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FOREWORD

The mission of the U.S. Geological Survey  Describe how water quality is changing over
(USGS) isto assess the quantity and quality of the time.
earth resources of the Nation and to provide informa- » Improve understanding of the primary natural
tion that will assist resource managers and policymak- and human factors that affect water-quality
ers at Federal, State, and local levelsin making sound conditions.
decisions. Assessment of water-quality conditionsand  This information will help support the development
trendsis an important part of this overall mission. and evaluation of management, regulatory, and moni-
One of the greatest challenges faced by water- toring decisions by other Federal, State, and local
resources scientists is acquiring reliable information agencies to protect, use, and enhance water resources.

that will guide the use and protection of the Nation’s The goals of the NAWQA Program are being
water resources. That challenge is being addressed tachieved through ongoing and proposed investigations
Federal, State, interstate, and local water-resource of 60 of the Nation’s most important river basins and
agencies and by many academic institutions. These aquifer systems, which are referred tesasly units.
organizations are collecting water-quality data for a These study units are distributed throughout the
host of purposes that include: compliance with permitiNation and cover a diversity of hydrogeologic settings.
and water-supply standards; development of remediaMore than two-thirds of the Nation’s freshwater use
tion plans for specific contamination problems; operaoccurs within the 60 study units and more than two-
tional decisions on industrial, wastewater, or water- thirds of the people served by public emasupply sys-
supply facilities; and research on factors tiféct tems live within their boundaries.
water quality. An additional need for water-quality National synthesis of data analysis, based on
information is to provide a basis on which regional-  3ggregation of comparable information obtained from
and national-level policy decisions can be based. Wisipe study units, is a major component of the program.
dec_isions must be based on sound information. As a Thjs effort focuses on selected water-quality topics
society we need to know whether certain types of  sing nationally consistent information. Coanative
water-quality problems are isolated or ubiquitous, sy dies will explain diférences and similarities in
whether th(_ere are S|gn|f|cantftda|ren_c_es in ondltlons_ observed water-quality conditions among study areas
among regions, whether the conditions are changing ang will identify changes and trends and their causes.
over time, and why these conditions change from  The first topics addressed by the national synthesis are
place to place and over time. The information can be pesticides, nutrients, volatile organic compounds, and
used to help determine the efficacy of existing water- aquatic biology. Discussions on these and other water-
quality policies and to help analysts determine the 3]ty topics will be published in periodic summaries
need for and likely consequences of new policies.  of the quality of the Nation’s ground and surface water
To address these needs, the U.S. Congress approjas the information becomes available.
ated funds in 1986 for the USGS to begin a pilot pro- This report is an element of the comprehensive
gram in seven project areas to develop and refine the pody of information developed as part of the NAWQA
National Water-Quality Assessment (NAWQA) Pro-  program. The program depends heavily on the advice,
gram. In 1991, the USGS began full implementation ofcooperation, and information from many Federal,
the program. The NAWQA Program builds upon an  gate, interstate, Tribal, and local agencies and the

existing base of water-quality studies of the USGS, aspyplic. The assistance and suggestions of all are
well as those of other Federal, State, and local agenciegreatly appreciated.

The objectives of the NAWQA Program are to:
» Describe current water-quality conditions for a J‘? ‘;r- £ J,.r,{: 2 ﬁ

large part of the Nation’s freshwater streams,

rivers, and aquifers. )
Robert M. Hirsch

Chief Hydrologist
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ELEMENT CONCENTRATIONS IN BED SEDIMENT
OF THE YELLOWSTONE RIVER BASIN, MONTANA,
NORTH DAKOTA, AND WYOMING—A
RETROSPECTIVE ANALYSIS

By David A. Peterson and Ronald B. Zelt

ABSTRACT

Chemical datafor bed sediment were ana-
lyzed aspart of the U.S. Geologica Survey Nationa
Water-Quality Assessment Program investigation
of the Yellowstone River Basinin partsof Montana,
North Dakota, and Wyoming. The primary dataset
consisted of about 13,000 samples collected during
1974-79 for the National Uranium Resource Evalu-
ation program. Datawereavailablefor 50 e ements,
athough not al samples were analyzed for al ele-
ments.

Element concentrations varied spatiadly and
were associated with geol ogic settings or ecore-
gions. Factor anadysisindicated three groups of
associated elements. factor 1 elements were
strongly correlated with basdtic rocks, factor 2 ele-
ments were strongly corrdated with granitic rocks,
and factor 3 dementswere strongly correlated with
carbonate rocks. Scores for factor 1 were highest
for bed-sediment samples associated with volcanic
rocks of Tertiary and Cretaceous agein the Absa
rokavolcanic field and crystalline rocks of Precam-
brian age in the Beartooth Mountains. Scores for
factor 2 were highest for samples associated with
volcanic rocks of Quaternary age on the Yellow-
stone Plateau, crystalline rocks of Precambrian age,
and sedimentary rocks of Tertiary agein the Wyo-
ming Basin ecoregion. Scoresfor factor 3 were
highest in samples associated with sedimentary
rocks of Paleozoic age and volcanic rocks of Creta-
ceous and Tertiary age.

Descriptive statistics are presented to serve as
abaseline for element concentrationsin bed sedi-
ment associated with eight geologic settings or

ecoregionsin the study unit. Some of the concentra-
tions of chromium, copper, lead, nickel, and zincin
bed-sediment samples from areas of crystalline
rocks in the Beartooth M ountains and other forma-
tionsin the western part of the study unit exceeded
sediment-quality assessment va ues associated with
toxic effectsto aquatic life.

INTRODUCTION

The Yedlowstone River Basin (YRB) is one of
more than 50 study unitsin the U.S. Geological Survey
(USGS) National Water-Quality Assessment (NAWQA)
program. Gilliom and others (1995, p. 2) describe the
framework for NAWQA,, including selection of diverse
river basinsthat drain about one-half of the conterminous
United States and reflect 60-70 percent of the national
water use and population. The program is designed to
describe the status and trendsin the quality of the
Nation’s surface and ground water, and link assessment
of the status and trends with an understanding of the nat-
ural and human factors that affect water quality.

The NAWQA study units were divided into three
groups on arotational schedule, with one group of stud-
iesbeginningin 1991, a second set in 1994, and the third
in 1997. The YRB NAWQA study began in 1997, dur-
ing the third round of study-unit start-ups (Miller and
Quinn, 1997). Thecyclefor each study unit consists of
2 yearsof initial planning and retrospective analysis,

3 years of intensive data collection and analysis, and

6 years of report preparation and low-level assessment
activity. Thisreport has been prepared as part of the ret-
rospective analysis of existing data for the YRB investi-
gation.

The NAWQA program assesses water quality of
streams based on three interrelated components. water

ABSTRACT 1



column, bed sediment and fish tissue, and ecological
studies (Gilliom and others, 1995, p. 9). Analysisof the
existing datafor elementsin bed sediment of the study
unit will aid in sampling design and interpretation of the
bed-sediment datato be collected by the Y RB NAWQA
investigation. As part of the overal YRB NAWQA ret-
rospective effort, State, Federal, and local agencieswere
surveyed for water-qudity data sets, including bed-sedi-
ment analyses.

The National Uranium Resource Evaluation
(NURE) Program collected the only bed-sediment data
set with virtually complete coverage for the study unit.
TheNURE program wasinitiated by the Atomic Energy
Commission in 1973 as a nationwide, systematic study
of uranium resources. The program, which later came
under the auspices of the U.S. Department of Energy,
had nine components, including the Hydrogeochemical
and Stream Sediment Reconnaissance (HSSR) (Infor-
mation Systems Programs, Energy Resources Institute,
1985), the data from which are used in this report.

Sources of bed-sediment data, other than HSSR,
include the USGS National Water Information System
(NWIS) data base and site-specific investigations such
as Chaffee and others (1997) and studies associated
with the Cooke City Environmental |mpact Statement
(U.S. Department of the Interior and U.S. Department
of Agriculture, 1997). Data from site-specific investi-
gations generally were not included in this report
because of concerns about comparing datacollected and
analyzed with differing or unknown methods, lack of
ready electronic accessto the data, and the limited geo-
graphic scope of the data.

Purpose and Scope

The objectives of thisreport are:

1. Todescribethe spatial distribution of element con-
centrations in bed sediment of streamsin the
YRB,

2. To provide baseline concentrations of elementsin
bed sediment to compare with data to be col-
lected and analyzed by NAWQA and other
investigations, and

3. To compare element concentrations in bed sedi-
ment from the study unit to published sedi-
ment-quality assessment values for the
protection of aquatic life.

Thescope of thisreport islimited to retrospective
analysis of existing bed-sediment data of 50 elements
fromtheYRB, primarily the HSSR dataset. The HSSR
bed-sediment data that are used in this report currently
(1999) is maintained by the U.S. Geologica Survey
(Smith, 1999). Factor analysisis used as a statistical
tool to determine rel ations between the el ement concen-
trations. Descriptive statistics are used to summarize
the compl ete data set and subsets distinguished by geo-
logic settings. Three plates are presented to show the
geologic settings, an example of results from the factor
analysis, and spatial distribution of a selected element.

Description of the Study Unit

The Yellowstone River isthe largest tributary of
the Missouri River and drains an area of approximately
182,000 square kilometers (70,000 square miles) in
Montana, North Dakota, and Wyoming (fig. 1). The
mean annual discharge of the Yellowstone River at
gaging-station 06329500 near the mouth is 362 cubic
meters per second (12,800 cubic feet per second)
(Shields and others, 1999, p. 346). Major tributariesto
the Yellowstone River include the Clarks Fork Yellow-
ston, Wind/Bighorn, Tongue, and Powder Rivers.

Air masses originating in the Gulf of Mexico, the
northern Pacific Ocean, and the Arctic region interact to
producethe seasonal climatic regimes of the study unit.
Mean annual precipitation ranges from about 150 mm
(5.9in.) in the central parts of the Bighorn and Wind
River Basinsto morethan 1,500 mm (59in.) at highele-
vations in the mountains near Yellowstone National
Park (Oregon Climate Service, 1995a, 1995b). Snow-
fall composes a substantial part of annual precipitation
in most years, with average annual snowfall ranging
from less than 300 mm (12 in.) in parts of the Bighorn
Basin to more than 5,200 mm (200 in.) near Yellow-
stone National Park (Western Regional Climate Center,
digital data, 1997). In mountainous parts of the study
unit, precipitation varies strongly with elevation.

The ecoregions shown on plate 1 were modified
from Omernik’s map (1987) of ecoregions, and are
based on integrated patterns of factors including land
use, morphology, potential natural vegetation, and soil.
Approximately 55 percent of the study unit liesin the
Northwestern Great Plains ecoregion (Zelt and others,
1999, p. 75). Thisecoregion has plains with open hills
of varying height and tablelands of moderate relief; pre-
dominant land cover is subhumid grasses used for graz-
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ing (Omernik, 1987). The Middle Rocky Mountains
and Wyoming Basin ecoregions each contain about
21 percent of the study unit (Zelt and others, 1999,
p. 75). The Middle Rocky Mountains ecoregion fea
tures high mountains and plateaus covered by Douglas
fir, western spruce-fir forests, and al pine meadows
(Omernik, 1987); land use includes grazing and silvi-
culture. TheWyoming Basin ecoregion has plainswith
hills or low mountains, some irrigated agriculture, and
the potential natural vegetation is shrub steppe, desert
shrubland, and juniper-pinyon woodland (Omernik,
1987). The Montana Valley and Foothill Prairies
ecoregion containsthe remaining 3 percent of the study
unit. The Montana Valley and Foothill Prairies ecore-
gion is characterized as subhumid grassland used for
grazing, and some irrigated land (Omernik, 1987).
The ecoregions correspond in part to the struc-
tural geologic framework of uplifts and sedimentary
basinsinthe study unit. The Beartooth Mountains, the
Absaroka Range, the Wind River Range, and the Big-
horn Mountains (plate 1) are the major uplifted areas
that, in combination with two volcanic fields (the Yel-
lowstone Plateau and the Absaroka field), compose
most of the Middle Rocky Mountains ecoregion. The
Beartooth Mountains contain a core of crystalline
gnheiss, granitics, and supracrustal rocks of Precam-
brian age (Page and Zientek, 1985), flanked primarily
by rocks of Paleozoic age and younger rocks. Along
the northern edge of the Beartooth M ountains, the Still-
water Complex of Precambrian age (not shown on
plate 1), alayered igneous intrusion containing miner-
alized areas, crops out over an area about 50 km long
and up to 8 km wide (Page, 1977). The Stillwater Com-
plex contains nationally important resources of chro-
mium and platinum-group elements, aswell as
substantial resources of gold, silver, copper, lead, and
zinc (Hammarstrom and others, 1993). Thecrystalline
core of Precambrian age of the Wind River Rangeisa
high-grade metamorphic and igneous complex of mig-
matite, orthogneiss, and paragneiss, intruded by quartz
diorite to granitic plutons (Hausel, 1989, p. 160-161).
Rocks of Paleozoic age, and to alesser extent Creta-
ceous age, are exposed along the eastern flank of the
Wind River Range. The Bighorn Mountains represent
amajor structural arch with a core of crystalline gra-
nitic and gneissic rocks of Precambrian age (Hausel,
1989, p. 34-37). Throughout much of the Bighorn
Mountains, the crystalline rocks of Precambrian age
remain buried beneath carbonate rocks of Paleozoic

age.

The Yellowstone Plateau of Quaternary age and
the Absarokavolcanic field of Tertiary and Cretaceous
age are recoghized as distinct geologic provinces
(Snoke, 1993). Rhyolites predominate among rock
typesinthe Yellowstone Plateau, but basaltsal so occur.
Andesite and dacite are the primary rock typesin the
Absaroka volcanic field (Chadwick, 1970), which
encompasses the Absaroka Range and surrounding
areas(plate 1). Many of the historical and recent metal-
mining districtsinthe study unit are associated with the
principal vent complexes, intrusives, and eruptive cen-
tersin the Absaroka volcanic field, as shown by Chad-
wick (1970). High concentrations of copper, gold,
silver, zinc, lead, and other metalswere deposited in the
Absarokavolcanic field, the Beartooth M ountains, and
surrounding areas in various types of deposits, such as
porphyries, intrusions, veins, and zones of hydrother-
mal alteration and mineralization (Hammarstrom and
others, 1993).

Structural basinsin the study unit include the
Bighorn Basin and Wind River Basin, which are both
in the Wyoming Basin ecoregion (plate 1). The Wyo-
ming Basin ecoregion spans the Bighorn and Wind
River basinsand the Owl Creek and Bridger M ountains
that separate the two basins. The Powder River and
Williston Basins are in the northeastern part of the
study unit. The structural basins are surrounded on the
flanks of the adjacent uplifts by folded and faulted
rocks of Cretaceous and Paleozoic age. Rock units of
Cretaceous age crop out in about 23 percent of the
study unit, and usually are tilted and often beveled by
erosion. Sedimentary rocks of Tertiary age unconform-
ably overlie the eroded Cretaceous surface in most of
the plains and basins of the study unit. Sedimentary
rocks of Tertiary age, including sandstone, mudstone,
siltstone, and shale crop out over about 43 percent of
the study unit. Commercially important deposits of
uranium occur in rocks of Tertiary age in the Powder
River Basin and the Wind River Basin. The sedimen-
tary rocks can be several thousand meters thick in the
structural basins of the study unit (Blackstone, 1993).

A great variety of deposits of Quaternary age
occur within the study unit, including eolian, fluvial,
glacial, and landslide deposits. Valley-fill deposits
consisting of unconsolidated gravel, sand, silt, and clay
occur adjacent to most of the larger streams of the study
unit (Whitehead, 1996), but are not shown on plate 1
because the sediment composition is considered to be
reflective of the adjacent geologic setting.
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Methods

Sample Collection

All of the HSSR bed-sediment samples from the
Y RB were collected under the direction of theLosAla-
mos Scientific Laboratory in Los Alamos, New Mex-
ico. All 13,523 samples were collected in the YRB
during 1976-79, except for two samples collected in
1974. Sampling sites were selected to represent small
drainage areas of about 10 km? (Sharp and Aamodit,
1978, p. 9). Therelatively small targeted drainages
increased the likelihood that the bed sediment reflected
the local geology. Downstream sediment transport
undoubtedly affects element concentrations in the sed-
iment at any given site, but the extent of the effect is
unknown and beyond the scope of this report.

Each sediment sample was a composite of three
grab samples from a cross section or along the margins
of the stream channel. A similar procedure was fol-
lowed if the stream was dry. The bed-sediment sam-
pleswere dried at 100°C or less and sieved in the field
(Sharp and Aamodt, 1978, p. 16-19). About 25 cubic
centimeters of the smaller particles(sand, silt, and clay-
size) were shipped to the laboratory for elemental anal-
ysis. The sieve mesh size was 150 microns for
13,124 samples. The remaining 399 samples were
sieved through 180-micron mesh and were excluded
from this report because of the different mesh size.
Bed-sediment samples often are sieved to minimize
grain-size effects, but the mesh size used for sieving is
not widely standardized. Comparing €lement concen-
trations of samples sieved with different mesh sizesis
difficult because concentrations commonly are
inversely related to grain size (Horowitz, 1991, p. 16-
22).

Laboratory Analysis

Most of the samples were analyzed at the Los
Alamos Scientific Laboratory (fig. 2). Dueto program
changes, some of the sampleswereanalyzed at the Oak
Ridge National Laboratory in Oak Ridge, Tennessee.
Thesampling and analysis effortswere subdivided into
blocks corresponding to U.S. Geologica Survey
1° x 2° quadrangle series maps. Samples from the
Driggs, Ekalaka, and Sheridan quadrangles were ana-
lyzed for uranium at Los Alamos and for the other
49 elements at Oak Ridge.

TheLosAlamoslaboratory analyzed samplesfor
uranium using delayed neutron counting; for arsenic,
bismuth, cadmium, copper, lead, molybdenum, nickel,
niobium, selenium, silver, tin, tungsten, and zirconium
using energy dispersive x-ray fluorescence; for beryl-
lium and lithium using arc-source emission spectrogra-
phy; and for the remaining elements using neutron-
activation (Smith, 1999). Elementstypically analyzed
by Los Alamos but not Oak Ridge included antimony,
bismuth, cadmium, cesium, chloride, dysprosium,
europium, gold, lutetium, rubidium, samarium, tanta-
lum, terbium, tin, tungsten, and ytterbium. The Oak
Ridge laboratory analyzed samples for uranium using
neutron-activation and for the other elements using
emission spectrochemical analysis. Elementsanalyzed
by Oak Ridge but not Los Alamos included boron,
molybdenum, phosphorus, yttrium, and zirconium.
Some exceptions occurred, such as special studies of
arsenic, molybdenum, selenium, and zirconium, which
were analyzed only in samples collected from quadran-
gles on the western edge of the study unit. Quality-
control samples were not available to compare results
between the two laboratories.

Data Analysis

Factor analysis (Kachigan, 1986, p. 377-379)
was used as a data-reduction technique to systemati-
cally summarize the large correlation matrix formed
among the constituent-concentration variables. The
purpose of factor analysisisto represent the variancein
the concentrations through computation of a small set
of derived variables called factors that commonly cor-
respond to underlying geochemical processes (Christo-
phersen and Hooper, 1992) or patterns of spatial
variability (Lins, 1997). Thefirst factor accountsfor as
much of the total variance in the data as possible, the
second factor accounts for as much of the remaining
variance as possible while being uncorrelated with the
first factor, and so forth (Alley, 1993, p. 49). Thefactor
analysis was performed using Statit Analysis System
software (Statware, Inc., 1996). Probability plotsindi-
cated that the frequency distributions of the elements
were right-skewed. Therefore, logarithms of the con-
stituent-concentration values were used as input to fac-
tor analysis to improve the multivariate normality of
the data set.

Orthogonal varimax rotation was applied to the
factorsto maximizethetotal variance explained by the
factorsasawhole. The purpose of rotation isto rede-
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fine the factors in order to make sharper distinctions,
because rotation does not change the number of factors
or the total variance explained by the factor analysis
(Kachigan, 1986, p. 389-393).

For each sample, a score was computed on each
factor. These factor scores represent a weighted com-
bination of the sample’'s chemical composition, asindi-
cated by the concentrations of the elements. A sample
will tend to score high on afactor only if it had large
concentrations of the constituents that correlate most
strongly with that factor (Kachigan, 1986, p. 385).
Scores for each factor were standardized; that is, the
mean score is zero with unit variance.
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ELEMENT CONCENTRATIONS

Concentrations of all 50 elementsin the HSSR
data set are statistically summarized intable 1. The
number of sample analyses varied from one el ement to
another because of differencesin laboratory procedures
and special studies, as described earlier. Uranium had
the largest number of analyses (13,087), although the
data set contained atotal of 13,124 samples. All ele-
ments except uranium had analyses with concentra-
tionslessthan the reporting limit set by the laboratory.
As shown in the third column of table 1, the reporting
limit wasfixed for some elements, such asthereporting
limit of 0.05 percent for aluminum. For other elements,
such as antimony, the reporting limit listed intable 1is
givenasarange becausethereporting limit varied from
one sampleto another. Reporting limitsfor agiven ele-
ment can vary because of matrix effects or other char-
acteristics of the individual sample or analysis.

Data setsfor 36 elementsin table 1 had small to
moderate (less than 50 percent) amounts of censored
data. Censored values arethose reported as"lessthan”
the reporting limit. For each of these 36 elements, a
probability plot was generated to estimate the distribu-
tion of the data below the reporting limit (Helsel and
Hirsch, 1992, p. 357-375). On the probability plot, the
line through the data above the highest reporting limit
was extended below the reporting limit and used to
estimate the distribution of the databelow the reporting
limit. More than 50 percent of the data for antimony,
bismuth, cadmium, chloride, gold, molybdenum, nio-
bium, selenium, silver, tantalum, terbium, tin, and
tungsten were below the reporting limit. The data for
those 13 elements are not discussed further in this
report because the utility of the datais limited by the
censored values.

Spatial Distribution Based on Factor Analysis

Thedataset chosen for spatial analysiscontained
25 elements that were analyzed more or less uniformly
across the study unit: aluminum, barium, beryllium,
calcium, cerium, chromium, cobalt, copper, haf nium,
iron, lanthanum, lead, lithium, magnesium, manga-
nese, nickel, potassium, scandium, sodium, strontium,
thorium, titanium, uranium, vanadium, and zinc. There
were 12,289 bed-sediment samples in the HSSR data
with non-missing values for all 25 selected constitu-
ents. Results of the factor analysis were interpreted
using geographic information systems technology to
perform aspatial analysisthat categorized each HSSR
sampling site with respect to the geologic setting and
ecoregion.

About 65 percent of the total variation in the
chemistry of the bed sediment was explained by the
first four factors (table 2). In order to determine how
many factorsto retain for further analysis, two objec-
tive criteriawere used to compare the percentage of
explained variance for each factor in the HSSR data
with the percentage expected for a corresponding fac-
tor computed from a set of random data. Results for
Preisendorfer and Barnett’s (1977) rule N test are pre-
sented in table 2. Both the rule N test and Frontier’s
"broken-stick" method (Jackson, 1993) suggested that
retention of 3 factors would provide the greatest
amount of useful information with the fewest number
of factors. The factors were then rotated as described
previoudly in the methods section.

ELEMENT CONCENTRATIONS 7
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Table 1. Descriptive statistics for element concentrations in bed-sediment samples collected during the National Uranium
Resource Evaluation (NURE), Hydrogeochemical and Stream Sediment Reconnaissance (HSSR), Yellowstone River

Basin,1974-79

[*, concentration in percent; al other concentrations in milligrams per kilogram (mg/kg); --, percentile not calculated; <, less than]

Concentrations

Concentration (mg/kg) for selected percentiles of analyses

Number greater than
of Reporting limit  reporting limit 50

Element analyses (mg/kg) (percent) 95 75 (median) 25 5
Aluminum (Al) 12,643 .05 * 99 7.85* 6.37 * 530* 4.36* 3.04*
Antimony (Sb) 7,754 1-17 1 - - <2 - -
Arsenic (As) 957 5- 78 44 14 9.0 50 3.0
Barium (Ba) 12,643 2-411 99 1,230 784 619 513 361
Beryllium (Be) 12,486 1 97 3.0 2.0 2.0 1.0 1.0
Bismuth (Bi) 7,778 5 15 - - <5.0 - -
Boron (B) 4,844 10 98 57 37 28 21 13
Cadmium (Cd) 7,778 5 1 - - <5 - -
Cacium (Ca) 12,643 .0237-.188* 99 557 * 342* 2.18* 131* 0.58*
Cerium (Ce) 12,632 7-15 99 101 67 56 48 36
Cesium (Cs) 7,788 A4-74 76 54 35 25 12 12
Chloride (Cl) 7,798 17-254 19 - - <87 -- --
Chromium (Cr) 12,635 1-23 99 243 77 48 36 25
Cobalt (Co) 12,632 1-46 98 24.2 10.6 7.3 6.0 4.0
Copper (Cu) 12,622 2-10 98 44 27 21 16 10
Dysprosium (Dy) 7,799 1-4 99 6 4 4 3 2
Europium (Eu) 7,788 2-9 99 2.0 15 12 0.9 0.7
Gold (Au) 7,788 .02-.72 1 - - <.08 - -
Hafnium (Hf) 12,632 9-15 65 20 9.3 55 55 3.9
Iron (Fe) 12,635 .05 * 99 513* 275* 1.96* 1.46* 0.86*
Lanthanum (L&) 12,589 2-159 97 61 37 28 23 17
Lead (Pb) 12,622 5-10 84 27 17 12 7.0 3.0
Lithium (Li) 12,486 1 99 51 34 26 20 14
Lutetium (L u) 7,788 1-4 93 0.6 04 0.3 0.3 0.1
Magnesium (Mg) 12,643 .05-1.179* 99 411* 201* 1.36* 0.92* 0.52*
Manganese (Mn) 12,643 4 99 948 544 347 264 157
Molybdenum (Mo) 5,226 4-5 6 - - <4 - -
Nickel (Ni) 12,622 2-15 74 58 26 17 8.0 8.0
Niobium (Nb) 12,622 4-20 39 - - <20 - -
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Table 1. Descriptive statistics for element concentrations in bed-sediment samples collected during the National Uranium
Resource Evaluation (NURE), Hydrogeochemical and Stream Sediment Reconnaissance (HSSR) Yellowstone River
Basin,1974-79--Continued

Concentrations

Concentration (mg/kg) for selected percentiles of analyses

Number greater than
of Reporting limit  reporting limit 50

Element analyses (mg/kg) (percent) 95 75 (median) 25 5
Phosphorus (P) 4,844 5 99 848 618 517 441 347
Potassium (K) 12,643 .02-1.084* 99 2.13* 165* 142* 122* 0.96*
Rubidium (Rb) 7,791 6-123 59 81 53 33 20 20
Samarium (Sm) 7,760 .3-9.9 97 8.9 55 45 36 2.0
Scandium (Sc) 12,632 1 99 16.7 8.9 6.0 5.0 35
Selenium (Se) 957 5 A - - <5 -- --
Silver (Ag) 12,622 2-5 1 - - <5 - -
Sodium (Na) 12,643 .05 * 99 2.16* 1.27* 74> 0.51* 0.25*
Strontium (Sr) 12,642 1-931 58 871 490 274 130 94
Tantalum (Ta) 7,436 1-7 2 - - <1 - -
Terbium (Th) 7,502 1-3 3 - - <1 - -
Thorium (Th) 12,632 15-44 95 185 10.3 8.0 5.8 14
Tin (Sn) 7,778 10 1 - - <10 - --
Titanium (Ti) 12,643 10- 2,585 99 5,080 3,370 2,620 2,050 1,540
Tungsten (W) 7,778 15 4 - - <15 - -
Uranium (U) 13,087 0.01 100 55 34 238 25 17
Vanadium (V) 12,643 2-31 99 161 92 64 50 35
Ytterbium (Y b) 7,765 5-6.3 77 53 34 2.7 17 14
Yttrium (Y) 4,844 1 99 16 13 1 10 8.0
Zinc (Zn) 12,546 4-204 77 127 111 72 50 33
Zirconium (Zr) 5,801 2 99 214 76 60 51 42
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Table 2. Percentage of variance explained by first four
unrotated factors, and comparison with percentages
computed from a set of random data

Sediment Random
chemistry  Cumulative data
variance variance variance Result
explained, explained, explained, for rule
Factor in percent  in percent in percent1 N test?
1 38.3 38.3 7.7 p <0.05
2 12.2 50.5 7.3 p<0.05
3 8.2 58.7 7.1 p<0.05
4 6.2 64.9 6.9 p<0.05

1Computed for a matrix with 25 constituents.

2See Preisendorfer and Barnett (1977) for description of
rule N tests.

Thethreefactorsidentified in the factor analysis
correspond to three geochemically distinct types of
source rocks. Factors 1 and 2 reflect the influence of
two typesof igneous sourcerocks. basaltic (mafic) and
granitic (felsic). Factor 3 reflects sedimentary rocks,
carbonate rocks in particular.

Factor 1 (Basaltic Rocks)

Factor 1 largely reflectsthe influence of basaltic
rocks, based on the correlated elements and spatial dis-
tribution of the factor scores. Factor 1 is correlated
with scandium, iron, cobalt, vanadium, chromium, alu-
minum, nickel, manganese, copper, titanium, sodium,
barium, strontium, and zinc in descending order of
strength of positive correlation. Scandium, iron,
cobalt, and vanadium strongly correlate (r > 0.85) with
factor 1. Ten of the 14 elements associated with
factor 1 share similar properties. Scandium, titanium,
vanadium, chromium, manganese, iron, cobalt, nickel,
and copper are on average at least four times more
abundant in basaltic rocks than in granitic rocks, and
zinc is about twice as abundant (Mason, 1966, p. 45-
48). The chemical similarity of the same 10 elements
can be noted from the periodic chart of the elements,
where they are B-subgroup elements, atomic
numbers 21-30, and are transition elements adjacent to
each other in the period-4 element row. The other ele-
ments, aluminum, sodium, barium, and strontium,
associated with factor 1 are present, on average, in
equal or greater abundance in granite than basalt
(Mason, 1966, p. 45-48), and are A-subgroup el ements

of theperiodictable. Elementsof the A subgroup have
considerably lower electronegativitiesthan el ements of
the B-subgroup, which has an important influence on
bonding and distribution of the elements during mag-
matic crystallization (Mason, 1966, p. 133). Theuse of
factor analysis, therefore, was useful in determining an
association of aluminum, sodium, barium, and stron-
tium with period-4 metals that would not be predicted
from either average abundance data from Mason
(1966) or from associations on the periodic chart.

Scores for factor 1 tended to be highest in the
western part of the YRB (plate 2), in areas of volcanic
rocks of Tertiary and Cretaceous age (Absaroka volca-
nic field) and crystalline rocks of Precambrian agein
the Beartooth Mountains. High factor scores (greater
than 1, for example) on plate 2 indicate the strongest
associations of the data with factor 1. Andesite and
dacite are the primary rock types in the Absaroka vol-
canic field (Chadwick, 1970), which corroborates the
influence of basaltic rocks on factor 1. The high fac-
tor-1 scores in the Beartooth Mountains might reflect
theintrusions, veins, and other geologic featureswithin
the area, rather than the host crystalline rock. Outside
the Beartooth Mountains, samples from areas of crys-
talline rocks of Precambrian age had intermediate
scoreson factor 1. Thelowest factor-1 scorestended to
be from samples collected from sedimentary rocks of
Tertiary, Cretaceous, and Paleozoic age.

The distribution of the elements is controlled in
part by their chemical properties and behavior. Numer-
ous igneous rock minerals are sources of iron, but iron
concentrations can be several times larger in basaltic
rocks than in granitic rocks (Mason, 1966, p. 45). Fer-
romagnesian minerals commonly dissolve during
weathering and reprecipitate as sedimentary minerals
(Hem, 1985, p. 77). Iron also isacommon component
insulfide oresof other metals. Cobalt ismost abundant
in igneous rocks, particularly basaltic rocks (Mason,
1966, p. 45), and cobalt ions can substitute for part of
theironinferrogmagnesian rock minerals (Hem, 1985,
p. 138). Chromium is most abundant in ultramafic or
basaltic rocks, and chromite (highly resistant to weath-
ering) iscommon inresidue overlying ultramafic rocks
(Hem, 1985, p. 138). Weathering of igneous rocks
commonly produces sediment enriched in aluminum;
the most common of the aluminum-enriched minerals
are clays (Hem, 1985, p. 73). Aluminum is about
equally abundant in granitic and basaltic rocks (Mason,
1966, p. 45). Manganeseisaminor constituent in
many ignheous and metamorphic minerals, and is most
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abundant in basaltic rocks (Mason, 1966, p. 45). When
dissolved during weathering in an oxidizing environ-
ment, manganese generally will reprecipitate as acrust
of manganese oxide in association with iron and some-
times substantial amounts of other metal ions (Hem,
1985, p. 86). Copper occursin sulfide mineralsand in
oremineralsthat also containiron (Hem, 1985, p. 141).
Titanium iscommonly associated with ironin minerals
that are highly resistant to weathering and therefore
tend to persist in sediments (Hem, 1985, p. 137). Tita-
nium forms specific mineralsthat are widely dispersed
throughout some of the commonest rocks (Mason,
1966, p. 49), which helps explain why concentrations
of titanium in bed sediment are large relative to many
of the other elements (table 1). Barium, sodium, and
strontium are more abundant in granitic rocks than
basaltic rocks (Mason, 1966, p. 45-46). Zinc has about
the same abundancein crustal rocks as copper or nickel
and isfairly common (Hem, 1985, p 142).

Factor 2 (Granitic Rocks)

Factor 2 reflects the influence of granitic rocks.
Factor 2 correlates with thorium, lanthanum, cerium,
beryllium, hafnium, uranium, and potassium, in
descending order of strength of positive correlation.
Corrélation coefficientsranged from 0.78 t0 0.52. The
average abundance of the seven elements associated
with factor 2 is several times greater in granite than in
basalt (Mason, 1966, p. 45-48).

Factor-2 scores were highest in samples from
volcanic rocks of Quaternary age (Yellowstone Pla-
teau). Rhyolite, which is the extrusive equivalent of
granite, predominates in the volcanic rocks of the Yel-
lowstone Plateau. Factor-2 scores were intermediate
from areas of crystalline rocks of Precambrian age,
both in and outside the Beartooth Mountains. Thecrys-
talline rocks of Precambrian age in the study unit are
exposed at the cores of structural upliftsin the
Beartooth Mountains, the Wind River Range, the Big-
horn Mountains, the Owl Creek Mountains, and the
Bridger Mountains (plate 1). Outcrops of granitic
rocks also occur in the Granite Mountains that lie just
south of the study unit and contributed basin-fill debris
to the Wind River structural basin.

The lowest scores on factor 2 were associated
with sedimentary rocks, with the exception of the inter-
mediate-level scoresassociated with sedimentary rocks
of Tertiary age in the Wyoming Basin ecoregion.

Factor-2 scores for sedimentary rocks of Tertiary age
were significantly different (Mann-Whitney test, prob-
ability 0.05, Iman and Conover, 1983) in the Wyoming
Basin ecoregion than for the same geologic setting in
the Northwestern Great Plains ecoregion. The differ-
ence in factor-2 scores between the two ecoregions
might be caused by differencesin environmental com-
ponents or processes related to the ecoregion such as
source rocks and weathering rates. Using datafrom
two analytical |aboratories probably did not cause the
differencesin factor-2 scores between the ecoregions,
for samplesfrom areasof rocksof Tertiary age. Testing
of datafrom Los Alamos Scientific Laboratory in com-
parison with datafrom Oak Ridge National L aboratory
on samples collected in areas of sedimentary rocks of
Tertiary age indicated the concentrations were not sig-
nificantly different between the laboratories (Mann-
Whitney, probability 0.05). A similar test was applied
to data from areas of sedimentary rocks of Cretaceous
age, which indicated a small but significant difference
in median test scores for samplesfrom areas of rocks of
Cretaceous age between the laboratories, but not
between the two ecoregions.

Factor 3 (Carbonate Rocks)

Factor 3 isassociated most strongly with carbon-
ate rocks. Factor 3 correlates positively with magne-
sium and calcium (r > 0.75). Both of theseelementsare
usually far more abundant in carbonate rocks than in
other rock types, and in combination with carbon are
the chief components of carbonate rocks, on average
(Hem, 1985, p. 5). Strontium has a chemistry similar
tothat of calcium, istypically most abundant in carbon-
ate rocks, and had the third strongest positive correla
tion with factor 3. Lead was intermediate between
magnesium and calcium in correlations with factors 1
and 2, but was strongly and negatively correlated
(r =-0.64) with factor 3.

Samples from sedimentary rocks of Paleozoic
age and volcanic rocks of Tertiary and Cretaceous age
had higher scores on factor 3 than did samples from
other settings. The sedimentary rocks of Paleozoic age
that are exposed along the flanks of the Bighorn Moun-
tains and other structural uplifts in the study unit are
primarily carbonates such as limestone and dolomite.
Samplesfrom areas of crystallinerocks of Precambrian
agein and outside of the Beartooth Mountains and sed-
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imentary rocks of Tertiary age outside the Wyoming
Basin ecoregion tended to have lower factor-3 scores
than those from other geologic settings.

Baseline Concentrations

Summary statistics for all 50 elements analyzed
from HSSR bed sediment samplesin the Yellowstone
River Basin are listed in table 1. Summary statistics
also are presented for the 25 elementsused in thefactor
analysis, in eight geologic settings: table 3, volcanic
rocks of Quaternary age (Yellowstone Plateau); table 4,
volcanic rocks of Tertiary and Cretaceous age (Absa-
roka volcanic field); table 5, sedimentary rocks of Ter-
tiary age in the Wyoming Basin ecoregion; table 6,
sedimentary rocks of Tertiary age outside of the Wyo-
ming Basin ecoregion; table 7, sedimentary rocks of
Cretaceous age; table 8, sedimentary rocks of Paleo-
zoic age; table 9, crystalline rocks of Precambrian age
in the Beartooth Mountains; and table 10, crystalline
rocks of Precambrian age outside the Beartooth Moun-
tains.

Sediment-Quality Assessment Values

Smith and others (1996) summarized sediment-
guality assessment val ues (SQAV) for the protection of
aquaticlife. The SQAV weredeveloped using multiple
lines of evidence, including biological and chemical
datafrom modeling, laboratory tests, and field studies.
The assessment valuesincluded a probable effect level
(PEL) above which toxic effects are frequently noted,
and an effects range median (ERM) (Long and others,
1995) which is the median concentration at which
adverse effects were noted. Although the ERM con-
centrations are based on marine and estuarine sedi-
ment, Ingersoll and others (1996) considered ERMsto
be asreliable as PEL s for classifying freshwater sedi-
ments as either toxic or nontoxic. Kemble and others
(1998) also noted that ERM s were highly reliable for
classifying sediment from the upper Mississippi River
astoxic or nontoxic.

The SQAV are based on bulk sediment, whereas
the HSSR data are from sieved samples. The effect of
sieving likely increases trace-element concentrations
relative to the bulk fraction, because the trace e ements

generally are associated with the smaller particles
(Horowitz, 1991, p. 16-22; Peterson and others, 1991).
Comparison of the SQAV with the sieved data from
HSSR is intended only as a point of reference and not
as an absolute indication of the occurrence of toxic
effects.

More than 99 percent of the copper, lead, and
zinc concentrations and more than 75 percent of the
chromium and nickel concentrationsin the HSSR sam-
ples were less than the corresponding PEL and ERM
(table 11). The highest concentrations of copper, zinc,
chromium, and nickel generally occurred in samples
from the western part of the study unit, as shown for
copper in plate 3. Copper concentrations in bed sedi-
ment were highest in ssmplesfrom crystalline rocks of
Precambrian age in the Beartooth Mountains and vol-
canic rocksof Tertiary and Cretaceous age, asshownin
the boxplots on plate 3.

Gurrieri (1998) described high concentrations of
trace elements and associated adverse effects on the
benthic invertebrate and periphyton communitiesof the
Stillwater River. The headwaters of the Stillwater
River, where the effects were noted, are in the Precam-
brian crystalline rocks of the Beartooth Mountains
(plate 1). Concentrations of copper in bed-sediment
samples collected where adverse effects were noted,
downstream of an area aff ected by mining, were 5,617
and 4,820 mg/kg (Gurrieri, 1998). Lesser effectstothe
aquatic life were noted farther downstream, where cop-
per concentrations ranged from 254 to 521 mg/kg (Gur-
rieri, 1998). The background copper concentration in
bed-sediment samples (sieved through 60 micron
mesh) from the upper Stillwater River basin was
353 mg/kg (Gurrieri, 1998), which is higher than both
the PEL and the ERM.

Nimmo and others (1998) described toxicity to
the amphipod Hyallela azteca (a surrogate test organ-
ism) in 7-day long toxicity tests with whole bed sedi-
ment and interstitial pore water from Soda Butte Creek
inthe vicinity of Yellowstone National Park (plate 3).
Survival of the amphipods was nearly zero from all
sites on Soda Butte Creek downstream of minetailings
and from a naturally mineralized creek where mining
never occurred. The toxicity was attributed to copper
(Nimmo and others, 1998, p. 924). The copper concen-
trations in bed sediment associated with the toxicity in
Soda Butte Creek generally ranged from about 100 to
500 mg/kg (Nimmo and others, 1998, p. 923).
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Table 3. Summary statistics for element concentrations in bed-sediment samples collected from streams in
areas of volcanic rocks of Quaternary age (Yellowstone Plateau), Yellowstone River Basin,1974-79

[*, concentration in percent, al other concentrationsin milligrams per kilogram (mg/kg); <, less than. Statistics calculated from 151

samples)
Concentration (mg/kg) for selected percentiles of analyses
50

Element 95 75 (median) 25 5
Aluminum (Al) 7.72* 6.97 * 6.41* 5.97* 4.26*
Barium (Ba) 1,590 939 786 629 450
Beryllium (Be) 55 4.0 3.0 20 1.0
Calcium (Ca) 4.06 * 2.66* 2.04* 1.15* A43*
Cerium (Ce) 158 120 98.0 81.5 45.0
Chromium (Cr) 299 173 114 63.5 33.0
Cobalt (Co) 234 145 9.8 5.4 0.8
Copper (Cu) 65.5 37.0 220 145 45
Hafnium (Hf) 224 12.8 10.1 7.8 4.4
Iron (Fe) 5.03* 3.31* 2.49* 1.83* 0.96*
Lanthanum (L&) 93.0 66.5 55.0 435 250
Lead (Pb) 325 205 14.0 10.0 4.0
Lithium (Li) 56.0 45.0 39.0 30.0 13.0
Magnesium (Mg) 5.00* 279* 1.98* 1.06 * 0.11*
Manganese (Mn) 1,180 690 518 391 161
Nickel (Ni) 59.0 335 220 8.0 8.0
Potassium (K) 2.88* 2.33* 1.98* 1.63* 1.06 *
Scandium (Sc) 18.5 11.6 8.7 6.1 4.4
Sodium (Na) 225* 197* 1.79* 131* 0.73*
Strontium (Sr) 786 541 490 490 452
Thorium (Th) 219 16.8 13.9 11.0 5.2
Titanium (Ti) 4,890 3,840 3,270 2,750 2,060
Uranium (U) 5.67 4.16 331 272 161
Vanadium (V) 137 85.0 58.0 395 205
Zinc (Zn) 166 121 111 111 54.5
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Table 4. Summary statistics for element concentrations in bed-sediment samples collected from streams in
areas of volcanic rocks of Tertiary and Cretaceous age (Absaroka volcanic field), Yellowstone River Basin,

1974-79

[*, concentration in percent; all other concentrations in milligrams per kilogram (mg/kg); <, less than. Statistics calcul ated from 1,276

samples)

Concentration (mg/kg) for selected percentiles of analyses
50
Element 95 75 (median) 25 5

Aluminum (Al) 8.37* 7.85* 7.20* 6.49 * 5.49*
Barium (Ba) 1,460 1,180 968 822 620
Beryllium (Be) 3.0 20 20 20 0.7
Calcium (Ca) 548 * 4.39* 3.55* 2.74* 1.69*
Cerium (Ce) 113 83.0 69.5 60.0 48.0
Chromium (Cr) 395 230 163 117 49.0
Cobalt (Co) 33.6 24.6 18.1 14.3 9.6
Copper (Cu) 57.3 39.0 310 240 17.0
Hafnium (Hf) 18.8 9.1 5.7 3.9 28
Iron (Fe) 7.66 * 5.18* 4.18* 3.50* 257*
Lanthanum (L&) 67.0 46.0 39.0 34.0 230
Lead (Pb) 20.0 13.0 10.0 6.0 3.0
Lithium (Li) 43.0 320 250 20.0 13.0
Magnesium (Mg) 587* 4,09 * 245* 1.28* 0.84*
Manganese (Mn) 1,170 879 726 608 473
Nickel (Ni) 91.0 52.0 35.0 21.8 8.0
Potassium (K) 207* 1.72* 1.49* 1.27* 0.94*
Scandium (Sc) 26.4 16.7 12.8 10.5 7.9
Sodium (Na) 246* 215* 1.88* 147* 1.07*
Strontium (Sr) 1,210 917 672 490 410
Thorium (Th) 16.5 9.8 7.8 5.9 39
Titanium (Ti) 6,790 4,920 4,160 3,480 2,820
Uranium (U) 3.80 2.66 21 1.60 1.08
Vanadium (V) 263 157 123 100 72.0
Zinc (Zn) 156 114 111 96.0 57.8
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Table 5. Summary statistics for element concentrations in bed-sediment samples collected from streams in
areas of sedimentary rocks of Tertiary age, in Wyoming Basin ecoregion, Yellowstone River Basin, 1974-79

[*, concentration in percent; all other concentrations in milligrams per kilogram (mg.kg); <, less than. Statistics calculated from 1,584

samples)
Concentration (mg/kg) for selected percentiles of analyses
50

Element 95 75 (median) 25 5
Aluminum (Al) 7.86* 6.02 * 5.07* 3.87* 230*
Barium (Ba) 1,310 718 609 522 410
Beryllium (Be) 30 20 20 20 1.0
Calcium (Ca) 4.53* 2.83* 1.98* 1.14* 44
Cerium (Ce) 119 75.0 63.0 52.0 40.0
Chromium (Cr) 143 67.0 51.0 39.0 27.0
Cobalt (Co) 17.0 9.1 6.9 54 38
Copper (Cu) 36.0 26.0 20.0 15.0 9.0
Hafnium (Hf) 25.2 13.8 9.7 7.0 4.6
Iron (Fe) 3.66* 2.26* 161* 1.18* 0.74*
Lanthanum (L&) 110 45.0 35.0 28.0 20.0
Lead (Pb) 21.0 14.0 10.0 7.0 3.0
Lithium (Li) 47.0 34.2 26.0 20.0 13.0
Magnesium (Mg) 3.08* 2.00* 152* 1.07* 0.51*
Manganese (Mn) 655 445 345 262 154
Nickel (Ni) 40.0 220 8.0 8.0 8.0
Potassium (K) 217* 1.78* 1.53* 131* 1.05*
Scandium (Sc) 121 7.6 59 4.7 33
Sodium (Na) 210* 122* 0.80* 0.40* 18+
Strontium (Sr) 744 490 466 130 130
Thorium (Th) 28.7 13.7 10.3 8.1 5.8
Titanium (Ti) 4,870 3,460 2,900 2,460 1,880
Uranium (U) 6.27 3.78 3.13 270 2.10
Vanadium (V) 114 68.0 54.0 440 310
Zinc (Zn) 111 111 76.0 52.0 28.0
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Table 6. Summary statistics for element concentrations in bed-sediment samples collected from streams in
areas of sedimentary rocks of Tertiary age, outside of the Wyoming Basin ecoregion, Yellowstone River Basin,

1974-79

[*, concentration in percent; all other concentrations in milligrams per kilogram (mg/kg); <, less than. Statistics calcul ated from 3,451

samples)

Concentration (mg/kg) for selected percentiles of analyses
50
Element 95 75 (median) 25 5

Aluminum (Al) 7.05 * 5.60 * 4.80 * 419 * 344 *
Barium (Ba) 957 673 578 50 423
Beryllium (Be) 20 1.0 1.0 1.0 1.0
Calcium (Ca) 476 * 295 * 1.76 * 112 * 0.46 *
Cerium (Ce) 71.0 58.0 52.0 46.0 37.0
Chromium (Cr) 91.0 49.0 40.0 33.0 245
Cobalt (Co) 1.2 8.0 7.0 5.6 4.0
Copper (Cu) 35.0 240 19.0 15.0 10.0
Hafnium (Hf) 19.0 55 55 55 55
Iron (Fe) 290 * 218 * 187 * 156 * 1.04 *
Lanthanum (L&) 40.0 28.0 240 210 17.0
Lead (Pb) 27.0 20.0 15.0 10.0 55
Lithium (Li) 39.0 28.0 230 19.0 14.0
Magnesium (Mg) 217 * 159 * 112 * 0.75 * 047 *
Manganese (Mn) 578 368 305 253 166
Nickel (Ni) 37.0 220 17.0 12.0 8.0
Potassium (K) 183 * 151 * 133 * 119 * 0.98 *
Scandium (Sc) 9.0 7.0 5.6 5.0 4.0
Sodium (Na) 116 * 0.68 * 0.55 * 042 * 0.20 *
Strontium (Sr) 491 219 144 111 77
Thorium (Th) 13.0 9.0 6.8 4.0 14
Titanium (Ti) 3,440 2,490 2,040 1,780 1,440
Uranium (U) 4.30 3.10 2.80 2.60 220
Vanadium (V) 99.0 70.0 57.0 48.0 38.0
Zinc (Zn) 111 70.0 54.0 45.0 330
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Table 7. Summary statistics for element concentrations in bed-sediment samples collected from streams in

areas of sedimentary rocks of Cretaceous age, Yellowstone River Basin, 1974-79

[*, concentration in percent; all other concentrations in milligrams per kilogram (mg/kg); <, less than. Statistics calcul ated from 3,698

samples)
Concentration (mg/kg) for selected percentiles of analyses
50

Element 95 75 (median) 25 5
Aluminum (Al) 725 * 596 * 517 * 441 * 3.18 *
Barium (Ba) 1,000 738 624 528 407
Beryllium (Be) 3.0 20 20 1.0 1.0
Calcium (Ca) 513 * 293 * 189 * 122 * 0.60 *
Cerium (Ce) 78.0 61.0 54.0 47.0 36.0
Chromium (Cr) 107 58.0 440 34.0 240
Cobalt (Co) 13.0 8.7 7.0 5.4 3.7
Copper (Cu) 34.0 240 19.0 15.0 9.0
Hafnium (Hf) 17.4 8.1 55 55 45
Iron (Fe) 328 * 227 * 179 * 132 * 0.84 *
Lanthanum (L&) 43.0 320 27.0 230 18.0
Lead (Pb) 27.0 18.0 12.0 7.0 3.0
Lithium (Li) 58.0 38.0 28.0 220 15.0
Magnesium (Mg) 2.89 * 181 * 124 * 0.88 * 0.52 *
Manganese (Mn) 717 388 294 231 137
Nickel (Ni) 340 220 16.0 8.0 8.0
Potassium (K) 2.00 * 1.60 * 138 * 121 * 0.99 *
Scandium (Sc) 10.5 7.2 6.0 5.0 34
Sodium (Na) 151 * 1.00 * 0.74 * 0.55 * 0.33 *
Strontium (Sr) 503 490 207 130 106
Thorium (Th) 13.0 9.4 7.6 5.7 14
Titanium (Ti) 3,980 2,930 2,440 2,060 1,600
Uranium (U) 4.53 3.40 290 2.60 2.09
Vanadium (V) 145 92.0 68.0 52.0 38.0
Zinc (Zn) 111 103 70.0 51.0 34.0
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Table 8. Summary statistics for element concentrations in bed-sediment samples collected from streams in

areas of sedimentary rocks of Paleozoic age, Yellowstone River Basin, 1974-79

[*, concentration in percent; all other concentrations in milligrams per kilogram (mg/kg); <, less than. Statistics calcul ated from 1,249

samples)
Concentration (mg/kg) for selected percentiles of analyses
50

Element 95 75 (median) 25 5
Aluminum (Al) 7.37 * 564 * 454 * 3.65 * 2.08 *
Barium (Ba) 1,120 650 478 356 249
Beryllium (Be) 3.0 20 20 1.0 0.7
Calcium (Ca) 9.19 * 524 * 381 * 201 * 71 *
Cerium (Ce) 93.0 65.0 51.0 39.0 224
Chromium (Cr) 180 65.0 46.0 35.0 220
Cobalt (Co) 220 9.2 7.0 53 3.0
Copper (Cu) 38.0 26.0 20.0 15.0 7.0
Hafnium (Hf) 17.0 10.1 75 55 3.9
Iron (Fe) 479 * 237 * 158 * 1.07 * 0.60 *
Lanthanum (L&) 50.0 35.0 27.0 20.0 9.0
Lead (Pb) 230 13.0 8.0 5.0 3.0
Lithium (Li) 73.0 38.0 29.0 220 13.0
Magnesium (Mg) 535 * 3.08 * 2.06 * 125 * 0.62 *
Manganese (Mn) 936 550 387 283 132
Nickel (Ni) 43.0 21.0 15.0 8.0 8.0
Potassium (K) 259* 176 * 151 * 1.26 * 0.86 *
Scandium (Sc) 154 7.8 6.0 4.5 2.7
Sodium (Na) 197 * 0.92 * 0.68 * 0.46 * 021 *
Strontium (Sr) 826 490 490 147 119
Thorium (Th) 15.8 9.7 7.4 5.6 28
Titanium (Ti) 4,910 3,390 2,820 2,150 1,170
Uranium (U) 4.45 298 2.46 2.09 1.50
Vanadium (V) 144 69.0 53.0 410 26.0
Zinc (Zn) 120 111 77.0 47.0 20.0
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Table 9. Summary statistics for element concentrations in bed-sediment samples collected from streams in
areas of crystalline rocks of Precambrian age, in the Beartooth Mountains, Yellowstone River Basin, 1974-79

[*, concentration in percent; all other concentrations in milligrams per kilogram (mg/kg); <, less than. Statistics calcul ated from 692

samples)
Concentration (mg/kg) for selected percentiles of analyses
50

Element 95 75 (median) 25 5
Aluminum (Al) 7.78 * 7.07 * 6.57 * 6.11 * 497 *
Barium (Ba) 1,400 957 680 460 246
Beryllium (Be) 3.0 20 20 1.0 0.7
Calcium (Ca) 418 * 3.04 * 220 * 1.60 * 0.98 *
Cerium (Ce) 166 93.0 73.0 58.0 376
Chromium (Cr) 644 232 140 89.0 53.0
Cobalt (Co) 36.2 233 15.9 114 6.4
Copper (Cu) 89.9 46.0 310 238 15.0
Hafnium (Hf) 20.8 10.3 7.1 5.2 35
Iron (Fe) 6.85 * 481 * 3.70 * 270 * 147 *
Lanthanum (L&) 118 59.0 440 35.0 210
Lead (Pb) 445 210 14.0 9.0 3.0
Lithium (Li) 63.0 440 34.0 24.0 13.0
Magnesium (Mg) 472 * 2.09 * 153 * 1.07 * 0.61 *
Manganese (Mn) 1,240 926 729 586 334
Nickel (Ni) 180 62.0 36.0 230 8.0
Potassium (K) 228 * 175 * 139 * 111 * 0.69 *
Scandium (Sc) 21.9 15.6 11.8 9.4 6.5
Sodium (Na) 267 * 2.08 * 169 * 135 * 0.79 *
Strontium (Sr) 822 490 490 490 463
Thorium (Th) 42.9 18.0 124 9.2 5.8
Titanium (Ti) 5,930 4,260 3,460 2,850 1,990
Uranium (U) 44.8 12.3 4.40 2.80 1.68
Vanadium (V) 209 122 95.0 74.8 52.0
Zinc (Zn) 162 111 111 96.0 53.0
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Table 10. Summary statistics for element concentrations in bed-sediment samples collected from streams in
areas of crystalline rocks of Precambrian age, outside of the Beartooth Mountains, Yellowstone River Basin,

1974-79

[*, concentration in percent; all other concentrations in milligrams per kilogram (mg/kg); <, less than. Statistics calcul ated from 188

samples)

Concentration (mg/kg) for selected percentiles of analyses
50
Element 95 75 (median) 25 5

Aluminum (Al) 8.07* 6.62 * 594 * 528 * 3.93 *
Barium (Ba) 1,290 758 658 514 280
Beryllium (Be) 3.0 20 20 1.0 1.0
Calcium (Ca) 518 * 276 * 159 * 114 * 0.67 *
Cerium (Ce) 143 101 77 60.0 38.0
Chromium (Cr) 225 85.0 525 39.0 250
Cobalt (Co) 20.8 124 9.0 7.0 4.6
Copper (Cu) 440 28.0 20.0 15.0 10.0
Hafnium (Hf) 240 13.8 6.8 55 4.3
Iron (Fe) 485 * 3.39 * 276 * 194 * 1.07 *
Lanthanum (L&) 80.3 53.0 42.0 33.0 210
Lead (Pb) 27.0 18.2 13.0 9.0 3.0
Lithium (Li) 447 34.0 27.0 21.0 14.0
Magnesium (Mg) 372 * 199 * 130 * 0.73 * .50 *
Manganese (Mn) 910 684 505 374 204
Nickel (Ni) 55.7 312 19.0 12.8 8.0
Potassium (K) 3.02 * 1.90 * 153 * 127 * 0.93 *
Scandium (Sc) 16.5 10.8 7.8 6.0 4.0
Sodium (Na) 221 * 171 * 121 * 0.66 * 0.30 *
Strontium (Sr) 931 490 490 200 116
Thorium (Th) 304 17.7 11.9 85 34
Titanium (Ti) 6,840 4,810 3,550 2,890 1,890
Uranium (U) 8.03 4.96 3.78 2.73 1.74
Vanadium (V) 146 95.5 72.0 54.0 394
Zinc (Zn) 122 111 745 52.8 327
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Table 11. Sediment-quality assessment values for
selected elements, Yellowstone River Basin

[HSSR, Hydrogeochemical and Stream Sediment Reconnaissance from
the National Uranium Resource Evaluation (NURE); PEL, probable effect
level; ERM, effects range median; mg/kg, milligrams per kilogram]

HSSR HSSR
samples samples
Number below below
of HSSR  PEL PEL ERM ERM
Element samples (mg/kg) (percent) (mg/kg) (percent)
Chromium
(Cn 12,635 90 78.5 370 98.2
Copper
(Cu) 12,622 197 99.8 270 99.8
Lead
(Pb) 12,622 913 99.8 218 99.9
Nickel
(Ni) 12,622 36 85.7 51.6 93
Zinc

(2Zn) 12,546 315 99.7 410 99.8

SUMMARY

Retrospective analysis of element concentrations
in bed-sediment sampleswas conducted for the Yellow-
stone River Basin NAWQA study unit. Element con-
centrationsin samples collected during 1974-79 for the
National Uranium Resource Evaluation (NURE) Pro-
gram were statistically analyzed and summarized for
50 elements. Summary statistics, categorized by geo-
logic setting or ecoregion, also were calculated for
25 elements used in the factor analysis. Baseline con-
centrations of elements were determined in bed-sedi-
ment samples from volcanic rocks of Quaternary age
(Yellowstone Plateau), volcanic rocks of Cretaceous
and Tertiary age (Absarokavol canic field), sedimentary
rocks of Tertiary age in the Wyoming Basin ecoregion,
sedimentary rocks of Tertiary age outside of the Wyo-
ming Basin ecoregion, sedimentary rocks of Cretaceous
age, sedimentary rocks of Paleozoic age, crystalline
rocks of Precambrian age in the Beartooth Mountains,
and crystalline rocks of Precambrian age outside the
Beartooth Mountains.

Factor analysis indicated three geochemically
distinct types of sourcerocks: factor 1, basaltic rocks,
factor 2, granitic rocks, and factor 3, carbonate rocks.
Factor 1 correlated with scandium, iron, cobalt, vana-
dium, chromium, aluminum, nickel, manganese, cop-

per, titanium, sodium, barium, strontium, and zinc.
Scoresfor the basaltic-rocks factor were highest in sam-
ples collected from volcanic rocks of Cretaceousto Ter-
tiary age (Absarokavolcanic field) and crystallinerocks
of Precambrian age in the Beartooth Mountains.

Factor 2 correlated with thorium, lanthanum, cerium,
beryllium, hafnium, uranium, and potassium. Scores
for the granitic-rocks factor were highest for volcanic
rocks of Quaternary age (Yellowstone Plateau) and
were intermediate for crystalline rocks of Precambrian
agein and outside of the Beartooth M ountains, and sed-
imentary rocks of Tertiary age in the Wyoming Basin
ecoregion. Factor 3 correlated positively with magne-
sium and calcium. Strontium had the third strongest
positive correlation with the carbonate-rocks factor, and
lead was negatively correlated. Scores for the carbon-
ate-rocksfactor were highest in samples collected from
sedimentary rocks of Paleozoic age and volcanic rocks
of Tertiary and Cretaceous age.

The use of factor analysis also revealed element
associationsthat were not readily apparent from explor-
atory data analysis. For example, factor analysisindi-
cated element concentrations in bed-sediment samples
from sedimentary rocks of Tertiary agein the Wyoming
Basin ecoregion are significantly different from concen-
trations in samples collected from the same type of
rocks in the Northwestern Great Plains ecoregion. The
factor analysis also indicated association of aluminum,
barium, strontium, and sodium with period-4 elements
inthe basaltic-rocksfactor that were not expected on the
basis of either the concentrations of elements for rock
types from the literature or from elemental properties.

A small percentage of the samples had chro-
mium, copper, lead, nickel, or zinc concentrations that
exceeded sediment-quality assessment values for the
protection of aquatic life. The highest concentrations of
chromium, copper, nickel, and zinc tended to be located
in the western part of the study unit, in areas of crystal-
line rocks of Precambrian age and vol canic rocks of Ter-
tiary and Cretaceous age.
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