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the Big River Downstream from the Old Lead Belt in 
Southeastern Missouri, 2018–21

By Kendra M. Markland1 and Camille E. Buckley2

Abstract
The Big River in southeast Missouri drains the Old 

Lead Belt, an area of major lead mining from the 1860s until 
1972 where more than 8.5 million tons of lead were mined. 
After active mining ceased, the effects of mining activi-
ties persisted in the Big River system because of large mine 
waste pile erosion, and floodplain sediment and streambank 
contamination along several tributaries and the main stem of 
the Big River. Lead-contaminated streambed and floodplain 
sediments extend more than 90 miles from the Old Lead Belt 
to the confluence of the Big River with the Meramec River. 
The waste piles and mine-waste contaminated streambed and 
floodplain sediments have been sources of high concentra-
tions of several trace elements, primarily cadmium, lead, and 
zinc. The U.S. Environmental Protection Agency Region 7 has 
made several efforts to prevent further erosion of contaminated 
sediments into the Big River including the capping of major 
mine waste piles, reclaiming sediment deposits along the 
floodplains, and monitoring soil conditions of croplands and 
residential properties.

A cooperative effort began in 2011 between the 
U.S. Geological Survey and the U.S. Environmental 
Protection Agency Region 7 to characterize suspended sedi-
ment quantity and quality in the Big River downstream from 
the Old Lead Belt as reclamation activities in the drainage 
basin progressed. The study was completed in two phases, 
and each phase included continuous stage, turbidity, and 
water temperature monitoring at the Big River below Bonne 
Terre, Missouri, streamgage and sampling station. Periodic 
suspended sediment samples also were collected manually 
(discrete samples) during base flow and selected storm-
flow events. Continuous streamflow, turbidity, and discrete 
suspended sediment data were used to develop regression 
models to compute daily suspended sediment concentrations 
and loads. During both phases, the discrete stormflow event 
samples were also evaluated to determine particle size distri-
bution and concentrations of select trace elements. Phase one 

1U.S. Geological Survey.

2Formerly U.S. Geological Survey.

was completed from October 2011 through September 2013, 
and phase two, which is the primary focus of this report, was 
completed from October 2018 through September 2021. Phase 
two also included time-integrated suspended sediment samples 
collected using passive samplers. Discrete samples (collected 
during stormflow events) and passive samples were analyzed 
for concentrations of barium, cadmium, lead, and zinc in two 
sediment size fractions (when possible) to estimate trace ele-
ment loads. Suspended sediment concentrations and loads and 
select trace element concentration results computed during 
phase one were compared to those computed during phase 
two to identify trends in the Big River Basin during the full 
study period.

The concentrations of cadmium, lead, and zinc in nearly 
all discrete stormflow event suspended sediment samples and 
passive suspended sediment samples exceeded the threshold 
effect concentrations and the probable effect concentrations, 
which are two sediment quality guidelines. Most samples also 
exceeded the toxic effect threshold, the level at which sedi-
ment is considered to be heavily contaminated and prob-
lematic for sediment-dwelling organisms. Bulk cadmium 
concentrations (median of 7.90 milligrams per kilogram [mg/
kg]) exceeded the toxic effect threshold (3.0 mg/kg) in 17 dis-
crete stormflow event samples, and bulk lead concentrations 
(median of 1,070 mg/kg) exceeded the toxic effect threshold 
(170 mg/kg) in all 18 discrete stormflow event samples. Bulk 
zinc concentrations (median of 500 mg/kg) exceeded the toxic 
effect threshold (540 mg/kg) in eight discrete stormflow event 
samples. Bulk concentrations of these trace elements in pas-
sive suspended sediment samples were slightly greater, with 
concentrations of cadmium (median of 14.0 mg/kg) and lead 
(median of 1,860 mg/kg) exceeding the toxic effect threshold 
in all 18 samples. Bulk concentrations of zinc (median of 
733 mg/kg) exceeded the toxic effect threshold in 15 pas-
sive samples. Compared to phase one (water years 2012–13), 
phase two (water years 2019–21) concentrations of lead and 
cadmium in the fine fraction of discrete suspended sediment 
samples collected at Big River below Bonne Terre were 
statistically similar; concentrations of barium and zinc were 
statistically smaller in samples collected during phase two 
(water years 2018–21).
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Sediment quality data from passive samples and daily 
mean suspended sediment loads from the regression model 
were used to calculate annual oads of barium, cadmium, lead, 
and zinc at the Bonne Terre streamgage. Water year 2019 had 
the largest loads of barium, cadmium, lead, and zinc (58.6, 
1.43, 194, and 76.5 tons, respectively). The total loads of 
barium, cadmium, lead, and zinc for phase two (water years 
2019–21) were 149, 4.00, 520, and 213 tons, respectively. 
Less than 5 percent of the total lead load calculated for the 
study period was transported when daily mean streamflow was 
less than 455 cubic feet per second, which is the approximate 
flow at which the passive samplers were inundated and began 
sampling. This highlights that most of the lead load is trans-
ported during stormflow events and the effectiveness of using 
passive samplers for ongoing monitoring of the Big River.

Annual suspended sediment loads at the Bonne Terre 
streamgage computed using the regression model were 
113,000 tons in water year 2019, 83,400 tons in water year 
2020, and 96,500 tons in water year 2021. The event-based 
suspended sediment loads for the eight sampled stormflow 
events ranged from 45.3 to 32,500 tons. Although only a por-
tion of all stormflow events during phase two were sampled, 
the loads accounted for during these eight stormflow events 
represented approximately 30.9 percent of the total suspended 
sediment load calculated for the study period, confirming that 
a large part of suspended sediments continue to be transported 
in the Big River during stormflow events. Event-based loads 
of barium, cadmium, lead, and zinc were greatest during the 
stormflow events sampled in January 2020 (event 4) and 
March 2021 (event 8). Event-based loads calculated for event 
4 for barium, cadmium, lead, and zinc were 17.1, 0.206, 27.2, 
and 14.5 tons, respectively. During event 8, an estimated 15.6 
tons of barium, 0.239 tons of cadmium, 34.0 tons of lead, and 
13.6 tons of zinc were transported in suspended sediments. 
The continued high concentrations of lead in suspended sedi-
ments in the Big River, despite reclamation activities, is likely 
because of the continual transport from streambed and stream 
banks of lead-enriched sediment, which remain in the system 
from historical mining activities.

Introduction
The Southeast Missouri Mining District contains part of 

the world’s largest known lead deposits, and organized lead 
mining has taken place in the region since the mid-1860s 
(Pavlowsky and others, 2010). Initial mining in the region was 
mostly small, scattered surface excavations that began in the 
1700s. In the 1860s, mining practices expanded substantially 
to large scale, multilevel subterranean mining when St. Joseph 
Lead Company purchased 964 acres of land near Bonne Terre, 
Missouri, in what would become known as the Old Lead Belt 
(OLB) subdistrict (fig. 1). At one time, the company operated 
the largest lead mill in the world (Federal Mill No. 3), and by 
the early 1900s, 15 companies were mining within the OLB 

(Missouri Department of Natural Resources, 2020, 2021). 
From 1869 through 1972, the OLB was the global leader in 
lead production (Pavlowsky and others, 2010). More than 8.5 
million tons of lead were mined within the OLB before the 
last operation closed in 1972 (Missouri Department of Natural 
Resources, 2020, 2021).

More than 200 years of intense mining in the OLB 
and vicinity resulted in the disposal of mine waste that 
has been subject to wind and water erosion. Some mine 
waste was mechanically transported around the region and 
used in construction, such as in haul roads and rail spurs 
(U.S. Environmental Protection Agency [EPA], 2021). Early 
mining and mill methods were small operations that ground 
the ore into sand- to gravel-sized fragments, and the denser 
lead ore was gravity separated from the waste rock using large 
gigs or shaker tables (Mugel, 2017). Wastes from these early 
years of mining were called chat, and numerous small opera-
tions were scattered across the region. After the discovery 
of rich subsurface deposits in the 1860s near the towns now 
known as Bonne Terre and Park Hills, the scale of the mining 
and milling operations increased substantially. Ore was ground 
into smaller sizes, and larger gravity operations were used to 
concentrate the lead ore. The volume of mine waste increased 
as mining activities intensified, resulting in large waste piles 
as much as several hundred feet tall. Beginning in the early 
1900s, the floatation process was introduced, which greatly 
improved the recovery of lead. Floatation required the grind-
ing or milling of ore to fine powder (silt to fine sand). Waste 
from the floatation process, called tailings, was slurred into 
large impoundments, where the water eventually decanted. 
The tailings ponds were either constructed by building a 
dam across a tributary using coarser chat or building large 
berms along streams to hold the tailings (Pavlowsky and oth-
ers, 2010).

Seven of the major mine waste areas within the OLB are 
located along the Big River or its tributaries and cover more 
than 2,800 acres (fig. 1) with an estimated volume of more 
than 39 million cubic yards (yd3; Mosby and Weber, 2009). 
The proximity of these waste areas to streams resulted in a 
continuous source of contamination to the drainage basin since 
the mid-1860s. Contaminants of interest include the trace 
elements cadmium, lead, and zinc. Lead is of greatest con-
cern because it was the primary mined metal and is toxic with 
negative physical and neurological effects for humans, espe-
cially young children (EPA, 2022). Sediments from the mine 
waste areas and surrounding contaminated soils transported as 
wind and storm runoff resulted in these toxic metals entering 
the Big River and its tributaries. Because of a period of heavy 
rainfall in 1977, about 38,000 cubic meters (m3) of mine waste 
from the Desloge tailings pile slumped and was released into 
the Big River (EPA, 2021; fig. 1).

Several studies have investigated the extent of trace 
element contamination in the region since the 1970s, and 
metal-contaminated streambed and floodplain sediments have 
been documented along the approximately 90 miles (mi) of the 
Big River downstream from the OLB to the confluence with 
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Figure 1. Study site and location of the Big River Basin.
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the Meramec River. A study by the U.S. Geological Survey 
(USGS) and the Missouri Department of Natural Resources 
included sampling of the Meramec River upstream and 
downstream from the Big River confluence. Samples collected 
downstream from the Big River-Meramec River confluence 
contained higher concentrations of lead than samples col-
lected upstream from the confluence, indicating that contami-
nated sediments from the Big River were also moving into 
the Meramec River (Barr, 2016). Lead concentrations more 
than 1,000 milligrams per kilogram (mg/kg) were present 
in floodplain sediment along the lower Meramec River, and 
concentrations as large as 334 mg/kg have been recorded in 
recent floods (Pearson and Hanes, 2016). A study of channel 
sediment and floodplain deposits along 106 river miles of the 
Big River (from Leadwood, Mo., to the confluence with the 
Meramec River) concluded that approximately 3,700,000 m3 
of contaminated sediment was stored in the channel and 
86,800,000 m3 was stored in the floodplain. Floodplain sedi-
ments were contaminated above the residential soil threshold 
limits for lead (400 parts per million [ppm]) along the entire 
stretch of the Big River study area to a depth of 1–4 meters 
(m) or more (Pavlowsky and others, 2010).

The EPA and responsible parties have completed reme-
dial actions at six of the eight major mine waste areas in the 
OLB. Remediation included reducing and stabilizing slopes, 
capping waste piles, and revegetating the areas to prevent 
further release of mine waste. Mine waste area remediation 
projects completed to date include: the Bonne Terre (2007); 
the Elvins pile (2009); the Leadwood pile (2010); the National 
pile (2012); and the Federal Pile (2021; EPA, 2021). The 
former Desloge pile (site of the 1977 release) was stabilized 
in 2000 and currently (2023) is being used as an onsite soil 
repository for lead-contaminated soils, as is the eastern area 
of the former Bonne Terre pile (EPA, 2023). All six of these 
remediation projects have taken place at mine waste areas next 
to the Big River or its tributaries. The EPA continues to test 
and cleanup lead-contaminated surficial soils at thousands of 
residential yards in the region. The EPA is assessing remedial 
actions for the contaminated streambed and floodplain sedi-
ment. Remedial actions for mine wastes used in construction, 
such as in railroad lines and spurs in the region, also are being 
assessed (EPA, 2021).

Both phases of this study sought to quantify suspended 
sediment and trace element contamination downstream from 
the OLB. During phase one (water years 2012 and 2013 
[October 1, 2011, through September 30, 2013]), suspended 
sediment concentrations (SSCs) were measured and sus-
pended sediment loads (SSLs) were computed at two sam-
pling sites on the Big River. During stormflow events, select 
trace element concentrations also were measured and loads 
were calculated (Barr, 2016). Phase one sought to under-
stand sediment transport processes and develop a baseline 
for suspended sediment and trace element loads as the six 
major mine waste areas were remediated. During phase one 
(water years 2012–13), nearly 30 percent of the total SSL 

at the downstream and upstream sites was accounted for in 
the six sampled stormflow events indicating that rain events 
transported a large portion of the sediment in the Big River. 
Additionally, trace element yields were higher at the upstream 
site indicating that contaminated sediments were more readily 
available in that area of the Big River drainage basin (Barr, 
2016). The phase one study ended as the major mine waste 
pile remediation was being completed and thus was unable to 
quantify the effects of mine-waste pile remedial efforts. This, 
in addition to ongoing remedial activities in the drainage basin 
and legacy mine-waste contaminated streambed and flood-
plain sediments, necessitated continued data collection at the 
Big River below Bonne Terre sampling site to better quantify 
the effect of remediation on suspended sediment quantity 
and quality.

Using methods similar to those used by Barr (2016), the 
purpose of phase two was to continue monitoring the quantity 
and quality of suspended sediments transported in the Big 
River downstream from the OLB. The USGS, in cooperation 
with the EPA Region 7, completed this second phase of the 
intensive effort (water years 2019–21) to assess suspended 
sediment and trace element transport as remedial efforts 
continued; phase two used one station from the phase one 
study. Regression models were used to compute daily SSC 
and SSL for each study period. Discrete suspended sediment 
samples were obtained during base-flow and stormflow condi-
tions. Suspended sediment quality was assessed by analyzing 
samples obtained during stormflow events for select trace ele-
ment concentrations. Loads and yields of sediment and select 
trace elements also were calculated for the sampled stormflow 
events. Phase two incorporated passive samplers in the collec-
tion of sediment, from which samples were analyzed for trace 
element concentrations and were used to calculate loads of 
barium, cadmium, lead, and zinc.

Purpose and Scope

The purpose of this study was to monitor the quantity 
and quality of suspended sediments transported in the Big 
River downstream from the OLB as reclamation activities 
in the drainage basin progressed. Suspended sediment and 
trace element data were collected during water years 2019–21 
(October 1, 2018, through September 30, 2021; phase two) 
downstream from the OLB at the Big River below Bonne 
Terre, Missouri (USGS site number 07017610; hereinafter 
referred to as the study site; table 1). This report describes the 
methods and techniques used in the collection and analysis of 
water quality samples during water years 2019–21 and pres-
ents the results and interpretations of that data. Comparisons 
of these data to results from phase one (water years 2012–13; 
Barr, 2016) also are presented to determine whether trace 
element concentrations have changed significantly in the Big 
River drainage basin in the OLB after major mine waste area 
remediation efforts.
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Description of Study Area

The Big River drainage basin drains 955 square miles 
(mi2) of southeast Missouri (fig. 1) and is a tributary to the 
Meramec River. Land use within the Big River drainage basin 
is primarily forest and pasture, with some agriculture and 
urban land uses (Missouri Department of Conservation, 1997). 
The Big River headwaters are northeast of the city of Ironton, 
Iron County (not shown), where the river is as narrow as 
50 feet (ft). The rugged topography and steep drainage divides 
create a streambed composed of mainly cobble, gravel, and 
sand. As the river meanders north towards the confluence with 
the Meramec River in Jefferson County, it widens to nearly 

100 ft in some locations. The downstream topography transi-
tions to floodplains, and the streambed changes to sand and silt 
(Barr, 2016).

The study site was chosen for consistency with phase 
one (Barr, 2016). The site is approximately 3 mi north of the 
city of Bonne Terre and is at the bridge crossing at County 
Highway E (fig. 1, Highway E not shown; table 1). The orifice 
line for the pressure transducer and continuous water-quality 
monitor is housed underneath the bridge and on the left riv-
erbank (facing downstream). The site drains 409 mi2, and the 
river channel is 2–3 ft deep and as much as 60 ft wide during 
base-flow conditions. The riverbed is composed of fine sands, 
gravels, cobbles, and some boulders (Barr, 2016).

Table 1. Location information for the study site at the Big River below Bonne Terre, Missouri.

[Data are from the U.S. Geological Survey National Water Information System database (U.S. Geological Survey, 2023). Coordinates are given degrees, min-
utes, seconds. USGS, U.S. Geological Survey; mi2, square mile]

USGS site 
number 
(fig. 1)

Station name Latitude Longitude
Drainage 

area  
(mi2)

County
Period of streamflow  

record used in this study

07017610 Big River below 
Bonne Terre, 
Missouri

37°57'54.9" 90°34'28.2" 409 St. Francois October 2011–
September 2021
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Methods
To quantify the transport of sediment and select trace 

elements in the Big River, continuous stage and water-quality 
data and discrete and passive suspended sediment samples 
were collected at the study site. Field, laboratory, quality 
assurance, quality control, and data analysis methods are 
described.

Continuous Stage and Water-Quality Data 
Collection

During the entire study period (water years 2012–21 
[October 1, 2011, through September 30, 2021]), the sampling 
site was equipped with a streamgaging station to measure 
streamflow and continuous water quality. Measurements 
of stage, temperature, and turbidity were recorded every 
15 minutes although some periods are missing because of 
intermittent funding, equipment failures, low-flow conditions, 
biofouling, and (or) data corrections that exceeded calibra-
tion criteria. Continuous data collected during this study are 
available through the USGS National Water Information 
System (NWIS; USGS, 2023) database. Streamflow measure-
ments were obtained every 4–6 weeks and during selected 
stormflow events using an acoustic Doppler current profiler. 
This information was used to maintain the stage-discharge 
relation following standard USGS methods and techniques 
(Rantz and others, 1982; Oberg and others, 2005; Turnipseed 
and Sauer, 2010; Mueller and others, 2013). Water tempera-
ture and turbidity were measured in phase one using a Yellow 
Springs Instruments (YSI) 6-series sonde and then upgraded in 
2015 to an EXO2 sonde, which includes a central wiper. The 
temperature probe measures degrees Celsius (°C) and is cali-
brated using a three-point calibration with a National Institute 
of Standards and Technology thermometer. The turbidity 
probe measures formazin nephelometric units (FNU) and is 
calibrated using a three-point calibration and YSI’s calibra-
tion standards (Wagner and others, 2006). The YSI EXO2 was 
serviced approximately every 8–12 weeks, which included 
cleaning the sonde and calibration checks on the turbidity sen-
sor. The temperature sensor calibration was checked approxi-
mately every 12 months.

The streamgage was equipped with a data collection 
platform that stored data from the pressure transducer that 
measured stage and the sonde that measured water tempera-
ture and turbidity. Data were transmitted hourly via satellite 
telemetry. The sonde was deployed using a polyvinyl chloride 
(PVC) pipe with several 1-inch (in.) holes drilled in it. Water 
from the river was able to flow through the pipe and around 
the sensors reducing issues associated with measuring stagnant 
water in the pipe.

Discrete Suspended Sediment Sample 
Collection

Traditional cross-sectional sampling methods were used 
to collect suspended sediment samples during base-flow and 
high flow conditions. During base-flow conditions, suspended 
sediment samples were collected approximately 40 ft upstream 
from the bridge by wading the stream and using the equal-
width increment (EWI) method (USGS, 2006). The EWI 
method involves sampling at a minimum of 10 equally spaced 
locations (verticals) across the full width of the stream chan-
nel. A US DH-81, a depth-integrated and isokinetic sampler 
(a sampler in which stream water approaching and entering 
the sampling nozzle have the same velocity) was used. The 
US DH–81 consists of a 1-liter (L) sampling bottle with a 
1/4-in. Teflon or polypropylene nozzle mounted on the end of 
a sampling rod. Samples were collected at each vertical with 
a consistent transit rate (vertical speed). The samples at each 
vertical were composited into one or more sampling bottles. 
If the minimum mean stream velocity was less than 1.5 feet 
per second (ft/s), the sample was collected using grab sample 
methodology because of the lack of isokinetic conditions 
(USGS, 2006). The equipment used are described in Wilde 
and others (2014). Streamflow measurements were collected 
in the same location as the sediment sample.

During stormflow events, measurements and samples 
were collected from the downstream side of the bridge deck 
on Highway E using the same EWI method. Samples were 
collected across the hydrologic event, targeting the rising 
limb, peak, and falling limb when possible. Streamflow was 
measured nearest to the peak as possible. Depending on stream 
conditions, either a US DH–95 or US DH–2 sampler was used. 
USGS personnel operated the sampler, which was attached to 
a reel and cable mechanism mounted on a vehicle. The sam-
pler was raised and lowered at a constant speed according to 
the transit rate, which is calculated from the maximum stream 
velocity and depth. It should be noted that an unsampled zone 
exists when using these samplers (4 in. for the DH–81 and 
DH–2 and 4.8 in. for the DH–95; Davis, 2005; Wilde and oth-
ers, 2014). The unsampled zone includes the area closest to the 
streambed that cannot be reached by the nozzle; this area can 
transport a higher concentration of coarse sediment than the 
rest of the water column. This part of unsampled suspended 
sediment may or may not account for a substantial portion of 
the total suspended sediment and is dependent upon stream 
velocity, depth, and turbulence (Edwards and Glysson, 1999).

Passive Suspended Sediment Sample Collection

Suspended sediment samples were collected passively 
during the duration of high-flow events using Walling tube 
samplers (Phillips and others, 2000). Passive sampling is ideal 
in situations when sampling teams cannot be onsite to collect 
suspended sediment. In some instances, smaller hydrologic 
events can happen quickly and without enough time to prepare 
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for physical sampling. A Walling tube sampler can be set at 
a fixed height, and when inundated by the stream during an 
event, sediments are trapped inside as the velocity slows when 
water moves through the tube. Placement of the samplers at or 
near a streamgage allows for sampling a part of a hydrologic 
event. Samples collected by passive samplers are considered a 
general representation of a hydrologic event.

The sampling tubes were constructed from 1 m in length 
schedule 40 PVC well casings with an inner diameter of 
98 millimeters (mm). A conical head is installed on the receiv-
ing end of the tube (facing upstream) that threads into the 
main tube body. A hole was drilled into the end of the conical 
head and threaded to accept a 1/4-in. USGS D–96 or D–74 
sampler nozzle. A 4-in. PVC cleanout with a threaded plug 
was glued to the other end of the tube, and a 1/4-in. diameter 
hole was drilled in the center of the plug. Two samplers were 
secured to metal posts on the left stream bank (nozzles facing 
upstream) several feet above base-flow stage such that the 
lower sampler became inundated at a stage of about 4.82 ft 
(streamflow of approximately 445 cubic feet per second [ft3/s], 
per rating curve [relation between river stage flow] current for 
the deployment period) and the upper sampler was inundated 
at a stage of approximately 5.52 ft (streamflow of approxi-
mately 715 ft3/s).

If an event happened that would have inundated the 
samplers, a service visit was done to collect any suspended 
sediment trapped in the tube during the event(s). During 
servicing, the nozzle was removed and both openings on the 
sampler tubes were temporarily plugged before removing the 
samplers from the mounting posts and rocking them slowly to 
resuspend sediment within the tube. The tube was then held 
vertically, and the sediment slurry allowed to drain out the 
conical end into a clean 1- or 2-gallon plastic container. The 
plug on the rear of the tube was removed, and the inside of 
the tube was rinsed with 200–300 milliliters (mL) of native 
stream water using a small plastic 1-L sprayer. Sediment from 
the two samplers was composited before submission to the 
Central Midwest Water Science Center (CMWSC) Sediment 
Laboratory in Rolla, Mo., for further processing.

Suspended Sediment Laboratory Methods

All suspended sediment samples collected during this 
study were sent to the USGS CMWSC Sediment Laboratory 
in Rolla, Mo., for particle-size analyses, and all results are 
available via NWIS (USGS, 2023). Routine discrete samples 
were analyzed only for SSC using a filtration method (Guy, 
1969). Discrete and passive stormflow event samples were 
analyzed for SSC and particle-size distribution of sands 
(2–0.063 mm) and fines (less than [<] 0.063 mm). All sus-
pended sediment samples received at the laboratory were 
allowed to settle before excess water was decanted. Discrete 
stormflow event samples were analyzed for particle-size distri-
bution using the wet-sieve method (Guy, 1969). Nylon sieves 
were used to reduce trace element contamination that could be 

introduced from the traditional brass sieves. Each portion was 
placed into separate glass dishes to dry at 80 °C and then for 
an hour at 103 °C (Guy, 1969). Passive sample sediments were 
analyzed for particle-size distribution by the dry-sieve method 
(Guy, 1969) also using nylon sieves after being air-dried and 
disaggregated.

Dried parts of sands and fines from discrete and pas-
sive samples were retained after analysis to be used for trace 
element analyses. The dried fractions of sediments from 
the passive samplers were split into two equal parts using 
a stainless-steel universal sample splitter. One portion was 
submitted for trace element analysis to the USGS Mineral 
Research Laboratory (MRL) in Denver, Colorado, and the 
other portion was retained and archived. Any discrete or pas-
sive stormflow event sample that had a mass of sands or fines 
larger than 0.5 gram was sent for trace element analysis on 
the individual fraction. If any dried size fraction did not meet 
the minimum mass requirement for trace element analysis, 
the two fractions were recombined and submitted as a bulk 
sample (sediment <2 mm in size). Samples were shipped in 
sealed plastic bags. Submitted samples were analyzed for 
49 major and trace elements by inductively coupled plasma 
mass-spectrometry (Taggart, 2002). The results for the trace 
elements barium, cadmium, lead, and zinc are presented in this 
report. Results for the additional major and trace elements are 
available from the NWIS database (USGS, 2023) or Markland 
and others (2024).

Quality Assurance and Quality Control

Quality assurance (QA) and quality control protocols 
were followed during this study to ensure data met USGS 
quality standards. A QA plan, which is summarized here, was 
created to document techniques and methods. The study site 
was previously selected by Barr (2016) to reduce fouling, 
presence of low-flow conditions, and damage from flooding 
or vandalism. Data transmissions to NWIS were reviewed 
daily for erroneous data. All site visit and sampling informa-
tion, including a description of tasks completed and additional 
notes, was documented and archived. Laboratory analysis 
request forms were used for the sediment laboratory and MRL 
for tracking and documentation purposes.

Streamflow and stage data from the streamgage were 
used to monitor and predict the need for stormflow event sam-
pling and servicing of the continuous water-quality equipment. 
Calibration and maintenance of equipment was completed 
following USGS methods described by Wagner and others 
(2006). During each visit, equipment was cleaned and checked 
for damage and calibration drift. Corrections for calibration 
drift, fouling corrections, or both were applied to data as 
needed. If corrections exceeded USGS criteria, the erroneous 
data were removed from the record (Wagner and others, 2006).

Precautions were taken to minimize contamination of 
samples from sampling equipment, vehicles, and surround-
ings. The “clean hands/dirty hands” sampling technique was 
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followed during sediment sampling (USGS, 2006). Sample 
containers were kept sealed and protected in a large plastic 
bag to prevent contamination by airborne debris introduced by 
wind, vehicle traffic, sampling equipment, bridge railings, and 
precipitation.

To identify and quantify any bias and variability associ-
ated with the sampling and processing techniques, quality 
control samples were collected in the form of field replicates, 
laboratory replicates, equipment blanks, and analysis of stan-
dard reference samples of known chemistry. Field replicate 
samples for the passive samples were collected by treating 
each Walling tube as a separate sample for selected periods, 
with one sample assigned as the regular sample and the other 
as the field replicate. Field blanks were not collected; however, 
pure silica and silica powder were used to prepare a source 
blank “sediment,” which was submitted to the USGS CMWSC 
Sediment Laboratory in Rolla, Mo., and to the MRL. In the 
sediment laboratory, the silica blanks were dried, sieved, and 
split in an identical manner to the environmental samples. 
A sample of the pure silica powder also was submitted as a 
source blank. Splits from the silica blanks were submitted to 
the MRL for chemical analysis. All USGS sediment labora-
tories undergo biannual QA tests to maintain consistency for 
all laboratories. Results from the QA tests are available from 
the USGS Branch of Quality Systems at h ttps://bqs .usgs.gov/ 
SLQA/ . The MRL splits 10 percent of samples into split 
replicates and submits samples of known composition with 
each batch of samples submitted to the contract laboratory. 
Additional information on the methods used at the MRL can 
be found at https://m inerals.cr .usgs.gov/ . The reporting limits 
for laboratories used during the study are provided in table 2.

Each batch of samples analyzed at the MRL contract 
laboratory included the analysis of a standard reference sample 
with preferred/expected concentrations for barium, cadmium, 
lead, and zinc. The goal of the MRL program is for values 
in the reference samples to be reported within 15 percent of 
the preferred/expected value (recovery between 85 and 115 
percent). The mean recoveries for the four trace elements 
ranged from 93.0 to 106 percent (table 3). It was noted that the 
analytical batch associated with most of the analyzed passive 

samples had reported maximum recoveries of barium and lead 
in the reference samples that were 117 and 129 percent of the 
expected/preferred values, respectively (table 3).

The results of the replicate passive samples (n=9) had 
barium, cadmium, lead, and zinc relative percent differences 
of 5.2, 7.4, 6.0, and 4.9 percent, respectively. The results 
from the silica source blanks (n=12) that were processed 
in an identical manner to the environmental samples had 
average barium, cadmium, lead, and zinc concentrations of 
12.6, <0.02, 6.1, and 5.3 mg/kg, respectively. The range of 
concentrations in the blanks were 8–23 mg/kg for barium, 
<0.02–0.03 mg/kg for cadmium, 1.4–34.5 mg/kg for lead, and 
2.6–9.2 mg/kg for zinc. The lead concentration of 34.5 mg/kg 
was anomalous, as the lead concentration in the other 11 silica 
blanks sample results were less than 8 mg/kg. The results of 
the pure silica source material that was not processed but was 
submitted directly to the MRL for chemical analysis (n=3) 
had mean barium, cadmium, lead, and zinc concentrations of 
10.7, 0.1, 12.6, and 10.9 mg/kg, respectively (Markland and 
others, 2024).

Data Analysis and Reporting

Streamflow, water temperature, and turbidity were 
recorded every 15 minutes during the study period, and these 
measurements were used to calculate daily mean, monthly 
mean, and annual mean values. Additionally, SSC and SSL 
data were used to compute daily, monthly, and annual mean 
values. Statistics for all daily data collected by USGS dur-
ing the study period are available from the NWIS database 
(USGS, 2023). Monthly precipitation information used in 
this report was gathered from the National Oceanic and 
Atmospheric Administration (NOAA) and are cumulative 
monthly precipitation measurements (NOAA, 2022).

This study used turbidity, streamflow, and discrete SSC 
data from stormflow event and routine base-flow samples to 
develop regression models to estimate continuous (15-minute) 
SSCs and SSLs. Because the magnitude of turbidity in riverine 
systems is typically proportional to the SSC (Rasmussen and 
others, 2009), continuous turbidity measurements can be used 
to develop a regression model between turbidity and discrete 

Table 2. Reporting limits of laboratory analyses for suspended sediment samples analyzed by the U.S. Geological Survey Mineral 
Research Laboratory contracted laboratory.

[ppm, part per million; mg/L, milligram per liter; USGS SDMO, U.S. Geological Survey Missouri Sediment Laboratory, mm, millimeter; %, percent]

Constituent Reporting limit Analyzing laboratory Analytical reference

Barium (Ba) 1 ppm aAGAT Labs Taggart, 2002
Cadmium (Cd) 0.02 ppm aAGAT Labs Taggart, 2002
Lead (Pb) 0.1 ppm aAGAT Labs Taggart, 2002
Zinc (Zn) 0.5 ppm aAGAT Labs Taggart, 2002
Suspended sediment concentration (SSC) 0.5 mg/L USGS SDMO Guy, 1969
Suspended sediment, percent finer than 0.063 mm 0% USGS SDMO Guy, 1969

aU.S. Geological Survey contracted laboratory.

https://bqs.usgs.gov/SLQA/
https://bqs.usgs.gov/SLQA/
https://minerals.cr.usgs.gov/
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Table 3. Percent recoveries of select trace elements in standard reference samples submitted with suspended 
sediment samples for analysis by the U.S. Geological Survey Mineral Research Laboratory contracted laboratory.

[Data are from Markland and others, 2024. ppm, part per million]

Reference material
Number of  
analytical 
batches

Barium  
(ppm)

Cadmium 
(ppm)

Lead  
(ppm)

Zinc  
(ppm)

aSAR-L.1 (Preferred/expected value)

16

879 3 578 420
Minimum recovery, in percent 87.9 92.7 90.7 90.2
Maximum recovery, in percent 117 112 114 129
Mean recovery, in percent 102 101 101 106
SAR-M.1 (Preferred/expected value)

3

764 4.76 900 890
Minimum recovery, in percent 98 98.3 91.3 93.7
Maximum recovery, in percent 108 116 94.9 96.4
Mean recovery, in percent 103 104 93.0 95.5
SAR-H (Preferred/expected value)

1
866 25.0 3,890 3,680

Mean recovery, in percent 98.0 101 94.9 101

aIncluded the analytical batch associated with 12 of the 16 passive samples submitted March 2019 through March 2021.

SSC samples collected during base-flow conditions and 
stormflow events. Collection of suspended sediment samples 
across a range of hydrologic conditions increases the robust-
ness of the regression models and confidence in the results 
(Rasmussen and others, 2009). Outliers were identified in the 
dataset after reviewing data for erroneous entries and errors in 
sampling or laboratory methods. Duration curves of turbidity 
data indicate that turbidity remained within the range of sensor 
accuracy (1,000 FNU) during the entirety of phase two (fig. 2).

During phase two (water years 2019–21), 40 discrete 
suspended sediment samples were collected, although only 
35 were used in the development of the turbidity-derived 
regression model because of missing turbidity data from 
the sensor at the time of discrete sampling. Graphing non-
transformed SSC against turbidity values identified a strong 
relation between the two properties. Inspection of the data and 
residual plots identified no outliers. The 35 data pairs were 
used to calibrate the SSC-turbidity model and are plotted on a 
log-log scale (fig. 3; table 4), with the final regression model 
as follows:

 SSC = 2.7435 × Turb0.999, (1)

where
 SSC is suspended sediment concentration, in 

milligrams per liter; and

 Turb is turbidity, in formazin nephelometric units, 
measured with a YSI EXO2.

The model information is as follows:

• number of calibration measurements=35;

• adjusted coefficient of determination=0.96;

• root mean squared error=0.153; and

• bias-correction factor=1.06.
This regression model using phase two data was com-

pared to the regression model from phase one. An analysis of 
covariance was used to compare the two regression lines and 
whether they were significantly different with respect to either 
slope or intercept (defined as p-value <0.05). The slopes of the 
two regression models were not significantly different (p-value 
equal to 0.815), but the intercepts were different from each 
other (p-value <0.001). Because of the significant difference 
between the two regression models, the phase two model 
replaced the phase one model for SSC and SSL calculations 
for phase two of the study period. The shift in the regression 
between the two phases could be because of a change in the 
nature or grain-size of the sediment.

For periods when instantaneous turbidity was not avail-
able, a gap-fill framework was used by computing SSC using 
a secondary regression model based on instantaneous stream-
flow. Graphing the relation between SSC and streamflow iden-
tified a less statistically significant relation than the turbidity 
relation (fig. 4). Streamflow-derived regression models tend 
to have greater uncertainty than turbidity-derived regression 
models (Rasmussen and others, 2009). Suspended sediment 
concentrations computed using the streamflow-derived model 
(approximately 42 percent of the record) were flagged as 
estimated values. The suspended sediment model derived from 
streamflow is as follows:



10  Suspended Sediment and Trace Element Transport in the Big River Downstream from the Old Lead Belt, 2018–21

0.01

0.1

1

10

100

1,000

10,000

0 10 20 30 40 60 70 80 90 10050

Tu
rb

id
ity

, i
n 

fo
rm

az
in

 n
ep

he
lo

m
et

ric
 u

ni
ts

Percentage of time value was equaled or exceeded

Figure 2. Turbidity duration curve for the study site at the Big River below Bonne Terre, Missouri, October 2018–
September 2021. Data are from the U.S. Geological Survey National Water Information System database for site 
number 07017610 (U.S. Geological Survey, 2023).
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y =2.7435(x)0.999, where y is the suspended sediment 
concentration and x is the instantaneous turbidity

Adjusted coefficient of determination: 0.96

n=35

Figure 3. Instantaneous turbidity in relation to discrete suspended sediment concentrations used to develop a regression 
model for the computation of suspended sediment concentrations and loads for the Big River below Bonne Terre, Missouri, 
October 2018–September 2021. Data are from the U.S. Geological Survey National Water Information System database for site 
number 07017610 (U.S. Geological Survey, 2023).
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Table 4. Summary statistics of model-calibration datasets for the Big River below Bonne Terre, Missouri, October 2018–
September 2021.

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023). FNU, 
formazin nephelometric units; mg/L, milligram per liter; ft3/s, cubic foot per second; --, no data; n/a, not applicable]

Summary statistic

Calibration dataset
Time-series dataset  

(105,078 15-minute values)

Turbidity  
(FNU)

Suspended  
sediment  

concentration  
(mg/L)

Streamflow  
(ft3/s)

Turbidity  
(FNU)

Streamflow 
(ft3/s)

Minimum 0.6 1 60 0 38.5
Maximum 551 1,740 15,100 965 16,000
Mean 124 299 3,444 17.1 517
Median 75 132 1,277 6.3 243
Standard deviation 133 390 4,213 37 998
Missing values 5 -- -- 46,560 4
Turbidity values greater than 

maximum sensor limit
0 n/a n/a 0 n/a

Number of data values used in 
model (sample n)

35 40 40 n/a n/a
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EXPLANATION

Data pair used in model

Best-fit regression model

Instantaneous streamflow, in cubic feet per second

y =0.1592(x )0.953, where y is the suspended sediment 
concentration and x is the instantaneous turbidity

Adjusted coefficient of determination: 0.80

n=40

Figure 4. Instantaneous streamflow in relation to discrete suspended sediment concentrations used to develop a regression 
model for the computation of estimated suspended sediment concentrations and loads for the Big River below Bonne Terre, 
Missouri, October 2018–September 2021. Data are from the U.S. Geological Survey National Water Information System database 
for site number 07017610 (U.S. Geological Survey, 2023).
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 SSC = 0.1592 x Q0.953, (2)

where
 SSC is suspended sediment concentration, in 

milligrams per liter; and

 Q is instantaneous streamflow, in cubic feet 
per second.

The model information is as follows:
• number of calibration measurements=40;

• adjusted coefficient of determination=0.80;

• root mean squared error=0.38; and

• bias-correction factor=1.38.
Streamflow and the regression-computed SSCs were used 

to compute daily mean SSLs. These SSC and SSL results are 
available via NWIS (USGS, 2023). To understand the effect of 
sampled events on sediment transport, event-based SSLs were 
computed using the runoff volumes and regression-computed 
SSCs. The total runoff volume is the sum of the 15-minute 
interval streamflow during the stormflow event divided by the 
duration of the event. The beginning of a stormflow event was 
generally determined as the time 1 hour before the stream-
flow doubled, and the end of a stormflow event was generally 
defined as when the streamflow decreased consistently by 
approximately 20 ft3/s during each 15-minute measurement for 
a continuous 2-hour period. Event-based SSL was computed 
using the following equation for each 15-minute interval, fol-
lowed by a summation of all intervals:

 ESSL = EMSSC × RV × (6.245 × 10−5), (3)

where
 ESSL is event-based suspended sediment load, 

in pounds;

 EMSSC is event-based suspended sediment 
concentration, in milligrams per liter;

 RV is runoff volume, in cubic feet; and

 6.24 × 10−5 is a conversion from milligrams per liter to 
pounds per cubic foot.

Sediment yield is the amount of land surface erosion 
during a period of time per unit area of the hydrologic basin. 
Sediment yield normalizes SSL by including basin size and 
stormflow event duration. Event-based suspended sediment 
yield was computed using the following equation:

 EYield = ESSL / (DA × ED), (4)

where
 EYield is event-based suspended sediment yield, in 

pounds per square mile per hour;

 ESSL is event-based suspended sediment load, 
in pounds;

 DA is drainage area, in square miles; and

 ED is stormflow event duration, in hours.

Event-based loads and yields of barium, cadmium, lead, 
and zinc were computed from concentrations of the trace 
elements in the suspended sediment samples. Both sand and 
fine sediment size fractions were used to compute a bulk mass 
accumulation (sediment less than 2 mm in size) using the fol-
lowing equation:

      Conctotal = [(ConcS × (%S/100)) + (ConcF × (%F/100))], (5)

where
 Conctotal is the total trace element concentration in the 

suspended sediments, in milligrams per 
kilogram;

 ConcS is the trace element concentration in the sand 
fraction, in milligrams per kilogram;

 %S is the percent of mass in total samples 
considered sands (particles greater than 
0.063 millimeter);

 ConcF is the trace element concentration in the fine 
fraction, in milligrams per kilogram; and

 %F is the percent mass in total samples 
considered fines (particles less than 0.063 
millimeter).

In instances when only enough mass was available for 
trace element analysis on the bulk sample (rather than the 
separate size fractions), the bulk sample was analyzed, and 
the bulk concentrations were used. The arithmetic mean of the 
trace element concentrations for each stormflow event were 
computed from the suspended sediment samples collected 
during the event. The mean stormflow event concentration of 
each trace element was then expressed as a concentration in 
milligrams per liter using the SSC derived from the regres-
sion model for each 15-minute value. The following equation 
was used:

 Concmg/L = (Conctotal × SSC)/1,000,000 (6)

where
 Concmg/L is trace element concentration in suspended 

sediments, in milligrams per liter;

 Conctotal is the total trace element concentration in the 
suspended sediments, in milligrams per 
kilogram;
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 SSC is the suspended sediment concentration 
calculated from the regression model; and

 1,000,000 is the conversion factor from milligrams per 
kilogram to milligrams per liter.

Using these concentrations, each of the event-based loads
and yields of barium, cadmium, lead, and zinc were computed 
as described for event-based SSL and suspended sediment 

 

yields in equations 3 and 4.

Surface-Water Quality
The quality of a stream can be affected by many factors, 

including land use, topography, and weather conditions such 
as droughts and floods. These conditions were assessed to 
understand the surface-water quality of the Big River through 
computing the loads and yields of suspended sediment and 
associated trace elements.

Streamflow Conditions

Precipitation can greatly affect streamflow conditions. 
Monthly precipitation data were obtained from the DeSoto, 
Mo., climate station, which is about 13 mi north of the study 
site (NOAA, 2022; fig. 5). During phase two, total monthly 
precipitation ranged from 1.0 in. (September 2020) to 7.23 in. 
(May 2019). The normal annual precipitation amount for the 
climate station (years 1991–2020) is 44.73 in. All water years 
during phase two exceeded the normal annual precipitation. 
Water year 2019 had the most precipitation (56.29 in.) fol-
lowed by water year 2020 (48.79 in.). The driest year of phase 
two was water year 2021 (46.04 in.; NOAA, 2022).

Phase two consisted of wetter conditions and higher 
mean streamflows than the first year of phase one (table 5; 
Barr, 2016). Annual mean streamflows during phase one were 
189 ft3/s in water year 2012 and 695 ft3/s in water year 2013. 
Annual mean streamflows during phase two were 640 ft3/s in 
water year 2019, 450 ft3/s in water year 2020, and 461 ft3/s 
in water year 2021 (table 5). In comparison, the mean annual 
streamflow measured while the streamgage has been opera-
tional (water years 2012–21) was 508 ft3/s (USGS, 2023). 
During phase one, daily mean streamflow was typically 
highest in the winter and spring months and lowest in the fall 
(fig. 6). The maximum daily mean streamflow for phase two 
was 12,000 ft3/s, which happened on January 11, 2020 (fig. 6, 
table 5). The minimum daily mean streamflow was 40.3 ft3/s 
on October 10, 2019. The maximum peak flow for each water 
year was 10,200 ft3/s (water year 2019), 16,000 ft3/s (water 
year 2020), and 13,100 ft3/s (water year 2021; table 5, fig. 6). 
The historical maximum peak streamflow was 41,100 ft3/s 
recorded on April 30, 2017 (table 5).

A comparison of streamflow to the previous report by 
Barr (2016) highlights the drier conditions during water year 
2012 (annual mean streamflow of 189 ft3/s). Streamflow 

conditions in water year 2013 (annual mean streamflow of 
695 ft3/s) during phase one were comparable to the conditions 
in water year 2019 during phase two (annual mean streamflow 
of 640 ft3/s). Overall, streamflow during phase two was more 
consistent than in phase one (water years 2012–13).

Continuous Water-Quality Parameters

Water temperature data were collected at the study site 
because of its importance in monitoring sonde operations, 
such as indications of biological activity, streamflow condi-
tions, and human influences (Wilde, 2006). Additionally, 
sediment transport efficiency is affected by water temperature 
because of its relation with viscosity (Charlton, 2008). The 
maximum water temperature recorded at the study site was 
31.3 °C on July 9, 2020, and August 12, 2021 (table 6). The 
minimum water temperature recorded was −1.0 °C on several 
days (table 6). Water temperatures generally followed the 
expected diurnal and seasonal patterns (fig. 7). A few periods 
of the temperature record were removed during QA review.

Suspended sediment transport in the Big River may be 
better understood with the use of continuous turbidity data 
as turbidity can be used as a surrogate for SSC. The daily 
mean turbidity during phase two ranged from 0.4 FNU on 
November 17, 2018, and February 12–13, 2021, to 263 FNU 
on January 11, 2020 (table 6; fig. 8). The turbidity record is 
fragmentary in nature (missing approximately 44 percent of 
daily mean turbidity values) because of instrument biofouling 
during warmer months and siltation of the deployment pipe 
during stormflow event flows, as well as calibration drift and 
instrument malfunction (fig. 8).

Whereas increases in turbidity correlated with increases 
in streamgage height and streamflow, the rate at which each 
increased was not always consistent. Peaks in turbidity 
typically precede streamflow peaks for the same stormflow 
event (Mather and Johnson, 2014). The lag time between 
the peaks increased with higher flow events. As an example, 
the maximum turbidity for the study period (965 FNU on 
November 22, 2020; table 6) did not correlate with the maxi-
mum streamflow (16,000 ft3/s on January 12, 2020; table 5). 
External factors such as timing of previous stormflow events, 
runoff amounts, and location of rainfall can affect sediment 
availability and observed turbidity during stormflow events.

Turbidity observed during a stormflow event is the result 
of several factors, including sediment washed into the stream 
via runoff, increased suspended sediment transport, and ero-
sion of streambanks because of higher stream velocities. When 
multiple stormflow events happen within a short time span, 
subsequent events can have reduced amounts of suspended 
sediment and turbidity as sediment becomes less available 
because it was transported from the land surface, stream bed, 
and streambank during prior events. The location and intensity 
of rainfall and where it falls within the drainage basin also 
may affect turbidity.
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Figure 5. Total monthly precipitation at the National Oceanic and Atmospheric Administration DeSoto, Missouri, climate station near the Big River Basin, Mo., October 2018–
September 2021 (National Oceanic and Atmospheric Administration, 2022).
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Table 5. Streamflow statistics for the Big River below Bonne Terre, Missouri, October 2011–September 2013 and October 2018–September 2021.

[Data are from the U.S. Geological Survey National Water Information System for site number 07017610 (U.S. Geological Survey, 2023). ft3/s, cubic foot per second; ft, foot; in., inch; --, no data]

Water 
yeara

Maximum  
daily mean 
streamflow 

(ft3/s)

Maximum  
daily mean  
streamflow  

date

Minimum 
daily mean 
streamflow 

(ft3/s)

Minimum  
daily mean  
streamflow  

date

Maximum 
peak  

streamflow 
(ft3/s)

Maximum  
peak  

streamflow  
date

Maximum 
peak 

streamflow 
date

Maximum  
peak  
stage  
date

Annual  
mean  

streamflow 
(ft3/s)

Annual 
runoff  
(in.)

Phase one study period
b,c2012 2,390 March 17, 2012 9.9 August 11, 2012 4,810 March 16, 2012 12.0 March 16, 2012 189 6.27
b2013 18,600 March 18, 2013 42 September 14, 2013 21,900 April 19, 2013 26.5 April 19, 2013 695 23.06

Phase two study period

2019 8,380 December 15, 2018 49.1 September 30, 2019 d10,200 December 15, 2018 d17.6 December 15, 2018 640 21.2
2020 12,000 January 11, 2020 40.3 October 10, 2019 d16,000 January 12, 2020 d22.4 January 11, 2020 450 15.0
2021 11,100 March 12, 2021 46.1 October 13, 2020 13,100 March 12, 2021 20.2 March 12, 2021 460 15.3

Phases one and two study periods

2012–13 
and 
2019–21

35,600 April 30, 2017 9.94 August 11, 2012 41,100 April 30, 2017 35.8 April 30, 2017 -- --

aWater year is defined as the 12-month period beginning October 1 and ending September 30 of the calendar year in which it ends (water year 2021 is the period October 1, 2020, through September 30, 
2021).

bStatistics indicated for water years 2012–13 for comparison to the previous study period (Barr, 2016).
cStatistics for water year 2012 computed with incomplete data because the streamgage was not in operation until October 13, 2011.
dRevised data.
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Figure 6. Daily mean streamflow during the study period at the Big River below Bonne Terre, Missouri, October 2018–September 2021. Data are from the U.S. Geological 
Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023).
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Table 6. Water-quality statistics for the Big River below Bonne Terre, Missouri, October 2018–September 2021.

[Data are from the U.S. Geological Survey National Water Information System for site number 07017610 (U.S. Geological Survey, 2023)]

Water yeara
Maximum  
daily mean 

value

Maximum  
daily mean value 

date

Minimum  
daily mean  

value

Minimum  
daily mean value  

date

Maximum  
recorded  

value

Maximum  
recorded value  

date

Minimum  
recorded  

value

Minimum  
recorded value  

date

Water temperature, in degrees Celsius

2019 28 .1 July 21, 2019 0.6 January 31, 2019 31.2 May 29, 2019 0 January 31, 2019
2020 29.2 July 9 and 12, 2020 0.4 February 20, 2020 31.3 July 9, 2020 −1 February 15, 18, 26  

and March 7, 2020
2021 29.2 August 12, 2021 0 February 11 and 13–21, 2021 31.3 August 12, 2021 −1 February 3, 2021

Turbidity, in formazin nephelometric units

2019 172 March 14, 2019 0.4 November 17, 2018 519 June 26, 2019 0.2 November 16 and 17, 2018
2020 263 January 11, 2020 1.3 September 22–23, 2020 b743 January 18, 2020 b0.0 October 9, 2019
2021 160 March 18, 2021 0.4 February 12–13, 2021 b965 November 22, 2020 b0.0 February 13 and 14, 2021

aWater year is defined as the 12-month period beginning October 1 and ending September 30 of the calendar year in which it ends (water year 2021 is the period October 1, 2020, through September 30, 
2021).

bRevised data.
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Gaps indicate periods in which no data are available. Periods of missing data (gaps) are due to equipment issues, 
low water conditions, extreme fouling, or exceedance of correction criteria, in which case data are deleted.
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Figure 8. Daily mean turbidity measured at the Big River below Bonne Terre, Missouri, October 2018–September 2021. Data are from the U.S. Geological Survey National 
Water Information System database for site number 07017610 (U.S. Geological Survey, 2023).
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Suspended Sediment Transport
Forty suspended sediment samples were collected dur-

ing phase two. These samples included 15 base-flow and 
25 stormflow event samples collected during 8 stormflow 
events (table 7; fig. 9). During water year 2019, five base-flow 
samples and three sets of stormflow event samples were col-
lected. During water year 2020, two base-flow samples and 
two sets of stormflow event samples were collected. Eight 
base-flow samples and three sets of stormflow event samples 
were collected in 2021 (table 7; fig. 9). Stormflow SSC during 
phase 2 ranged from 41 to 1,740 mg/L with a median value of 
389 mg/L. Base-flow SSC during phase 2 ranged from 1 mg/L 
to 30 mg/L with a median value of 10 mg/L (table 7; fig. 9). 
When compared to the phase one study by Barr (2016), the 
median base-flow SSC during water years 2012–13 (10 mg/L) 
was the same as phase two. These values also closely align 
with a prior study within the Ozark Plateaus by Davis and Bell 
(1998) in similar streams to the Big River where median base-
flow SSC ranged from 3 to 28 mg/L with increases during 
increased streamflow events.

Daily Suspended Sediment Concentrations and 
Loads

Daily SSCs and SSLs were computed using the regres-
sion models and followed similar patterns during the phase 
two study period, with maximum and minimum daily mean 
SSCs and SSLs frequently happening on the same dates 
(figs. 10 and 11). The daily mean SSL ranged from a minimum 
of 0.4 ton on September 24, 2020, to a maximum of 24,900 
tons on March 13, 2021. During water year 2019, the maxi-
mum daily mean SSC of 816 mg/L and maximum daily mean 
SSL of 19,400 tons were measured on December 16, 2018 
(table 8), which happened during the same stormflow event 
as the maximum daily mean streamflow for that water year 
(table 5). During water year 2020, the maximum daily mean 
SSC of 716 mg/L and maximum daily mean SSL of 22,600 
tons were measured on January 12, 2020 (table 8), which was 
also during the same stormflow event as the maximum daily 
mean streamflow for water year 2020 (table 5). The maxi-
mum daily mean SSC and SSL (1,010 mg/L and 24,900 tons, 
respectively) during water year 2021 happened on separate 
dates (maximum concentration on November 23, 2020, and 
maximum load on March 13, 2021; table 8). The maximum 
daily mean streamflow for water year 2021 coincided with 
the same stormflow event as the maximum daily mean SSL in 
March 2021 (tables 5 and 8). The duration and magnitude of 
the stormflow event and availability of suspended sediment in 
the system likely played a role in the differing occurrences of 
the maximum daily mean concentrations and loads in water 
year 2021.

The estimated annual SSL at the study site varied during 
phase two and was correlated with the annual mean stream-
flow with the largest mass of 113,000 tons transported during 

water year 2019 (annual mean streamflow of 640 ft3/s; tables 5 
and 8). Water years 2020 and 2021 had annual SSLs of 83,400 
and 96,500 tons, respectively (table 8). The lowest annual SSL 
for phase two (83,400 tons) happened during water year 2020, 
which coincided with the lowest annual mean streamflow 
(450 ft3/s; tables 5 and 8). Additionally, more turbidity record 
was missing during water year 2020 when compared to water 
years 2019 and 2021, which resulted in more of the SSC and 
SSL record for water year 2020 being estimated using the sec-
ondary streamflow-derived regression model. The secondary 
regression model underestimates the SSC more often than the 
primary regression model based on turbidity. Approximately 
58 percent of the calculated (15-minute) SSCs for the study 
period were determined using the turbidity-based regression 
model; the remaining 42 percent of the record was calculated 
using the secondary streamflow-derived regression model.

Event-Based Suspended Sediment 
Concentrations, Loads, and Yields

Eight stormflow events were sampled during the phase 
two study period. Mean stormflow event SSCs and total 
stormflow event SSLs calculated using the regression model 
are reported for each of the individual events. Mean estimated 
stormflow event SSCs ranged from 50 to 717 mg/L, and total 
SSLs ranged from 45.3 to 32,500 tons (table 9). Events lasted 
an average of about 47 hours. Event runoff volumes ranged 
from 26,600,000 ft3 (event 5 on August 31–September 2, 
2020) to 1,770,000,000 ft3 (event 4 on January 10–13, 2020). 
Event-based yields normalize each stormflow event based 
on the drainage area and the event duration. Sediment yield 
ranged from 5.03 pounds per square mile per hour (lb/mi2/
hr) to 3,460 lb/mi2/hr (table 9). The stormflow events with 
the largest runoff volumes generally had the largest sedi-
ment yields.

Sediment availability and rainfall intensity play criti-
cal roles in sediment transport in the Big River. Similar-size 
stormflow events (similar peak or total streamflow volume) 
are not always comparable. Events 2, 3, and 7 had comparable 
event runoff volumes, and they also had similar average SSCs 
(398, 471, and 491 mg/L, respectively; table 9); however, 
the two largest stormflow events—event 4 (6th highest peak 
streamflow for period of record) and event 8 (8th highest 
peak streamflow for period of record)—had differing mean 
SSCs (table 9). The mean estimated SSC during event 4 was 
475 mg/L; the mean for event 8 was 717 mg/L. The timing 
and magnitude of prior stormflow events and the characteris-
tics of each rainfall event can affect the transport of suspended 
sediment and associated trace elements.

The total SSL for the eight sampled stormflow events 
during phase two was computed as about 90,400 tons and 
accounted for 30.9 percent of the total SSL calculated using 
the regression models for phase two. To estimate a representa-
tive base-flow SSL for the phase two study period, the median 
base-flow SSC (10 mg/L; table 7) and the median of the daily 
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Table 7. Concentrations and particle-size distributions of suspended sediment in discrete samples collected at Big River below Bonne 
Terre, Missouri, October 2018–September 2021.

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023). Dates are 
given in month/day/year. Times are given in hours:minutes (military). g, gram; mg/L, milligram per liter; %, percent; <, less than; mm, millimeter; -- no data; 
n/a, not applicable]

Sample date  
and time

Hydrologic  
condition

Total sample  
dry mass  

(g)

Suspended  
sediment  

concentration  
(mg/L)

Percent fine  
suspended sediment  

(% <0.063 mm)

Daily mean streamflow 
on day of base-flow 

sampling

11/29/2018 8:00 Base flow -- 1 -- 156
12/14/2018 12:00 Base flow 0.0624 19 -- 296
2/7/2019 12:20 Rise 6.3494 826 69 n/a
2/7/2019 16:40 Peak 4.2341 554 63 n/a
2/8/2019 10:25 Fall 1.0472 185 70 n/a
3/14/2019 10:52 Rise 3.7970 492 65 n/a
3/14/2019 13:59 Peak 4.696 597 72 n/a
3/15/2019 10:22 Fall 0.3468 105 84 n/a
4/14/2019 7:25 Rise 4.6079 582 70 n/a
4/14/2019 8:54 Peak 3.4587 472 70 n/a
4/14/2019 10:04 Fall 2.565 359 66 n/a
7/11/2019 11:00 Base flow 0.0157 9 -- 130
9/5/2019 12:30 Base flow 0.0518 10 -- 107
9/5/2019 13:00 Base flow 0.0533 11 -- 107
11/13/2019 9:30 Base flow 0.0299 7 -- 99.2
12/5/2019 9:30 Base flow 0.0336 8 -- 314
1/11/2020 9:00 Rise 4.0523 587 83 n/a
1/11/2020 10:34 Rise 0.8492 297 98 n/a
1/11/2020 12:13 Peak 1.1184 389 90 n/a
1/13/2020 12:34 Fall 0.4817 105 66 n/a
9/1/2020 12:00 Rise 0.1198 41 -- n/a
9/1/2020 16:05 Peak 0.2068 64 -- n/a
10/26/2020 11:00 Base flow 0.019 2 -- 70
10/29/2020 12:30 Rise 0.9045 160 89 n/a
10/30/2020 3:05 Peak 1.1183 215 90 n/a
10/30/2020 15:10 Fall 0.3825 67 88 n/a
1/12/2021 11:30 Base flow 0.0628 10 -- 208
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Table 7. Concentrations and particle-size distributions of suspended sediment in discrete samples collected at Big River below Bonne 
Terre, Missouri, October 2018–September 2021.—Continued

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023). Dates are 
given in month/day/year. Times are given in hours:minutes (military). g, gram; mg/L, milligram per liter; %, percent; <, less than; mm, millimeter; -- no data; 
n/a, not applicable]

Sample date  
and time

Hydrologic  
condition

Total sample  
dry mass  

(g)

Suspended  
sediment  

concentration 
(mg/L)

Percent fine  
suspended sediment  

(% <0.063 mm)

Daily mean streamflow 
on day of base-flow 

sampling

1/25/2021 12:30 Rise 4.2979 808 81 n/a
1/26/2021 3:15 Peak 2.5309 472 68 n/a
1/26/2021 9:20 Fall 1.049 192 75 n/a
3/11/2021 19:35 Rise 11.9188 1,740 84 n/a
3/11/2021 21:00 Rise 10.522 1,460 81 n/a
3/12/2021 0:15 Rise 4.6504 704 80 n/a
3/12/2021 21:00 Fall 1.2119 282 66 n/a
5/19/2021 10:00 Base flow 0.0982 21 -- 478
6/29/2021 11:35 Base flow 0.1195 30 -- 250
7/29/2021 11:25 Base flow 0.0302 10 -- 117
8/19/2021 11:15 Base flow 0.0703 28 -- 69
9/2/2021 12:00 Base flow 0.1144 20 -- 152
9/10/2021 10:45 Base flow 0.0385 13 -- 119
Phase two study period  

(water years 2019–21)
Minimum base flow 1 -- 69
Maximum base flow 30 -- 478
Median base flow 10 -- 130

Minimum stormflow 41 63 n/a
Maximum stormflow 1,740 98 n/a
Median stormflow 389 75 n/a

Phase one study period  
(water years 2012–13)

Minimum base flow 1 -- n/a
Maximum base flow 74 -- n/a
Median base flow 10 -- n/a

Minimum stormflow 74 75 n/a
Maximum stormflow 1,090 98 n/a
Median stormflow 228 94 n/a
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Figure 9. Continuous streamflow and discrete suspended sediment concentration samples collected at the Big River below Bonne Terre, Missouri, October 2018–
September 2021. Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023).



Suspended Sedim
ent Transport 

 
25

0.1

1

10

100

1,000

10,000

Da
ily

 m
ea

n 
su

sp
en

de
d 

se
di

m
en

t c
on

ce
nt

ra
tio

n,
 e

st
im

at
ed

 b
y 

re
gr

es
si

on
 e

qu
at

io
ns

,
in

 m
ill

ig
ra

m
s 

pe
r l

ite
r

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept.

2019 2020 20212018
Date

Figure 10. Daily mean suspended sediment concentrations computed at the Big River below Bonne Terre, Missouri, October 2018–September 2021. Data are from 
the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023).
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Figure 11. Daily mean suspended sediment loads computed at the Big River below Bonne Terre, Missouri, October 2018–September 2021. Data are from the 
U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023).
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Table 8. Summary of suspended sediment concentration and load statistics by water year at the Big River below Bonne Terre, Missouri, October 2018–September 2021.

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023). mg/L, milligram per liter]

Water 
yeara

Maximum  
daily mean 
suspended  
sediment  

concentration 
(mg/L)

Maximum  
daily mean  
suspended  
sediment  

concentration date

Minimum  
daily mean 
suspended  
sediment  

concentration 
(mg/L)

Minimum  
daily mean  
suspended  
sediment  

concentration  
date

Maximum  
daily mean  
suspended  

sediment load  
(tons)

Maximum  
daily mean  
suspended  

sediment load  
date

Minimum  
daily mean  
suspended  

sediment load  
(tons)

Minimum  
daily mean  
suspended  

sediment load  
date

Annual  
suspended  

sediment load  
(tons)

2019 816 Dec. 16, 2018 1 Nov. 18, 2018 19,400 Dec. 16, 2018 0.5 Nov. 18, 2018 113,000
2020 716 Jan. 12, 2020 4 Sept. 24, 2020 22,600 Jan. 12, 2020 0.4 Sept. 24, 2020 83,400
2021 1,010 Nov. 23, 2020 1 Feb. 14, 2021 24,900 March 13, 2021 0.6 Feb. 14, 2021 96,500

aWater year is defined as the 12-month period beginning October 1 and ending September 30 of the calendar year in which it ends (water year 2021 is the period October 1, 2020, through September 30, 
2021).
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Table 9. Suspended sediment concentrations, load, and yields from sampled stormflow events at the Big River below Bonne Terre, Missouri, October 2018–September 2021.

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023). hr, hour; ft3, cubic foot; mg/L, milligram per liter; lb, pound; 
lb/mi2/hr, pound per square mile per hour]

Event 
number

Water 
yeara Event date

Number 
of event 
samples

Event  
duration  

(hr)

Event  
runoff volume  

(ft3)

Suspended sediment

Mean  
event sample  
concentration 

(mg/L)

Mean  
estimated event  
concentration 

(mg/L)

Load
Yield  

(lb/mi2/hr)(lb) (ton)

1 2019 Feb. 6–9, 2019 3 54.25 823,000,000 522 286 17,900,000 8,960 807
2 Mar. 13–15, 2019 3 40.25 554,000,000 398 368 14,800,000 7,390 898
3 Apr. 14–15, 2019 3 40.25 613,000,000 471 184 5,810,000 2,910 252
4 2020 Jan. 10–13, 2020 3 62.75 1,770,000,000 264 475 64,900,000 32,500 2,530
5 Aug. 31–Sept. 2, 2020 2 44 26,600,000 52 50 90,500 45.3 5.03
6 2021 Oct. 29–31, 2020 3 49.75 110,000,000 147 107 773,000 387 38.0
7 Jan. 25–26, 2021 3 41.5 525,000,000 491 338 2,900,000 6,440 758
8 Mar. 11–13, 2021 4 44 1,280,000,000 1,050 717 63,700,000 31,800 3,460

aWater year is defined as the 12-month period beginning October 1 and ending September 30 of the calendar year in which it ends (water year 2021 is the period October 1, 2020, through September 30, 
2021).
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mean streamflows associated with each base-flow sample 
during phase two were used (130 ft3/s; table 7). The estimated 
base-flow SSL was 3,840 tons, which accounted for 1.31 
percent of the total SSL. This highlights that most suspended 
sediments in the Big River are transported during stormflow 
events as was concluded in phase one (Barr, 2016).

Trace Element Transport
A total of 18 stormflow event suspended sediment 

samples were analyzed for trace element concentrations 
during phase two (October 2018 to September 2021). When 
sufficient mass was available in sand (2–0.063 mm) and fine 
(<0.063 mm) fractions, separate trace element analyses were 
performed on each fraction. In instances when the mass of 
one or both fractions was less than the minimum required 
(0.5 g), the two fractions were recombined and submitted to 
MRL for trace element analysis as a bulk sample. Trace ele-
ments selected for this report include barium, cadmium, lead, 
and zinc. Concentrations of the select trace elements were 
used to determine trace element loads during storm events. 
These results were compared to phase one (October 2011 to 
September 2013) to determine if significant changes have 
happened during the entire study period. In addition, the sedi-
ments collected by the passive samplers during stormflow 
events also were analyzed for select trace elements and aided 
in determining trace element loads. Additional trace element 
results are available via NWIS (USGS, 2023) and Markland 
and others (2024).

Selected Trace Element Concentrations in 
Suspended Sediments

Stormflow event samples were analyzed separately for 
trace element concentrations among the sand and fine frac-
tions except for samples collected during event 6 and a single 
sample from both events 1 and 7. All stormflow event samples 
analyzed for trace element concentrations were made up of 
mostly fines (median of 74 percent fines) with a range of 63 to 
98 percent fines (table 10). Although samples collected during 
event 6, as well as a single sample from both events 1 and 7, 
were analyzed for trace elements in bulk, the samples were 
analyzed for particle-size distribution before chemical analy-
sis, which indicated these samples also were predominately 
fines (88–90 percent fines for event 6; 70–75 percent fines 
for bulk-analyzed samples from events 1 and 7; table 10). In 
general, the fine fractions had higher concentrations of barium, 
cadmium, lead, and zinc than the sand fractions except for 
some samples collected during event 8. Barium concentrations 
in the fine fractions were about twice the concentrations of the 
sand fractions for all stormflow event samples. Differences in 
concentrations among sand and fine fractions for cadmium, 
lead, and zinc were less, with cadmium concentrations being 
most similar in the two size fractions (fig. 12; table 11).

Trace element concentrations of cadmium, lead, and zinc 
in suspended sediment from stormflow event samples gener-
ally were consistent throughout the duration of each indi-
vidual event, except events 1 and 8, which indicated a general 
increase in concentrations within the fine fractions during the 
event (table 11; fig. 12). These two stormflow events were 
larger events, with the highest mean event sample SSCs during 
phase two (522 mg/L for event 1 and 1,050 mg/L for event 8; 
table 9). This general pattern could indicate new contributions 
of mine waste material with high concentrations of trace ele-
ments that were mobilized from the landscape upstream from 
the Big River below Bonne Terre, Mo., as the result of the 
large storm event. Concentrations of barium were generally 
consistent throughout the duration of each individual event.

Two samples were collected during event 6, which hap-
pened on October 29–30, 2020. The samples from event 6 
were bulk analysis samples because of the lack of sediment 
mass between the two size fractions. Both bulk samples had 
the highest concentrations of cadmium (23.8 and 24.1 mg/kg), 
lead (3,060 and 2,820 mg/kg), and zinc (1,660 and 1,630 mg/
kg) from all event samples during the phase two study (fig. 12, 
table 11). Suspended sediment samples collected during 
event 6 were 88–90 percent fines with SSCs ranging from 
67 to 215 mg/L, which were low compared to other sampled 
stormflow events (table 10). Event 6 was the second small-
est event (by event runoff volume) sampled during phase two 
(table 9); however, the heaviest rainfall was localized (average 
of 2.1 in.) to the immediate area of the major mine waste piles 
within the OLB (Federal, Desloge, Elvins, and National mine 
waste piles) within and just west of Park Hills. During the 
same period, the mean rainfall across the entire 409-mi2 drain-
age basin upstream from the streamgage below Bonne Terre 
was less than 1.5 in. Digital raster data of 24-hour rainfall 
estimates using NOAA Multi-Radar Multi-Sensor System data 
were obtained from the Iowa Environmental Mesonet (Iowa 
State University, 2023). One hypothesis is that the localized 
heavier rainfall and resulting runoff during event 6 eroded and 
suspended mine-waste contaminated sediments primarily in 
the area of the major mine waste piles within the OLB. These 
highly contaminated sediments were not diluted by runoff con-
taining uncontaminated sediments from upstream in nonmined 
areas of the drainage basin. These signature high trace element 
concentrations from mine-waste contaminated sediments are 
likely present during all stormflow events, but they are diluted 
by runoff from other areas of the drainage basin during the 
larger stormflow events typically sampled. A second hypoth-
esis is that this smaller event transported primarily fine bed 
sediments deposited from a previous event. Because the small 
event only transported the fine, more-contaminated bed mate-
rial, the suspended sediment samples consisted of mostly these 
materials and were not diluted by coarser, lower concentration 
materials.

Cadmium, lead, and zinc are considered toxic to aquatic 
life at certain concentrations in bed sediments (MacDonald 
and others, 2000). Because the suspended sediments col-
lected during this study were mobilized from bed sediments 
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Table 10. Streamflow, suspended sediment concentrations and particle-size distributions, and selected total trace element 
concentrations in suspended sediments collected during stormflow events at the Big River below Bonne Terre, Missouri, October 2018–
September 2021.

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023) and 
Markland and others, 2024. Dates are given in month/day/year. Times are given in hours: minutes (military). ft3/s, cubic foot per second; mg/L, milligram per 
liter; %, percent; >, greater than; mm, millimeter; <, less than; --, no data]

Event 
number or 
summary 
statistic

Sample  
date

Sample 
time

Streamflow 
(ft3/s)

Suspended sediment
Trace element in suspended sediments, 

expressed as whole water concentration 
(mg/L)

Concentration 
(mg/L)

Sands (% 
>0.063 mm)

Fines (% 
<0.063 mm)

Barium Cadmium Lead Zinc

1 2/7/2019 12:20 6,120 826 31 69 0.390 0.005 0.739 0.310
2/7/2019 16:40 7,270 554 37 63 0.234 0.003 0.469 0.229
2/8/2019 10:25 3,790 185 30 70 0.085 0.002 0.224 0.110

2 3/14/2019 10:52 5,070 492 35 65 0.236 0.004 0.520 0.280
3/14/2019 13:59 5,930 597 28 72 0.309 0.006 0.648 0.341
3/15/2019 10:22 1,790 105 16 84 -- -- -- --

3 4/14/2019 7:25 4,300 582 30 70 0.267 0.004 0.494 0.265
4/14/2019 8:54 4,620 472 30 70 0.207 0.003 0.408 0.218
4/14/2019 10:04 4,520 359 34 66 0.149 0.002 0.298 0.170

4 1/11/2020 9:00 13,600 587 17 83 0.309 0.004 0.492 0.262
1/11/2020 10:34 14,700 297 2 98 -- -- -- --
1/11/2020 12:13 15,300 389 10 90 -- -- -- --
1/13/2020 12:34 1,560 105 34 66 -- -- -- --

5 9/1/2020 12:00 165 41 -- -- -- -- -- --
9/1/2020 16:05 294 64 -- -- -- -- -- --

6 10/29/2020 12:30 509 160 11 89 0.083 0.004 0.490 0.266
10/30/2020 3:05 975 215 10 90 0.110 0.005 0.606 0.350
10/30/2020 15:10 686 67 12 88 -- -- -- --

7 1/25/2021 12:30 2,930 808 19 81 0.409 0.005 0.914 0.389
1/26/2021 3:15 5,830 472 32 68 0.244 0.005 0.628 0.310
1/26/2021 9:20 4,280 192 25 75 0.093 0.002 0.261 0.121

8 3/11/2021 19:35 4,960 1,740 16 84 0.925 0.008 1.300 0.472
3/11/2021 21:00 7,040 1,460 19 81 0.707 0.008 1.256 0.461
3/12/2021 0:15 8,660 704 20 80 0.367 0.006 0.809 0.365
3/12/2021 21:00 11,100 282 34 66 0.120 0.003 0.428 0.171

Median -- -- 4,570 374 27 74 0.240 0.004 0.507 0.273
Mean -- -- 5,050 465 24 76 0.291 0.004 0.610 0.283
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Table 11. Selected trace element concentrations in suspended sediment collected during stormflow events at the Big River below Bonne Terre, Missouri, October 2018–
September 2021.

[Data are from Markland and others, 2024. Dates are given in month/day/year. Times are given in military time. mg/kg, milligram per kilogram; --, not available]

Event 
number or 
summary 
statistic

Sample  
date

Sample  
time

Trace element concentrations in suspended sediments (mg/kg)

Barium Cadmium Lead Zinc

Fines Sands Bulka Fines Sands Bulka Fines Sands Bulka Fines Sands Bulka

1 2/7/2019 1220 576 241 472 6.41 5.72 6.2 908 865 895 401 319 376
2/7/2019 1640 570 173 423 6.74 5.19 6.2 926 713 847 465 326 414
2/8/2019 1025 b457 -- 457 b10.9 -- 10.9 b1,210 -- 1,210 b597 -- 597

2 3/14/2019 1052 637 189 480 10.1 5.78 8.6 1,250 696 1,056 709 308 569
3/14/2019 1359 650 175 517 11 6.12 9.6 1,240 688 1,085 662 340 572
3/15/2019 10:2 -- -- -- -- -- -- -- -- -- -- -- --

3 4/14/2019 0725 549 246 458 7.64 6.26 7.2 897 736 849 501 348 455
4/14/2019 0854 542 200 439 7.13 5.08 6.5 914 750 865 518 334 463
4/14/2019 1004 538 179 416 7.46 4.69 6.5 919 659 831 550 326 474

4 1/11/2020 0900 586 232 526 6.51 5.5 6.3 865 710 839 469 333 446
1/11/2020 1034 -- -- -- -- -- -- -- -- -- -- -- --
1/11/2020 1213 -- -- -- -- -- -- -- -- -- -- -- --
1/13/2020 1234 -- -- -- -- -- -- -- -- -- -- -- --

5 9/1/2020 1200 -- -- -- -- -- -- -- -- -- -- -- --
9/1/2020 1605 -- -- -- -- -- -- -- -- -- -- -- --

6 10/29/2020 1230 b519 -- 519 b23.8 -- 23.8 b3,060 -- 3,060 b1,660 -- 1,660
10/30/2020 0305 b511 -- 511 b24.1 -- 24.1 b2,820 -- 2,820 b1,630 -- 1,630
10/30/2020 1510 -- -- -- -- -- -- -- -- -- -- -- --

7 1/25/2021 1230 566 254 507 6.92 5.97 6.7 1,150 1,050 1,131 520 314 481
1/26/2021 315 674 181 516 12.9 6.2 10.8 1,580 799 1,330 764 426 656
1/26/2021 0920 b484 -- 484 b10 -- 10 b1,360 -- 1,360 b628 -- 628

8 3/11/2021 1935 574 308 531 4.41 5.36 4.6 735 810 747 274 256 271
3/11/2021 2100 541 244 485 5.37 4.25 5.2 865 839 860 335 233 316
3/12/2021 0015 590 244 521 8.65 11.3 9.2 1,210 908 1,150 517 527 519
3/12/2021 2100 584 122 427 13.8 6.14 11.2 1,970 635 1,516 783 265 607

Minimum -- -- 457 122 416 4.41 4.25 4.60 735 635 747 274 233 271
Maximum -- -- 674 308 531 24.1 11.3 24.1 3,060 1,050 3,060 1,660 527 1,660
Median -- -- 568 216 485 8.15 5.75 7.90 1,180 743 1,070 535 326 500
Mean -- -- 561 208 481 9.15 5.81 8.61 1,215 769 1,140 595 326 547

aBulk concentration is calculated based on each sample’s particle-size distribution.
bSamples analyzed as bulk samples and are assumed to be majority fine fraction. All other samples with fine and sand fractions analyzed separately have computed bulk concentrations based on particle-size 

distribution.
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Figure 12. Trace element concentrations in two suspended sediment size fractions collected during stormflow events at the Big River 
below Bonne Terre, Missouri, October 2018–September 2021. Data are from Markland and others (2024).
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and many will return to the riverbed, the sediment quality 
guidelines for bed sediments were used for comparison to 
suspended sediment trace element concentrations. The toxic 
effect concentration (TEC) is defined as the concentration 
below which adverse effects are not expected to occur. The 
probable effect concentration (PEC) is the concentration at 
which adverse effects are expected to occur when concentra-
tions are at or above the PEC. There are thresholds within 
these sediment quality guidelines, including the highest 
threshold in the PEC group, the toxic effect threshold (TET), 
which is the concentration above which sediment is considered 
heavily contaminated and likely to cause adverse effects on 
sediment-dwelling organisms (MacDonald and others, 2000). 
The bulk concentration of barium in suspended sediments 
ranged from 416 to 531 mg/kg with a median of 485 mg/kg 
(table 11; fig. 12). Barium does not have an established TEC, 
PEC, or TET. Bulk cadmium concentrations had a median of 
7.90 mg/kg and ranged from 4.60 to 24.1 mg/kg, all of which 
all exceeded the TEC for cadmium in sediment (table 11, 12). 
Bulk lead concentrations exceeded the TEC, PEC, and TET in 
all samples, with a range of 747 to 3,060 mg/kg and a median 
of 1,070 mg/kg. Bulk zinc concentrations ranged from 271 
to 1,660 mg/kg with a median of 500 mg/kg. Zinc concentra-
tions in bulk suspended sediments exceeded the TEC, fre-
quently exceeded the PEC, and occasionally exceeded the TET 
(table 11, 12).

Samples for dissolved trace element concentrations 
were not collected during phase two or during the phase one 
completed by Barr (2016) because of low dissolved lead 
concentrations reported in previous studies of the Big River. 
Smith and Schumacher (1991, 1993) collected samples for 
dissolved trace element concentrations at different sites on 
the Big River—upstream near Desloge (USGS site num-
ber 07017260) and downstream near Richwoods (USGS site 
number 07018100; fig. 1)—and reported concentrations of 
dissolved lead below the reporting limit of 10 micrograms per 
liter (µg/L). Concentrations of dissolved lead in 55 samples 
collected during water years 2000 through 2021 from the Big 
River near Richwoods site as part of the Missouri Ambient 
Water Quality Network had a median dissolved lead con-
centration of 3.3 µg/L and a maximum lead concentration of 
15.7 µg/L (USGS, 2023).

Trace element concentrations in the fine fraction of 
suspended sediments transported by the Big River generally 
are similar to those from phase one (water years 2012–13), 
with small differences in barium and zinc concentrations and 
no significant changes in cadmium and lead concentrations 
(fig. 13). In the fine fraction of suspended sediment samples, 
Barr (2016) reported median concentrations of barium, 
cadmium, lead, and zinc of 590, 10.0, 1,000, and 860 mg/
kg, respectively. During phase two, the median concentra-
tions of barium, cadmium, lead, and zinc in the fine fractions 
were 568, 8.15, 1,180, and 535 mg/kg, respectively (table 11). 
Wilcoxon rank-sum tests were performed to determine 
whether the concentrations of these trace elements in the fine 
fractions were significantly different from those determined 

for phase one of the study (Barr, 2016). The barium and 
zinc concentrations were significantly smaller (p-values of 
0.028 and <0.001, respectively) than those reported by Barr 
(2016), whereas the cadmium and lead concentrations were 
not significantly different between the study period phases 
(p-value greater than 0.05; p-values of 0.1304 and 0.3116, 
respectively). It is possible that remediation of major mine 
waste areas within the OLB might have contributed to the sig-
nificantly smaller zinc concentrations; however, barium is not 
associated with mineralization within the OLB and given the 
small dataset, additional monitoring data would be beneficial.

The trace element concentrations in the suspended 
sediment also were expressed as whole-water concentrations 
(milligrams per liter, using the measured SSC concentration 
in water; table 10). The median barium and cadmium con-
centrations were 0.240 and 0.004 mg/L, respectively. Lead 
and zinc concentrations had median concentrations of 0.507 
and 0.273 mg/L, respectively. The maximum lead concentra-
tion was 1.30 mg/L and happened during the first hydrologic 
rise during event 8. The maximum barium, cadmium, and 
lead concentrations also were observed in the same sample 
from event 8. This sample did not have the highest concen-
trations of trace elements in the sediment itself, but because 
of the high SSC (1,740 mg/L), the overall concentration of 
barium, cadmium, lead, and zinc were ultimately greatest in 
this sample. The concentration of trace elements in suspended 
sediments remained consistent during a sampled stormflow 
event (table 11); however, the calculated concentrations of 
trace elements in milligrams per liter generally decreased 
during a stormflow event as the SSC decreased as the event 
receded (table 10).

Loads and yields of barium, cadmium, lead, and zinc 
were calculated for the sampled stormflow events (table 13). 
Barium and cadmium event loads ranged from 0.199 to 
17.1 tons and 0.009 to 0.239 ton, respectively. Lead event 
loads ranged from 1.14 to 34.0 tons, and zinc event loads 
ranged from 0.636 to 14.5 tons (table 13). The largest barium 
and zinc loads happened during event 4, and the largest cad-
mium and lead loads happened during event 8, with these two 
events having the largest suspended sediment loads of phase 
two (SSL of 32,500 tons during event 4 and 31,800 tons dur-
ing event 8; table 9, 13).

The total event-based loads for each water year displayed 
in table 13 represent a minimum of the total trace element load 
because of the small number of stormflow events sampled or 
analyzed for trace elements. Event-based yields were calcu-
lated to make individual events more comparable by consider-
ing the drainage area (409 mi2 for all samples) and individual 
event durations. Yields were greatest for barium, cadmium, 
lead, and zinc during event 8, and trace element yields were 
similar between events 1, 2, and 7 (table 13).

When compared to phase one of the study by Barr 
(2016), the event-based trace element loads during water year 
2012 (a drought year; Barr, 2016) were markedly less than the 
water years included in the current study period. For water 
year 2013, the trace element loads for sampled stormflow 
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Figure 13. Comparison of trace element concentrations in the fine sediment size fraction for stormflow events collected at 
the Big River below Bonne Terre, Missouri, October 2011–September 2013, and October 2018–September 2021. Data are from 
Markland and others (2024).

Table 12. Consensus-based sediment quality guidelines for selected trace elements (MacDonald and others, 2000).

[mg/kg, milligram per kilogram; --, not available]

Sediment quality guideline
Barium  
(mg/kg)

Cadmium  
(mg/kg)

Lead  
(mg/kg)

Zinc  
(mg/kg)

Consensus-based threshold effect concentration (TEC) -- 0.99 35.8 121
Consensus-based probable effect concentration (PEC) -- 4.98 128 459
Toxic effect threshold (TET) -- 3.0 170 540
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Table 13. Selected trace element concentrations, loads, and yields in suspended sediments collected during stormflow events at the 
Big River below Bonne Terre, Missouri, October 2018–September 2021.

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023) and 
Markland and others, 2024. hr, hour; mg/kg, milligram per kilogram; lb, pound; lb/mi2/hr, pound per square mile per hour; --, no data]

Event  
number

Event date
Event  

duration  
(hr)

Trace element in suspended sediments

Constituent

Average  
event  

concentration 
(mg/kg)

Load
Yield  

(lb/mi2/hr)(lb) (ton)

1 Feb. 6–9, 2019 54.25 Barium 451 8,080 4.04 0.364
Cadmium 7.75 139 0.070 0.006
Lead 984 17,600 8.82 0.795
Zinc 462 8,280 4.14 0.373

2 March 13–15, 2019 40.25 Barium 499 7,370 3.69 0.448
Cadmium 9.11 135 0.067 0.008
Lead 1,070 15,800 7.92 0.962
Zinc 570 8,430 4.22 0.512

3 April 14–15, 2019 40.25 Barium 438 2,550 1.27 0.110
Cadmium 6.75 39.3 0.020 0.002
Lead 848 4,930 2.47 0.213
Zinc 464 2,700 1.35 0.117

4 Jan. 10–13, 2020 62.75 Barium 526 34,100 17.1 1.33
Cadmium 6.34 412 0.206 0.016
Lead 839 54,500 27.2 2.12
Zinc 446 29,000 14.5 1.13

5 Aug. 31–Sept. 2, 
2020

44 Barium -- -- -- --
Cadmium -- -- -- --
Lead -- -- -- --
Zinc -- -- -- --

6 Oct. 29–31, 2020 49.75 Barium 515 398 0.199 0.020
Cadmium 24.0 18.5 0.009 0.001
Lead 2,940 2,270 1.14 0.112
Zinc 1,650 1,270 0.636 0.063

7 Jan. 25–26, 2021 41.5 Barium 502 6,470 3.23 0.381
Cadmium 9.17 118 0.059 0.007
Lead 1,270 16,400 8.20 0.966
Zinc 588 7,570 3.79 0.446

8 March 11–13, 2021 44 Barium 491 31,200 15.6 1.70
Cadmium 7.52 479 0.239 0.026
Lead 1,070 68,000 34.0 3.69
Zinc 428 27,300 13.6 1.48
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Table 13. Selected trace element concentrations, loads, and yields in suspended sediments collected during stormflow events at the 
Big River below Bonne Terre, Missouri, October 2018–September 2021.—Continued

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023) and 
Markland and others, 2024. hr, hour; mg/kg, milligram per kilogram; lb, pound; lb/mi2/hr, pound per square mile per hour; --, no data]

Event  
number

Event date
Event  

duration  
(hr)

Trace element in suspended sediments

Constituent

Average 
event  

concentration  
(mg/kg)

Load
Yield  

(lb/mi2/hr)(lb) (ton)

Phase two annual total of 
sampled events

Water year 2019

Barium -- 18,000 9.00 --
Cadmium -- 313 0.157 --
Lead -- 38,300 19.2 --
Zinc -- 19,400 9.70 --

Water year 2020 Barium -- 34,100 17.1 --
Cadmium -- 412 0.206 --
Lead -- 54,500 27.3 --
Zinc -- 29,000 14.5 --

Water year 2021 Barium -- 38,100 19.1 --
Cadmium -- 616 0.308 --
Lead -- 86,700 43.4 --
Zinc -- 36,100 18.1 --

Phase one annual total of  
sampled events

Water year 2012 Barium -- 5,620 2.81 --
Cadmium -- 211 0.105 --
Lead -- 14,000 7.02 --
Zinc -- 11,900 5.97 --

Water year 2013 Barium -- 58,800 29.4 --
Cadmium -- 866 0.433 --
Lead -- 104,000 52.0 --
Zinc -- 72,300 36.2 --



Trace Element Transport  37

events were greater than water years 2019–21. The maximum 
daily mean streamflow for water year 2013 (18,600 ft3/s; Barr, 
2016) was 6,600 ft3/s greater than the maximum daily mean 
streamflow recorded during phase two (12,000 ft3/s; table 5).

Selected Trace Element Concentrations in 
Suspended Sediments from Passive Samplers

Passive samplers were deployed throughout the duration 
of phase two and retrieved after major stormflow events or at 
periodic intervals throughout the water year. Samplers were 
located such that they would become inundated and begin 
collecting sediment during stormflow events when the stage 
exceeded approximately 4.82 ft. The samplers were serviced 
18 times from the initial deployment on September 13, 2018, 
to the final retrieval on March 16, 2022, representing 18 
events. Bulk concentrations of cadmium and lead exceeded the 
PEC, TEC, and TET in all passive samples, whereas bulk con-
centrations of zinc exceeded the PEC in all passive samples, 
the TEC in 17 of 18 samples, and the TET in 15 of 18 samples 
(tables 10 and 14).

Bulk concentrations of barium, cadmium, lead, and zinc 
in the 18 passive samples were compared to bulk concentra-
tions from the discrete suspended sediment stormflow event 
samples (tables 11 and 14; fig. 14). The median bulk con-
centrations of barium, cadmium, lead, and zinc in sediment 
from the passive samplers were 523, 13.6, 1,870, and 745 mg/
kg, respectively (table 14). The median bulk concentrations 
of barium, cadmium, lead, and zinc from discrete storm-
flow event samples were 485, 7.90, 1,070, and 500 mg/kg, 
respectively (table 11). Wilcoxon rank-sum tests indicate that, 
although similar in magnitude, concentrations of barium, cad-
mium, lead, and zinc were significantly larger in the passive 
samples compared to the discrete stormflow event samples 
(p-values equal to 0.00824, <0.001, <0.001, and 0.00238, 
respectively). It should be noted that the passive samples were 
dry sieved during processing at the sediment laboratory, but 
the discrete samples were wet sieved. Because of the possibil-
ity of aggregated fines being included in the sand fraction after 
dry sieving, the fine fractions also were compared between the 
passive and discrete samples to avoid the potential bias caused 
by the difference in methods. Wilcoxon rank-sum tests of the 
fine fractions indicated similar conclusions as the bulk com-
parison with the concentrations of cadmium, lead, and zinc 
being significantly greater in the passive samples compared 
to the discrete suspended sediment samples (p-values equal to 
0.00563, 0.00183, and 0.0156, respectively). Concentrations 
of barium were not significantly different when comparing the 
fine fractions in passive and discrete samples (p-value equal to 
0.8247).

The most probable explanation for the higher trace ele-
ment concentrations in the suspended sediments collected 
using the passive samplers is because the passive samplers are 
integrating sediment during a longer duration of the stormflow 
event (at about stage 4.82 ft and above), whereas the discrete 
cross-section samples are generally collected at much higher 

stages and later from the start of the individual event when a 
team can be present to obtain the sample. As such, discrete 
samples represent only a short period of time during the full 
hydrologic event and often miss high concentration early sedi-
ment transport. Each runoff event also has much variability 
especially if a bank of highly contaminated sediments sloughs 
into the river. The early part of a stormflow event at Bonne 
Terre has a larger proportion of locally derived sediment 
mobilized from the streambed and runoff from the OLB area 
in addition to the fine materials deposited from the previous 
runoff event. As the stage increases, the proportional contribu-
tion from the drainage basin upstream from the OLB gradually 
increases. Concentrations of mining-related trace elements in 
the fine fraction of the discrete samples collected on the rising 
limb of stormflow events during both phases of the study are 
inversely correlated with stage with correlation coefficients of 
−0.38 (cadmium), −0.26 (cobalt), −0.40 (lead), −0.63 (nickel), 
and −0.56 (zinc). In contrast, concentrations of barium in the 
rising limb samples had no correlation with stage (correlation 
coefficient of 0.00). Barium is not a trace element associated 
with mining in the OLB but is widely distributed across the 
middle and upper Big River drainage basin as barite. The larg-
est lead concentration of 3,060 mg/kg detected in any discrete 
suspended sediment sample collected during both phases of 
the study was collected at a stage of only 4.74 ft, shortly after 
a small rise began on October 29, 2020 (event 6). Widespread 
projected heavy rains never materialized for that stormflow 
event. As previously discussed, the 24- and 48-hour rainfall 
estimates obtained from the Iowa State University Mesonet 
(Iowa State University, 2023) indicated the heavier rainfall 
was localized, with the highest totals (mean of about 2.1 in.) 
happening in the immediate area of the major mine waste 
piles within the OLB and Park Hills area. The stage peaked 
on October 29, 2020, at slightly less than 6.0 ft about 6 hours 
after it began rising. It is hypothesized that the initial rise of 
all stormflow events likely contains these higher lead concen-
trations derived from within the OLB and major mine waste 
areas and the fine materials deposited from the prior runoff 
event; however, during larger events, they are diluted by sedi-
ments derived from mostly nonmined areas from upstream 
parts of the drainage basin. During the rising limb of hydro-
logic events, the combination of high concentrations of lead in 
suspended sediments and the high concentrations of suspended 
sediments results in larger fluxes of lead at the beginning of 
events with SSC commonly peaking before or at the same time 
as the hydrologic peak (Guy, 1970).

The trace element concentrations in passive sediment 
samples were used to estimate total annual loads of barium, 
cadmium, lead, and zinc. The daily mean SSL calculated from 
the regression model (table 8) was used to calculate the SSL 
represented by each passive sampler deployment. The sum 
of the deployment period daily SSLs was then multiplied by 
the bulk trace element concentrations in the passive sample 
from that deployment period to estimate the total suspended 
sediment trace element load (table 15). Although the sam-
plers were not submerged when stage was below 4.82 ft, the 
concentrations for the respective deployment period were used 
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Table 14. Particle-size distribution and selected trace element concentrations in suspended sediments collected with passive samplers at the Big River below Bonne Terre, 
Missouri, October 2018–September 2021.

[Data are from Markland and others, 2024. mg/kg, milligram per kilogram; %, percent; <, less than; mm, millimeter; >, greater than]

Deployment period or  
summary statistic

Particle size
Trace element concentrations in suspended sediments  

(mg/kg)

Fines Sands Barium Cadmium Lead Zinc

Start date End date (% <0.063 mm) (% >0.063 mm) Fines Sands Bulk Fines Sands Bulk Fines Sands Bulk Fines Sands Bulk

9/13/2018 2/5/2019 76.1 23.9 554 523 547 11.8 16.6 12.9 1,510 1,660 1,550 749 925 791
2/5/2019 3/7/2019 50.4 49.6 758 420 590 10.6 15.0 12.8 2,040 2,010 2,020 431 611 520
3/7/2019 5/28/2019 56.6 43.4 491 434 466 10.8 16.4 13.2 1,830 2,040 1,920 640 640 640
5/28/2019 10/16/2019 64.1 35.9 511 573 533 8.03 11.3 9.20 1,040 1,240 1,110 667 667 667
10/16/2019 2/3/2020 59.7 40.3 499 457 482 13.7 14.2 13.9 1,960 1,610 1,820 876 790 841
2/3/2020 6/15/2020 57.9 42.1 538 430 492 12.5 13.6 13.0 1,910 1,650 1,800 818 649 747
6/15/2020 8/4/2020 70.6 29.4 768 627 727 24.1 27.8 25.2 2,250 2,420 2,300 1,070 1,190 1,110
8/4/2020 11/5/2020 55.2 44.8 817 485 668 24.0 27.8 25.7 2,290 2,460 2,370 1,720 1,460 1,600
11/5/2020 11/19/2020 53.8 46.2 478 510 493 22.3 29.1 25.4 2,320 2,840 2,560 1,530 1,390 1,460
11/19/2020 12/1/2020 51.1 48.9 517 435 477 21.2 14.3 17.8 2,470 1,480 1,990 1,330 745 1,040
12/1/2020 1/14/2021 52.0 48.0 622 484 556 12.9 16.9 14.8 1,880 2,240 2,050 1,200 1,030 1,120
1/14/2021 2/4/2021 53.1 46.9 566 437 505 14.1 14.0 14.0 2,370 1,580 2,000 739 659 701
2/4/2021 3/4/2021 67.5 32.5 550 521 541 14.0 14.7 14.2 2,400 1,840 2,220 718 792 742
3/4/2021 3/24/2021 57.0 43.0 613 382 514 11.7 11.5 11.6 2,030 1,440 1,780 651 497 585
3/24/2021 5/14/2021 64.0 36.0 599 455 547 13.1 13.5 13.2 1,950 1,410 1,760 727 645 698
5/14/2021 7/29/2021 74.6 25.4 542 394 504 7.35 8.19 7.56 970 896 951 419 407 416
7/29/2021 9/10/2021 68.8 31.2 586 503 560 19.8 19.1 19.6 1,769 1,500 1,690 1,180 1,120 1,160
9/10/2021 3/16/2022 69.6 30.4 575 358 509 7.88 8.96 8.21 1,265 935 1,160 535 481 519
Minimum 50.4 23.9 478 358 466 7.40 8.20 7.56 970 896 951 419 407 416
Maximum 76.1 49.6 817 627 727 24.1 29.1 25.7 2,470 2,840 2,560 1,720 1,460 1,600
Median 58.8 41.3 560 456 523 13.0 14.5 13.6 1,950 1,630 1,870 744 706 745
Mean 60.7 37.9 581 464 536 13.5 15.3 14.2 1,840 1,660 1,780 822 767 799
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Figure 14. Trace element concentrations in suspended sediment collected with passive samplers and collected as 
discrete samples during stormflow events at the Big River below Bonne Terre, Missouri, October 2011–September 2013, and 
October 2018–September 2021. Data are from Markland and others (2024).
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to calculate trace element loads for days when the sampler 
was not submerged and collecting sediment. This methodol-
ogy was used knowing that most of the sediment and trace 
element load at the Big River below Bonne Terre sampling site 
is transported during stormflow events. Additionally, sediment 
samples were collected using a continuous flow centrifuge 
during base-flow conditions (March 5, 2021, and August 16 
and 19, 2021) as part of another USGS project in the region to 
examine solid-phase associations of trace elements and trace 
element concentrations in particulates. These samples were 
collected at the Missouri Department of Conservation access 
at Cherokee Landing about 2 mi upstream from the Bonne 
Terre streamgage site (fig. 1). Generally, median bulk concen-
trations of barium, cadmium, lead, and zinc (553, 19.5, 2,130, 
and 1,646 mg/kg, respectively; Markland and others, 2024) 
fell within the range of concentrations observed in the discrete 
samples collected during stormflow conditions (table 11). The 
results from the continuous flow centrifuge sample further 

support the use of the passive sampler trace element data for 
the duration of the deployment period, even when the samplers 
were not submerged in the water column.

The passive samplers were submerged for approximately 
330 days. The annual loads of barium and cadmium ranged 
from 41.4 to 58.6 tons per year and 1.17 to 1.43 tons per year, 
respectively. The annual load of lead ranged from 152 to 194 
tons per year, and the zinc load ranged from 68.1 to 76.5 tons 
per year. Water year 2019 had the largest loads for all four 
trace elements (table 15). The loads were primarily transported 
during days with a median daily streamflow associated with 
the approximate stage above which the passive sampler was 
submerged. Less than 5 percent of the total lead load calcu-
lated for phase two was transported when daily mean stream-
flow was less than 455 ft3/s, which further highlights that 
most of the sediment and trace element loads are transported 
during stormflow events. The use of passive samplers to obtain 
suspended sediment samples is an effective way to monitor 
the transport of lead and other trace elements in the Big River 
drainage basin.

Table 15. Annual loads of selected trace elements in suspended sediments collected with passive samplers at the Big River below 
Bonne Terre, Missouri, October 2018–September 2021.

[Data are from the U.S. Geological Survey National Water Information System database for site number 07017610 (U.S. Geological Survey, 2023) and 
Markland and others, 2024. >, greater than; ft3/s, cubic foot per second]

Water yeara

Approximate  
number of days sampled  
(daily mean streamflow  

>455 ft3/s)

Annual load (ton)

Barium Cadmium Lead Zinc

2019 149 58.6 1.43 194 76.5
2020 88 41.4 1.17 152 68.1
2021 93 49.2 1.28 173 69.0
2019–21 330 149 4.00 520 214

aWater year is defined as the period the 12-month period beginning October 1 and ending September 30 of the calendar year in which it ends (water year 2021 
is the period October 1, 2020, through September 30, 2021).
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Summary
The Big River in southeast Missouri drains the Old Lead 

Belt (OLB), an area of major lead mining from the 1860s until 
1972 where more than 8.5 million tons of lead were mined. 
Waste from intense subsurface mining was placed in large 
mine waste piles, including chat piles and adjacent tailings 
impoundments. Six of the major mine waste areas are in the 
central part of the OLB along the Big River and its tributaries, 
covering more than 2,800 acres with an estimated volume of 
more than 39 million cubic yards (yd3). The proximity of these 
waste areas to streams resulted in a continuous source of con-
tamination to the drainage basin since the mid-1800s. Trace 
elements of interest include barium, cadmium, lead, and zinc. 
Trace element-contaminated streambed and floodplain sedi-
ments have been detected along the approximately 90 miles 
of the Big River downstream from the OLB to its confluence 
with the Meramec River. Floodplain sediments contaminated 
above the residential soil threshold limits for lead (400 parts 
per million) exist along the entire reach of the Big River 
downstream from the OLB to a depth of 1–4 meters or more. 
The U.S. Environmental Protection Agency has stabilized 
most of the major mine waste areas and continues to clean 
up residential yards, while assessing remedial options for the 
contaminated streambed and floodplain sediments.

The U.S. Geological Survey, in cooperation with the 
U.S. Environmental Protection Agency Region 7, began a 
2-year intensive study in October 2011 to assess the transport 
of suspended sediment and mining-related trace elements 
in the Big River to determine whether significant changes 
in trace element concentrations occurred in the OLB after 
major mine waste area remediation efforts. The study used 
streamgage and sediment stations with continuous turbidity 
monitors at two locations along the Big River. This current 
study period (water years 2019–21) is the second phase of 
the intensive effort. This second phase assessed changes in 
suspended sediment and trace element transport compared to 
phase one (water years 2012–13).

Stormflow event sampling was completed for eight 
events during phase two. Suspended sediment samples were 
collected, and sediment was analyzed for particle-size dis-
tributions and trace element concentrations. Loads of sus-
pended sediment and select trace elements were calculated 
for the sampled stormflow events. Base-flow suspended 
sediment samples also were collected during the study period. 
Regression models were developed by pairing discrete sus-
pended sediment concentration (SSC) samples with continu-
ous turbidity and streamflow measurements. The models were 
used to compute time-series SSC and suspended sediment 
load (SSL) values. Daily mean streamflow during phase two 
ranged from 40.3 to 12,000 cubic feet per second (ft3/s). 
Turbidity ranged from 0 to 965 formazin nephelometric units. 
The annual SSLs calculated using the regression model were 
113,000 tons for water year 2019, 83,400 tons for water year 
2020, and 96,500 tons for water year 2021.

Using streamflow and estimated SSC from the regres-
sion models, event-based SSLs were computed for each 
sampled stormflow event to determine the approximate mass 
of sediment transported during each event. Stormflow event 
SSCs ranged from 41 to 1,740 milligrams per liter (mg/L), 
and event-based SSLs ranged from 45.3 to 32,500 tons. Event 
4 happened in January 2020 and had a peak streamflow of 
16,000 ft3/s and had the greatest load of suspended sediment of 
all sampled stormflow events. Discrete SSCs from base-flow 
samples ranged from 1 to 30 mg/L with a median of 10 mg/L. 
Using a base-flow SSC of 10 mg/L and the median of the daily 
mean streamflows associated with each base-flow sample for 
phase two, a total base-flow SSL was calculated as 3,840 tons 
for water years 2019–21. This base-flow SSL accounts for 
approximately 1.31 percent of the total SSL transported during 
phase two, as calculated using the regression models. The total 
SSL calculated during the eight sampled stormflow events dur-
ing phase two was 90,400 tons, accounting for 30.9 percent of 
the SSL computed by the regression models.

Concentrations of barium, cadmium, lead, and zinc in 
discrete suspended sediment samples collected during storm-
flow events were used to determine event-based concentra-
tions, loads, and yields of these select trace elements. When 
enough sediment mass was available, the sand (0.063 to less 
than [<] 2 millimeters [mm]) and fine (<0.063 mm) fractions 
were analyzed separately, with most samples having higher 
concentrations of trace elements in the fine fraction. Similar 
to the findings during phase one, concentrations of cadmium, 
lead, and zinc in suspended sediment (discrete event samples 
or passive samplers) at the study site frequently exceeded the 
threshold effect concentration, the probable effect concentra-
tion, and most also exceeded the toxic effect threshold during 
phase two. The continued high concentrations of lead in sus-
pended sediments in the Big River despite reclamation activi-
ties is likely because of the continual release of lead-enriched 
sediment from streambeds, eroding stream banks, and the 
surrounding landscape, which remain in the system from his-
torical mining activities. Concentrations of lead and cadmium 
in the fine fraction of discrete suspended sediment samples 
collected at the Bonne Terre study site were statistically 
similar between the two study phases (water years 2012–13 
and 2019–21). Concentrations of barium and zinc in the fine 
fraction of suspended sediment samples from phase two (water 
years 2019–21) were statistically smaller than phase one 
(water years 2012–13). Lead concentrations in bulk suspended 
sediments (sediment less than 2 mm in size) collected during 
water years 2019–21 ranged from 747 to 3,060 mg/kg, and 
zinc concentrations ranged from 271 to 1,660 mg/kg.

Event-based loads of barium, cadmium, lead, and zinc 
were calculated for stormflow events in which trace element 
concentration data were available. Events 4 and 8, sampled in 
January 2020 and March 2021, respectively, had the largest 
trace element loads of the eight sampled events. During event 
4, 17.1 tons of barium, 0.206 tons of cadmium, 27.2 tons of 
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lead, and 14.5 tons of zinc were transported. During event 8, 
barium, cadmium, lead, and zinc loads were 15.6, 0.239, 34.0, 
and 13.6 tons, respectively.

New to phase two, suspended sediment samples were 
also collected using passive samplers. The passive samples 
allowed for suspended sediment sampling during all storm-
flow events exceeding the stage at which the samplers were 
set, rather than just those sampled using discrete sampling 
methods. Sediments collected from the passive samplers were 
analyzed for barium, cadmium, lead, and zinc, and concentra-
tions were used to calculate annual and total loads of these 
select trace elements using the daily mean sediment load from 
the regression models. Water year 2019 had the largest loads 
of barium, cadmium, lead, and zinc (58.6, 1.43, 194, and 
76.5 tons, respectively) followed by water year 2021 (49.2, 
1.28, 173, and 69.0 tons, respectively). Water year 2020 had 
annual loads of 41.4, 1.17, 152, and 68.1 tons of barium, 
cadmium, lead, and zinc, respectively. Less than 5 percent of 
the lead load calculated for phase two was transported when 
daily mean streamflow was less than 455 ft3/s. This highlights 
that most of the trace elements are transported during storm-
flow events sampled by the passive samplers. Concentrations 
of barium, cadmium, lead, and zinc in suspended sediment 
obtained from the passive samplers were statistically higher 
than the concentrations in suspended sediments from discrete 
samples obtained during stormflow events. It is hypothesized 
that the passive samplers can better integrate suspended 
sediment during the entire duration of the stormflow event, 
capturing the initial rise of the river when sediments from the 
immediate area of the OLB are being transported by the Big 
River. Because of their ability to integrate runoff from the 
entirety of the stormflow event at a set depth and sampling 
point, rather than only when a sampling team can be physi-
cally present onsite for short periods of time during an event, 
the use of passive samplers is an effective way to monitor the 
transport of lead and other trace elements in the Big River and 
could be a useful tool in monitoring sediment trace element 
transport during future monitoring efforts.
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Appendixes 1–2. Model Archives Summaries for Regression Models
Model archive summaries for the regression models for the Big River below Bonne Terre (U.S. Geological Survey site 

number 07017610) are included in appendixes 1–2. The model archives summaries document model-specific information for the 
two regression models used to estimate suspended sediment concentrations and loads. All appendixes are available for download 
at https://doi.org/ 10.3133/ sir20245085. A list of the appendix titles are provided:

· Appendix 1. Model Archive Summary for Turbidity Regression Model to Estimate Suspended Sediment Concentration at 
U.S. Geological Survey Site Number 07017610; Big River below Bonne Terre, Missouri

· Appendix 2. Model Archive Summary for Streamflow Regression Model to Estimate Suspended Sediment Concentration 
at U.S. Geological Survey Site Number 07017610; Big River below Bonne Terre, Missouri

https://doi.org/10.3133/sir20245085
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