ZUSGS

science for a changing world

[Prepared i cooperkiion with e ULS, EnvicmmertE] Prissiion Agensy

arting Wetal Concentrations with Regression Analysis
MWHH@W@GMHm@@mh A\ nnE]ES
el Sem Juan Rivers, Colerde, New VMede, and U

Scientific Investigations Report 2018—-5116

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



Cover: Background photo of Animas River at Durango, Colorado, photograph by Kevin Murphy, U.S. Geological Survey.
Left photo of San Juan River at Bluff, Utah, photograph by Christopher Wilkowske, U.S. Geological Survey.
Upper right photo of Animas River below Silverton, Colorado, photograph by Kevin Murphy, U.S. Geological Survey.
Lower right photo of Cement Creek at Silverton, Colorado, photograph by Kevin Murphy, U.S. Geological Survey.



Estimating Metal Concentrations with
Regression Analysis and Water-Quality
Surrogates at Nine Sites on the Animas and
San Juan Rivers, Colorado, New Mexico,
and Utah

By M. Alisa Mast

Prepared in cooperation with the
U.S. Environmental Protection Agency

Scientific Investigations Report 2018-5116

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



U.S. Department of the Interior
RYAN K. ZINKE, Secretary

U.S. Geological Survey
James F. Rellly Il, Director

U.S. Geological Survey, Reston, Virginia: 2018

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 https://www.usgs.gov or call 1-888—-ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit https://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:

Mast, M.A., 2018, Estimating metal concentrations with regression analysis and water-quality surrogates at nine
sites on the Animas and San Juan Rivers, Colorado, New Mexico, and Utah: U.S. Geological Survey Scientific Investi-
gations Report 2018-5116, 68 p., https://doi.org/10.3133/sir20185116.

ISSN 2328-0328 (online)


https://www.usgs.gov
https://store.usgs.gov
https://doi.org/10.3133/sir20185116

Contents
ADSTIACT ..ttt bbbt bbb s R s bt en et s et st st enas 1
LYoo VT3 T 3OO 1
PUIPOSE @NA SCOPE vttt ettt sttt ettt 2
StUAY Area DESCIIPLION.c...cuieeeeceeeceeisetse ettt ss s s s snes 3
Approach and MEthOUS ...ttt ensesnnas 5
Compilation of Discrete and Continuous Water-Quality Data........cccocoeeneneereeneeneneneeneeneieeenens 5
REQGreSSION ANAIYSIS . ..eoreeeeeeceeereeee ettt es ettt esnesnens 5
Estimating Metal Concentrations with Regression Analysis and Water-Quality Surrogates........... 8
Cement Creek at Silverton, Colorado (Station 09358550) ........c.ccceeeeueeeeererrrereeceeeessesseses s 9
Animas River below Silverton, Colorado (Station 09359020) ...........ccoceuerrereecereereereeeeseereeeseeeeas
Animas River at Durango, Colorado (Station 09361500) ...........cccccuveereeeeeeereeemereeesreesssessesesssssenens
Animas River near Cedar Hill, New Mexico (Station 09363500)
Animas River below Aztec, New Mexico (Station 09364010) .........coooememeeeereeeeeeeeeeeeeeeeeeee e
San Juan River at Farmington, New Mexico (Station 09365000) ..........cccocevvvevreereerrreeerennereennns 34
San Juan River at Shiprock, New Mexico (Station 09368000) .............coceerererererrnrrreereeeersesennes 39
San Juan River at Four Corners, Colorado (Station 09371010)........cccoueeererrrrrernseneereesersesenseneens 44
San Juan River near Bluff, Utah (Station 09379500)..........cccceoueirrerieriernerrsrserissesesses e 49
Evaluation of Surrogate Models Developed for the Animas and San Juan Rivers .......cccccoenvunnen. 49
SUMMAIY oottt s

Acknowledgments
RETEIENCES CILBU......uiueeececteccce ettt bbb bbbt

Appendix 1. Locations of U.S. Geological Survey Streamflow-Gaging Stations and Associated
Water-Quality Sampling Sites used in the Regression Analysis........ccccoeeueeeereeeceecreeennee. 59




Figures

1.

10.

1.

12.

13.

14.

Map showing locations of nine U.S. Geological Survey streamflow-gaging
stations with continuous water-quality sensors on the Animas and San Juan
Rivers in Colorado, New Mexico, and Utah ...

Graphs showing daily mean streamflow, specific conductance, pH, and
turbidity for the Cement Creek site, two sites on the Animas River, and
two sites on the San Juan RIVEr fOr 2017........cceeesceceseesesee s sssnsenaees

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for samples collected at or near Cement Creek at Silverton,

Colorado (U.S. Geological Survey station 09358550), 201617 .........ccccoeeeeeerreerrerrereeereerennnns

Graphs showing time series plots of estimated daily mean and measured
metal concentrations for Cement Creek at Silverton, Colorado
(U.S. Geological Survey station 09358550), for 2016—17 ......ccevueeeecreeeeeeeeeeeerte e

Graphs showing relation between A, predicted and measured dissolved metal
concentrations and B, predicted and measured total metal concentrations for
samples collected at or near Animas River below Silverton, Colorado

(U.S. Geological Survey station 09359020), 2012—17 .......veveerrerreeecrreereeeeeese s sessssseens

Graphs showing time series plots of estimated daily mean and measured
metal concentrations for Animas River below Silverton, Colorado
(U.S. Geological Survey station 09359020), for 2016—17 .........ceveeeerrrrerreeeeeeeeeeee e

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for samples collected at or near Animas River at Durango,

Colorado (U.S. Geological Survey station 09361500), 201517 .......ccovueeeeeererreererecreereerenaees

Graphs showing time series plots of estimated daily mean and measured
metal concentrations for Animas River near Durango, Colorado
(U.S. Geological Survey station 09361500), for 2016—17 ......ccovvveeerreerreeeeereeree s

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for Animas River near Cedar Hill, New Mexico

(U.S. Geological Survey station 09363500), 2016—17 .........coeeueereerrerrerrereeeeeeeeee e sssiaes

Graphs showing time series plots of estimated daily mean and measured metal
concentrations for Animas River near Cedar Hill, New Mexico
(U.S. Geological Survey station 09363500), for 2016—17 .......covueeeeereereeeeeereeeeee e

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for Animas River below Aztec, New Mexico (U.S. Geological

Survey station 09364010), 200517 .......oeeveeveeeeerrerreeeeeeseeessesesesssessssssssssssssssssssssssssssssssssssesanes

Graphs showing time series plots of estimated daily and measured metal
concentrations for Animas River below Aztec, New Mexico (U.S. Geological
Survey station 09364010), fOr 20T6—17 ........cvueveeereerieeeeeeteeteetee ettt sestenss

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for San Juan River at Farmington, New Mexico

(U.S. Geological Survey Station 09365000), 2015—17 ..ot

Graphs showing time series plots of estimated daily mean and measured
metal concentrations for San Juan River at Farmington, New Mexico
(U.S. Geological Survey station 09365000), for 2016—17 ......ccovvveeeerreerreeeerrereeeeeeee s



20.

21.

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for San Juan River at Shiprock, New Mexico (U.S. Geological

Survey station 09368000), 20T15—17 ........ccveeeeeerrrrrrerieiesiesessssee st ess st st ssessensensans

Graphs showing time series plots of estimated daily mean and measured
metal concentrations for San Juan River at Shiprock, New Mexico
(U.S. Geological Survey station 09368000), for 2016—17 .......c.oveveeeeereerereeeerreeree e

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for San Juan River at Four Corners, Colorado (U.S. Geological
Survey station 09371010), 201517 ..ottt b bbb

Graphs showing time series plots of estimated daily mean and measured
metal concentrations for San Juan River at Four Corners, Colorado
(U.S. Geological Survey station 09371010), for 2016—17 ......ccevueeecreeeeeeeeeeeee e

Graphs showing relation between A, predicted and measured dissolved

metal concentrations and B, predicted and measured total metal

concentrations for San Juan River near Bluff, Utah (U.S. Geological Survey

station 09379500), 201517 ......ceeeereeeeeereeeeeeeeeeetes et ss st ss s s st ssssesassssses s sss s sssanens

Graphs showing time series plots of estimated daily mean and measured
metal concentrations for San Juan River near Bluff, Utah (U.S. Geological
Survey station 09379500), fOr 20T6—17 ........cveevreerrerrereeesree ettt sessesbeneas

Graphs showing duration curves for A, streamflow; B, specific conductance;

and C, turbidity, and corresponding values associated with discrete water-

quality samples collected at the Animas River below Silverton, Colorado, site.

The same graphs for the Animas River near Cedar Hill, New Mexico, site are

SNOWN TN D, B, QNG F oottt ettt sttt bttt es et nenan

Map showing Cement Creek at Silverton, Colorado (station 09358550) and

associated water-quality SAMPlING SItES ..ovvvverveereerrrrere e eesees
Map showing Animas River below Silverton, Colorado (station 09359020) and
associated water-quality SAMPlING SILES ...ccvvvcvrieeeeeeeree s
Map showing Animas River at Durango, Colorado (station 09361500) and

associated water-quality SAMPlING SITES ...vuiureerieererere et eenes
Map showing Animas River near Cedar Hill, New Mexico (station 09363500) and
associated water-quality SAMPlING SItES ...ovrerrerreercirereererr e eenees
Map showing Animas River below Aztec, New Mexico (station 09364010) and
associated water-quality SAMPlING SIES ....vuevrecrrectrceeree s
Map showing San Juan River at Farmington, New Mexico (station 09365000) and
associated water-quality SAMPlING SITES ...vurereereeerrereere e seeeenes
Map showing San Juan River at Shiprock, New Mexico (station 09368000) and
associated water-quality SAMPlING SItES ...ovverrrreerirrrreere e sneeesees
Map showing San Juan River at Four Corners, Colorado (station 09371010) and
associated water-quality SAMPlING SIES ....vuevviecviecteeeeee s

Map showing San Juan River near Bluff, Utah (station 09379500) and associated
water-quality SAMPIING SIES ....cuiuereeereereeeeee ettt ssssnsenne



Vi

Tables

1.

10.

1.

Agency location identifiers and location names from the Water Quality Portal
(https://www.waterqualitydata.us/) for the nine U.S. Geological Survey (USGS)
streamflow-gaging stations and other water-quality sampling sites included in

TRIS STUAY ettt ettt aen
Summary of explanatory variables (including log transformed variables)

included in statistically significant regression models for dissolved and total

metals at the NINE STUAY SIES ....viviiceeece et s

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for Cement Creek at Silverton,
Colorado (U.S. Geological Survey station 09358550), 201617 .........cccoeueeeuerreereerrereerrerrennnns

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for Animas River below Silverton,
Colorado (U.S. Geological Survey station 09359020), 201217 .......ccoveereeeererrreereereereereeaes

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for Animas River at Durango,
Colorado (U.S. Geological Survey station 09361500), 201517 .......covverveeverrrrrreereerrrererenens

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for Animas River near Cedar Hill,
New Mexico (U.S. Geological Survey station 09363500), 201617 .........ccooevrerreereerrerrnnrnn.

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for Animas River below Aztec,
New Mexico (U.S. Geological Survey station 09364010), 2005—17 .......c.cecvrrrrrrerrerrnrrnrennens

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for San Juan River at Farmington,
New Mexico (U.S. Geological Survey station 09365000), 2015—17 .......oevererrrerererrnrrrrennns

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for San Juan River at Shiprock,
New Mexico (U.S. Geological Survey station 09368000), 201517 ......cc.oeverrerrverecrrererrnnn.

Summary statistics, regression model equations, and evaluation statistics for
dissolved and total metal concentrations for San Juan River at Four Corners,
Colorado (U.S. Geological Survey station 09371010), 201517 .....cooeuerereeeereeeeeeeeeeeeerenaes
Summary statistics, regression model equations, and evaluation statistics for

dissolved and total metal concentrations for San Juan River near Bluff, Utah
(U.S. Geological Survey station 09379500), 2015—17 ....ouveeerrrerreeeereeeeeeeeeese e sessssaeens


https://www.waterqualitydata.us/

Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVDSS).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD83).

Altitude, as used in this report, refers to distance above the vertical datum.

Supplemental Information

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 in either milligrams per liter (mg/L)
or micrograms per liter (pg/L).

Abbreviations

EPA U.S. Environmental Protection Agency
GKM Gold King Mine

MAS model archive summary

mi mile

NRTWQ National Real-Time Water Quality

R? coefficient of determination

SC specific conductance

USGS U.S. Geological Survey

war Water Quality Portal

Ho/L microgram per liter

vii






Estimating Metal Concentrations with Regression
Analysis and Water-Quality Surrogates at Nine Sites on
the Animas and San Juan Rivers, Colorado, New Mexico,

and Utah

By M. Alisa Mast

Abstract

The purpose of this report is to evaluate the use of site-
specific regression models to estimate metal concentrations at
nine U.S. Geological Survey streamflow-gaging stations on
the Animas and San Juan Rivers in Colorado, New Mexico,
and Utah. Downstream users could use these regression
models to determine if metal concentrations are elevated
and pose a risk to water supplies, agriculture, and recreation.
Multiple linear-regression models were developed by relating
metal concentrations in discrete water-quality samples to
continuously monitored streamflow and surrogate parameters
(specific conductance, pH, turbidity, and water temperature)
collected at the U.S. Geological Survey stations. Models were
developed for dissolved and total concentrations of aluminum,
arsenic, cadmium, copper, iron, lead, manganese, and zinc
using water-quality samples collected from 2005 to 2017
by several Federal, State, Tribal, and local agencies using
different collection methods and analytical laboratories. Model
performance varied but, in general, models for dissolved
metals did not perform as well as those for total metals.
Dissolved metals generally were correlated to specific con-
ductance or streamflow and total metals generally were better
correlated with turbidity.

Explanatory variables in the models reflected hydrologic
and geochemical processes within the basin. A larger number
of regression models were statistically significant for the most
upstream sites, where metal concentrations were elevated by
drainage from abandoned mines and mineralized bedrock.
Models generally did not perform as well at downstream
sites, especially for dissolved metals, which occurred at lower
concentrations than at the upstream sites. In the lower reaches
of the rivers, the input of more alkaline water from tributaries
and groundwater reduced metal solubility and diluted metal
concentrations. The number and distribution of samples in
the calibration datasets also may have been a factor in model
development. At some sites on the San Juan River, calibration
datasets were more limited and did not represent the full range

of observed hydrologic and water-quality conditions, espe-
cially during storm events in summer and fall. Recommenda-
tions for model use are given based on estimates of model
precision, biases, and adequacy of the calibration datasets in
terms of the number of samples and representativeness of the
observed range of streamflow and water-quality conditions.

Introduction

On August 5, 2015, about 3 million gallons of low
pH and metal-rich water and sediment were released from
the Gold King Mine (GKM) near Silverton, Colorado, into
Cement Creek, a tributary of the Animas River (fig. 1). The
plume of contaminated water and sediment quickly reached
the Animas River, where it turned the river a yellow color that
intensified as it traveled more than 100 miles (mi) down-
stream along the entire length of the Animas River (Sullivan
and others, 2017). Concentrations of some metals in the
Animas River particularly aluminum, arsenic, copper, and iron
increased by more than two orders of magnitude as the plume
passed the city of Durango, Colo. Within 3 days of the GKM
release, the plume entered the San Juan River at Farmington,
New Mexico, and continued westward until eventually
discharging into Lake Powell in Utah. Within 2 weeks, the
water quality of the Animas and San Juan Rivers returned to
pre-event conditions (Sullivan and others, 2017).

Following the GKM release, there was heightened
concern by downstream communities and Tribes in Colo-
rado, New Mexico, and Utah about the risks elevated metals
posed to public and private drinking-water supplies, water for
irrigation and ranching, and recreational fishing and boating
activities. Representatives from the concerned entities identi-
fied monitoring of basic water-quality parameters and metals
in the Animas and San Juan Rivers as a priority for charac-
terizing and understanding the water quality of the rivers. In
response to this need, the U.S. Geological Survey (USGS), in
cooperation with the U.S. Environmental Protection Agency
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Figure 1. Locations of nine U.S. Geological Survey streamflow-gaging stations with continuous water-quality sensors on the Animas

and San Juan Rivers in Colorado, New Mexico, and Utah.

(EPA), agreed on a scope of work to install and operate
continuous water-quality sensors and use the data obtained
from the sensors to develop regression models that correlate
one or more parameters collected by the sensors (referred to
as “surrogates”) with dissolved (filtered) and total (unfiltered)
concentrations of key metals of concern. Regression models
would allow communities and tribes to evaluate the potential
for elevated metal concentrations in the Animas and San Juan
Rivers on a continuous and nearly real-time basis. Although
numerous studies have used water-quality surrogates to predict
suspended sediment concentrations, nutrients, and bacterial
counts (Rasmussen and others, 2009; Schilling and others,
2017; Senior, 2017), relatively few studies have investigated
their use for predicting metal concentrations in rivers
(Nasrabadi and others, 2016; Aulenbach and others, 2017).

Purpose and Scope

The purpose of this report is to evaluate the use of
site-specific regression models based on statistical relations
between continuous and discrete water-quality and streamflow
data collected at nine USGS stations along the Animas and

San Juan Rivers to estimate concentrations of selected metals.
The results of this study could be used to document regres-
sion equations deemed statistically valid to be reported on the
USGS National Real-Time Water Quality (NRTWQ) website
(http://nrtwq.usgs.gov/). Recommendations for model use
are given based on estimates of model precision, biases, and
adequacy of the calibration datasets in terms of the number
of samples and representativeness of the observed range of
streamflow and water-quality conditions. This study also
identifies gaps in currently (2018) available datasets that need
to be addressed to improve regression models at sites where
adequate models could not be developed.

This study used data from nine USGS streamflow-
gaging stations (herein referred to as “USGS stations”):
(1) Cement Creek at Silverton, Colo. (USGS station
09358550); (2) Animas River below Silverton, Colo.
(USGS station 09359020); (3) Animas River at Durango, Colo.
(USGS station 09361500); (4) Animas River near Cedar Hill,
N.Mex. (USGS station 09363500); (5) Animas River below
Aztec, N. Mex. (USGS station 09364010); (6) San Juan River
at Farmington, N. Mex. (USGS station 09365000), (7) San
Juan River at Shiprock, N. Mex. (USGS station 09368000);
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(8) San Juan River at Four Corners, Colo. (USGS station
09371010); and (9) San Juan River near Bluff, Utah (USGS
station 09379500) (fig. 1). Although streamflow has been
measured at all nine stations for many decades, continuous
water-quality monitors that measure water temperature, spe-
cific conductance (SC), pH, and turbidity were not installed
until April 2016, approximately 9 months after the GKM
release. Metal concentration data for discrete water-quality
samples collected at sites in the vicinity of each USGS
station were compiled. Samples were collected by various
agencies using different collection methods and analyzed by
different laboratories. Regression models were evaluated for
dissolved and total fractions of aluminum, arsenic, cad-
mium, copper, iron, lead, manganese, and zinc at each of the
nine sites. Data used for the analyses described in this report
were collected from 2005 through 2017.

Study Area Description

The area for this study includes sections of Cement
Creek, the Animas River, and the San Juan River flow-
ing through Colorado, New Mexico, and Utah (fig. 1).
The GKM is located in the subalpine zone of the San Juan
Mountains at an altitude of 11,400 feet and drains into
Cement Creek, which is a tributary of the Animas River.
Below the confluence with Cement Creek, the Animas River
flows south for more than 100 mi through increasingly arid
landscapes before joining the San Juan River near Farm-
ington, N. Mex., at an altitude of 5,230 feet. The San Juan
River then flows west-northwest through desert landscapes
of the Colorado Plateau and eventually discharges into Lake
Powell, approximately 50 mi downstream from Bluff, Utah.
Annual streamflow in the Animas and San Juan Rivers is
dominated by spring snowmelt and streamflows typically
peak in May or June (fig. 2). Flows in the Animas River are
largely unregulated whereas flows in the San Juan River are
partially regulated by the Navajo Reservoir, 44 mi upstream
from Farmington, N. Mex. Forest is the dominant land
cover upstream from Durango, Colo., and desert scrubland,
rangeland, and agricultural land dominate in the lower part
of the study area (Miller and others, 2013).

Introduction 3

The Animas River is used for water supply for the city of
Durango, Colo., and numerous irrigation ditches serve the sur-
rounding farmland along the river. Water also is pumped from
the Animas River for storage in Lake Nighthorse. Major water
uses of the San Juan River include municipal and private drink-
ing water supplies, irrigation, and ranching. Some of the most
intense agriculture is on tribal lands along the San Juan River
near the community of Farmington, N. Mex., which includes
nearly 70,000 acres of irrigated farmland (Nania and others,
2014).

The headwaters of Cement Creek and the Animas River
upstream from Silverton, Colo., are underlain by highly miner-
alized bedrock and the area has a long history of metal mining
(Church and others, 2007). Because of drainage from both
abandoned mine lands and mineralized bedrock, surface water
is characterized by elevated metal concentrations and low pH.
Metal concentrations at the Cement Creek site (site 1), which
receives drainage from the GKM, are the highest and pH values
are the lowest (median pH=4.3) (Wright and others, 2007) of
the nine sites included in this report. The Animas River below
Silverton site (site 2) has a more circumneutral pH (median
pH=6.8) (fig. 2) than Cement Creek because of the greater
proportion of non-mineralized bedrock in its watershed and as
a result, concentrations of most metals are 2 to 10 times more
dilute than in Cement Creek (Wright and others, 2007).

Downstream from Silverton, bedrock is composed primar-
ily of igneous and metamorphic rock types that are more resis-
tant to weathering and contribute circumneutral surface water
to the river with only a small amount of sediment and dissolved
solids causing pH to increase in the Animas River at Durango
(site 3) with relatively little change in SC and turbidity (fig. 2)
(Church and others, 1997). Metal concentrations in the Animas
River continue to decline downstream from Silverton with most
metal concentrations being 2 to 10 times lower at Durango.
Downstream from Durango, the bedrock changes to more easily
weathered sedimentary rock types that contribute dissolved sol-
ids and suspended sediment to the river, which cause increases
in pH, SC, and turbidity as the river flows downstream to Bluff,
Utah (site 9) (fig. 2). Most metal concentrations continue to
decline downstream from Durango; however, total aluminum,
arsenic, and iron concentrations gradually increase as more
sediment is contributed to the river.
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Approach and Methods

The general approach used in this study was to compile
discrete water-quality samples with laboratory analyzed metal
concentrations and concurrent measurements of surrogate
parameters (streamflow, SC, pH, turbidity, and water tem-
perature) and then to develop statistical models to relate the
metal concentrations to the surrogate parameters. All of the
nine sites had some water-quality concentration data for the
metals of interest, which are dissolved and total fractions of
aluminum, arsenic, cadmium, copper, iron, lead, manganese,
and zinc. Surrogate data were collected manually at the time
of sampling, obtained from the continuous water-quality sen-
sors that began operation in April 2016, or were determined in
the laboratory (SC and pH only). Linear-regression techniques
were used to develop models that were statistically valid and
physically meaningful for each site.

Compilation of Discrete and Continuous Water-
Quality Data

Available data on water-quality samples that were col-
lected through the end of 2017 in the vicinity of each USGS
station were retrieved from the Water Quality Portal (WQP)
(https://www.waterqualitydata.us/), which is a cooperative
service that provides public access to water-quality data col-
lected by local, State, Tribal, and Federal agencies. All USGS
water-quality data retrieved through the WQP originate from
the USGS National Water Information System (http://dx.doi.
org/10.5066/F7P55KJN). Additional water-quality data for
samples collected after the GKM spill were obtained from the
EPA (Kate Sullivan, EPA, written commun., 2017). The data
obtained from both sources (WQP and EPA) are available as
a USGS data release of the model archive summaries (MASs;
Mast, 2018). Data obtained from the WQP were from sam-
ples collected by various agencies using different collection
methods and different analytical laboratories. A list of location
identifiers and associated collection agencies for water-quality
samples used in the regression analysis are presented in
table 1, and maps showing sampling locations for each site are
in the appendix. Data were only included in the analysis if the
sample fraction (dissolved versus total), the parameter name,
units of measurement, and remark codes were unambiguous.

For this study, the water-quality datasets were reviewed
at a relatively basic level because of limited quality-assurance
samples and the lack of other metadata, such as sampling
and laboratory methods. A comparison of dissolved and total
concentrations was made for samples that had both analyti-
cal results to ensure that the results made physical sense (for
example, dissolved concentration not exceeding total concen-
tration) and that the concentrations appeared to be reported
using the correct units. All metal concentrations of 0 micro-
grams per liter (ug/L) were removed from the dataset because
it was not clear if the 0 pg/L was due to missing data or was a
nondetect with an unknown censoring level. Seasonal patterns
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in concentrations also were reviewed to help identify question-
able or inconsistent data. Comparability of data from different
sources was mainly evaluated by comparing plots of metal
concentrations versus SC or streamflow among the differ-

ent sampling locations in the vicinity of each USGS station.
Because the quality-assurance review was limited, the datasets
may contain errors that affect the precision and accuracy of the
statistical results.

USGS-approved daily and unit-value (15-minute) stream-
flow, water temperature, pH, SC, and turbidity were obtained
for the nine USGS stations from the USGS National Water
Information System at http://dx.doi.org/10.5066/F7P55KJN.
The operation of the water-quality sensors and streamflow
gages and subsequent processing of the measured data fol-
lowed USGS guidelines and standard operating procedures as
documented in Wagner and others (2006) and Rantz and others
(1982). Periods of missing data in the continuous record were
not estimated or interpolated for this study. Because many of
the discrete samples did not have the surrogate parameters
(streamflow, water temperature, pH, SC, and turbidity) needed
for the modeling, each water-quality sample was merged with
the daily and unit-value streamflow and water-quality data
from the USGS gages. Although streamflow has been mea-
sured at all nine stations for many decades, continuous water-
quality monitors that measure water temperature, SC, pH and
turbidity were not installed until April 2016, approximately
9 months after the GKM release. Therefore, samples collected
prior to this time without surrogate parameters could not be
used in the modeling, which greatly reduced the size of the
calibration dataset at most sites.

A substantial fraction (up to 90 percent) of some dis-
solved metals were reported as censored values, which occurs
when concentrations fall below the reporting limits of the
analytical methods. Censored values were initially retained in
the dataset along with the associated remark code. Samples
collected during the 3-month period following the GKM spill
were removed from the dataset because post-spill metal con-
centrations were elevated well above the normal concentration
range and would strongly influence the regression model if
included. Data retrievals from WQP and the National Water
Information System and the merging of this data with the con-
tinuous data were accomplished using functions in the USGS
smwrBase package in R (Lorenz, 2015).

Regression Analysis

Regression models were developed to relate dissolved
and total aluminum, arsenic, cadmium, copper, iron, lead,
manganese, and zinc to surrogate measurements from continu-
ous monitors following guidelines from Helsel and Hirsch
(2002) and Rasmussen and others (2009). The response vari-
able was either concentration or log-transformed concentra-
tion. The explanatory variables included streamflow, log-trans-
formed streamflow, SC, log-transformed SC, pH, and water
temperature. Turbidity and log-transformed turbidity, which
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Table 1. Agency location identifiers and location names from the Water Quality Portal (https://www.waterqualitydata.us/) for the nine
U.S. Geological Survey (USGS) streamflow-gaging stations and other water-quality sampling sites included in this study.

[CO, Colorado; CDPHE, Colorado Department of Public Health and Environment; Ck, creek; blw, below; bft, before; R, river; EPAS8, U.S. Environmental Pro-
tection Agency, Region 8; St, street; @, at; abv, above; conf, confluence; CR, county road; NM, New Mexico; NNEPA, Navajo Nation Environmental Protection

Agency; xing, crossing]

Site identifica-

tion number S .
for USGS site Agency Location identifier Location name
(figure 1)
1 USGS USGS-09358550 Cement Creek at Silverton, CO
CDPHE 21COL001 WQX-CEM49 Cement Ck blw Silverton just bfr
Animas R
EPAS8 USEPA_ REGIONS-CC48 CC48
2 USGS USGS-09359020 Animas River below Silverton, CO
CDPHE 21COL001-WQX-000082 Animas River near Silverton
EPAS8 USEPA_REGIONS-A72 Animas Gauge below Silverton
3] USGS USGS-09361500 Animas River at Durango, CO
CDPHE 21COL001_WQX-9423A Animas River at Durango—9th St
Bridge
CDPHE 21COL001 WQX-9423 Animas River @ Durango, abv conf
with Junction Ck
EPAS8 USEPA REGION8-GKMO05 GKMO05
EPAS USEPA REGIONS-Rotary Park Rotary Park
EPAS USEPA REGIONS-32nd St Bridge 32nd St Bridge
4 USGS USGS-09363500 Animas River near Cedar Hill, NM
Southern Ute Tribe SOUTHUTE-AR 2-7 Animas River 2-7
EPAS USEPA_REGIONS8-AR2-7a AR2-7TA
EPAS USEPA_REGIONS-AR7-2 AR7-2
5 USGS USGS-09364010 Animas River below Aztec, NM

National Park Service, Water
Resources Division

New Mexico Environmental
Department

New Mexico Environmental
Department

IINPSWRD-AZRU_L1_ANIMASR

2INMEX WQX-66Animas028.1

2INMEX WQX-66Animas017.4

Animas River

Animas River above Estes Arroyo—
66ANIMAS028.1

Animas @ CR 350 Bridge—66ANI-
MASO017.4

City of Farmington, New Mexico City of Farmington-APS #2 APS #2
EPAS8 USEPA REGIONS-ADW-010 ADW-010
EPAS USEPA REGIONS8-FW-012 FW-012
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Table 1. Agency location identifiers and location names from the Water Quality Portal (https://www.waterqualitydata.us/) for the nine
U.S. Geological Survey (USGS) streamflow-gaging stations and other water-quality sampling sites included in this study.—Continued

[CO, Colorado; CDPHE, Colorado Department of Public Health and Environment; Ck, creek; blw, below; bft, before; R, river; EPAS8, U.S. Environmental Pro-
tection Agency, Region 8; St, street; @, at; abv, above; conf, confluence; CR, county road; NM, New Mexico; NNEPA, Navajo Nation Environmental Protection
Agency; xing, crossing]

Site identifica-

fﬁ?ﬁggzgﬁre Agency Location identifier Location name
(figure 1)

6 USGS USGS-09365000 San Juan River at Farmington, NM
NNEPA NNEPA-10SANJUANR37 10SANJUANR37
EPAS USEPA_REGIONS8-LVW-020 LVW-020
EPAS USEPA REGIONS-SJLP SILP

7 USGS USGS-09368000 San Juan River at Shiprock, NM
USGS USGS-364446108321510 San Juan River above Hogback

Diversion Channel

NNEPA NNEPA-10SANJUANR36 10SANJUANR36
EPAS USEPA_REGIONS8-SJSR SJSR

8 USGS USGS-09371010 San Juan River at Four Corners, CO
Utah Division of Water Quality UTAHDWQ_ WQX-4954000 San Juan R at US160 xing in CO
Ute Mountain Ute Tribe UTEMTN-SJ-4C San Juan @ USGS gaging station
NNEPA NNEPA-02SANJUANRO6 02SANJUANRO6
EPAS USEPA_REGIONB8-SJ4C SJ4C

9 USGS USGS-09379500 San Juan River near Bluff, UT
NNEPA NNEPA-29SANJUANROS5 29SANJUANROS
EPAS USEPA_REGIONg-SIMH SIMH

have been shown to be reliable surrogates for total metals
(Nasrabadi and others, 2016), were only included in the mod-
els for total metals. Because samples without turbidity could
still be modeled for dissolved metals, the number of samples
in the calibration datasets was generally different for dissolved
than for total metals. Seasonal terms were also included as
explanatory variables to account for seasonality not captured
by variations in streamflow (Helsel and Hirsh, 2002). Two
pairs of seasonal terms were calculated, sin(2nT*k) and
cos(2nT*K), where T is the decimal portion of the year starting
on January 1 and k equals 1 or 2 to account for annual or
6-month cycles, respectively (Helsel and Hirsh, 2002). These

seasonal terms provide a mathematical way to fit the magni-
tude and phase shift of a sine function in a multiple linear-
regression equation, as opposed to fitting a non-linear model
to fit the phase shift (Stolwijk and others, 1999).

To keep the models fairly simple and avoid overparam-
eterization, models were limited to no more than two mea-
sured explanatory variables and one pair of seasonal terms.
The best regression model among all possible combinations
of the explanatory variables was selected using the R package
AlCcmodavg, which ranks models based on the small-sample
corrected Akaike information criterion (Mazerolle, 2017).
During model development, some outliers were removed from
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the nine datasets based on residual plots and outlier statis-
tics (leverage and Cook’s D) including 1, 0.1,7,6, 1,4, 1, 0,
and 2 percent of concentrations for sites 1-9, respectively.
Details of outlier removal are provided in the MAS for each
site (Mast, 2018). Regression models were not computed for
datasets with fewer than 20 samples to avoid poorly represen-
tative models, especially because sampling was not targeted
for model development (Aulenbach, 2013).

Statistical measures of fit included the coefficient of
determination (R?), adjusted R?, residual standard error, and
model standard percentage error. Models were considered
suitable to use for constituent concentration computations if
the amount of variability explained by the model (adjusted R?)
was greater than 50 percent. Each model was also evaluated
using diagnostic plots including residuals versus predicted,
measured versus predicted, and normal-probability plots of
residuals. For regression equations using log-transformed
metal concentrations, the predicted concentrations were cor-
rected for transformation bias using the Duan Smearing factor
(Duan, 1983) in the R package smwrStats. For metals with
a substantial fraction of censored observations (greater than
20 percent), comparisons were made between models devel-
oped using a censored regression approach that uses the maxi-
mum likelihood method to estimate the regression parameters
(R package cenReg) and linear models developed with the
censored values removed. The censored regression models did
not substantially change the model form or improve the fit, so
it was decided to remove all censored values from the calibra-
tion datasets and use the standard linear-regression approach.
Regressions were run without the censored values for all
metals except those with greater than 70 percent censored
values or fewer than 20 samples, which were not modeled. An
R-script developed by the USGS Kansas Water Science Center
was used to generate a MAS for each metal (https://nrtwq.
usgs.gov/co/methods/). The MAS provides information about
the regression model selected on the basis of best-fit metrics
and review of residual distributions as calculated using the
R-script, as well as the dataset used to develop the regression
model (Mast, 2018).

Concentrations and the 90-percent prediction intervals
were computed using the best regression model for each metal
applied to the continuous water-quality and streamflow records
for the period April 2016 through December 2017. Concentra-
tions were not computed below the lowest measured value (to
prevent prediction of negative values) or more than 1.2 times
the maximum concentration in the calibration dataset to avoid
extrapolating too far above the range of concentrations in the
calibration dataset. The prediction interval is a range in which
there is a 90-percent certainty that the true metal concentration
occurs. The larger the prediction interval, the more uncertainty
there is associated with the computed metal concentration. A
median prediction interval that exceeded the median predicted
concentration by more than 100 percent was set as a secondary
condition for evaluating model reliability, which is sometimes
referred to as the “prediction interval” in the tables and report.
In this report, no attempt was made to account for error in the

surrogate measurements, which if included and propagated
through the computations, could substantially increase the
uncertainty of these estimates.

Estimating Metal Concentrations with
Regression Analysis and Water-Quality
Surrogates

Regression models were developed for nine USGS
stations to relate dissolved and total metals to continuously
monitored surrogates. Model performance varied but, in gen-
eral, models for total metals performed better than the models
for dissolved metals (table 2). Specific conductance was the
most common explanatory variable in dissolved metal models
and turbidity was the most common explanatory variable in
total metal models (table 2). Because SC is a measure of total
dissolved solids in the water, it makes sense that SC is the
best surrogate for dissolved metal concentrations. Similarly,
because turbidity reflects increased particulates in water, it
provides the best surrogate for total metal concentrations.
Streamflow, pH, and water temperature were less important
but occurred at a similar frequency in both the dissolved and
total models. The majority of models contained seasonal terms
indicating streamflow and temperature were not always suf-
ficient for capturing seasonality in metal concentrations.

The regression models did not include a time term mainly
because of the short duration of the calibration datasets.

If stream chemistry is changing over time, the regression
models could produce biased estimates when applied to future
datasets. Continued water sampling would be needed to verify
that the regression model remains valid beyond the period of
record of the calibration dataset (Rasmussen and others, 2009).

Table 2. Summary of explanatory variables (including log trans-
formed variables) included in statistically significant regression
models for dissolved and total metals at the nine study sites.

Dissolved  Total
metals metals
Percent of statistically significant models 35 9
(total of 72)
Percent of models with turbidity variables —= 80
Percent of models with specific
. 72 26
conductance variables
Percer}t of models with streamflow 1 4
variables
Percent of models with pH variables 20 20
Percent of models with water temperature
. 28 18
variables
Percent of models with seasonal variables 88 70

*Turbidity was not included as an explanatory variable in models for dis-
solved metals.
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The results presented herein could be used to document
regression equations deemed adequate to be reported on
the USGS NRTWQ website (http://nrtwq.usgs.gov/). The
NRTWQ website provides hourly computed concentrations
and loads for salinity, selenium, sediment, and other constitu-
ents at selected stream sites across the United States. The
information on the NRTWQ site is used by State and Federal
agencies to make decisions applicable to drinking water, water
treatment, regulatory programs, recreation, and public safety.
The results of the regression analysis for the nine USGS
stations are discussed separately in the following sections of
this report. Each section includes a table of summary statistics
for the final calibration dataset and resulting regression equa-
tions and statistics (see table 3 for example) and two sets of
graphs. In the summary table, the explanatory variables are
listed in order of increasing p-value, although the seasonal
terms are always kept together regardless of the p-value of the
less significant term. The p-value for each term tests the null
hypothesis that the coefficient is equal to zero or has no effect.
A low p-value (less than 0.05) indicates that the null hypoth-
esis can be rejected. The first set of graphs shows predicted
versus measured concentrations for samples in the calibration
dataset (see fig. 3 for example). For completeness, predicted
concentrations for models with R? less than 0.50 are included
in the graphs but the symbols are shown in a lighter shade of
color to indicate the models that are less reliable. The second
set of graphs shows daily mean concentrations predicted using
the corresponding regression equations applied to the continu-
ous streamflow and water-quality records from the USGS
stations (see fig. 4 for example). In these graphs, the modeled
concentrations are shown by the blue symbols, the associated
90-percent prediction intervals are indicated by the gray
bands, measured concentrations in discrete samples are shown
by the red symbols, and the symbols are in a lighter shade of
color for models with R? less than 0.50. The last column on the
summary tables is the “prediction interval,” which is the per-
cent of the median estimated concentration computed from the
data displayed in the second set of graphs. Model archive sum-
maries, including diagnostic plots and complete calibration
datasets for models, are in Mast (2018) and sampling site
location maps are in the report appendix.

Cement Creek at Silverton, Colorado
(Station 09358550)

The dataset compiled for this site contained 636 water-
quality samples collected in the vicinity of the USGS station
at Cement Creek at Silverton (site 1 in fig. 1) with dissolved
or total metal analyses for 1971-2017. Because of the lack of
field data in the early part of the record and before installation
of the continuous water-quality sensors, the calibration dataset
included 36 samples collected from 2016—17 with associated
surrogate parameters (streamflow, SC, pH, water temperature,
and turbidity). Concentrations were not substantially cen-
sored and only 6 percent of dissolved arsenic and 3 percent of

dissolved copper concentrations were censored. Summary sta-
tistics for the final calibration dataset and resulting regression
equations and statistics are presented in table 3 and graphs of
predicted versus measured concentrations for dissolved and
total metals are shown in figure 3.

Suitable models (R? greater than 0.50) were found for
most dissolved and total metals except for dissolved arse-
nic (R?=0.45), dissolved copper (R?=0.42), and total arsenic
(R*=0.44). The regression models were strongest for metals
with relatively high concentrations, such as dissolved and total
aluminum, iron, manganese, and zinc. Metal concentrations
are elevated at this site because of drainage from abandoned
mine lands and highly mineralized bedrock in the watershed
(Church and others, 2007). Most regression models for dis-
solved metals at this site included SC (aluminum, manganese,
and zinc) or streamflow (iron and lead) as the main explana-
tory variable and seasonal terms, pH, and water temperature
as secondary variables. In the models for total metals, SC was
the main explanatory variable for many metals (aluminum,
cadmium, copper, manganese, and zinc) and turbidity was the
main explanatory variable only for iron and lead. The lack
of a strong correlation between total metals and turbidity at
this site reflects the low pH of stream water in Cement Creek
(median pH=4.3) (Wright and others, 2007) associated with
high metals solubility, which resulted in a high proportion of
total metals occurring in the dissolved phase.

To further evaluate model performance, daily mean
concentrations were estimated from the regression equations
in table 3 using the daily streamflow and water-quality data
from the USGS station Cement Creek at Silverton, Colo.,
for the period April 2016 through December 2017 (fig. 4).
Concentrations were not estimated for the winter months
when the water-quality sensor was not operated because of ice
formation at the gage. The prediction interval for estimated
concentrations increased at higher concentrations for some
dissolved metals, especially cadmium, iron, and lead. This was
likely because there was greater variability in concentrations
and fewer samples collected during low-flow conditions when
concentrations are highest. The models appeared to perform
best for constituents that showed substantial dilution during
snowmelt (May and June) such as aluminum, manganese, and
zinc. Model performance was weaker for metals that had a
narrower range of concentrations (dissolved arsenic and cop-
per) although metals with little variability may not necessitate
a predictive model. Models also were weaker for metals that
showed a flushing or source-limited behavior during early
snowmelt such as total copper and lead, perhaps indicating
the seasonal terms were not sufficient to capture this seasonal
pattern.

In summary, the regression models are deemed adequate
for predicting concentrations of most dissolved and total met-
als over a wide range of concentrations and flow conditions at
this site. Although the dataset contained only 2 years of data,
the residuals plotted over time (see Mast, 2018) did suggest an
apparent downward trend for some metals, most notably dis-
solved cadmium and total copper.
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Table 3. Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for Cement Creek at Silverton, Colorado (U.S.
Geological Survey station 09358550), 2016—17.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);
Pred. int., median prediction interval as a percent of the median estimated concentration; C, metal concentration; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius; sin_2, sin(4nT);

cos_2, cos(4nT), where T is the decimal portion of the year starting on January 1; —, not computed; Temp, water temperature in degrees Celsius; log, log base 10; Q, streamflow in cubic feet per second; pH, pH
in standard units; sin, sin(2zT); cos, cos(2xT); Turb, turbidity in nephelometric turbidity units]
Metal, Percent Min. Med. Max. . _ ) Std. Bias  Pred.
fraction  censored (pg/L) (ng/L) (pg/L) N Model equation and coefficients R error corr. int.
Aluminum, 0 120 2,600 7200 36 C=6.895SC - 364.0sin 2 - 512.2c0s 2 - 980.3 096 424 — 20
dissolved - -
Arsenic, 6 0.18 0.34 10 34 C=-0.03585Temp - 0.007792sin_2 + 0.1858cos 2 - 0.4112l0gQ + 1.365 045 — — .
dissolved
Cadmium, 0 1.4 2.8 47 36 logC=-0.08414pH + 0.251410gSC + 0.1140 0.77 0069 1.01 30
dissolved
Copper, 3 19 44 83 34 C=-4.647sin_2-8.350c0s 2 - 34.85l0gQ - 0.04422SC + 133.0 042 — — —
dissolved - -
Ir";’ssolve q 0 1200 4450 13,000 36 logC = - 0.002784Q - 0.03469Temp - 0.06560sin_2 - 0.04077cos_2 + 4.107 0.85 010 1.02 50
Lead, 0 0.35 7.6 18 36 C=-6.118logQ - 2.119pH - 1.492sin - 0.4141cos + 28.08 0.75 22 — 30
dissolved
MZ?Sg:(ﬁisez 0 640 1,900 4700 36 logC =0.610110gSC - 0.2860l0gQ + 0.008238sin_2 - 0.02704c0s 2 +2.130  0.98 0035 1.00 20
Zine, 0 380 1,050 2,100 36 C=0.9963SC - 198.6pH + 1412 091 144 — 20
dissolved
Alg‘;‘“m’ 0 1,200 3,300 7,400 32 C=4.8685C - 99.46Temp - 237.4sin 2 - 435.7c0s 2 + 1837 091 516 — 20
Artsgt’;f’ 0 070 34 62 33 C=0.02046Q +0.005990SC + 1.241sin + 0.3178cos - 1.807 044  — -
Cat((i)rglum, 0 16 2.8 46 33 C=2.303logSC + 0.01072Turb - 0.1058sin_2 - 0.2779¢c0s_2 - 3.596 0.79 032  — 20
C"t‘é‘t’aelr’ 0 32 58 120 32 logC = - 0.00028265C + 0.001789Turb - 0.02920sin_2 - 0.05793c0s 2 + 1.887  0.57 0092 1.02 50
Tron, total 0 3,000 9,800 21,000 33 C=68.31Turb-613.5Temp + 1332sin + 3120c0s + 14080 0.68 2,460 — 50
Lead, total 0 9.0 16.5 59 32 logC = 0.3798logTurb + 0.0004769Q + 0.7820 0.56 014 1.05 80
M‘:gtg;nese’ 0 780 1,800 5100 33  C=4.090SC + 5.315Turb + 312.5sin + 84.59cos - 191.4 098 164 — 10

Zinc, total 0 430 1,000 2,100 33  C=1927logSC + 5.307Turb - 113.7sin_2 - 103.4cos_2 - 4180 094 107 — 10
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Figure 3. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
concentrations for samples collected at or near Cement Creek at Silverton, Colorado (U.S. Geological Survey station 09358550), 2016-17.
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Figure 3. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
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2016-17.—Continued
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Figure 4. Time series plots of estimated daily mean and measured metal concentrations for Cement Creek at Silverton, Colorado (U.S.
Geological Survey station 09358550), for 2016—17. Gaps in estimated concentrations indicate periods of missing surrogate data.
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Animas River below Silverton, Colorado
(Station 09359020)

The dataset compiled for this site included 958 water-
quality samples collected in the vicinity of the USGS station
on the Animas River below Silverton (site 2 in fig. 1) with
dissolved or total metal analyses for 1969-2017. Because of
the lack of field data in the early part of the record and before
installation of the continuous water-quality sensors, the cali-
bration dataset included 68 samples collected from 2012—17
with associated surrogate parameters (streamflow, SC, pH,
water temperature, and turbidity). A higher proportion of con-
centrations were censored compared to the Cement Creek site,
especially for dissolved and total arsenic (30 and 11 percent,
respectively) and dissolved lead (13 percent) (table 4).
Summary statistics for the final dataset and resulting regres-
sion equations and statistics are presented in table 4 and
graphs of predicted versus measured concentrations for all
eight metals are shown in figure 5.

Adequate models (R? greater than 0.50) were found for
most dissolved and total metals except for dissolved arse-
nic (R?=0.35), dissolved copper (R*=0.39), dissolved lead
(R%=0.31), and total copper (R*=0.20). The regression models
for dissolved metals at this site had SC as the main explana-
tory variable and pH, water temperature, and seasonal terms
as secondary variables. Three of the models for total metals
(arsenic, iron, and lead) had turbidity as the main explanatory
variable and four models (aluminum, cadmium, manganese,
and zinc) had SC as the main explanatory variable. The strong
relation with SC rather than turbidity for some total metals
(cadmium, manganese, and zinc) is because of a relatively
high concentration of these metals from upstream mining
sources and mineralized bedrock (Church and others, 2007)
and their occurrence primarily in the dissolved phase even
at circumneutral pH (median stream pH=6.8) (Wright and
others, 2007). Total metals that had models with a turbidity

term (aluminum, arsenic, iron, and lead) had a larger fraction
present in the particulate phase caused by decreasing solubility
of these metals with increasing pH (Schemel and others,
2000). For example, total lead was correlated with turbidity
and had a median concentration of 7.2 pg/L, which is 20 times
higher than the median dissolved concentration of 0.34 pg/L,
indicating that most lead was in particulate forms. In contrast,
zinc was correlated with SC and had nearly identical total

(352 pg/L) and dissolved (342 pg/L) concentrations, which
indicates that most zinc was in dissolved forms (table 4).

To further evaluate model performance, daily mean
concentrations were estimated from the corresponding regres-
sion equations in table 4 using the daily streamflow and
water-quality data from the Animas River below Silverton
site for the period April 2016 through December 2017 (fig. 6).
Concentrations were not estimated for the winter months
when the water-quality sensor was not operated because of ice
formation at the gage.

Similar to the models for the Cement Creek site, the
models appeared to perform best for constituents that showed
substantial dilution during snowmelt (May and June) such as
cadmium, iron, manganese, and zinc. Model performance was
weaker for metals that showed a narrower range of concentra-
tions (dissolved arsenic and copper) or metals that tended to
increase in concentration during early snowmelt (total arsenic
and lead).

The model for dissolved aluminum, which has an R?
of 0.55, estimated a relatively sudden increase in concentra-
tions during late fall and early winter. However, the model
is poorly constrained during these months because of a lack
of samples representing low-flow conditions. In addition, the
median prediction interval for dissolved aluminum exceeded
the median concentration by 240 percent (table 4) indicating
a high degree of uncertainty in the predicted concentrations.
In summary, the regression models are deemed adequate for
predicting concentrations of most dissolved and total metals
over a wide range of concentrations and flow conditions.



Table 4. Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for Animas River below Silverton, Colorado (U.S.
Geological Survey station 09359020), 2012-17.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);
Pred. int., median prediction interval as a percent of the median estimated concentration; C, metal concentration; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius; sin_2, sin(4nT);

cos_2, cos(4nT), where T is the decimal portion of the year starting on January 1; —, not computed; Temp, water temperature in degrees Celsius; log, log base 10; Q, streamflow in cubic feet per second; pH, pH
in standard units; sin, sin(2zT); cos, cos(2xT); Turb, turbidity in nephelometric turbidity units]
Metal, Percent Min. Med. Max. . - ) Std. Bias Pred.

fraction censored  (pg/L) (pg/L) (pg/L) N Model equation and coefficients R error corr. int.

Aluminum, 1 17 55 2,050 67  C=1.520SC - 115.6sin_2 +201.0c0s_2 - 159.4pH + 748.4 0.55 209 — 240
dissolved

Arsenic, 30 0.084 0.18 042 32 logC = 0.1404sin + 0.02580c0s - 0.1283pH + 0.1201 035  — . —
dissolved

Cagisn’;:sé 4 0 0.46 0.99 2.5 68 logC = 0.7240l0gSC + 0.09115sin + 0.06085c0s - 1.730 084 0074 101 30

Copper, 3 2 53 17 66  logC = 0.1489sin + 0.02723c0s + 0.001849SC + 0.482410gQ - 1.115 039 — — —
dissolved

fron, 0 80.3 660 3,650 68  C=4.834SC - 268.6sin_2 + 57.46¢0s 2 - 51.60Temp - 249.1 084 314 — 50
dissolved

Lead, 13 0.02 0.34 6.6 54 logC = 1.08110gQ - 0.6241pH + 0.9385 031 — — —
dissolved ’ ' ' g 08108 024IP o '

MZ??:;@Z 0 230 730 2,200 68  logC = 1.314l0gSC + 0.05191sin + 0.02847c0s - 0.3554 097 0049  1.01 20

Zine, 0 100 342 926 68  C=1.081SC + 85.28sin + 75.60c0s + 62.17 092 54 — 20
dissolved

Alg‘;‘“m’ 0 220 1,100 3,600 47 C=42295C + 52.73Turb - 470.8 0.80 307 — 40

Arsenic, total 11 0.12 1.0 3.8 39 C=0.04852Turb + 0.0005967Q + 0.2847sin + 0.3372c0s + 0.4045 060 045 — 130

Cagl:;llum’ 0 0.73 11 22 41 C=0.003585C + 0.339sin - 0.238¢0s + 0.227pH - 1.65 083 0.6 — 20

Copper, total 0 8.7 21 80 47 logC = 0.1202sin + 0.05913cos - 0.4390logSC + 2.385 0.20 — — —

Iron, total 0 710 2,380 5,550 50  C=104.5Turb +416.6sin + 1107cos + 163710gSC - 2045 0.72 647 — 50

Lead, total 0 0.078 7.2 60 41 C=0.9687Turb +0.007145Q - 4.329 076 5.0 — 220

M?gf;“ese’ 0 360 670 2,200 47 C=2.950SC + 163.8sin + 147.20s + 58.99 089 156 — 30

Zinc, total 0 190 352 780 41 C=560.710gSC + 90.14sin + 92.51¢c0s - 915.9 087 59 — 20
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Figure 5. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
concentrations for samples collected at or near Animas River below Silverton, Colorado (U.S. Geological Survey station 09359020),
2012-17.
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Figure 5. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
concentrations for samples collected at or near Animas River below Silverton, Colorado (U.S. Geological Survey station 09359020),
2012-17.—Continued
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Figure 6. Time series plots of estimated daily mean and measured metal concentrations for Animas River below Silverton, Colorado
(U.S. Geological Survey station 09359020), for 2016—17. Gaps in estimated concentrations indicate periods of missing surrogate data.



Estimating Metal Concentrations with Regression Analysis and Water-Quality Surrogates 19

Animas River at Durango, Colorado
(Station 09361500)

The dataset compiled for this site included 739 water-
quality samples collected in the vicinity of the USGS station
on the Animas River at Durango (site 3 in fig. 1) with dis-
solved or total metal analyses for 1958-2017. Because of the
lack of field data in the early part of the record and before
installation of the continuous water-quality sensors, the cali-
bration dataset included 107 samples collected from 2015-17
with associated surrogate parameters (streamflow, SC, pH,
water temperature, and turbidity). The proportion of censored
concentrations was higher than at the Animas River below
Silverton site, with more than one-half of dissolved alumi-
num, arsenic, and iron concentrations being censored. Of the
total metal concentrations, only total arsenic (27 percent) was
censored at greater than 3 percent (table 5). Summary statis-
tics for the final dataset and resulting regression equations
and statistics are presented in table 5 and graphs of predicted
versus measured concentrations for the eight metals are shown
in figure 7.

Adequate models (R? greater than 0.50) were found for
only three dissolved metals (iron, lead, and manganese) and all
of the total metals, although the R? for total arsenic was only
0.52. All of the regression models for dissolved metals at this
site had different main explanatory variables, with SC for iron,
seasonal terms for lead, and streamflow for manganese. All
the models for total metals except arsenic had turbidity as the
main explanatory variable with SC, streamflow, and seasonal
terms as secondary variables. Although the R? values were
more than 0.5 for all the total metals, there was greater scatter
at the high end of the concentration range especially for alumi-
num, iron, and lead, which likely makes the model predictions
less precise for these metals.

To further evaluate model performance, daily mean
concentrations were estimated from the corresponding
regression equations in table 5 using the daily streamflow

and water-quality data from the USGS station at Animas
River at Durango for the period April 2016 through Decem-
ber 2017 (fig. 8). Model performance for dissolved metals
was much weaker than at the upstream Animas River below
Silverton site. This partially reflects the range of concentra-
tions, which are nearly an order of magnitude lower than at
the Silverton site. Lower concentrations result from inputs of
higher pH water downstream from Silverton that more than
double streamflow and dilute metals and lower their solubility.
Although the iron and lead models had an R? of more than 0.5,
the median prediction interval for both metals exceeded the
median concentration by at least 120 percent (table 5), indicat-
ing a high degree of uncertainty in the predictions.

Model performance for total metals was better than for
dissolved metals. Although total metal concentrations were
lower than at Silverton, they were not reduced by the same
degree as dissolved metals. This was likely caused by some of
the dissolved load being converted and transported in par-
ticulate phase. All the total metals had turbidity as the main
explanatory variable, which indicates metal transport at this
site is controlled by movement of particulate matter. In con-
trast to the dilution pattern observed for some total metals at
Silverton during snowmelt, especially aluminum, manganese,
and zinc, total metals at Durango increased during snowmelt
as higher flows mobilize particulate matter that was deposited
on the streambed during lower flow conditions. Based on the
prediction interval, some total metals, especially aluminum
and iron, had a higher level of uncertainty especially during
snowmelt when concentrations were highest.

In summary, the regression models were deemed ade-
quate for predicting total metal concentrations at this site over
a wide range of concentrations and flow conditions; however,
some metals may have higher degree of uncertainty. Use of
regression models for predicting dissolved concentrations
is much less reliable, possibly because of lower concentra-
tions, and generally are not recommended for most dissolved
metals at this site.



Table 5.

Geological Survey station 09361500), 2015-17.

Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for Animas River at Durango, Colorado (U.S.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);

Pred. int., median prediction interval as a percent of the median estimated concentration; log, log base 10; C, metal concentration; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius;

sin_2, sin(4xnT), where T is the decimal portion of the year starting on January 1; cos 2, cos(4nT); pH, pH in standard units; —, not computed; Temp, water temperature in degrees Celsius; Q, streamflow in
cubic feet per second; sin, sin(2xT); cos, cos(2xT); Turb, turbidity in nephelometric turbidity units]

Met?l, Percent Min. Med. Max. N Model equation and coefficients R? Std. Bias P_red.
fraction censored  (pg/L) (pg/L) (pg/L) error corr. int.
Aluminum, 53 23 58 170 48 logC = - 0.0008447SC - 0.1246sin 2 - 0.08146c0s 2 +0.1258pH + 1.027 047  — — —
dissolved
Arsenic, 54 0.18 0.24 068 38 logC = 0.0005080SC + 0.01250Temp - 0.8772 046  — . .
dissolved
Caéiirélsiéllriléd o 0076 ol o2l a7 Iogoaz;é).}ﬂl logQ + 0.04290sin_2 + 0.07453cos_2 - 0.0006371SC + o B B
C"gfs’:;’lve 4 7 0.70 13 56 65 logC=0.3023l0gQ - 0.01427Temp - 0.6054 049  — — —
I“’(;‘i’ssolve ; 52 5.8 66.5 230 50 logC = - 0.002279SC - 0.3385sin_2 + 0.08451cos 2 - 0.0001473Q +2.505  0.62  0.22 112 160
Legfs’solve ; 10 0062  0.54 25 38 logC = 0.1475sin - 0.3852c0s + 0.00008027Q - 0.7745 069  0.19 .15 120
MZ?sg:;iiZ 0 13 64 240 87  logC = - 1.084l0gQ - 1.65410gSC + 0.1178sin + 0.04703c0s + 9.175 063 0.10 1.03 50
Zinc, 0 2.8 39 64 107 C=-0.009641Q - 3.772sin_2 + 13.64c0s_2 - 1.563Temp + 68.00 036  — — —
dissolved
Al:g?;f“m’ 1 62 455 5,340 98  logC = 0.9568logTurb + 0.0008199SC + 1.608 073 0248 144 160
Arsenic, total 27 0.34 1 65 59 C=0.001126Q +3.652l0gSC - 9.374 052  0.861 — 150
Cat‘:)‘;;ilum’ 3 0.12 0.36 1 39 C=0.009996Turb - 0.0007006SC - 0.1395sin + 0.1685c0s + 0.6228 072 0.126 — 60
Copper, total 0 12 5.6 83.5 69 logC =0.01873Turb +0.2393sin - 0.08733cos + 0.4243 075 0213 123 140
Tron, total 0 109 710 8,800 101 logC = 0.01771Turb + 0.2205sin + 0.02787cos +.00007809Q + 2.536 073 0251 135 170
Lead, total 0 0.6 6.1 140 99 logC = 0.01823Turb + 0.1840sin - 0.1108cos + 0.0001377Q + 0.2500 083 0221 114 140
M*t‘gtg;“ese’ 0 64.5 157 1,100 79 logC = 0.01066Turb + 0.00007038Q + 0.06592sin + 0.1221¢0s + 2.048 080 0124  1.04 70
Zine, total 0 19 86.1 390 99 logC =+ 0.008940Turb + 0.06373sin + 0.1418cos - 0.00057555C +2.081 ~ 0.72  0.125  1.04 70
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EXPLANATION

Water-quality sampling site—Lighter color

where R?is less than 0.5
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Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal

concentrations for samples collected at or near Animas River at Durango, Colorado (U.S. Geological Survey station 09361500), 2015-17.
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Animas River near Cedar Hill, New Mexico
(Station 09363500)

The dataset compiled for this site included 361 water-
quality samples collected in the vicinity of the USGS station at
Animas River near Cedar Hill (site 4 in fig. 1) with dissolved
or total metal analyses for 1942-2017. Because of the lack of
field data in the early part of the record and before installation
of the continuous water-quality sensors, the calibration dataset
included 36 samples collected from 2016—17 with associated
surrogate parameters (streamflow, SC, pH, water tempera-
ture, and turbidity). All the dissolved metals except manga-
nese and zinc had a large percentage (14 to 56 percent) of
concentrations reported as censored. Total metals had censored
concentrations in 20 percent or less of samples with the excep-
tion of arsenic, which had 29 percent censored (table 6). Sum-
mary statistics for the final dataset and resulting regression
equations and statistics are presented in table 6 and graphs of
predicted versus measured concentrations for all eight metals
are shown in figure 9.

Adequate models (R? greater than 0.50) were found for
four dissolved metals (copper, lead, manganese, and zinc)
and all eight of the total metal fractions. Dissolved arsenic
and cadmium had insufficient data to compute a regression
model. The regression models for dissolved metals at this
site included SC, temperature, or seasonal terms as the main
explanatory variable and there was no consistent pattern in
model form among the metals. All the models for total met-
als had streamflow as the main explanatory variable. Six of
the total models included temperature and seasonal terms as
secondary variables and only cadmium and copper included
turbidity.

To further evaluate model performance, daily mean con-
centrations were estimated from the corresponding regression
equations in table 6 using the daily streamflow and water-
quality data from the USGS station at Animas River near
Cedar Hill for the period April 2016 through December 2017
(fig. 10). Although the water-quality sensor was operated
through the winter months at this station, there are several
periods of missing SC record in early 2017 for which concen-
trations could not be estimated. Median prediction intervals
for dissolved lead and zinc exceeded the median predicted
concentration by 130 percent or more, indicating a large

degree of uncertainty in the estimated concentrations. The
large increase in dissolved manganese during winter months
appears to be driven by the temperature term; however, there
are no samples during base-flow conditions to confirm this
pattern. Overall, the seasonal patterns in estimated total metal
concentrations showed more consistency among the metals
and the median prediction intervals, except for lead, were
100 percent or less (table 6).

Estimated concentrations for most total metals showed
a strong increase during the 2016 snowmelt period with a
weaker response during snowmelt in 2017. This can partially
be explained by different runoff patterns in the 2 years, with
snowmelt in 2016 having a shorter duration and one large peak
compared to 2017, which had a more extended melt period
with multiple lower peaks. The pattern for total cadmium was
slightly different than other metals showing a second increase
during the fall and winter months. This pattern may partially
be an artifact of two higher concentration samples collected in
October 2016, which causes the seasonal terms in the model to
predict higher concentrations in fall and winter.

Most total metal models at this site had streamflow as
the main explanatory variable in contrast to the Animas River
at Durango site, where turbidity was the main explanatory
variable. This result seemed unexpected given that turbid-
ity increases substantially downstream from Durango (fig. 2)
from inputs of sediment to the river from the surrounding
sedimentary bedrock. Closer inspection of the data showed
that the distribution of samples in the calibration dataset may
have been a factor. The calibration dataset was dominated by
samples collected during snowmelt, a period when turbidity
tends to be lower because of the dominance of streamflow
from higher elevation areas. The dataset contained few
samples that were collected during short-term runoff events at
other times of the year when turbidity is often elevated.

In summary, the regression models are generally adequate
for predicting total metal concentrations during snowmelt
but will have greater uncertainty during winter months or
short-term runoff events because of a lack of samples col-
lected under these flow conditions. Use of regression models
for predicting dissolved concentrations is less reliable for
most metals because of the low concentrations of dissolved
metals at this site and lack of samples collected during base-
flow conditions.



Table 6. Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for Animas River near Cedar Hill, New Mexico
(U.S. Geological Survey station 09363500), 2016-17.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);

Pred. int., median prediction interval as a percent of the median estimated concentration; log, log base 10; C, metal concentration; Sin, sin(2nT), where T is the decimal portion of the year starting on January 1;

cos, cos(2nT); —, not computed; Q, streamflow in cubic feet per second; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius; Temp, water temperature in degrees Celsius; sin_2,
sin(4xT); cos_2, cos(4nT); Turb, turbidity in nephelometric turbidity units]

Metal, Percent Min. Med. Max. N Model equation and coefficients R? Std. Bias  Pred.
fraction censored  (pg/L) (pg/L) (pg/L) q error corr. int.
Aluminum, 19 20 70 140 29 logC = 0.2250sin - 0.1329c0s + 1.689 0.49 — — —
dissolved
Arsenic, 56 0.20 030 098 16 _ _ _ -
dissolved
Cadmium, 51 0.030 0.10 20 17 — — — — —
dissolved
C"(Ii’ilz:(r)’lve q 14 0.60 1.7 40 31 logC = 0.2186sin - 0.1682c0s + 0.00008780Q + 0.0003101SC - 0.1740 0.81 0.097  1.02 50
Tron, 33 55 71 160 24 logC =- 0.001592SC + 2.229 0.23 — — —
dissolved
Lead, 34 0.070 0.50 26 23 logC =-2.646l0gSC - 0.4308sin + 0.629¢0s + 6.807 0.62 030 120 270
dissolved
Manganese, 0 46 19 67 36 C=-4355Temp + 16.29sin 2 + 14.77c0s 2 + 79.49 061 92 _ 80
dissolved - -
Zine, 6 2.0 17 61 33 logC=0.3711sin - 0.4791cos + 0.7657 0.59 020 110 130
dissolved
Al?(ﬁ;““m’ 0 110 800 4,600 35 C=1.139Q + 905.8sin + 2656c0s + 235.3Temp - 2055 0.67 622 — 100
Artsgt’;‘f’ 29 0.40 13 55 25  logC=0.0002539Q + 0.2151sin + 0.4329c0s + 0.03897Temp - 0.6701 0.80 013 103 100
Cadmium, _
otal 20 0.080 0.40 13 28  C=0.0002039Q + 0.0030427Turb - 0.3193sin + 0.5544c0s + 0.4475 0.77 0.15 — 50
C"t‘;‘;’aelr’ 0 12 6.9 42 35 logC = 0.0002170Q + 0.2510sin + 0.1650c0s + 0.001661Turb + 0.3991 0.91 012  1.03 80
Tron, total 0 110 1,080 8,500 35 C=2.123Q + 1384sin + 4785c0s + 403.7Temp - 4035 082 791 — 9
Lead, total 0 0.50 63 110 35 C=0.02664Q + 9.484sin + 55.20c08 + 4.449Temp - 52.11 0.83 9.4 — 120
M‘t’gtgaﬁnese’ 0 25 150 900 35 C=0.2089Q + 118.7sin + 447.0c0s + 35.72Temp - 337.4 086 68 — 70
Zinc, total 0 8.0 79 350 35 C=0.07910Q + 43.47sin + 180.1cos + 11.95Temp - 85.11 079 33 — 70

sajeBouing Ayijenp-1a)ep) pue sishjeuy uoissaibay yym suonesuasuos jejaly bunewnsy

114



26 Estimating Metal Concentrations with Regression Analysis and Water-Quality Surrogates
A T T T
150 8 | | EXPLANATION ‘
Aluminum, dissolved Arsenic, dissolved Water-quality sampling site—Lighter
R2=0.49 color where R?is less than 0.5.
' Blank graphs indicate insufficient
data for a regression model
1001~ N n ® SOUTHUTE-AR2-7
e USEPA_REGION8-AR2-7a
® USEPA_REGION8-AR7-2
® USGS-09363500
50 B -
0 o | ] [ | |
0 50 100 150
T T T ] 5_' T T T
Cadmium, dissolved Copper, dissolved
| R=0.81
= 3-
o] °
= o °
— [ ]
(<}
% | 1 2 J °
5 oo’
[=2]
g L
S
1S
=
£ B | ok
= 1 1 1 1 1 1 1 1
2 0 1 2 3
o
g T T T T 3 _I T
2 1501 [ron, dissolved ] Lead, dissolved
3 R=0.23 R=062 e
©
2
2 -
3 100f —
(&)
2
8 [ ]
[+
501 E B o
[ ]
[ ]
o: (4
° e
0p I I I I N op I Il
0 50 100 150 0 1
T T T T T T T T T
80 —
Manganese, dissolved 60 | Zinc, dissolved
R?=0.61 R?=0.59
60 -
° 40 +
40F ¢ .
oy oo
o @ ° % o 009
D ) %o o °
2 ® ° 2 ° o
[ ] ° [ ] Y d
ok % i oL
Il Il Il Il Il Il | | |
0 20 40 60 80 0 20 40 60

Measured metal concentration, in micrograms per liter

Figure 9. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
concentrations for Animas River near Cedar Hill, New Mexico (U.S. Geological Survey station 09363500), 2016—17. Blank graphs indicate
insufficient data for a regression model.
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concentrations for Animas River near Cedar Hill, New Mexico (U.S. Geological Survey station 09363500), 2016—17. Blank graphs indicate
insufficient data for a regression model.—Continued
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Animas River below Aztec, New Mexico
(Station 09364010)

The dataset compiled for this site included 237 water-
quality samples collected in the vicinity of the USGS station at
Animas River below Aztec (site 5 in fig. 1) with dissolved or
total metal analyses for 2005—17. Because of the lack of field
data in the early part of the record and before installation of
the continuous water-quality sensors, the calibration dataset
included 46 samples collected from 2005-17 with associated
surrogate parameters (streamflow, SC, pH, water temperature,
and turbidity). All the dissolved metals except manganese and
zinc had a substantial percentage (21 to 63 percent) of concen-
trations reported as censored. Of the total metals, only arsenic,
cadmium, and zinc had censored concentrations, but for less
than 10 percent of samples. Summary statistics for the final
dataset and resulting regression equations and statistics are
presented in table 7 and graphs of predicted versus measured
concentrations for all eight metals are shown in figure 11.

Adequate models (R? greater than 0.50) were found for
dissolved aluminum, copper, iron, and zinc and all eight of
the total metals. Dissolved arsenic, cadmium, and lead had
insufficient data to compute regression models. There was no
consistent pattern in model form among dissolved metals. For
example, aluminum and zinc included SC as the main explana-
tory variable but the main explanatory variables for copper
and iron were temperature and streamflow, respectively.

All models for total metals included turbidity as the main
explanatory variable and models for five of the total metals
also contained streamflow and seasonal terms as secondary
variables. This is in contrast to the Animas River near Cedar
Hill site where streamflow was the main explanatory variable
in total metal models. A possible explanation for the greater
importance of turbidity at the Aztec site is that the calibration
dataset included data for a few storm events in fall of 2016
with elevated metals and turbidity.

To further evaluate the models, daily mean concentrations
were estimated from the corresponding regression equations
in table 7 using the daily streamflow and water-quality data
from the USGS station at Animas River below Aztec for the
period April 2016 through December 2017 (fig. 12). Although
the water-quality sensor was operated year round at this sta-
tion, there were several extended periods of missing record
for which concentrations could not be estimated. Despite an
R? higher than the 0.5 level for four dissolved metals, wide
prediction intervals for aluminum, iron, and zinc (greater than
100 percent of predicted concentrations) indicate that esti-
mates of these metals may be less reliable (table 7). In addi-
tion, there were few samples available to verify concentrations
outside of the snowmelt period.

The models for total metals generally performed better
than for dissolved metals and the prediction intervals were
below 100 percent except for aluminum (110 percent) and
lead (120 percent). The predicted total metal concentrations
showed a distinct increase during snowmelt as well as spikes
during short-term runoff events at other times of the year.
Although several metals reached the highest concentrations
during snowmelt, aluminum, iron, and manganese had higher
concentrations during short-term runoff events because their
models were more sensitive to increases in turbidity. Unfor-
tunately, this pattern is difficult to verify because few samples
were collected during short-term runoff events in summer and
fall. Samples also were lacking to verify total metal concentra-
tions during the winter base-flow period.

In summary, use of regression models for predicting dis-
solved concentrations is unreliable for most metals because of
the low concentrations of dissolved metals and a high propor-
tion of censored concentrations, which reduced the number of
samples in the calibration dataset. The regression models for
predicting total metal concentrations also have a high degree
of uncertainty, especially during short-term runoff events or
winter months, because of a lack of samples collected under
these flow conditions.



Table 7.

(U.S. Geological Survey station 09364010), 2005-17.

Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for Animas River below Aztec, New Mexico

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);

Pred. int., median prediction interval as a percent of the median estimated concentration; log, log base 10; C, metal concentration; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius;

sin_2, sin(4xT), where T is the decimal portion of the year starting on January 1; cos 2, cos(4nT); Temp, water temperature in degrees Celsius; —, not computed; Q, streamflow in cubic feet per second; sin,
sin(2xT); cos, cos(2nT); Turb, turbidity in nephelometric turbidity units]

Metal, Percent Min. Med. Max. Model equation and coefficients R2 Std. Bias  Pred.
fraction  censored (pg/L) (ng/L) (pg/L) q error corr. int.
Algg‘;ff;a 33 4.7 56 86 22 logC=-0.001896SC - 0.1974sin 2 - 0.06818cos 2 + 0.01324Temp + 1.974  0.86 014 1.05 100
Arsenic, 63 0.26 0.47 21 13 — — — — —
dissolved
Cadmium, 43 0.012 0.041 011 16 — — — — —
dissolved
Co(li’igzg’lve 4 2 11 18 42 29 logC =-0.01849Temp - 0.387210gSC + 0.1056sin_2 +0.09212cos 2 + 1.507  0.56 011  1.02 50
fron, 34 7.0 47 64 23 logC =0.6294logQ - 0.1736sin_2 - 0.051876c0s_2 - 0.5621 0.92 010 1.02 240
dissolved
Lead,
Gesolved 32 0.05 0.45 15 14 — - — - -
Manganese, 0 4.7 23.6 100 42 C=0.14295C + 0.01627Q + 5.970sin + 18.36c05 - 49.25 049  — — —
dissolved
Zine, 13 24 7.5 40 28  logC =- 1.03210gSC - 0.03012Temp + 3.849 0.65 018 1.09 130
dissolved
Al?églnum’ 0 143 1,150 16,800 41  C=39.01Turb - 1049pH + 8474 084 1,510 — 110
Arsenic,
ol 9 0.52 1.6 56 42 logC =0.002265Turb - 0.833910gSC + 2.140 0.77 0.2 104 100
Cadmium, )
otal 2 0.040 0.30 1.4 41 logC=0.001808Turb +0.0001420Q - 0.1913sin 2 - 0.1582cos 2-0.9976  0.63 020  1.09 50
C"t‘;‘faelr’ 0 16 9.9 44 46 logC = 0.003177Turb + 0.4204logQ - 0.2123sin_2 - 0.05203cos 2 - 0.6378  0.79 016  1.06 80
Iron, total 0 140 1,870 17,500 39  C=44.88Turb- 1924sin 2 +279.9cos 2 + 110.8Temp - 1816 083 1,650 — 90
Lead, total 0 0.67 11 112 46 logC = 0.003344Turb + 0.0002003Q - 0.3368sin_2 - 0.06803c0s 2 +0.2806  0.78 023 114 120
M*:gtgaﬁnese’ 0 43 182 932 40 C=1963Turb - 1521.5sin_2 + 54.57c0s_2 + 8.924Temp - 28.22 0.70 106 — 70
Zinc, total 3 6.0 73 211 39 logC = 0.002212Turb - 0.2769sin 2 - 0.1002c0s 2 + 0.4675l0gQ +0.1481  0.65 021 111 70
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insufficient data for a regression model.—Continued
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San Juan River at Farmington, New Mexico
(Station 09365000)

The dataset compiled for this site included 264 water-
quality samples collected in the vicinity of the USGS station at
San Juan River at Farmington (site 6 in fig. 1) with dissolved
or total metal analyses for 1962-2017. Because of the lack of
field data in the early part of the record and before installation
of the continuous water-quality sensors, the calibration dataset
included 29 samples collected from 2015—17 with associated
surrogate parameters (streamflow, SC, pH, water tempera-
ture, and turbidity). Most dissolved metals had a substantial
proportion of censored concentrations ranging from 27 percent
for aluminum to 96 percent for cadmium. Total metals had
censored concentrations in 20 percent or less of samples with
the exception of cadmium, which had 72 percent censored
(table 8). Summary statistics for the final dataset and result-
ing regression equations and statistics are presented in table 8
and graphs of predicted versus measured concentrations for all
eight metals are shown in figure 13.

Adequate models (R? greater than 0.50) were found
for none of the dissolved metals and six of the total metals:
aluminum, copper, iron, lead, manganese, and zinc. Six of the
dissolved metals (aluminum, cadmium, copper, iron, lead, and
zinc) and total cadmium had insufficient data to compute a
regression model. There was little consistency in the form of
the model among the total metals, as three of them had sea-
sonal terms as the main explanatory variable, one had turbid-
ity, and one had streamflow. The calibration dataset originally
included a sample collected on November 5, 2016, following
a runoff event that caused a sharp increase in streamflow and
turbidity. Because total metal concentrations in this sample
were an order of magnitude greater than the other samples
in the calibration dataset, the sample strongly leveraged
the regression model and made it perform poorly for lower
concentration samples. For this reason, this sample was not
included in the final calibration dataset.

To further evaluate model performance, daily mean
concentrations were estimated from the corresponding regres-
sion equations in table 8 using the daily streamflow and

water-quality data from the USGS station at San Juan River at
Farmington for the period April 2016 through December 2017
(fig. 14). Although the water-quality sensor was operated year
round at this station, there were several extended periods of
missing record for which concentrations could not be esti-
mated. The wide range of median prediction intervals (110 to
150 percent of the median predicted concentration) (table 8)
indicates that concentrations for most total metals could not
be reliably estimated using surrogates at this site. One issue
may be the small size and representativeness of the calibration
dataset, which had only 20-25 samples that were not evenly
distributed over the seasons.

The models for aluminum and iron predicted numerous
spikes in concentration during short-term runoff events when
turbidity was elevated. Unfortunately, few discrete samples
were available to verify the model performance during these
events. Although the lack of suitable models for this site is
partially caused by limitations in the calibration dataset, the
lack may also be because the site is located 0.5 mi below the
confluence with the Animas River that is responsible for, on
average, 50 percent of the flow at the San Juan River at Farm-
ington site. Considering differences in flow regulation between
the Navajo Reservoir and unregulated snowmelt, and the
source of metals (mining versus sedimentary rocks) between
the two rivers, it is not surprising that the metal chemistry at
this site might be complicated by the mixing and timing of dif-
ferent solute and water sources. Although beyond the scope of
the current study, an approach that has been used to mix inputs
from different drainages implements lagging streamflows
in the regression model to account for different travel times
of source water (Welch and others, 2014). The methods of
water-quality sampling (equal-width-increment method versus
grab sampling) and the location of the water-quality sensor
also may be a consideration if the river is not well mixed at
the sampling point or if water-quality samples do not correlate
with the location of the water-quality sensor.

In summary, the use of surrogates to predict metal con-
centrations at this site is not recommended and may be more
challenging and require substantially more sampling than
is normally needed to establish surrogate relationships for
water quality.



Table 8. Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for San Juan River at Farmington, New Mexico
(U.S. Geological Survey station 09365000), 2015-17.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);
Pred. int., median prediction interval as a percent of the median estimated concentration; —, not computed; C, metal concentration; Sin_2, sin(4xT), where T is the decimal portion of the year starting on
January 1; cos_2, cos(4xnT); log, log base 10; Temp, water temperature in degrees Celsius; sin, sin(2zT); cos, cos(2xT); Turb, turbidity in nephelometric turbidity units; Q, streamflow in cubic feet per second;
pH, pH in standard units]

Metal, Percent Min. Med. Max. N Model equation and coefficients R? Std. Bias Pred.
fraction censored  (pg/L) (pg/L) (pg/L) q error corr. int.
Aluminum, 27 7.1 2 52 19 — — — — —
dissolved
Arsenic, 7 0.37 0.62 14 28 C=0.1945sin 2+0.1328c0s 2 +0.7167 0.29 — — —
dissolved
Cadmium, 9% 0044 0044 0044 1 — — — — —
dissolved
Copper, 45 0.54 1.75 27 16 — — — — —
dissolved
Iron,
solved 38 11 23.6 59 18 — — — . —
Lead, 86 0.124 037 068 4 — — — — —
dissolved
Manganese, 0 2.9 9.1 16 29 logC = - 0.02995Temp - 0.1338sin - 0.1637c0s + 1.207 0.20 . — —
dissolved
Zinc,
solved 53 0.85 35 6.7 14 — — — — —
Al;ggfum’ 0 330 1,900 10,000 25 C=14.96Turb + 1034 066 1,160 — 120
Artsgt‘;‘f’ 0 0.56 13 38 25  C=0.004291Turb + 0.0001078Q + 0.8304 0.40 — — —
Cadmium, 7 0.07 0.16 034 7 — — — — .
total
Copper, total 4 18 5.4 23 24 logC = 0.1492sin + 0.1159c0s + 0.00006060Q + 0.001139Turb + 0.4759  0.66 0.166 1.06 110
Iron, total 0 1200 2,720 20,000 25 C=27.53Turb + 0.4909Q - 386.1sin - 2594cos + 311.7 078 1,710 — 120
Lead, total 20 25 75 32 20 logC = 0.00009351Q + 0.001070Turb + 0.4551 0.63 022 114 150
Mjgf;“ese’ 0 42 130 700 25 logC = 0.4483sin + 0.8454c0s + 0.0001538Q + 0.1021Temp + 0.7340 0.62 021 110 150
Zinc, total 0 4.3 4 140 25 logC = 2.835sin + 0.3305c0s + 0.00008232Q - 0.6210pH + 6.391 0.77 0206 110 150
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Figure 13. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
concentrations for San Juan River at Farmington, New Mexico (U.S. Geological Survey Station 09365000), 2015-17. Blank graphs
indicate insufficient data for a regression model.
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San Juan River at Shiprock, New Mexico
(Station 09368000)

The dataset compiled for this site included 303 water-
quality samples collected in the vicinity of the USGS station
at San Juan River at Shiprock (site 7 in fig. 1) with dissolved
or total metal analyses for 1958-2017. Because of the lack of
field data in the early part of the record and before installation
of the continuous water-quality sensors, the calibration dataset
included 32 samples collected from 2015-17 with associated
surrogate parameters (streamflow, SC, pH, water temperature,
and turbidity). All the dissolved metals except manganese had
a substantial proportion of censored concentrations, which
ranged from 27 percent for arsenic to 93 percent for cadmium.
Total metals had censored concentrations in less than 20 per-
cent of samples with the exception of 61 percent for cadmium
(table 9). Summary statistics for the final dataset and resulting
regression equations and statistics are presented in table 9 and
graphs of predicted versus measured concentrations for the
eight metals are shown in figure 15.

Adequate models (R? greater than 0.50) were found for
all of the total metals except cadmium but none were found
for any of the dissolved metals. Dissolved cadmium, cop-
per, lead, and zinc and total cadmium had insufficient data to
compute a regression model. All the total metal models had
turbidity as the main explanatory variable. Three of the total

models included pH as a secondary variable and one included
streamflow.

To further evaluate model performance, daily mean con-
centrations were estimated from the corresponding regression
equations in table 9 using the daily streamflow and water-qual-
ity data from the USGS station at San Juan River at Shiprock
for the period April 2016 through December 2017 (fig. 16).
Although the water-quality sensor was operated year round at
this station, there were many periods of missing record, espe-
cially for turbidity when concentrations were not computed.

The models for total metals performed better than for
dissolved metals possibly because there was a wider range of
concentrations; however, the median prediction intervals were
mostly much higher than 100 percent of the median concen-
tration, which indicates a high degree of uncertainty for most
estimated concentrations (table 9). Because turbidity was the
main explanatory variable in all models, some relatively large
spikes in total metal concentrations were predicted during
runoff events when turbidity was elevated. However, water-
quality sampling during these types of events was limited so
this result is difficult to validate.

In summary, use of surrogate models to predict dissolved
and total metal concentrations at this site is not recommended
until the models can be validated with additional samples
collected over a wider range of metal concentrations and
flow conditions.



Table 9. Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for San Juan River at Shiprock, New Mexico

(U.S. Geological Survey station 09368000), 2015-17.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);
Pred. int., median prediction interval as a percent of the median estimated concentration; log, log base 10; C, metal concentration; Q, streamflow in cubic feet per second; —, not computed; sin, sin(2xT),

where T is the decimal portion of the year starting on January 1; cos, cos(2xT); Temp, water temperature in degrees Celsius; Turb, turbidity in nephelometric turbidity units; pH, pH in standard units]

Metal, Percent Min. Med. Max. Model equation and coefficients R? Std. Bias Pred.
fraction censored  (pg/L) (pg/L) (pg/L) q error corr. int.
Aluminum
) A0 A _ 75 N N N
dissolved 28 5.1 22 89.5 21 logC = 0.4248logQ - 0.09438 0.25
Arsenic, 27 0.43 0.665 098 24 C=0.05236sin - 0.1973cos - 0.3348l0gQ + 1.706 0.49 . . —
dissolved
Cadmium, 93 0.08 0084 0088 2 — — — — —
dissolved
Copper,
e ved 48 0.83 18 87 17 — — — — —
Iron, . _ ) )
. 28 4.5 314 160 23 logC =0.2573sin - 0.1572cos + 1.293 0.29 — — —
dissolved
Lead,
iesolved 89 0.2 0432 059 3 — — — — —
Manganese, 3 2.3 512 21 32 logC = 0.0001167Q + 0.05834Temp + 0.05505sin + 0.5612c0s - 0.1958  0.19 . - —
dissolved
Zinc,
fosolved 57 3.4 14 128 13 — — — — —
Alt‘(ﬁg;‘“m’ 0 315 3,300 91,000 28 C=25.86Turb+2105 088 6,880 — 120
Artsgt“;f’ 0 0.76 2 18 28 C=0.004665Turb + 1.176l0gQ - 2.389 0.93 095 — 90
Cadmium, 61 0.09 0.17 04 11 — — — — —
total
Copper, total 11 2.2 104 200 25  C=0.05584Turb + 5.606 0.86 17 — 120
Iron, total 0 450 3,560 160,000 28  C=45.55Turb + 1503 0.87 12,600 — 140
Lead, total 14 3.5 778 94 24 C=0.02458Turb - 31.64pH + 264.6 0.89 66  — 210
M?gtga‘:nese’ 0 225 180 2,200 28 C=0.5929Turb - 429.3pH + 3670 0.86 175 — 170
Zinc, total 4 36 44 520 27 C=0.1362Turb - 126.9pH + 1080 0.86 42 — 150

(11
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Figure 15. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
concentrations for San Juan River at Shiprock, New Mexico (U.S. Geological Survey station 09368000), 2015-17. Blank graphs indicate
insufficient data for a regression model.
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San Juan River at Four Corners, Colorado
(Station 09371010)

The dataset compiled for this site included 294 water-
quality samples collected in the vicinity of the USGS station at
San Juan River at Four Corners (site 8 in fig. 1) with dissolved
or total metal analyses for 1968-2017. Because of the lack of
field data in the early part of the record and before installation
of the continuous water-quality sensors, the calibration dataset
included 56 samples collected from 2015—17 with associated
surrogate parameters (streamflow, SC, pH, water tempera-
ture, and turbidity). All the dissolved metals had a substantial
proportion of censored concentrations, which ranged from
21 percent for manganese to 91 percent for cadmium. Total
metals had censored concentrations in less than 20 percent of
samples with the exception of cadmium, which had 54 percent
censored (table 10). Summary statistics for the final dataset
and resulting regression equations and statistics are presented
in table 10 and graphs of predicted versus measured concen-
trations for the eight metals are shown in figure 17.

Adequate models (R? greater than 0.50) were found for
only one dissolved metal (zinc) and for all eight of the total
metals. Dissolved cadmium and lead had insufficient data to
compute a regression model. All the total metal models had
turbidity as the main explanatory variable and streamflow, pH,
SC, and seasonal terms as secondary variables.

To further evaluate model performance, daily mean
concentrations were estimated from the corresponding
regression equations in table 10 and the daily streamflow and

water-quality data from the USGS station at San Juan River
at Four Corners, Colo., for the period April 2016 through
December 2017 (fig. 18). Although the water-quality sensor
was operated year round at this station, there were several
extended periods of missing record during which concentra-
tions could not be estimated.

Zinc was the only dissolved metal with a model R?
of more than 0.5; however, the median prediction interval
exceeded the median concentration by 340 percent (table 10),
indicating that estimated zinc concentrations may be unreli-
able. The models for total metals generally performed better
than the models for dissolved metals possibly because of a
wider range of concentrations and fewer censored values.
Because turbidity was the main explanatory variable in all
models, some relatively large spikes in total metal concentra-
tions were predicted during runoff events when turbidity was
elevated. However, water-quality sampling during these types
of events was limited, so this result is difficult to validate.

For all the total metals except arsenic, the median prediction
interval exceeded the median concentration by 100 percent
or more, indicating a high degree of uncertainty in the metal
predictions.

In summary, use of surrogate models to predict dissolved
and total metal concentrations at this site is not recommended
until the models can be validated with additional samples
collected over a wider range of metal concentrations and flow
conditions. In addition, few discrete samples were available
to verify the model performance especially during fall and
winter months.



Table 10. Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for San Juan River at Four Corners, Colorado
(U.S. Geological Survey station 09371010), 2015-17.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maximum
concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan, 1983);
Pred. int., median prediction interval as a percent of the median estimated concentration; C, metal concentration; Sin, sin(2xT), where T is the decimal portion of the year starting on January 1; cos, cos(2xnT);

SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius; log, log base 10; Q, streamflow in cubic feet per second; —, not computed; sin_2, sin(4nT); cos 2, cos(4nT); pH, pH in standard
units; Temp, water temperature in degrees Celsius; Turb, turbidity in nephelometric turbidity units]

Metal, Percent Min. Med. Max. . _ ) Std. Bias  Pred.
fraction censored  (pg/L) (pg/L) (pg/L) N Model equation and coefficients R error corr. int.

Aluminum, 35 10 338 535 36 C=-145.1sin + 100.3c0s + 0.8960SC + 351.710gQ - 1.369 047  — — —
dissolved

Arsenic, . ) o )

. 52 0.52 0.8 1.2 30 logC = 0.1096sin 2 + 0.008042c0s_2 + 0.2754pH + 0.00002116Q - 2.429  0.38 — — —

dissolved

Cadmium, 01 0.03 0063 0095 5 — — — — —
dissolved

Copper, 29 0.64 1.9 146 44  logC = 0.0004090SC + 0.1397 002  — — —
dissolved

Tron, . e et o s . N -
dissolved 47 4.7 39.9 410 35  logC = 0.6666logQ + 0.3736sin_2 - 0.1831cos 2 -0.4913 0.27

Lead, 75 0.063 0481 34 15 — — — - -
dissolved

Manganese, | 0.5 445 144 46 C=-4.454pH +0.0003087Q + 39.79 029  — — —
dissolved

Zine, 57 2.2 735 104 26 logC =-0.5264sin 2 - 0.3356c0s_2 - 0.8116pH + 7.606 060 035 129 340
dissolved - -

Al?(ﬁ;““m’ 0 268 3,560 95,000 56 logC = 0.8617logTurb - 0.4360pH + 5.305 070 029 123 210

Arts(‘)’t‘;‘f’ 19 0.76 2 12 46 logC = 0.0007205Turb + 0.1395sin - 0.02579cos + 0.00002288Q + 0.04663 081  0.11 1.03 60

Cag;;‘;‘m’ 54 0.09 0.2 0815 26  logC =0.0005810Turb - 0.2564sin_2 - 0.0490c0s_2 - 0.9053 061  0.17 1.06 100

C"t‘c’)‘;’aelr’ 4 1.7 8.9 63 55 logC = 0.6110logTurb + 0.1163sin - 0.004477¢c0s - 0.0006105SC - 0.1404 071  0.19 1.09 110

Tron, total 0 318 4,180 50,000 56 logC = 0.9027logTurb - 0.5059pH + 5.843 081 023 113 140

Lead, total 11 0.8 9.16 46 51  logC = 0.6517logTurb + 0.3452l0gQ + 0.1335sin - 0.1446cos - 1.733 071 021 111 140

M*t’gtga“:nese’ 2 38 190 1,100 55 logC = 0.7808logTurb + 0.5116l0gQ + 0.02360sin_2 - 0.1280cos 2-1.092 0.81  0.21 110 130

Zinc, total 11 4.3 48 260 51  logC = 0.6397logTurb + 0.1759sin - 0.2262¢0s - 0.2806pH + 2.413 077  0.20 110 120
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Figure 17. Relation between A, predicted and measured dissolved metal concentrations and B, predicted and measured total metal
concentrations for San Juan River at Four Corners, Colorado (U.S. Geological Survey station 09371010), 2015-17. Blank graphs indicate
insufficient data for a regression model.
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San Juan River near Bluff, Utah
(Station 09379500)

The dataset compiled for this site included 1,711 water-
quality samples collected in the vicinity of the USGS station
at San Juan River near Bluff (site 9 in fig. 1) with dissolved
or total metal analyses for 1928-2017. Because of the lack of
field data in the early part of the record and before installation
of the continuous water-quality sensors, the calibration dataset
included 46 samples collected from 2015—17 with associated
surrogate parameters (streamflow, SC, pH, water temperature,
and turbidity). Of the dissolved metals, a substantial proportion
of concentrations were censored for cadmium (88 percent),
lead (70 percent), and zinc (59 percent). Of the total metal con-
centrations, only cadmium was censored (42 percent) at greater
than 10 percent (table 11). Summary statistics for the final
dataset and resulting regression equations and statistics are
presented in table 11 and graphs of predicted versus measured
concentrations for all eight metals are shown in figure 19.

Adequate models (R? greater than 0.50) were found for
two of the dissolved metals (aluminum and arsenic) and all
eight of the total metals. Dissolved cadmium, lead, and zinc
had insufficient data to compute regression models. In the dis-
solved models, SC or seasonal terms were the main explana-
tory variable. All the total models had turbidity as the main
explanatory variable. Five of the total models had seasonal
terms as secondary variables, two had pH, and one had
temperature.

To further evaluate model performance, daily mean
concentrations were estimated from the corresponding
regression equations in table 11 using the daily streamflow and
water-quality data from the USGS station at San Juan River
near Bluff for the period April 2016 through December 2017
(fig. 20). At this station, the continuous water-quality record
was fairly complete with only a few periods of missing
turbidity data. Although the dissolved aluminum model R? was
more than 0.5, the median prediction interval exceeded the
median concentration by 110 percent (table 11), indicating a
fairly large degree of uncertainty in the model predictions. The
prediction interval for dissolved arsenic concentrations was
slightly better (40 percent), although metals with little variabil-
ity in concentrations may not necessitate a predictive model.

The models for total metals generally performed better
than for dissolved metals possibly because of a wider range of
concentrations and fewer censored values. Because turbidity
was the main explanatory variable in all the total models,
some relatively large spikes in total metal concentrations were
predicted during runoff events when turbidity was elevated.
However, water-quality sampling during these types of events
was limited, so this result is difficult to validate. For all the
total metals except arsenic and manganese, the median predic-
tion interval exceeded the median concentration by 100 percent
or more, indicating a fairly large degree of uncertainty in the
model predictions (table 11).

In summary, use of surrogate models to predict dissolved
and total metal concentrations at this site is not recommended

until the models can be validated with additional samples
collected over a wider range of turbidity, flow conditions, and
seasons.

Evaluation of Surrogate Models
Developed for the Animas and
San Juan Rivers

The usefulness of surrogate models to predict metal
concentrations varies among the USGS stations on the Animas
and San Juan Rivers as a result of the processes that control
metal concentrations in the rivers and the size and distribution
of discrete samples in the calibration datasets. Models did an
adequate job of predicting most metals at Cement Creek at
Silverton, Colo., the upstream-most site, largely because metal
concentrations are elevated at this site and occur primarily in
the dissolved phase. Because of the high elevation of this site,
runoff is dominated by spring snowmelt, and metals, similar
to major dissolved constituents, showed substantial dilution
during peak flows. As a result, SC or streamflow provided
good surrogates for many of the metals at this site.

Further downstream at the Animas River below Silverton,
Colo. (site 2), turbidity became increasingly important for pre-
dicting concentrations of some metals because of an increase
in the proportion of metals in the particulate phase. Indeed,
Schemel and others (2000) showed that the mixing of Cement
Creek water with Animas River water increased the pH of the
river resulting in formation of colloidal aluminum and iron,
which also contained copper and lead. SC remained a good
surrogate for manganese and zinc at this site because solubility
and sorption of these metals were not as strongly affected by
increasing pH as were other metals. Between Silverton and
Durango, metal concentrations in the Animas River continued
to decline because of both (1) colloid formation and deposition
to bed sediments and (2) dilution by surface water and ground-
water with neutral pH and low metal content. Although surro-
gates were relatively poor predictors for most dissolved metals
at the Animas River at Durango, Colo. (site 3), turbidity
remained a strong predictor of total metals, likely because
metal-rich colloids were remobilized from bed sediment and
transported mainly during snowmelt runoff. This is consistent
with results showing that more than 80 percent of metals in the
colloidal component of bed sediments at this site were derived
from metal sources upstream from Silverton (Church and
others, 1997).

In general, relations between surrogates and metal
concentrations became weaker downstream from Durango
because inputs of more alkaline water from tributaries and
groundwater reduced metal solubility and diluted metal con-
centrations. For dissolved metals, concentrations continued to
decline, with many concentrations near or below the analytical
reporting limits. Concentrations close to the reporting limit
have greater uncertainty, possibly making it more difficult



Table 11. Summary statistics, regression model equations, and evaluation statistics for dissolved and total metal concentrations for San Juan River near Bluff, Utah (U.S.
Geological Survey station 09379500), 2015-17.

[Models with R? of less than 0.5 are shown in gray. Model terms listed in order of increasing p-value. Min., minimum concentration; pg/L, microgram per liter; Med., median concentration; Max., maxi-

mum concentration; N, number of samples in calibration dataset; R?, coefficient of determination adjusted for serial correlation; Std. error, standard error of estimate; Bias corr., bias correction factor (Duan,
1983); Pred. int., median prediction interval as a percent of the median estimated concentration; log, log base 10; C, metal concentration; Sin_2, sin(4nT), where T is the decimal portion of the year starting on
January 1; cos_2, cos(4xT); sin, sin(2xT); cos, cos(2nT); Temp, water temperature in degrees Celsius; —, not computed; Q, streamflow in cubic feet per second; Turb, turbidity in nephelometric turbidity units;
pH, pH in standard units; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius]

Metal, Percent Min. Med. Max. N Model equation and coefficients R? Std. Bias Pred.
fraction censored  (pg/L) (pg/L) (pg/L) q error corr. int.
Algg‘;ff;’i 18 4.6 20 73.9 37 logC=-0.1153sin_2 +0.1223c0s 2 - 0.0004672SC + 1.524 052 0.183 109 110
AIZ?:slgfve q 16 0.6 0.78 18 41  logC =0.8552l0gSC - 0.02921sin - 0.3031cos - 0.01385Temp - 2.261 054 00744  1.01 40
Cadmium, 88 0.031 0038 0052 4 — — — — —
dissolved
Copper, _ : 269 1147
e ved 33 0.96 1.6 78 33 logC =- 0.0006108SC - 0.2621l0gQ + 1.438 006  — — —
fron, 24 6.1 24 997 31  logC = 0.00007608Q + 1.073 045  — — —
dissolved ' ’ g ) o e o
Lead, 70 0.021 0.173 067 12 — — — — _
dissolved
Manganese, 01 535C - 3979 o o o
e 17 0.4 2.84 851 40  logC =0.9126logQ + 0.0010585C - 3.222 0.39
Zinc,
solved 59 33 39.8 773 13 — — — — —
Alﬁgl"“m’ 0 325 5100 24,700 46 logC = 0.7552logTurb + 0.1119sin + 0.0533c0s + 1.936 079 0.9 109 110
Artsgt‘;‘lc’ 0 0.9 2.8 10 46 logC = 0.4539logTurb - 0.6353pH + 4.641 075 0.3 1.04 70
Cadmium, _ .
total 42 0.06 0.2 1.18 26 logC =0.5956logTurb - 1.579pH - 0.08696sin 2 - 0.1319cos 2 + 10.96 0.71  0.16 1.07 100
Copper, total 2 03 11 49 45 logC = 0.5432logTurb + 0.1922sin - 0.01037cos - 0.8952pH + 7.115 0.78 0.8 1.07 110
Tron, total 0 316 6,200 37,000 46 logC = 0.7258logTurb - 0.01677Temp + 0.1111sin - 0.09056c0s + 2.297  0.78  0.21 110 130
Lead, total 7 0.4 10.9 48 43 logC = 0.7114logTurb + 0.2214sin - 0.1656c0s - 1.087pH + 8.173 088 0.16 1.07 100
M*tlgtg;nese’ 0 24.7 264 1,400 46 logC = 0.6447logTurb + 0.1617sin - 0.06650c0s - 0.5322pH + 5.262 084 0.6 1.06 90

Zinc, total 2 2 53 260 44 logC = 0.6819logTurb + 0.2158sin + 0.05732co0s - 0.9515l0ogSC + 2.561 0.83 0.20 1.09 120
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concentrations for San Juan River near Bluff, Utah (U.S. Geological Survey station 09379500), 2015-17. Blank graphs indicate insufficient
data for a regression model.—Continued



80
60
40
20

150

100

50

30

20

30,000
20,000
10,000

0

Estimated daily mean or measured metal concentration, in micrograms per liter

1

0

150,000 |-

100,000

50,000

4,000
3,000
2,000

1,000

Evaluation of Surrogate Models Developed for the Animas and San Juan Rivers 53

Aluminum, dissolved

T T
Arsenic, dissolved

T T
Copper, dissolved

— — 6 B
L i 4
- _ 2
| | | | | | | 0= | | | | | | |
T T T T T T T T T T T T T T
B Iron, dissolved N Lead, dissolved
| 1 | | | | 1 | | | | | | |
F T T T T T T T = T T T T T T T
Manganese, dissolved - Zinc, dissolved
E 1 I 1 1 1 1 1 = 1 1 1 1 1 1 1
T T T T T T T T T T T T
| Aluminum, total _ 201~ Arsenic, total
X} g: E . . 15
- $e o (44 . -
IR SE SR P S AL . |
- “' f “f‘; 711 {‘i.‘ o e .'.. — B Te : ° .:2 .
B 1§ e ‘.\Q 3 1) 4 18, 10 Iaal
i -4 Mt | TR W~ 5 5.1'-'-:'.-.'.'.":?8"‘6'&'&:& S 3
1 1 1 1 1 1 1 o ‘o \T‘ i 1 1 ~|‘~(~|. -
T T T T T T T T T T T T
Cadmium, total Copper, total
- - 150
- - 100~
- lg Ihef 4} 4 50 L% .:.‘ N N g"
o2 0% o &‘\ ° % S i3 h o
. ).I *TQM"V"M"'.W?— 1 oL« FSUR R s ek Wb &
Iron, toltal I I I I I ' n 150~ Lead, {otal ' ' T T T
- - 100
- - 50 3. L] deel s
] * 9.1 % 790 of
YV INEIR I Yot o8 A:
b 3K (<3 “ e o 3eg .
° *‘ 4‘!‘% If‘hl'hdlw&? - 4 o0 ° * L Mel.t&*l Ml‘“J‘P -
B T T TManganese, total " T T N Zine, tlntal T T T T T T
B | 9001~
- _| 6001
I P ‘_.'.!: 4 sk g 1
% ~e a3 P30, 50"% - ) e A 2
" g, ®e ‘ 4 i > °a gD %
| e “I k*‘ wel. MI Nlb.‘?q- - _| ok ?*‘M@{t I&MIJ? -
S 3 SIS NS
NS RN R AR RS e ¥ SR RN RS N
ate

EXPLANATION

_| Water-quality sampling

site—Lighter color where
R?is less than 0.5. Blank
graphs indicate insufficient
data for a regression model
Estimated
Measured

90-percentage prediction
interval for computed
value

Figure 20. Time series plots of estimated daily mean and measured metal concentrations for San Juan River near Bluff, Utah
(U.S. Geological Survey station 09379500), for 2016—17. Gaps in estimated concentrations indicate periods of missing surrogate data.
Blank graphs indicate insufficient data for a regression model. Evaluation of Surrogate Models Developed for the Animas and San Juan

Rivers.



54 Estimating Metal Concentrations with Regression Analysis and Water-Quality Surrogates

to achieve good statistical relations. Many of the dissolved
metals had so few detected concentrations that model develop-
ment was not possible at most sites on the San Juan River.

Other factors that might complicate the relation between
metal concentrations and surrogates, particularly downstream
from Durango, include differences in sources and timing of
sediment and water contributions to the river. Downstream
from Durango, the bedrock changes to more easily weathered
sedimentary rock types that contribute substantial amounts of
suspended sediment to the river as indicated by the substantial
increase in turbidity (fig. 2). Based on downstream trends in
total metal concentrations (tables 3—11), these sedimentary
sources appear to contribute aluminum, iron, and arsenic to the
river with little to no effect on metals more commonly associ-
ated with mining (cadmium, copper, lead, manganese, and
zinc) (Wright and others, 2007). Not only is this sediment dif-
ferent in composition from upstream sediment that is affected
by metals from mining sources, but inputs primarily occur
during short-term runoff events driven by monsoonal moisture
as indicated by turbidity spikes occurring during late summer
and fall months (fig. 2). The amount and timing of sediment
additions during these monsoonal events are highly variable
and derived largely from sources outside of the mainstem
channel. Another complicating factor in model development
for sites on the San Juan River could be timing of flows from
different tributaries. Although flows in the Animas River and
its tributaries are largely unregulated, flows in the San Juan
River upstream from Farmington, N. Mex., are regulated by
the Navajo Reservoir and do not always coincide with runoff
timing of the Animas River.

In addition to hydrologic and geochemical factors, the
success of developing useful surrogate models also depends
on having an adequate model-calibration dataset that includes
an appropriate number of discrete samples with associated
surrogate data and samples collected over a wide range of
hydrologic conditions (Rasmussen and others, 2009). The
number of samples is often an important metric for determin-
ing if a dataset is sufficient, which as suggested by Rasmussen
and others (2009), might include as many as monthly samples
collected over a 2- to 3-year period. Although several hun-
dred samples with metals data were retrieved for each USGS
station, most samples were not accompanied by values for
the corresponding surrogate parameters, especially turbidity,
which was almost always missing. This reduced the number
of available samples for the calibration dataset particularly
for total metals because only samples collected after the
water-quality sensors began operation in April 2016 could be
included in the analysis.

The distribution of the samples over the range of
observed streamflow, surrogate values, hydrologic conditions,

and seasons for each site also is important for developing
adequate statistical models. Duration curves provide a useful
tool for evaluating the distribution of samples and are shown
in figure 21 comparing results for the Animas River below
Silverton, Colo. (site 2), and Animas River near Cedar Hill,
N. Mex. (site 4), for streamflow, SC, and turbidity. At the
Silverton site, the samples span the range of observed daily
streamflow, SC, and turbidity values, which suggests the
calibration dataset for this site was suitable for model develop-
ment. At the Cedar Hill site, the current dataset did not cover
the entire range of observed surrogate values. For streamflow
and turbidity, samples were missing at the lowest and highest
values, whereas for SC, the dataset was not representative of
SC at the high end of the range. This suggests that additional
samples that target these conditions might yield more rep-
resentative models. Coordination among sampling agencies
might help to improve the distribution of samples over differ-
ent hydrologic conditions and seasons.

Based on this evaluation, the following recommendations
may improve or help to validate the current surrogate mod-
els for predicting metal concentrations for sites in this study.
Although models were suitable for most dissolved and total
metals at the Cement Creek near Silverton and Animas River
below Silverton sites, and for total metals at the Animas River
at Durango site, the models may be improved by additional
sampling during very low flows and along the rising limb of
the snowmelt hydrograph, as these are important for metals
that exhibit a flushing behavior or are mobilized with metal-
rich sediments during the early part of snowmelt runoff. For
sites downstream from the Animas River at Durango site,
sampling should target the full range of hydrologic conditions
including base flow, snowmelt, and summer storm events.

Except for aluminum and iron, concentrations of
dissolved metals are so low in the lower reaches of the river
that additional sampling will not necessarily improve the
regression models and it might be fair to conclude that avail-
able surrogates may not provide good proxies for dissolved
metals at some sites. However, total metals are higher in con-
centration and largely driven by the movement of suspended
sediment, so the use of turbidity as a surrogate seems plau-
sible. Especially for sites on the San Juan River, storm events
are underrepresented in the current dataset and additional
samples that target events with high-sediment concentrations
would help to validate or refine the current models. Limita-
tions of the optical turbidity sensors, such as limited range,
susceptibility to fouling, and sensitivity to suspended par-
ticle size, may also be factors in developing reliable models.
Consideration should be given to replacing optical sensors
with acoustic instruments, which likely would be better suited
for the high sediment load of the San Juan River (Landers
and others, 2016).
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Summary

Following the Gold King Mine release, there was height-
ened concern by downstream communities and Tribes in Colo-
rado, New Mexico, and Utah about the risks posed by elevated
metal concentrations to public and private drinking-water
supplies, water for irrigation and ranching, and recreational
fishing and boating. As a result, monitoring of basic water-
quality parameters and metal concentrations in the Animas and
San Juan Rivers was identified as a priority for characterizing
and understanding the water quality of the river. In response
to this need, the U.S. Geological Survey, in collaboration with
the U.S. Environmental Protection Agency, agreed on a scope
of work to install and operate continuous water-quality sensors
that would be used in an attempt to develop regression models
that correlate one or more parameters collected by the sensors
(referred to as “surrogates” and including specific conduc-
tance, pH, turbidity, and water temperature) with dissolved
and total concentrations of key metals of concern (aluminum,
arsenic, cadmium, copper, iron, lead, manganese, and zinc).
The purpose of this report is to evaluate the use of site-specific
regression models to compute concentrations of selected met-
als using statistical relations between continuous and discrete
water-quality monitoring data collected at nine U.S. Geologi-
cal Survey streamflow-gaging stations along the Animas and
San Juan Rivers.

The usefulness of surrogate models to predict metal
concentrations had mixed results for the Animas and San
Juan Rivers, which reflects processes that determine metal
concentrations in rivers as well as the size and distribution of
discrete samples in the calibration datasets. A larger number
of regression models were statistically significant for the most
upstream sites, where metal concentrations were elevated by
drainage from abandoned mines and mineralized bedrock.
Models generally did not perform as well at downstream
sites, especially for dissolved metals, which occurred at lower
concentrations than at the upstream sites. In the lower reaches
of the rivers, the input of more alkaline water from tributaries
and groundwater reduced metal solubility and diluted metal
concentrations.

In general, the models for total metals performed better
than the models for dissolved metals. Specific conductance
was the most common explanatory variable in dissolved metal
models and turbidity was the most common explanatory vari-
able in total metal models.

This report includes some recommendations that might
improve, or help to validate, the current surrogate models for
predicting metal concentrations for sites in this study. Sam-
pling should target the full range of hydrologic conditions
including base flow, snowmelt, and summer storm events.
Consideration should be given to replacing optical sensors
with acoustic instruments, which likely would be better suited
for the high sediment load of the San Juan River.
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Appendix 1. Locations of U.S. Geological Survey Streamflow-Gaging Stations
and Associated Water-Quality Sampling Sites used in the Regression Analysis

The appendix provides maps (figs 1.1-1.9) showing the locations of U.S. Geological Survey (USGS) streamflow-gaging
stations and associated water-quality sampling sites in Colorado, New Mexico, and Utah used in the regression analysis.
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Figure 1.1. Cement Creek at Silverton, Colorado (station 09358550) and associated water-quality sampling sites (see table 1 for a
description of the sites). (USGS, U.S. Geological Survey)
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Figure 1.2. Animas River below Silverton, Colorado (station 09359020) and associated water-quality sampling sites (see table 1fora

description of the sites). (USGS, U.S. Geological Survey)
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Figure 1.3. Animas River at Durango, Colorado (station 09361500) and associated water-quality sampling sites (see table 1 for a

description of the sites). (USGS, U.S. Geological Survey)
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Figure 1.4. Animas River near Cedar Hill, New Mexico (station 09363500) and associated water-quality sampling sites (see table 1for a
description of the sites). (USGS, U.S. Geological Survey)
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Figure 1.5. Animas River below Aztec, New Mexico (station 09364010) and associated water-quality sampling sites (see table 1 for a
description of the sites). (USGS, U.S. Geological Survey)
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Figure 1.6. San Juan River at Farmington, New Mexico (station 09365000) and associated water-quality sampling sites (see table 1 for
a description of the sites). (USGS, U.S. Geological Survey)
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Figure 1.7.
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San Juan River at Shiprock, New Mexico (station 09368000) and associated water-quality sampling sites (see table 1 for a
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Figure 1.8. San Juan River at Four Corners, Colorado (station 09371010) and associated water-quality sampling sites (see table 1 for a
description of the sites). (USGS, U.S. Geological Survey)
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Figure 1.9. San Juan River near Bluff, Utah (station 09379500) and associated water-quality sampling sites (see table 1 for a description
of the sites). (USGS, U.S. Geological Survey)
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