Gate Creek
study reaches. Multivariate principal-component analysis was
used to group samples and to suggest common sources for dis-
solved selenium and other dissolved constituents. Results for
hydrogen and oxygen stable-isotope ratios, groundwater-age
interpretations, and chemical analyses of water-soluble paste
extractions from core samples are presented, and interpretation
of the hydrologic and geochemical data support conclusions
regarding the geologic sources and processes affecting sele-
nium loading in the Toll Gate Creek watershed.

Streamflow conditions observed and measured during
the synoptic water-quality study represent summer base-flow
conditions and rainfall conditions for July 2007. A relatively
dry period preceded the primary synoptic sampling period, as
only one rainfall event was recorded in the watershed from
June 19, 2007 through July 26, 2007. This dry period was
followed by a series of rainfall events from July 27 through
August 1, 2007 that increased streamflow. Synoptic sampling
activities generally were conducted 1-2 days following each
rainfall event such that samples were collected as streamflow
was receding. The effects of rainfall on streamflow estimates
and synoptic-sampling results were most pronounced for
the Toll Gate Creek middle injection (TGM) subreach. The
final streamflow profile for July 2007 provides evidence that
streamflow increases steadily within each subreach and for the
entire study reach, indicating that Toll Gate Creek is a gaining
stream. The lack of large tributary inflows and the spatial dis-
tribution of small tributary inflows, seeps, and springs indicate
that diffuse and discrete groundwater inflow supports stream-
flow during low-flow conditions along the entire 18-km stream
reach. Streamflow in the TGM subreach was substantially
greater than that in the other subreaches because of rainfall,
and streamflow in the TGM subreach increased rapidly in
response to the rainfall as would be expected in a suburban
setting where paved areas and channelization increase surface-
water runoff and decrease runoff transit time to local drainages
compared to undeveloped areas.

Dissolved selenium concentrations within all sampled
subreaches of Toll Gate Creek exceeded the Colorado aquatic-
life standard of 4.6 pg/L during July and August 2007.
Selenium concentrations in the upper portion of the Toll

Summary n

Gate Creek headwaters (TGH) subreach were close to the
aquatic-life standard at about 5 pg/L, whereas concentrations
downstream from Buckley Road and a concrete-lined chan-
nel in subreaches not substantially affected by rainfall during
sampling generally were greater than 10 pug/L and less than

20 pg/L. The maximum stream selenium concentration of

19 png/L occurred at Buckley Road at the downstream end of
the concrete-lined channel and downstream from a right-bank
culvert inflow with a selenium concentration of 78.5 ug/L.
Dissolved selenium concentrations less than 10 pg/L for the
TGM subreach are attributed to dilution that occurred because
of rainfall and the resulting increased streamflow. Stream sele-
nium concentrations exhibited less variability than inflow or
concentrations of selenium in groundwater and remained less
than 20 pg/L all along Toll Gate Creek despite the presence of
sampled inflows contributing selenium to the stream indicat-
ing that selenium was being removed from the water column
by chemical or biological reactions and that selenium is not
transported conservatively through the surface-water system.

Of the 32 discrete sampled inflows, selenium concentra-
tions in 11 inflows were greater than 21 pg/L, and selenium
concentrations at the remaining 21 inflows were less than
12 pg/L. The 11 inflows exceeding 21 pg/L represent ground-
water discharge to Toll Gate Creek. Nine of the 11 inflows
emanate from culverts, which are channelized tributaries and
storm drains that collect groundwater discharge as well as
surface-water runoff. Two of the 11 inflows are springs where
groundwater visibly discharges along the contact between
surficial materials and the underlying less-permeable claystone
bedrock. Concentrations of selenium in groundwater were, in
general, substantially greater than inflow and stream sele-
nium concentrations and the Colorado aquatic-life standard
of 4.6 pg/L, and at some locations were greater than the U.S.
Environmental Protection Agency primary drinking-water
standard of 50 ug/L. Spatially, concentrations of selenium in
groundwater greater than 50 ng/L generally occurred in wells
upgradient of West Toll Gate Creek in areas where the Denver
Formation crops out at the land surface and in wells completed
in bedrock. The distribution of selenium concentrations in
groundwater, springs, and the 11 inflows with the greatest
selenium concentrations indicates that shallow groundwater
in surficial materials and the Denver Formation bedrock is a
source of selenium loading to Toll Gate Creek and that sele-
nium loading is distributed along the entire length of the study
reach downstream from the concrete-lined channel. Where the
stream is incised and flows directly on bedrock, selenium also
can be mobilized directly to surface water by oxidation and
(or) dissolution processes.

Selenium loading profiles for the four study reaches
overlap in a consistent fashion and indicate a steady increase
in selenium mass load in Toll Gate Creek from downstream
from Quincy Reservoir to the confluence with Sand Creek.
This steady increase is consistent with the spatial distribution
of inflows with the greatest selenium concentration, contri-
butions from diffuse groundwater discharge, and the steady
downstream increase in streamflow. Further, the smooth
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transition of the loading profile from one subreach to the next
indicates that the loading analysis is not adversely affected
by the increased streamflow associated with rainfall during
sampling of the TGM subreach. The loading analysis for the
TGM subreach is consistent with the other subreaches despite
the increased streamflow because the net effect of increased
streamflow was dilution, a process that does not influence
constituent load.

General water quality in the Toll Gate Creek watershed
is characterized by total dissolved solids (TDS) concentra-
tions that frequently exceed the U.S. Environmental Protec-
tion Agency secondary drinking-water standard of 500 mg/L,
near-neutral to slightly alkaline pH values, a wide range of
redox conditions, detections of nitrate in groundwater, hydro-
gen- and oxygen-isotope ratios indicative of active evaporative
processes, and groundwater-age interpretations of primarily
young water recharged since the 1960s. The widespread occur-
rence of increased total dissolved solids concentrations in
groundwater, inflows, and stream samples indicates ground-
water is interacting with and dissolving soluble minerals and
salts from the surficial materials and claystone bedrock as it
moves downgradient from recharge areas toward Toll Gate
Creek. The relatively small variability in TDS concentrations
for stream samples compared to groundwater and inflow
samples indicates that hydrological, geochemical, and biologic
instream processes are effectively mixing the inflows and
groundwater discharge received by the stream.

Dissolved-oxygen concentrations in groundwater samples
were measured as indicators of redox conditions, and concen-
trations ranged from 0.1to 7.4 milligrams per liter indicating
a wide range of redox conditions in the groundwater system.
Oxidizing conditions were present in shallow groundwater
outside of the Toll Gate Creek watershed as indicated by
dissolved-oxygen concentrations of 7.4 and 3.5 milligrams per
liter, whereas low-oxygen to reducing conditions were present
within the groundwater system in the Toll Gate Creek water-
shed. Dissolved-oxygen and selenium concentrations were
not strongly correlated. Nitrate was detected at concentrations
greater than 0.5 milligrams per liter in samples from 16 of the
19 groundwater monitoring wells, and the detection of nitrate
and nitrogen gas in monitoring wells where dissolved oxygen
also was detected indicates that mixed redox conditions and
denitrification processes are occurring at some locations in the
groundwater system. Nitrate concentrations in stream samples
were much less than and less variable than in groundwater or
inflow samples. Nitrate in surface water is likely attenuated by
plant uptake as evidenced by large algal blooms and abundant
aquatic macrophytes noted during field activities.

For stream samples, dissolved selenium concentrations
were strongly correlated with concentrations of total dissolved
solids and dissolved sodium, sulfate, uranium, and nitrate.

For groundwater samples, dissolved selenium concentrations
were strongly correlated with concentrations of total dissolved
solids, dissolved calcium, magnesium, sodium, sulfate, chlo-
ride, bromide, nitrate, and organic carbon and oxygen-isotope
ratio. The strong correlations among dissolved constituents

indicate that the constituents are likely derived from the same
or related geologic sources. Evaporative loss, calculated

from the oxygen-isotope ratios, supports the hypothesis that
evaporation contributes to concentrating solutes in some
samples; however, the degree of evaporative loss (less than
50 percent) in samples does not account for the observed total
dissolved solids concentrations, and 3'30 does not strongly or
positively correlate with dissolved selenium or total dissolved
solids in most groundwater, inflow, and stream samples. The
lack of strong positive correlation between 6'%0 and dissolved
selenium and total dissolved solids contrasted with strong
correlations between dissolved selenium, total dissolved solids
and other major ions in water indicate that, for most samples,
increased selenium and total dissolved solids concentrations
are likely more a result of water-rock interaction with solute-
generating rock layers, and possibly residence time in the
groundwater system, than of evaporation. Evaporative concen-
tration of solutes in groundwater and surface water, including
selenium, is likely a secondary and not the primary process
affecting concentrations of dissolved selenium and major ions
in Toll Gate Creek.

Apparent groundwater age (time since recharge) was
estimated for groundwater samples using recharge tempera-
tures calculated from dissolved-gas concentrations and the
concentrations and ratios of chlorofluorocarbons and tritium in
water compared to historical concentrations in the atmosphere
assuming a piston-flow model. The use of multiple tracers
(chlorofluorocarbons and tritium) proved advantageous to the
interpretation of groundwater-age results because low-oxygen
and reducing conditions in addition to thin saturated thickness
in the shallow groundwater system complicated interpretations
of the chlorofluorocarbon results. Most apparent groundwater
ages for the Toll Gate Creek groundwater system range from
11 to 45 years with apparent groundwater-recharge dates rang-
ing from the early 1960s to 1997. At wells URLUS-30 and
URLUS-28, which exhibited the greatest selenium concentra-
tions, low tritium concentrations indicative of old water (pre-
1953) were detected in conjunction with chlorofluorocarbon
concentrations that are indicative of young water (post-1953).
The results indicate that groundwater samples from these
locations contained a mixture of old and young water, and the
young fraction of water for these two samples was recharged
in the 1990s. Compared to groundwater samples with young
apparent ages, the component of old groundwater in samples
from the two wells with the greatest dissolved selenium and
total dissolved solids concentrations supports the conclusion
that long groundwater-residence times in Denver Formation
claystone bedrock promotes dissolution of selenium and major
ions in groundwater.

Water-quality and solids-sampling results from this
study indicate ongoing weathering processes release water-
soluble selenium from underlying claystone bedrock with
subsequent cycling of selenium in the aquatic environment
of Toll Gate Creek. Water-soluble selenium concentrations in
paste extractions from core were greatest for less-weathered
dark gray claystone indicating the organic-rich claystone



is a primary geologic source of selenium in the Toll Gate
Creek watershed. Selenium can occur as selenium-bearing
pyrite or as an organic complex in the organic-rich claystone.
Oxidized (weathered) claystone samples with iron oxides
contained lesser water-soluble selenium concentrations than
the less-weathered samples indicating that selenium may be
somewhat leached from weathered bedrock or that selenite
may be strongly sorbing to iron oxides. Secondary weather-
ing products include iron oxides and selenium-bearing salts
accumulated in the weathered zone in the semi-arid climate
that also can serve as sources or sinks of selenium. Selenite
is strongly sorbed to iron oxides making it less soluble in
water, while selenium-bearing salts in the weathered zone
can later dissolve and release oxidized forms of selenium

to groundwater and surface water while secondary salts
observed in the weathered zone may be a source of selenium,
their composition was not specifically addressed by this
study. Selenium-bearing evaporative salts observed along
streambanks also are a source of selenium to Toll Gate Creek
surface water. Ongoing evaporative processes concentrate
selenium and major ions from underlying bedrock and sedi-
ments, and evaporative selenium-bearing salts are deposited
along streambanks. These evaporative deposits are rapidly
dissolved during groundwater recharge and high streamflow
events contributing selenium and total dissolved solids to
Toll Gate Creek. Surface-water chemistry and selenium con-
centrations exhibited less variability than inflow or concen-
trations of selenium in groundwater indicating that hydro-
logical, geochemical, and biological instream processes were
effectively mixing the inflow and groundwater discharge
received by the stream. Selenium and nitrate concentrations
in surface water were likely attenuated by plant uptake dur-
ing the summer low-flow study period.
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Appendix 1.

This appendix documents the development of a spatially
detailed streamflow profile for the Toll Gate Creek study reach
downstream from Buckley Road during the July—August 2007
period of study. Streamflow estimates for sampling locations
upstream from Buckley Road are sparse and spatially variable
and are not discussed herein.

General Methodology

Streamflow estimates were made at all stream sampling
locations using current-meter measurements (Rantz and others,
1982) and (or) the tracer-dilution method (Kilpatrick and Cobb,
1985), as shown in table 1-1. Current-meter measurements
were made using a handheld, Acoustic Doppler Velocimeter
(ADV, FlowTracker®). Most stream sampling locations had
large cross-sectional areas relative to the amount of streamflow,
leading to low velocities, near stagnant water, and the potential
for reverse (upstream) flow. As such, most current-meter mea-
surements are considered “poor” (error potentially greater than
8 percent). Current-meter measurements are available for most
locations within the TGH, TGU, TGM, and TGL subreaches
(table 1-1). Current-meter measurements were not practical
for all TGH sampling locations upstream from Buckley Road
because of shallow depths and low flow in the wetland reach
and the concrete-lined channel.

Continuous, constant-rate injections of a conservative
tracer (sodium bromide) were initiated at the upstream end
of the TGU, TGM, and TGL subreaches to allow for the

Table 1-1.
final streamflow estimates, Toll Gate Creek, July—August 2007.

Appendix 1 1

Development of Streamflow Estimates

determination of streamflow using the tracer-dilution method
(table 1-2). Each tracer injection continued for 2—-3 days

to allow for the attainment of a steady-state tracer plateau
(Kimball and others, 2002; 2007). Given plateau conditions,
tracer-dilution estimates of streamflow are given by (Kimball
and others, 2007):

0=(0,/C,)/(C-C) (1-1)
where
(0] is the tracer-dilution streamflow estimate,
0., is the injection rate,
. is the injectate concentration,
is the plateau tracer concentration, and
Cp is the presynoptic tracer concentration
(Q and Qim. are in cubic feet per second;
wp G and
C are in milligrams of bromide per liter).

Presygoptic and plateau tracer concentrations were
obtained by sampling at each stream sampling location prior
to the start of the tracer injection and on the synoptic sampling
day, respectively (table 1-2).

Although theoretically straightforward, implementa-
tion of the tracer-dilution method was complicated by two
factors. First, wide cross-sections made it necessary to collect
width- and depth-integrated samples (U.S. Geological Survey,
variously dated). Plateau tracer concentrations based on
integrated sampling likely differ from the true cross-sectional
average. Second, background concentrations of bromide were

Summary of bromide concentrations, tracer-dilution estimates, and current-meter measurements used to develop

[TGH, Toll Gate Creek headwaters synoptic sampling reach; TGU, Toll Gate Creek upper synoptic sampling reach; TGM, Toll Gate Creek middle syn-
optic sampling reach; TGL, Toll Gate Creek lower synoptic sampling reach; ft*/s, cubic feet per second; mL/min, milliliters per minute; mg/L, milligrams

per liter; --, not applicable]

Final Alternative Tracer- Current- Synoptic Presynoptic Adjusted
dilution . . presynoptic
streamflow streamflow meter bromide bromide -
Sample ID . . streamflow . . bromide
estimate estimate estimate measurement  concentration concentration concentration
ft¥/s ft¥/s ft¥/s mg/L mg/L
(ft¥/s) (ft'/s) (1) (t'/s) (mg/L) (mg/L) (mg/L)
TGH-0 2.32 2.39 -- 3.88 -- -- -
TGH-371 2.32 2.39 -- 2.32 -- -- -
TGH-626 2.42 2.47 - 2.42 - - -
TGH-976 2.85 2.58 -- 2.85 -- -- -
TGH-1118 2.52 2.63 -- 2.52 -- - -
TGH-1536 2.86 2.75 -- 2.86 -- -- -
TGH-1748 2.68 2.82 -- 2.68 - -- -
TGU-1748 2.43 2.97 2.43 2.95 -- - --
TGU-1997 2.43 2.97 2.43 3.16 3.52 0.90 1.06
TGU-2148A! 2.42 2.97 2.38 3.32 3.57 0.90 1.06
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Table 1-1. Summary of bromide concentrations, tracer-dilution estimates, and current-meter measurements used to develop
final streamflow estimates, Toll Gate Creek, July—August 2007.—Continued

[TGH, Toll Gate Creek headwaters synoptic sampling reach; TGU, Toll Gate Creek upper synoptic sampling reach; TGM, Toll Gate Creek middle syn-
optic sampling reach; TGL, Toll Gate Creek lower synoptic sampling reach; ft*/s, cubic feet per second; mL/min, milliliters per minute; mg/L, milligrams
per liter; --, not applicable]

Final Alternative T_r acer- Current- Synoptic Presynoptic Adj usted_

dilution ! . presynoptic
streamflow streamflow meter bromide bromide .

Sample ID . . streamflow . . bromide

estimate estimate estimate measurement concentration concentration concentration
& ft ft mg/L mg/L

(fe/s) (ft¥/s) (fts) (ft¥/s) (mg/L) (mg/L) (mg/L)
TGU-2148B' 2.42 2.97 2.46 3.32 3.49 0.90 1.06
TGU-2346 2.39 2.97 2.39 2.92 3.72 1.03 1.22
TGU-2452 2.46 2.97 2.46 3.04 3.50 0.91 1.07
TGU-2708 2.64 2.97 2.64 2.65 3.36 0.93 1.10
TGU-2893 2.78 2.97 2.78 2.05 3.24 0.93 1.10
TGU-3114 2.92 2.97 2.92 2.98 3.14 0.93 1.10
TGU-3330 3.21 2.97 3.21 -- 2.95 0.92 1.09
TGU-3466 3.58 2.97 3.58 0.85 2.66 0.84 0.99
TGU-3627 348 2.97 348 4.77 2.83 0.94 1.11
TGU-3897 3.25 2.97 3.25 3.56 2.94 0.93 1.10
TGU-4086 3.05 2.97 3.05 2.97 2.94 0.83 0.98
TGU-4216A" 3.38 2.97 3.44 3.24 2.76 0.87 1.03
TGU-4216B' 3.38 2.97 3.32 3.24 2.83 0.87 1.03
TGU-4361 3.50 2.97 3.50 2.83 2.66 0.81 0.96
TGU-4695 341 2.97 341 2.92 2.71 0.81 0.96
TGM-4361 4.81 4.89 -- 4.81 -- -- --
TGM-4695A 4.99 5.19 -- 4.99 -- -- --
TGM-4695B 4.99 5.19 -- 4.99 -- - -
TGM-4820 6.19 5.30 -- 6.19 -- - --
TGM-5075 4.75 5.54 - 4.75 -- - -
TGM-5301 5.35 5.74 -- 5.35 -- -- --
TGM-5617 6.29 6.03 -- 6.29 -- -- --
TGM-5928 6.37 6.31 -- 6.37 -- -- --
TGM-6111 7.19 6.48 -- 7.19 -- -- --
TGM-6348 6.85 6.69 -- 6.85 -- -- --
TGM-6531 6.66 6.86 -- 6.66 -- -- --
TGM-6854 6.76 7.15 -- 7.00; 6.52 -- -- --
TGM-6982 6.62 7.27 -- 6.62 -- -- --
TGM-7098 7.93 7.38 -- 7.93 -- -- --
TGM-7214 7.66 7.48 -- 7.66 - - -
TGM-7447 8.05 7.69 -- 8.05 -- -- --
TGM-7818A 8.27 8.03 - 8.27 - - -
TGM-7818B 8.27 8.03 -- 8.27 -- -- --
TGM-8011 8.20 8.21 -- -- -- -- --
TGM-8281 8.13 8.45 -- 8.13 -- -- --
TGL-8011 3.74 3.85 -- 3.74 -- -- -
TGL-8281 3.32 4.05 - 3.32 -- -- --
TGL-8538 3.82 4.24 -- 3.82 -- -- --
TGL-8794 5.12 4.43 -- 5.12 -- - -
TGL-9129 5.18 4.67 - 5.38;4.97 - - -

TGL-9408A 4.26 4.88 4.37 4.63;3.74 2.58 0.908 --
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Table 1-1. Summary of bromide concentrations, tracer-dilution estimates, and current-meter measurements used to develop
final streamflow estimates, Toll Gate Creek, July—August 2007.—Continued

[TGH, Toll Gate Creek headwaters synoptic sampling reach; TGU, Toll Gate Creek upper synoptic sampling reach; TGM, Toll Gate Creek middle syn-
optic sampling reach; TGL, Toll Gate Creek lower synoptic sampling reach; ft*/s, cubic feet per second; mL/min, milliliters per minute; mg/L, milligrams
per liter; --, not applicable]

Final Alternative T_r acer Current- Synoptic Presynoptic Adj usted_
dilution t . presynoptic
Sample ID strea!mflow stree!mflow streamflow meter bromlde_ bromlde. bromide
esu;nate estn;nale estimate measu}rement concentration  concentration concentration

(fes) (fe/s) es) (fe/s) (mg/L) (mg/L) ma/L)
TGL-9408B 4.26 4.88 4.14 4.63;3.74 2.67 0.908 --
TGL-9673 4.43 5.07 4.43 5.46;5.51 2.59 0.94 --
TGL-9971 4.45 5.29 4.45 2.54 0.901 -
TGL-10236 4.86 5.48 4.86 5.39 2.38 0.877 --
TGL-10497 5.11 5.67 5.11 6.37 2.29 0.857 --
TGL-10716 5.41 5.83 5.41 5.95 2.23 0.878 --
TGL-10993 5.94 6.04 5.94 5.03 2.16 0.928 --
TGL-11228 6.92 6.21 6.92 6.76 1.97 0.918 --
TGL-11312 7.18 6.27 7.18 6.1 1.96 0.941 -
TGL-11473A 7.47 6.39 7.68 6.25 1.89 0.94 --
TGL-11473B 7.47 6.39 7.26 6.25 1.95 0.94 --
TGL-11835 6.73 6.65 6.73 6.76 2.01 0.929 --
TGL-12164 6.53 6.89 3.88 6.53 2.80 0.917 --

'Replicate sample. Final streamflow estimate is set equal to the average of the two tracer-dilution streamflow estimastes.

Table 1-2. Summary of hydrologic and tracer-injection information used to determine streamflow estimates and interpret
results, Toll Gate Creek, July—August 2007.

[TGH, Toll Gate Creek headwaters synoptic sampling reach; TGU, Toll Gate Creek upper synoptic sampling reach; TGM, Toll Gate Creek middle
synoptic sampling reach; TGL, Toll Gate Creek lower synoptic sampling reach; Rainfall, gage, rainfall recorded at 6th Avenue rain gage; Rainfall,
noted, rainfall as noted by U.S. Geological Survey personnel; mL/min, milliliters per minute; mg/L, milligrams per liter; --, not applicable]

Synoptic Synoptic . N Injection Injection
. . Rainfall, gage, . Injection .
sampling sampling - Rainfall, noted rate concentration
in inches start date .
reach date (mL/min) (mg/L)
TGH 08/01/07 0.08 on 07/30/07  Rain at Delaney Farm at 1800 - -- --
hours on 07/30/07
TGU 08/02/07 0.08 on 07/30/07  Rain at Delaney Farm at 1800 07/30/07 60 168,210
hours on 07/30/07
TGM 07/29/07 0.12 0n 07/27/07;  Rain the night of 07/26/07 07/27/07 - -
0.08 on 07/28/07 and(or) early morning of
07/27/07; heavy rain the
night of 07/27/07 and(or)
early morning of 07/28/07
TGL 07/26/07 none recorded Rain the night of 07/25/07 07/24/07 71 175,360

and(or) early morning of
07/26/07; flow from some
of the inflows was notice-
ably higher on 07/26/07
than on the previous days
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about 1 mg/L and spatially nonuniform, as documented by
presynoptic sampling. The tracer-dilution method accounts
for these background concentrations by correcting the plateau
concentration for background (C — C, equation 1-1). This
correction is made under the assumption that background
conditions during synoptic sampling are identical to those
documented by the presynoptic samples. For Toll Gate Creek,
small rainfall events occurred between the presynoptic and
synoptic sampling periods (table 1-2), such that this assump-
tion was violated (samples collected immediately above each
injection point indicate that rainfall diluted the background
bromide concentrations by as much as 50 percent; presynop-
tic concentrations are therefore an overestimate of the back-
ground bromide concentration that was entering the stream on
the day of synoptic sampling).

In addition to the complications noted above, spatial
profiles of streamflow from current-meter measurements
and the tracer-dilution method were adversely affected by
the temporal variation in streamflow that was caused by the
rainfall events. Under steady-flow conditions, the change in
streamflow between two stream sampling locations reflects
the effects of inflows and (or) outflows. This interpretation is
invalid for the case of temporal variation (unsteady flow), as
the change in streamflow between two sites not only reflects
the net effects of inflow and (or) outflow, but also the timing
of the measurements and sampling.

Additional flow information during the study period is
available from the 6th Avenue stream gage (U.S. Geological
Survey stream-gaging station 394329104490101) located just
upstream from 6th Avenue, near the end of the TGM subreach
(fig. 4 in report main body). Streamflow values from this gage
prior to 2012 are known to overestimate streamflow under
some low-flow conditions. A current-meter measurement on
July 3, 2007 of 2.25 cubic feet per second (ft*/s) was made
at a time when the gage indicated 20.1 ft¥/s, for example.
Despite this overestimation, stage-height data from the stream
gage provides qualitative information on the effects of rainfall
and the hydrologic setting.

Final Streamflow Estimates

Given the numerous complications in estimating stream-
flow noted above, development of streamflow profiles for use
in the synoptic mass-balance approach is a subjective exercise.
The subsections that follow document the development of the
final streamflow profiles that are used to calculate the constitu-
ent loads presented in the main body of this report. Additional
details are provided in table 1-1.

Toll Gate Headwaters (TGH)

Streamflow estimates for the TGH subreach are based
entirely on current-meter measurements. The tracer-dilution
method was not attempted in the TGH subreach because of
shallow depths and low flow in the wetland reach and the

concrete-lined channel. Rain prior to the synoptic sampling
caused a peak in streamflow at the 6th Avenue stream gage
on the night of July 30, 2007. As of synoptic day (August 1,
2007), the flow was likely receding within the study reach
[see Toll Gate Upper (TGU) section, Appendix 1, and results
presented in the main body of the text].

The final streamflow profile for the TGH subreach down-
stream from Buckley Road is based on current-meter measure-
ments conducted at the time of synoptic sampling (table 1-1).
The current-meter measurement at TGH-0 appears to be
erroneously high; the final streamflow estimate for TGH-0 was
therefore set equal to the current-meter measurement from the
next downstream site (TGH-371).

Toll Gate Upper (TGU)

Estimates of streamflow for sampling locations within the
TGU subreach are available from both current-meter measure-
ments and the tracer-dilution method. Rain prior to the day
of synoptic sampling caused a peak in streamflow at the 6th
Avenue stream gage on the night of July 30, 2007. As of syn-
optic day (August 2, 2007), the flow was still receding within
the study reach, as documented by the increasing bromide
concentrations at the transport sites! (increased streamflow
caused by rainfall initially diluted the instream bromide con-
centrations; instream bromide concentrations then increased
as streamflow receded). As a result, all sites were sampled as
the flow was receding. The effects of rain were thus similar to
those observed for the TGM subreach [see Toll Gate Middle
(TGM), Appendix 1], although less pronounced.

The final streamflow profile for the TGU subreach is based
on tracer-dilution estimates provided by equation 1-1, where
the presynoptic bromide concentration (C ) was set equal to the
adjusted presynoptic bromide concentration (table 1-1). The
adjusted presynoptic concentrations were developed by shift-
ing the presynoptic concentration profile upward to align with
bromide concentration observed above the injection point. This
adjustment resulted in tracer-dilution estimates that were in gen-
eral agreement with the current-meter measurements (table 1-1).

Toll Gate Middle (TGM)

Streamflow estimates for the TGM subreach are based
entirely on current-meter measurements; tracer-dilution
estimates of streamflow were not considered because of the
effects of rainfall on background bromide concentrations
(presynoptic bromide concentrations do not reflect bromide
concentrations that were entering the stream on the day of
synoptic sampling; see discussion of rainfall and pre-synoptic
sampling in the “General Methodology” section, Appendix 1).

Rain prior to the day of synoptic sampling caused a peak
in streamflow at the downstream end of the study reach on
July 28, 2007. As a result, all sites were sampled as the flow

'Transport sites are the subset of stream sites that are sampled over time to
document the presence or absence of a steady-state tracer plateau.



was receding on July 29, 2007. Increased flows from rainfall
had a pronounced effect on observed background bromide
concentrations above the injection point and specific conduc-
tance (as measured by an instream sonde located near the end
of the subreach). The effect of rainfall on the TGM subreach
is greater than the rainfall effects noted for the TGU and
TGL synoptics, as documented by the dilution of the bromide
concentration above each injection point and a comparison of
current-meter measurements for the three subreaches.

The final streamflow profile for the TGM subreach is
based on current-meter measurements made at the time of
synoptic sampling (table 1-1). A current-meter measurement
was not made at TGM-8011; streamflow at TGM-8011 was
therefore set equal to the average of the current-meter mea-
surements at the neighboring sites (table 1-1).

Toll Gate Lower (TGL)

Rainfall immediately preceding the TGL synoptic sam-
pling period (table 1-2) resulted in a wave of increased stream-
flow that was moving downstream as the synoptic sampling
team was moving upstream on July 26, 2007. The effect of
rainfall therefore depends on the sampling site location. Stream
sites upstream from (and including) TGL-10497 were sampled
during the receding part of the streamflow profile; sites in the
vicinity of TGL-11312 were sampled during peak streamflow;
and site TGL-12164 was sampled before the peak arrived.

The final streamflow profile for the TGL subreach is
based on a combination of current-meter measurements and
estimates provided by the tracer-dilution method (table 1-1).
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Final streamflow estimates for stream sites upstream from

the injection point (TGL-8011 to TGL-9129) are set equal

to the current-meter measurements, whereas estimates for

sites downstream from the injection point (TGL-9673 to
TGL-11835) are equal to the tracer-dilution estimates provided
by equation 1-1. For site TGL-12164, the tracer-dilution esti-
mate of streamflow appears to be too low, and streamflow was
therefore set equal to the current-meter measurement.

Alternative Streamflow Estimates

Given the complicating factors associated with current-
meter measurements and the tracer-dilution estimates noted
above, there is a high degree of uncertainty in the final
streamflow profile. An alternative method of developing
the profile was therefore implemented in which the spatial
trends in the current-meter measurements were determined
by linear regression (Helsel and Hirsch, 2002) and used to
estimate streamflow (table 1-3). This method assumes that
the current-meter measurements are subject to random errors
which cause some measurements to be erroneously high,
while some are erroneously low. The trend-based approach
therefore takes the noise out of the current-meter data. The
approach is appropriate because Toll Gate Creek gains water
steadily rather than abruptly (there are no major tributary
inflows). Alternative streamflow estimates and profiles for
the TGH, TGU, TGM, and TGL subreaches are presented in
table 1-1 and on figure 1-1. The linear regression equations
are presented in table 1-3.

Table 1-3. Development of alternative streamflow estimates, Toll Gate Creek, July—August 2007.

[TGH, Toll Gate Creek headwaters synoptic sampling reach; TGU, Toll Gate Creek upper synoptic sampling reach; TGM, Toll Gate Creek middle synoptic
sampling reach; TGL, Toll Gate Creek lower synoptic sampling reach; Q, discharge in cubic feet per second; r; linear correlation coefficient; distance in meters;

distance along reach downstream from Quincy Reservoir; <, less than]

Synoptic sampling Trend-based approach

Regression results

reach

TGH Linear regression of current-meter measurements versus distance, Q =2.280 + 0.0003088 * distance in meters
excluding measurement TGH-0 r=0.52; p-value=0.1073

TGU Current-meter measurements are not correlated with distance; No trend present; r = 0.002; p-value=0.8668
alternative estimates for all sites set to the median of the
measurements

TGM Linear regression of current-meter measurements versus distance Q = 0.9196 + 0.0009095 * distance in meters

r=0.83; p-value < 0.0001
TGL Linear regression of current-meter measurements versus distance Q =-2.01 + 0.000732 * distance in meters

r=0.73; p-value < 0.0001
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Figure 1-1. Graph showing acoustic Doppler Velocity meter streamflow measurements and linear
regression lines for alternative streamflow estimates, Toll Gate Creek, July—August 2007 (Regression

lines defined in table 1-3).

Summary of Streamflow Results

The foregoing analysis of streamflow estimates for the TGH,

TGU, TGM, and TGL subreaches is summarized as follows:

* Despite the issues described above, current-meter and

tracer-dilution estimates of streamflow are generally
consistent. The streamflow profile from the tracer-dilution
estimates is generally ‘smoother’ than from the current-
meter measurements, and the current-meter measurements
appear to be more prone to error. Tracer-dilution estimates
of streamflow are therefore used whenever possible.

* A dry period preceded the primary sampling period;

no rainfall was recorded at the 6th Avenue stream

gage from July 19 through July 26, 2007. This dry
period was followed by a series of small rainfall
events from July 27 through August 1, 2007 that
affected the synoptic sampling results. The effects of
rainfall were documented by dilution of the tracer at
transport sites, stage data from the 6th Avenue stream
gage and pressure transducers, and the dilution of
specific conductance as measured by an instream
sonde. Because of the rainfall, each synoptic sam-
pling event does not represent steady-state conditions.
Despite this result, the loading results presented in the
main body of this report provide a general profile of
loading in which constituent loads increase steadily
with distance.
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Appendix 2. Analytical Quality-Assurance and Quality-Control Data and Results
for Toll Gate Creek Surface-Water and Groundwater Samples, 2007

This appendix documents analytical quality-assurance
and quality-control (QA/QC) samples (blanks, replicates, and
standard-reference samples) collected during the July—August
2007 period of study and discusses QA/QC results.

Effects of Sample Processing on Environmental
Sample Results

The effects of sampling equipment and cleaning pro-
cedures on environmental sample results were evaluated by
collecting field and equipment blanks during environmental
sampling. To avoid cross contamination between sites, equip-
ment used for surface-water and groundwater sampling was
cleaned between field sites using the procedures described
by Wilde (2004). Field blanks are samples of laboratory-
prepared deionized water (DIW) that are transported to the
field and used to rinse field equipment after cleaning. The
DIW rinsate is then collected in sample bottles and submit-
ted to the laboratory for analysis. An equipment blank is the
same as a field blank but is collected prior to any groundwater
sampling to evaluate potential effects of the sampling equip-
ment on laboratory results. A source-solution blank is DIW
poured directly from the laboratory container into sample
bottles, and is used to evaluate constituent concentrations in
the DIW source solution separate from the effects of sample
processing. One surface-water field blank was collected on
each synoptic-sampling day, and three field blanks and two
equipment blanks were collected during groundwater sam-
pling. In addition, two source-solution blanks were processed
and analyzed during field activities, and one sample of nitric-
acid preservative was processed and analyzed to determine
constituent concentrations in the nitric acid used as a surface-
water sample preservative.

Average blank concentrations for each constituent are
compared to the respective reporting levels for surface-water
(table 2—1) and groundwater (table 2-2) samples. For blank
samples with constituent concentrations greater than their
respective reporting level, constituent concentrations in the
blank also are compared to the minimum concentration of
the environmental samples. Constituents detected above their
reporting levels in blank samples include aluminum (filtered
and unfiltered surface-water blanks), calcium (filtered and
unfiltered surface-water and filtered groundwater blanks),
dissolved organic carbon (filtered groundwater blank), mag-
nesium (unfiltered surface-water and filtered groundwater

blanks), manganese (filtered groundwater blanks), silica (fil-
tered surface-water and filtered groundwater blanks), and zinc
(filtered surface-water and filtered groundwater blanks). Of
the constituents detected in blank samples, calcium, dissolved
organic carbon, magnesium, manganese, and silica concen-
trations in blanks are several times less than the minimum
concentration in the environmental samples such that sample
processing caused negligible effects on concentrations of these
constituents in environmental samples. Selenium, the primary
constituent of concern in this study, was not detected above its
reporting level of 0.08 ng/L in surface-water or groundwater
blanks indicating sample processing did not contaminate envi-
ronmental samples with selenium.

Aluminum concentrations for filtered and unfiltered
surface-water blanks and zinc concentrations for filtered
surface-water blanks and filtered groundwater blanks were
greater than their respective reporting levels and were on
the same order of magnitude or greater than the minimum
environmental sample concentration (tables 2—1 and 2-2).
Aluminum was detected in all filtered and unfiltered surface-
water field blanks (table 2—1). In filtered field blanks, detected
aluminum concentrations ranged from *1.2E pg/L to 27.7 ng/L
and the minimum environmental sample concentration was
0.80 pg/L. Aluminum concentrations in unfiltered field blanks
ranged from 22E pg/L to 49 pg/L and the minimum environ-
mental sample concentration was 4.0 pg/L. Aluminum was not
detected above reporting levels in either the filtered or unfil-
tered source-solution blank. These results indicate aluminum
concentration results for surface-water samples are possibly
affected by sample collection and processing procedures. Zinc
was detected in filtered surface-water field blanks and filtered
groundwater field blanks but was not detected above reporting
levels in source-solution blanks. The maximum zinc concen-
tration in filtered surface-water field blanks was 0.85 pg/L,
which is slightly greater than the reporting level of 0.60 pg/L
and slightly greater than the minimum environmental sample
concentration of 0.43 pg/L (table 2—1). Environmental samples
having zinc concentrations less than 1-2 pg/L are likely
affected by zinc contamination introduced during sample
processing and analysis. Zinc concentrations detected in the
filtered groundwater field blanks ranged from 1.2 to 4.9 pg/L,
and are within the range of groundwater sample concentra-
tions (0.72—7.3 ng/L; table 2-2). These results indicate that
the equipment used for groundwater sampling (most likely the
pump used during filtering) may have contributed dissolved
zinc to the groundwater samples.

2 E, estimated value less than the reporting level and greater than the detec-
tion level.



Table 2-1. Analytical quality-assurance and quality-control data for surface-water sampling blanks, Toll Gate Creek, July—August 2007.

[Sample ID, synoptic-sample identification number; E, estimated value less than the reporting level and greater than the detection level; <, less than; mg/L, milligrams per liter; pg/L, micrograms per liter;
--, no data]

Alkalinity, All.lminum, AIur_ninum, Bl.'omide, C?Icium, Ca!cium, CI.1Ioride, .Iron, I.ron, FI.uoride, Ma'gnesium,
Sample ID Blank purpose (mg/L CaC0.) filtered  unfiltered filtered filtered unfiltered filtered filtered unfiltered filtered filtered
¥ (wgh) (ng/L) (mg/L)  (mg/L) (mg/l)  (mg/L) (pg/L)  (pg/L) (mg/L) (mg/L)

TG-10176 Source solution blank <5 <1.6 <2 <0.02 0.01E 0.01E <0.12 <6 <6 <0.1 <0.014
TG-10176 Nitric acid blank -- -- 44 -- -- 0.13 -- -- <6 -- --
TG-10176 Field blank <5 27.7 49 <0.02 0.08 0.13 <0.12 <6 <6 <0.1 <0.014
TG-6111 Field blank <5 17.8 27 <0.02 0.1 0.11 <0.12 <6 <6 0.06E 0.011E
TG-0 Field blank <5 7.2 12 <0.02 0.04 0.04 <0.12 <6 <6 <0.1 <0.014
TG-2983 Field blank <5 1.2E 2E <0.02 0.02 0.02 <0.12 <6 <6 <0.1 <0.014
Reporting level 5 1.6 2 0.02 0.02 0.014 0.12 6 6 0.1 0.014
Average blank concentration <5 13.5 22.5 <0.02 0.06 0.075 <0.12 <6 <6 <0.1 0.013
Minimum blank concentration <5 <1.6 <2 <0.02 0.01E 0.01E <0.12 <6 <6 <0.1 <0.014
Maximum blank concentration <5 27.7 49 <0.02 0.1 0.13 <0.12 <6 <6 0.06E 0.011E
Minimum environmental sample concentration 75 0.8 4.0 0.09 53.5 54.5 37.1 9 12 0.36 10.1
Maximum environmental sample concentration 447 172 840 3.1 398 598 395 241 2,010 1 85

Table 2-1. Analytical quality-assurance and quality-control data for surface-water sampling blanks, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; E, estimated value less than the reporting level and greater than the detection level; <, less than; mg/L, milligrams per liter; pg/L, micrograms per liter;
--, no data]

Mag_nesium, Ma_nganese, Man_ganese, S_odium, So_dium, Se_lenium, Selgnium, §i|ica, S_ulfate, disT:(:fvled
Sample ID Blank purpose unfiltered filtered unfiltered  filtered  unfiltered filtered unfiltered filtered filtered L
(mg/L) (pg/L) (ng/L) (mg/L) (mg/L) (ng/L) (pg/L) (mg/L) (mg/L) so"?:;;;:_tf red

TG-10176 Source solution blank <0.002 <0.2 <0.4 <0.2 <0.5 <0.08 0.08 0.04 <0.18 <10
TG-10176 Nitric acid blank 0.003 - <0.4 <0.5 - 0.08 - - -
TG-10176 Field blank 0.006 <0.2 0.3E <0.2 <0.5 <0.08 0.08 0.05 <0.18 <10
TG-6111 Field blank 0.008 0.2 0.3E <0.2 <0.5 <0.08 0.08 0.01E 0.09E <10
TG-0 Field blank 0.002E <0.2 <0.4 <0.2 <0.5 <0.08 0.08 <0.02 <0.18 <10
TG-2983 Field blank 0.002 <0.2 0.4E <0.2 <0.5 <0.08 0.08 <0.02 <0.18 14
Reporting level 0.002 0.2 0.4 0.2 0.5 0.08 0.08 0.018 0.18 10
Average blank concentration 0.005 0.2 0.4 <0.2 <0.5 <0.08 0.08 0.03 0.16 11
Minimum blank concentration <0.002 <0.2 <0.4 <0.2 <0.5 <0.08 0.08 <0.02 <0.18 <10
Maximum blank concentration 0.008 0.2 0.4E <0.2 <0.5 <0.08 0.08 0.05 0.18 14
Minimum environmental sample concentration 10 2.5 2.7 50.5 47.3 0.4 0.39 8.42 41.4 472

Maximum environmental sample concentration 119 1,440 1,540 683 693 79 68 38 2,230 3,930
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Table 2-1. Analytical quality-assurance and quality-control data for surface-water sampling
blanks, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; E, estimated value less than the reporting level and greater
than the detection level; <, less than; mg/L, milligrams per liter; pg/L, micrograms per liter; --, no data]

Uranium,  Uranium, Zinc, Zinc,
Sample ID Blank purpose filtered  unfiltered filtered unfiltered

(ng/L) (ng/L) (ng/L) (ng/L)
TG-10176 Source solution blank <0.04 <0.012 <0.6 <2
TG-10176 Nitric acid blank -- <0.012 -- <2
TG-10176 Field blank <0.04 <0.012 0.6 <2
TG-6111 Field blank <0.04 <0.012 <0.6 <2
TG-0 Field blank <0.04 <0.012 0.37E <2
TG-2983 Field blank <0.04 <0.012 0.85 <2
Reporting level 0.04 0.012 0.6 2
Average blank concentration <0.04 <0.012 0.61 <2
Minimum blank concentration <0.04 <0.012 0.37 <2
Maximum blank concentration <0.04 <0.012 0.85 <2
Minimum environmental sample concentration 1.6 1.6 0.43 1.03
Maximum environmental sample concentration 82 79 63 55

Table 2-2. Analytical quality-assurance and quality-control data for groundwater sampling blanks, Toll Gate Creek, July—August 2007.

[Sample ID, synoptic-sample identification number; E, estimated value less than the reporting level and greater than the detection level; <, less than; mg/L, milligramsper liter; pg/L, micrograms per liter;
--, no data]

Alyminum, Bromide, C?Icium, Cl_lloride, org[;:i?cl:‘::gon 'Iron, FI_uoride, Po?assium,

Sample ID Blank purpose filtered filtered filtered filtered filtered " filtered filtered filtered

(ng/L) (mg/L) (mg/L) (mg/L) (mg/L) (ng/L) (mg/L) (mg/L)
URLUS-30 Equipment blank 1.6E <0.02 0.18 <0.12 <0.4 <6 <0.1 <0.04
URLUS-30 Source solution blank <1.6 <0.02 <0.02 <0.12 <0.4 <6 <0.1 <0.04
URLUS-18 Equipment blank <l1.6 <0.02 <0.02 <0.12 <0.4 <6 0.1 <0.04
SCTC-5 Field blank <1.6 <0.02 0.04 <0.12 <0.4 <6 <0.1 <0.04
WT-2 Field blank <l1.6 <0.02 <0.02 <0.12 <0.4 <6 <0.1 <0.04
WT-8 Field blank <l.6 <0.02 0.1 <0.12 0.9 <6 <0.1 <0.04
Reporting level 1.6 0.02 0.02 0.12 0.4 6 0.1 0.04
Average blank concentration <1.6 <0.02 0.06 <0.12 0.5 <6 <0.1 <0.04
Minimum blank concentration <1.6 <0.02 <0.02 <0.12 <0.4 <6 <0.1 <0.04
Maximum blank concentration 1.6E <0.02 0.18 <0.12 0.9 <6 0.1 <0.04
Minimum environmental sample concentration 0.9 0.34 93.6 72.9 1.7 3 0.14 0.79

Maximum environmental sample concentration 150 4.8 631 308 9.9 30 1.6 7.9
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Table 2-2. Analytical quality-assurance and quality-control data for groundwater sampling blanks, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; E, estimated value less than the reporting level and greater than the detection level; <, less than; mg/L, milligramsper liter; pg/L, micrograms per liter;

--, no data]
Magnesium, Manganese, Sodium, Selenium Silica, Sulfate, Total Uranium,
Sample ID Blank purpose filtered filtered filtered filtered filtered filtered dissolved solids, filtered
(mg/L) (ng/L) (mg/L) (ng/L) (mg/L) (mg/L) filtered (mg/L) (ng/L)

URLUS-30 Equipment blank 0.029 0.4 0.1E <0.08 0.05 0.18E <10 <0.04
URLUS-30 Source solution blank <0.014 <0.2 <0.2 <0.08 <0.02 <0.18 <10 <0.04
URLUS-18 Equipment blank <0.014 <0.2 <0.2 <0.08 <0.02 <0.18 <10 <0.04
SCTC-5 Field blank <0.014 <0.2 <0.2 <0.08 0.01E <0.18 <10 <0.04
WT-2 Field blank <0.014 <0.2 <0.2 <0.08 <0.02 <0.18 <10 <0.04
WT-8 Field blank 0.009E 0.2E <0.2 <0.08 0.01E <0.18 <10 <0.04
Reporting level 0.014 0.2 0.2 0.08 0.018 0.18 10 0.04
Average blank concentration 0.016 <0.2 <0.2 <0.08 0.02 0.2 <10 <0.04
Minimum blank concentration <0.014 <0.2 <0.2 <0.08 <0.02 <0.18 <10 <0.04
Maximum blank concentration 0.029 0.4 0.1E <0.08 0.05 0.18E <10 <0.04
Minimum environmental sample concentration 12.7 0.4 75.8 0.1 12.4 98 664 9.7
Maximum environmental sample concentration 96 1,960 665 264 31 2,370 4,400 100

Table 2-2. Analytical quality-assurance and quality-control data for groundwater sampling blanks, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; E, estimated value less than the reporting level and greater than the detection level; <, less than; mg/L, milligramsper liter;
png/L, micrograms per liter; --, no data]

Zinc, Ammonia Nitrite Nitrite plus Total Ortho-
Sample ID Blank purpose filtered as nitrogen as nitrogen nitrate as nitrogen phosphate

(pg/L) (mg/L) (mg/L) nitrogen (mg/L) (mg/L) (mg/L)
URLUS-30 Equipment blank 3.8 <0.02 <0.002 <0.06 <0.06 0.003E
URLUS-30 Source solution blank <0.6 <0.02 <0.002 <0.06 <0.06 <0.006
URLUS-18 Equipment blank <0.6 0.014E <0.002 <0.06 <0.06 <0.006
SCTC-5 Field blank 4.9 <0.02 0.001E <0.06 <0.06 <0.006
WT-2 Field blank 1.2 <0.02 <0.002 <0.06 0.04E <0.006
WT-8 Field blank 1.5 <0.02 <0.002 <0.06 <0.06 <0.006
Reporting level 0.6 0.02 0.002 0.06 0.06 0.006
Average blank concentration 2.1 <0.02 <0.002 <0.06 <0.06 <0.006
Minimum blank concentration <0.6 <0.02 <0.002 <0.06 <0.06 <0.006
Maximum blank concentration 4.9 0.014E 0.001E <0.06 0.04E 0.003E
Minimum environmental sample concentration 0.72 0.011E 0.001E <0.06 0.22 0.013

Maximum environmental sample concentration 7.3 0.056 0.009 18.6 20.3 0.094
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Precision and Bias of Laboratory Results

Precision is a measure of the reproducibility of an
analytical data set and can be evaluated by calculating the
relative percent difference (RPD) between multiple replicates
(U.S. Environmental Protection Agency, 1987). The RPD is
calculated using the formula (U.S. Environmental Protection
Agency, 1987):

|x1—x2|
RPD=<@)* 100 (2-1)
2
where
X, is the measured value of the first replicate and
X, is the measured value of the second replicate
(U.S. Environmental Protection Agency,

1987).

For the Toll Gate Creek study, precision was evalu-
ated by collecting sequential-replicate samples for surface-
water and groundwater. Sequential-replicate samples were
collected twice during each day of surface-water synoptic
sampling except on August 1, 2007, when only one replicate
sample was collected (table 2—3). Three sequential-replicate
samples were collected during groundwater sampling (table
2—4). The RPDs were calculated for replicates, and the aver-
age, minimum, and maximum values were determined for
surface water and groundwater (tables 2—3 and 2—4, respec-
tively). An RPD of 10 percent was chosen as an upper limit
for acceptable replication of analyses. The overall average
precision is the average of the RPDs for all constituents and
all replicate samples. The overall average precision was
+6.23 percent for surface-water samples and £7.30 percent
for groundwater samples, which indicates good overall preci-
sion of analytical results.

There were four constituents for surface-water samples
for which the average RPD was greater than 10 percent: alu-
minum (filtered and unfiltered), iron (filtered and unfiltered),
zinc (filtered and unfiltered), and orthophosphate (table 2-3).
The average precision for filtered selenium in surface-
water samples was £7.7 percent with a minimum value of
+2.4 percent and a maximum value of +21.6 percent for one
replicate pair, indicating acceptable precision for filtered (dis-
solved) selenium concentrations in surface water. Precision
results for groundwater replicates (table 2—4) indicate results
similar to those for surface water with average RPD values
exceeding 10 percent for filtered aluminum, iron, and zinc.
The average precision for filtered selenium groundwater sam-
ples was +2.0 percent with a minimum value of £1.5 percent
and a maximum value of £3.0 percent for one replicate pair,
indicating acceptable precision for filtered (dissolved) sele-
nium concentrations in groundwater.

The lack of precision for aluminum, iron, and zinc results
indicates variability in the laboratory analysis of these con-
stituents, and may also explain the variability in aluminum and
zinc concentrations observed for the blank samples. Because
these constituents were detected at low concentrations in envi-
ronmental samples and interpretation of these data are not the
primary emphasis of this study, the imprecise concentrations
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reported for aluminum, iron, and zinc do not affect interpreta-
tions presented herein.

Bias (accuracy) in a sample measurement represents
systematic error in an analytical method (U.S. Environmental
Protection Agency, 1987). The bias of an analytical method is
computed from analysis of known laboratory standards from
the formula:

Bias = ((R — S)/S)*100 (2-2)
where
R is the constituent concentration reported by
the laboratory and
S is the constituent concentration in the standard
(U.S. Environmental Protection Agency,

1987)

To evaluate bias for the Toll Gate Creek study, USGS
standard reference water, T-147 (Farrar, 1997), was submitted
to the laboratory (National Water Quality Laboratory, NWQL)
along with bromide and sulfate spike solutions to determine
whether the bromide tracer and elevated stream-sulfate concen-
trations would interfere with analyses provided by the NWQL
(table 2-5). Three samples each of 1 mg/L, 3 mg/L, and 5 mg/L
bromide spikes without sulfate, three samples of 1 mg/L
bromide combined with 1,000 mg/L sulfate, and one sample
with no spike solution were submitted to NWQL for analysis
(table 2-5). The NWQL results were compared to the accept-
able range of T-147 values. The acceptable range was defined
as the most probable value (median value of analysis of T-147
during the proving period) plus or minus the F-pseudosigma
(the nonparametric statistic for deviation; Farrar, 1997).

Iron, sodium, selenium, and uranium were consistently
within the acceptable range (fig. 2—-1). Three elevated concen-
trations of sodium (table 2—5) were from the sodium sulfate
spikes and are not plotted on figure 2—1. Silica and zinc plotted
below the true value but within the acceptable range for all
but three samples, which were below the acceptable range
(fig. 2-1). The three samples were spikes containing 1 mg/L
bromide and 1,000 mg/L sulfate, and the results indicate some
interference because of the presence of elevated sulfate concen-
trations. Concentrations of sulfate in the environmental samples
ranged up to 2,370 mg/L (table 2-2). Therefore, environmental
samples having sulfate concentrations greater than 1,000 mg/L
may have a low bias in zinc and silica concentrations. As zinc
and silica are not critical to the interpretations presented herein,
the results of this report are not affected by the sulfate inter-
ference, but the results are described for those who might use
the data for other purposes. Aluminum was consistently at or
above the true value with only two samples greater than the
acceptable range. The two samples having the most elevated
aluminum values were two of the three having spikes of
1 mg/L bromide. The failure of 2 of the 10 samples is likely
not from the bromide spike concentration but from unidentified
problems with blank and replicate samples that were described
previously in this section and in the “Effects of Sample
Processing on Environmental Sample Results” section of this
report. Calcium, magnesium, and manganese were consistently



Table 2-3. Analytical quality-assurance and quality-control data for surface-water replicates, Toll Gate Creek, July—August 2007.

[Sample ID, synoptic-sample identification number; (A) or (B) Suffix on sample indicates samples that are part of a field replicate; E, estimated value less than the laboratory reporting level; <, less than;
mg/L, milligrams per liter; pg/L, micrograms per liter; Relative % Diftference, the absolute value of difference between replicate analyses divided by the average of the analyses and expressed as percent;
--, no data; Overall avg. precision, the average of Relative % Difference for all analytes and replicate samples]

Specific Specific ) Alkalinity AIEIminum, AIur_ninum, Bromide, C?Icium,
Sample ID, Sample date  pH,lab  conductance, lab  conductance, field Hardness (mg/L CaCd ) filtered unfiltered filtered filtered

(ps/cm) (ns/cm) : (pg/L) (pg/L) (mg/L) (mg/L)
TG-11473A, 7/26/07 7.8 2,130 2,260 650 193 26.1 86.0 1.62 202
TG-11473B, 7/26/07 7.8 2,130 2,280 650 195 66.3 74.0 1.68 201
Relative %Difference 0.0 0.0 0.9 0.0 1.0 87.0 15.0 3.6 0.5
TG-9408A, 7/26/07 7.9 2,240 2,360 670 165 18.6 216 2.33 203
TG-9408B, 7/26/07 8.0 2,200 2,340 670 169 17.9 141 2.34 206
Relative %Difference 1.3 1.8 0.9 0.0 2.4 3.8 42.0 0.4 1.5
TG-7818A, 7/29/07 8.1 1,440 1,440 440 163 20.2 195 1.00 136
TG-7818B, 7/29/07 8.1 1,450 1,440 440 166 14.6 178 0.99 136
Relative %Difference 0.0 0.7 0.0 0.0 1.8 32.2 9.1 1.0 0.0
TG-4695A, 7/29/07 7.8 1,640 1,620 520 180 10.9 238 1.38 158
TG-4695B, 7/29/07 7.8 1,640 1,620 510 181 15.5 245 1.39 155
Relative %Difference 0.0 0.0 0.0 1.9 0.6 34.8 2.9 0.7 1.9
TG-1536A, 8/1/07 7.8 2,000 2,020 620 194 26.6E 302 0.82 184
TG-1536B, 8/1/07 7.8 2,000 2,030 640 196 24.1 292 0.85 190
Relative %Difference 0.0 0.0 0.5 3.2 1.0 9.7 34 3.6 3.2
TG-4216A, 8/2/07 7.8 2,070 2,020 610 191 15.8 492 2.40 182
TG-4216B, 8/2/07 7.8 2,080 1,990 620 192 1.60 463 2.40 185
Relative %Difference 0.0 0.5 1.5 1.6 0.5 163.2 6.1 0.0 1.6
TG-2148A, 8/2/07 8.2 2,140 2,060 670 181 1.50E 148 3.05 197
TG-2148B, 8/2/07 8.2 2,130 2,100 630 181 0.90E 116 3.03 186
Relative %Difference 0.0 0.5 1.9 6.2 0.0 50.0 24.2 0.7 5.7
Average difference 0.2 0.5 0.8 1.8 1.1 54.4 14.7 1.4 2.1
Minimum 0.0 0.0 0.0 0.0 0.0 3.8 2.9 0.0 0.0
Maximum 1.3 1.8 1.9 6.2 2.4 163.2 42.0 3.6 5.7

Overall avg. precision 6.23
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Table 2-3. Analytical quality-assurance and quality-control data for surface-water replicates, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; (A) or (B) Suffix on sample indicates samples that are part of a field replicate; E, estimated value less than the laboratory reporting level; <, less than;
mg/L, milligrams per liter; pg/L, micrograms per liter; Relative % Diftference, the absolute value of difference between replicate analyses divided by the average of the analyses and expressed as percent;
--, no data; Overall avg. precision, the average of Relative % Difference for all analytes and replicate samples]

Calcium, Chloride, Iron, Iron, Fluoride, Manganese, Manganese, Magnesium,
Sample ID, Sample date unfiltered filtered filtered unfiltered filtered filtered unfiltered filtered
(mg/L) (mg/L) (ng/L) (pg/L) (mg/L) (pg/L) (ng/L) (mg/L)
TG-11473A, 7/26/07 205 147 17.0E 134 0.67 298 335 359
TG-11473B, 7/26/07 205 149 22.0 111 0.67 270 320 354
Relative %Difference 0.0 14 25.6 18.8 0.0 9.9 4.6 14
TG-9408A, 7/26/07 219 151 12.0E 258 0.62 132 171 38.6
TG-9408B, 7/26/07 219 150 11.0E 186 0.64 120 157 38.2
Relative %Difference 0.0 0.7 8.7 324 3.2 9.5 8.5 1.0
TG-7818A, 7/29/07 134 94.8 13.0 248 0.54 118 161 24.5
TG-7818B, 7/29/07 136 95.7 16.0 244 0.55 119 159 24.7
Relative %Difference 1.5 0.9 20.7 1.6 1.8 0.8 1.3 0.8
TG-4695A, 7/29/07 155 94.4 13.0 303 0.60 209 256 30.0
TG-4695B, 7/29/07 151 94.9 12.0 317 0.61 208 257 294
Relative %Difference 2.6 0.5 8.0 4.5 1.7 0.5 0.4 2.0
TG-1536A, 8/1/07 198 132 28.0 441 0.61 366 426 39.6
TG-1536B, 8/1/07 190 133 32.0 416 0.61 370 418 39.5
Relative %Difference 4.1 0.8 13.3 5.8 0.0 1.1 1.9 0.3
TG-4216A, 8/2/07 192 133 22.0 725 0.63 482 553 36.9
TG-4216B, 8/2/07 187 133 19.0 714 0.57 464 546 37.2
Relative %Difference 2.6 0.0 14.6 1.5 10.0 3.8 1.3 0.8
TG-2148A, 8/2/07 195 157 26.0 259 0.62 274 274 43.1
TG-2148B, 8/2/07 188 157 20.0 196 0.59 256 268 41.2
Relative %Difference 3.7 0.0 26.1 27.7 5.0 6.8 2.2 4.5
Average difference 2.1 0.6 16.7 13.2 3.1 4.6 2.9 1.5
Minimum 0.0 0.0 8.0 1.5 0.0 0.5 0.4 0.3
Maximum 4.1 1.4 26.1 324 10.0 9.9 8.5 4.5

Overall avg. precision
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Table 2-3. Analytical quality-assurance and quality-control data for surface-water replicates, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; (A) or (B) Suffix on sample indicates samples that are part of a field replicate; E, estimated value less than the laboratory reporting level; <, less than;
mg/L, milligrams per liter; pg/L, micrograms per liter; Relative % Difference, the absolute value of difference between replicate analyses divided by the average of the analyses and expressed as percent;
--, no data; Overall avg. precision, the average of Relative % Difference for all analytes and replicate samples]

Mag_nesium, S_odium, So.dium, Sodiulln Se_lenium, Selgnium, ?ilica, S_ulfate, dissoIIz?Lolids
Sample ID, Sample date unfiltered filtered unfiltered adsor|_)t|on filtered unfiltered filtered filtered filtered )

(mg/L) (mg/L) (mg/L) ratio (pg/L) (ng/L) (mg/L) (mg/L) (mg/L)
TG-11473A, 7/26/07 36.4 242 223 4.1 13.7 12.02 11.9 709 1580
TG-11473B, 7/26/07 36.9 243 222 4.2 152 12.18 11.4 720 1580
Relative %Difference 14 0.4 0.4 2.4 10.4 1.3 4.3 1.5 0.0
TG-9408A, 7/26/07 42.7 241 231 4.1 15.1 12.25 11.0 784 1620
TG-9408B, 7/26/07 40.7 245 234 4.1 15.8 12.67 10.6 782 1610
Relative %Difference 4.8 1.6 1.3 0.0 4.5 34 3.7 0.3 0.6
TG-7818A, 7/29/07 25.6 143 130 3.0 7.7 6.65 10.8 442 972
TG-7818B, 7/29/07 259 142 130 2.9 7.9 6.62 10.9 445 1010
Relative %Difference 1.2 0.7 0.0 34 2.6 0.5 0.9 0.7 3.8
TG-4695A, 7/29/07 30.2 154 149 2.9 8.4 7.25 11.5 526 1200
TG-4695B, 7/29/07 30.3 153 145 3.0 8.7 7.17 11.6 529 1210
Relative %Difference 0.3 0.7 2.7 34 3.5 1.1 0.9 0.6 0.8
TG-1536A, 8/1/07 39.0 198 191 3.5 <11.6 9.43 12.5 684 1500
TG-1536B, 8/1/07 40.4 203 188 3.5 12.7 9.32 12.6 685 1480
Relative %Difference 3.5 2.5 1.6 0.0 9.0 1.2 0.8 0.1 1.3
TG-4216A, 8/2/07 41.0 216 207 3.8 12.4 11.29 11.8 707 1560
TG-4216B, 8/2/07 39.0 218 205 3.8 154 10.61 11.6 717 1540
Relative %Difference 5.0 0.9 1.0 0.0 21.6 6.2 1.7 14 1.3
TG-2148A, 8/2/07 43.1 240 220 4.0 12.6 11.05 14.5 711 1600
TG-2148B, 8/2/07 40.3 225 207 39 12.3 11.08 13.6 722 1590
Relative % Difference 6.7 6.5 6.1 2.5 2.4 0.3 6.4 1.5 0.6
Average difference 33 1.9 1.9 1.7 7.7 2.0 2.7 0.9 1.2
Minimum 0.3 0.4 0.0 0.0 2.4 0.3 0.8 0.1 0.0
Maximum 6.7 6.5 6.1 34 21.6 6.2 6.4 1.5 3.8

Overall avg. precision
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Table 2-3. Analytical quality-assurance and quality-control data for surface-water replicates, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; (A) or (B) Suffix on sample indicates samples that are part of a field replicate; E, estimated value less than the laboratory reporting level; <, less than;
mg/L, milligrams per liter; pg/L, micrograms per liter; Relative % Diftference, the absolute value of difference between replicate analyses divided by the average of the analyses and expressed as percent;
--, no data; Overall avg. precision, the average of Relative % Difference for all analytes and replicate samples]

Nitrite plus

Uranium, Uranium, Zinc, Zinc, Ammonia Nitrite . Total Ortho-
Sample ID, Sample date filtered unfiltered filtered unfiltered as nitrogen as nitrogen nl_trate nitrogen phosphate Phosphorous
(ng/L) (ng/L) (/L) (ng/L) (mg/L) (mg/L) as (';:738" (mg/L) (mg/L) (mg/L)
TG-11473A, 7/26/07 20.0 20.9 4.80 4.85 -- -- -- -- -- --
TG-11473B, 7/26/07 20.4 21.1 2.70 4.51 -- -- - -- -- --
Relative %Difference 2.0 1.0 56.0 7.3 - - - - - -
TG-9408A, 7/26/07 21.6 229 0.92 2.97 -- -- -- -- -- --
TG-9408B, 7/26/07 21.3 22.1 0.63 2.43 -- -- -- -- -- --
Relative %Difference 14 3.6 37.4 20.0 - - - - - -
TG-7818A, 7/29/07 11.6 12.9 5.10 5.25 0.03 0.02 0.47 1.33 0.02 0.10
TG-7818B, 7/29/07 12.0 13.1 2.80 4.64 0.03 0.02 0.46 1.33 0.03 0.10
Relative %Difference 34 1.5 58.2 12.3 0.0 0.0 2.2 0.0 20.4 3.9
TG-4695A, 7/29/07 15.9 16.4 6.60 2.70 -- -- -- -- -- --
TG-4695B, 7/29/07 16.1 16.3 5.70 2.76 -- -- -- -- -- --
Relative %Difference 1.3 0.6 14.6 2.1 - - - - - -
TG-1536A, 8/1/07 <20.0 19.8 <3.7 3.88 0.19 0.02 0.57 1.49 0.04 0.10
TG-1536B, 8/1/07 21.9 19.6 1.80 3.19 0.19 0.02 0.58 1.48 0.05 0.10
Relative %Difference 9.1 1.0 68.1 19.5 0.5 0.0 1.7 0.7 14.0 1.0
TG-4216A, 8/2/07 17.9 19.8 3.20 7.41 0.14 0.03 0.55 1.66 0.02 0.12
TG-4216B, 8/2/07 20.9 19.5 3.30 6.78 0.14 0.03 0.55 1.56 0.02 0.13
Relative %Difference 15.5 1.5 31 8.9 2.8 0.0 0.0 6.2 5.1 11.9
TG-2148A, 8/2/07 17.9 19.5 1.10 2.16 0.09 0.03 0.53 1.32 0.03 0.08
TG-2148B, 8/2/07 17.6 19.4 1.10 1.84 0.10 0.03 0.54 1.35 0.03 0.08
Relative %Difference 1.7 0.5 0.0 16.0 5.3 0.0 1.9 2.2 3.9 6.1
Average difference 4.9 1.4 339 12.3 2.2 0.0 1.4 23 10.9 5.7
Minimum 1.3 0.5 0.0 2.1 0.0 0.0 0.0 0.0 3.9 1.0
Maximum 15.5 3.6 68.1 20.0 5.3 0.0 2.2 6.2 20.4 11.9

Overall avg. precision
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Table 2-4. Analytical quality-assurance and quality-control data for groundwater replicates, Toll Gate Creek, July—August 2007.

[Sample ID, synoptic-sample identification number; (A) or (B) Suffix on sample indicates samples that are part of a field replicate; E, estimated value less than the laboratory reporting level; <, less than;
mg/L, milligrams per liter; pg/L, micrograms per liter; Relative % Difference, the absolute value of difference between replicate analyses divided by the average of the analyses and expressed as percent;
Overall Avg. Precision, the average of Relative % Difference for all analytes and replicate samples]

Specific . Bicarb- Aluminum, Bromide, Calcium, Chloride, Iron, Fluoride,
Sample ID, Sample date pH, lab condlljclt)ance, Alkalinity, onate filtered filtered filtered filtered filtered filtered
( 2 (mg/L.CaCO,) (mg/L) (ng/L) (mg/L) (mg/L) (mg/L) (ng/L) (mg/L)
us/cm)
ET-2A, 7/16/07 7.3 1,540 212 258 1.3E 0.55 208 73.3 6 0.73
ET-2B, 7/16/07 7.3 1,540 211 257 0.9E 0.56 210 72.9 6 0.76
Relative % Difference 0.0 0.0 0.5 0.4 36.4 1.8 1.0 0.5 0.0 4.0
WT-12A, 7/19/07 7.5 1,040 272 332 <1.6 0.34 111 76.8 6 0.66
WT-12B, 7/19/07 7.4 1,040 292 356 <1.6 0.37 112 77.3 6 0.6
Relative % Difference 1.3 0.0 7.1 7.0 0.0 8.5 0.9 0.6 0.0 9.5
WT-4A, 7/24/07 7.1 3,740 372 452 <16.0 1.55 530 149 9E 0.56
WT-4B, 7/24/07 7.2 3,730 372 454 150.0 1.58 536 149 18 0.51
Relative % Difference 1.4 0.3 0.0 0.4 161.4 1.9 1.1 0.0 66.7 9.3
Average 0.9 0.1 2.5 2.6 65.9 4.1 1.0 0.4 22.2 7.6
Minimum 0.0 0.0 0.0 0.4 0.0 1.8 0.9 0.0 0.0 4.0
Maximum 1.4 0.3 7.1 7.0 161.4 8.5 1.1 0.6 66.7 9.5

Overall avg. precision 7.30
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Table 2-4. Analytical quality-assurance and quality-control data for groundwater replicates, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; (A) or (B) Suffix on sample indicates samples that are part of a field replicate; E, estimated value less than the laboratory reporting level; <, less than;
mg/L, milligrams per liter; pg/L, micrograms per liter; Relative % Difference, the absolute value of difference between replicate analyses divided by the average of the analyses and expressed as percent;
Overall Avg. Precision, the average of Relative % Difference for all analytes and replicate samples]

Total

Pofassium, Ma_gnesium, Ma_nganese, S_odium, Se_lenium, _Silica, S_ulfate, dissolved Uranium,

Sample ID, Sample date filtered filtered filtered filtered filtered filtered filtered L e filtered

(mg/L) (mg/L) (ng/L) (mg/L) (ng/L) (mg/L) (mg/L) SOI"::;J;:_T red (ng/L)
ET-2A, 7/16/07 0.79 28.1 0.4 96.6 62.5 19.7 513 1,190 17.3
ET-2B, 7/16/07 0.85 28.2 0.4 97.7 61.5 19.8 512 1,190 17.0
Relative % Difference 7.3 0.4 0.0 1.1 1.6 0.5 0.2 0.0 1.7
WT-12A, 7/19/07 1.93 22.1 1.5 75.8 6.6 22.1 98.1 679 15.0
WT-12B, 7/19/07 1.94 22 1.5 77 6.5 22.2 98.6 664 15.8
Relative % Difference 0.5 0.5 0.0 1.6 1.5 0.5 0.5 2.2 5.2
WT-4A, 7/24/07 2.24 84.5 13.1 316 37.2 20.9 1,730 3,310 83.3
WT-4B, 7/24/07 2.17 84.9 13.8 318 36.1 21.5 1,730 3,310 83.0
Relative % Difference 3.2 0.5 5.2 0.6 3.0 2.8 0.0 0.0 0.4
Average 3.7 0.4 1.7 1.1 2.0 1.3 0.2 0.7 2.4
Minimum 0.5 0.4 0.0 0.6 1.5 0.5 0.0 0.0 0.4
Maximum 7.3 0.5 5.2 1.6 3.0 2.8 0.5 2.2 5.2

Overall avg. precision
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Table 2-4. Analytical quality-assurance and quality-control data for groundwater replicates, Toll Gate Creek, July—August 2007.—Continued

[Sample ID, synoptic-sample identification number; (A) or (B) Suffix on sample indicates samples that are part of a field replicate; E, estimated value less than the laboratory reporting
level; <, less than; mg/L, milligrams per liter; pg/L, micrograms per liter; Relative % Diftference, the absolute value of difference between replicate analyses divided by the average of the
analyses and expressed as percent; Overall Avg. Precision, the average of Relative % Difference for all analytes and replicate samples]

L Ammonia Nitrite plus Nitrite as Total Ortho- H2-H1 018-016
Sample ID, Sample date Zinc, filtered as nitrogen nl_trale as nitrogen nitrogen phosphate ratio ratio
(ng/L) (mg/L) "('t"’ge“ (mg/L) (mg/L) (mg/L) (per mil) (per mil)
mg/L)
ET-2A, 7/16/07 1.5 0.02 4.5 0.002 4.62 0.021 -102 -13.12
ET-2B, 7/16/07 1.1 0.02 4.56 0.002 4.71 0.021 -102 -13.21
Relative % Difference 30.8 0.0 1.3 0.0 1.9 0.0 0.0 0.7
WT-12A, 7/19/07 1.8 0.02 6.26 0.002 6.59 0.045 -102 -13.33
WT-12B, 7/19/07 0.8 0.02 6.23 0.002 6.51 0.045 -102 -13.31
Relative % Difference 80.2 0.0 0.5 0.0 1.2 0.0 0.0 0.2
WT-4A, 7/24/07 7.3 0.013E 7.26 0.001E 7.63 0.013 -101 -13.2
WT-4B, 7/24/07 2.9 0.011 7.32 0.001 7.62 0.014 -101 -13.25
Relative % Difference 86.3 16.7 0.8 0.0 0.1 7.4 0.0 0.4
Average 65.7 5.6 0.9 0.0 1.1 2.5 0.0 0.4
Minimum 30.8 0.0 0.5 0.0 0.1 0.0 0.0 0.2
Maximum 86.3 16.7 1.3 0.0 1.9 7.4 0.0 0.7

Overall avg. precision
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Table 2-5. Analytical quality-assurance and quality- control data for surface-water sample spikes, Toll Gate Creek, July—August 2007.

[Sample ID, synoptic-sample identification number; mg/L, milligramsper liter; pg/L, micrograms per liter; Most probable values and F-pseudosigma for sample T-147 provided by Farrar (1997), F-pseudo-
sigma is equivalent to the standard deviation of traditional statistics when the data have a Gaussian distribution; na, not applicable]

Aluminum, Calcium, Iron, Magnesium, Manganese, Sodium,  Selenium, Silica, Uranium, Zinc, Bromide Sulfate

Sample ID filtered filtered filtered filtered filtered filtered filtered filtered filtered filtered spike spike

(pg/L) (mg/L) (pg/L) (mg/L) (pg/L) (mg/L) (pg/L) (mg/L) (pg/L) (pg/L) (mg/L) (mg/L)
Most probable value 14.0 41.1 8.4 8.20 17.2 52.6 10.1 24.0 3.21 14.0 na na
F-pseudosigma 7.5 1.7 6.4 0.30 1.4 2.2 1.8 1.4 0.59 2.2 na na
T-147 at TG-9971 15.3 38.7 7.0 7.77 15.2 53.0 11.4 23.0 3.00 14.6 1 na
T-147 at TG-10993 18.8 38.6 7.0 7.78 15.2 53.7 10.5 23.0 293 12.8 3 na
T-147 at TG-11312 13.9 383 7.0 7.71 15.3 53.8 11.2 22.8 2.94 13.2 5 na

T-147 at TG-9673 15.7 38.4 9.0 7.69 14.7 519 10.8 22.1 3.00 11.4 1 1,000
T-147 at TG-4361 25.4 38.7 13 7.79 15.3 53.2 10.8 23.1 2.94 13.1 1 na
T-147 at TG-5075 19.4 39.4 8.0 7.91 15.4 54.5 11.4 22.8 3.02 13.5 3 na
T-147 at TG-6531 20.0 38.0 8.0 7.63 15.0 53.1 10.9 22.7 2.92 12.8 5 na

T-147 at TG-7447 15.6 394 8.0 7.90 14.8 494 10.7 22.2 3.07 11.7 1 1,000
T-147 at TG-1997 25.6 38.8 10 7.79 15.4 52.9 11.4 23.1 2.94 13.4 1 na
T-147 at TG-2893 14.3 38.6 8.0 7.75 15.2 53.4 11.3 22.9 2.94 12.8 3 na
T-147 at TG-3466 20.0 383 8.0 7.70 15.2 53.6 10.9 22.7 2.93 12.8 5 na

T-147 at TG-3897 13.6 38.9 8.0 7.77 14.8 500 10.8 22.1 2.85 10.9 1 1,000
T-147 at TG-371 13.3 39.0 7.0 7.83 15.4 53.1 11.5 23.1 291 12.8 na na

Z xipuaddy
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Figure 2-1. Graphs showing spiked-standard concentrations for surface-water samples, Toll Gate
Creek, July—August 2007.



below the acceptable range. The concentrations in T-147 were
below the minimum concentrations for calcium and magne-
sium in environmental samples but within the range of envi-
ronmental sample concentrations for manganese (table 2-2).
In addition, the charge balances for all environmental samples
were within +4 percent indicating that any low bias for calcium
and magnesium concentrations was not significant enough to
affect the charge-balance calculation and is thus considered
negligible. The low bias of manganese data is not critical to the
interpretations presented herein, but the results are described
for those who might use the data for other purposes.
Comparison of total-recoverable (unfiltered) to filtered
concentrations of calcium, magnesium, sodium, iron, man-
ganese, aluminum, selenium, zinc, and uranium was used
to reveal bias in the dataset. In general, total-recoverable
constituent concentrations are expected to be equal to or
greater than filtered concentrations owing to the potential
presence of particulate matter. For sodium and selenium,
the filtered concentrations were consistently greater than the
total-recoverable concentration (up to 35 percent greater),
which indicates bias in the results. The analyzing labora-
tory (NWQL) indicated the bias may have been caused
by the different analytical instruments and (or) laboratory
processing procedures used for total-recoverable and filtered
concentrations. Total-recoverable and filtered concentrations
were analyzed using different inductively coupled plasma-
collision cell mass spectrophotometers. In addition, samples
for total-recoverable concentrations were processed prior to
analysis to dissolve particulate matter by the addition of acid,
heating, cooling, and then filtering. This processing may not
have sufficiently dissolved constituents from particulates or
retained them in solution throughout the analysis (Gary Cot-
trell, U.S. Geological Survey, oral commun., 2008). Because
total-recoverable sodium concentrations were not critical to
interpretations presented herein, the bias is not critical to the
results of this study. For selenium, the analysis of filtered
selenium in standard reference materials was acceptable (as
described in the previous paragraph), and filtered selenium
analyses were used for all calculations and interpretations
presented herein. Bias in the total-recoverable selenium con-
centrations is attributed to laboratory methods, and because
the analytical issues could not be completely resolved, the
unfiltered selenium analyses were excluded from this dataset.
In summary, results of analyses of T-147 spike samples
indicate low bias and no interference from bromide concentra-
tions up to 5 mg/L and sulfate concentrations up to 1,000 mg/L
for iron, sodium, selenium, and uranium. Sulfate concentra-
tions greater than 1,000 mg/L may cause low bias in silica and
zinc analyses. Two samples showed a higher than acceptable
bias for aluminum, which is consistent with aluminum issues
of unknown origin that were also identified in blank and
replicate samples, but that do not affect the interpretations in
this report. Analyses of T-147 samples indicated a low bias
for calcium and magnesium analyses. However environmental
samples all had higher concentrations than T-147 and charge
balance for all environmental samples fell within acceptable
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limits. Therefore, the bias is insignificant at concentrations
measured in environmental samples. There was also an unex-
plained low bias in manganese concentrations that does not
affect the interpretations of this study. Finally, negative bias
in the concentrations of unfiltered relative to filtered selenium
was likely caused by differences in the analytical techniques
and instrumentation used for the analyses. Filtered selenium
analyses were used for all calculations and interpretations pre-
sented herein because they did not show appreciable bias. Bias
in the total-recoverable selenium concentrations is attributed
to laboratory methods, and because the analytical issues could
not be complete resolved, the unfiltered selenium analyses
were excluded from this dataset.
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Appendix 3. Concentration and Loading Profiles for Constituents of Interest other
than Selenium

This appendix presents graphs (fig. 3—1 through 3-6) of
concentration and instream load compared to distance down-
stream from Quincy Reservoir for sodium, sulfate, and uranium,
which had strong correlation with selenium (see “Correlation
among Chemical Constituents” in main body of the report).
Although selenium and nitrate also were correlated, a plot of
nitrate concentration and load is not included because of insuf-
ficient spatial resolution relative to the other constituents.
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Figure 3-1. Graph showing dissolved sodium concentrations for stream and inflow samples compared to
distance downstream from Quincy Reservoir, Toll Gate Creek, July—August 2007.
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Figure 3-4. Graph showing dissolved sodium stream load compared to distance downstream from Quincy
Reservoir, Toll Gate Creek, July—August 2007.
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Figure 3-5. Graph showing dissolved sulfate stream load compared to distance downstream from Quincy
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Appendix 4. Calculations of Evaporative Concentration and Loss

This appendix presents evaporative concentration calcula-
tions from oxygen-isotope ratios for groundwater, inflow, and
stream samples (table 4—1). Calculation methods are described
in the “Hydrogen- and Oxygen-Isotope Ratios as Indicators of
Evaporation” section in main body of the report.

Table 4-1. Evaporative concentration calculations from oxygen-isotope ratios for groundwater, inflow, and
stream samples, Toll Gate Creek, July—August 2007.

Oxygen
isotope Equilibrium Kinetic Sum of equilibrium Residual .
. . . I Evaporative
Site name enrichment  enrichment enrichment _and kinetic wat_er loss,
compared to factor, factor, enrichment factors, fraction, .
precipitation,  in per mil in per mil in per mil in percent In percent
in per mil
Groundwater samples
ET-1 2.84 -10.60 -2.13 -12.73 80.0 20.0
ET-2 (A) 2.87 -10.60 -2.13 -12.73 79.8 20.2
MC-2b 3.18 —10.60 -2.13 -12.73 77.9 22.1
SC-4 2.46 —-10.60 -2.13 -12.73 82.4 17.6
SC-6 3.27 —-10.60 -2.13 —-12.73 77.3 22.7
SCTC-5 (A) 2.99 —-10.60 -2.13 -12.73 79.1 20.9
TC-1 2.79 -10.60 -2.13 -12.73 80.3 19.7
TC-2 2.81 -10.60 -2.13 -12.73 80.2 19.8
URLUS-18 3.26 -10.60 -2.13 -12.73 77.4 22.6
URLUS-28 3.18 —-10.60 -2.13 -12.73 77.9 22.1
URLUS-30 5.64 —-10.60 -2.13 -12.73 64.2 358
WT-1 2.9 —-10.60 -2.13 —-12.73 79.6 20.4
WT-11 3.06 —-10.60 -2.13 -12.73 78.6 21.4
WT-12 (A) 2.66 -10.60 -2.13 —-12.73 81.1 18.9
WT-14 3.45 —-10.60 -2.13 -12.73 76.3 23.7
WT-19 3.61 —-10.60 -2.13 —-12.73 75.3 24.7
WT-2 2.84 -10.60 -2.13 -12.73 80.0 20.0
WT-4 (A) 2.79 -10.60 -2.13 -12.73 80.3 19.7
WT-8 2.96 -10.60 -2.13 -12.73 79.3 20.7
Minimum 64.2 17.6
Maximum 82.4 35.8
Range 18.2 18.2
Inflow samples

TG-1001 7.60 -10.60 -2.13 -12.73 55.0 45.0
TG-1129 6.88 —10.60 -2.13 -12.73 58.2 41.8
TG-1859 3.10 —-10.60 -2.13 -12.73 78.4 21.6
TG-2165 3.00 —-10.60 -2.13 —-12.73 79.0 21.0
TG-3479 3.71 —-10.60 -2.13 -12.73 74.7 253
TG-6373 4.34 -10.60 -2.13 -12.73 71.1 289

TG-11570 8.37 —-10.60 -2.13 -12.73 51.8 48.2
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Table 4-1. Evaporative concentration calculations from oxygen-isotope ratios for groundwater, inflow, and
stream samples, Toll Gate Creek, July—August 2007.—Continued

Oxygen
isotope Equilibrium Kinetic Sum of equilibrium Residual .
. . . I Evaporative
Site name enrichment  enrichment enrichment _and kinetic wat_er loss,
compared to factor, factor, enrichment factors, fraction, .
precipitation,  in per mil in per mil in per mil in percent n percent
in per mil
TG-WP460 5.69 -10.60 -2.13 -12.73 64.0 36.0
TG-4268 4.90 -10.60 -2.13 -12.73 68.1 31.9
TG-6993 4.45 -10.60 -2.13 -12.73 70.5 29.5
TG-9989 2.84 -10.60 -2.13 -12.73 80.0 20.0
TG-10242 3.06 -10.60 -2.13 -12.73 78.6 21.4
TG-10557 2.57 —-10.60 -2.13 -12.73 81.7 18.3
TG-11246 2.47 —-10.60 -2.13 -12.73 82.4 17.6
TG-11292 4.99 -10.60 -2.13 -12.73 67.6 324
Minimum 51.8 17.6
Maximum 82.4 48.2
Range 30.5 30.5
Stream samples

TG-WP451 5.84 -10.60 -2.13 -12.73 63.2 36.8
TG-WP459 5.22 —-10.60 -2.13 -12.73 66.4 33.6
TG-WP462 5.23 -10.60 -2.13 -12.73 66.3 33.7
TG-WP467 5.59 -10.60 -2.13 -12.73 64.5 355
TG-WP472 6.55 -10.60 -2.13 -12.73 59.8 40.2
TG-WP453B 5.72 —-10.60 -2.13 -12.73 63.8 36.2
TG-0 5.74 -10.60 -2.13 -12.73 63.7 36.3
TG-976 5.62 -10.60 -2.13 -12.73 64.3 35.7
TG-1536 (A) 6.03 -10.60 -2.13 -12.73 62.3 37.7
TG-1536 (B) 5.98 —-10.60 -2.13 -12.73 62.5 37.5
TG-1748 6.11 -10.60 -2.13 -12.73 61.9 38.1
TG-1748 5.83 —-10.60 -2.13 —-12.73 63.3 36.7
TG-2148 (A) 5.9 -10.60 -2.13 -12.73 62.9 37.1
TG-2148 (B) 5.93 -10.60 -2.13 -12.73 62.8 37.2
TG-2893 5.84 -10.60 -2.13 -12.73 63.2 36.8
TG-3627 5.93 —10.60 -2.13 -12.73 62.8 37.2
TG-3897 597 —-10.60 -2.13 -12.73 62.6 37.4
TG-4216 (A) 6.23 —-10.60 -2.13 -12.73 61.3 38.7
TG-4216 (B) 6.25 —-10.60 -2.13 —-12.73 61.2 38.8
TG-4361 6.11 -10.60 -2.13 -12.73 61.9 38.1
TG-4361 6.4 -10.60 -2.13 -12.73 60.5 39.5
TG-5075 6.17 -10.60 -2.13 -12.73 61.6 384
TG-6982 6.11 —10.60 -2.13 -12.73 61.9 38.1
TG-7098 6.05 -10.60 -2.13 -12.73 62.2 37.8
TG-7818 (A) 6.07 -10.60 -2.13 -12.73 62.1 37.9
TG-7818 (B) 6.14 -10.60 -2.13 -12.73 61.7 38.3
TG-8011 6.11 -10.60 -2.13 -12.73 61.9 38.1
TG-8011 6.1 —-10.60 -2.13 -12.73 61.9 38.1
TG-9129 6.04 -10.60 -2.13 -12.73 62.2 37.8
TG-9971 6.29 -10.60 -2.13 -12.73 61.0 39.0
TG-10236 6.13 -10.60 -2.13 -12.73 61.8 38.2

TG-10497 6.26 —-10.60 -2.13 -12.73 61.2 38.8
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Table 4-1. Evaporative concentration calculations from oxygen-isotope ratios for groundwater, inflow, and
stream samples, Toll Gate Creek, July—August 2007.—Continued

Oxygen
isotope Equilibrium Kinetic Sum of equilibrium Residual .
. . . P Evaporative
. enrichment  enrichment enrichment and kinetic water
Site name . . loss,
compared to factor, factor, enrichment factors, fraction, .
S . . . . . . . in percent
precipitation,  in per mil in per mil in per mil in percent
in per mil
TG-11312 6.47 —-10.60 -2.13 -12.73 60.2 39.8
TG-12164 6.39 —-10.60 -2.13 -12.73 60.5 39.5
Minimum 59.8 33.6
Maximum 66.4 40.2
Range 6.6 6.6

'Replicate sample. Final streamflow estimate is set equal to the average of the two tracer-dilution streamflow estimates.
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