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Abstract The United States town of Aurora, Missouri,

USA, stockpiled lead (Pb) and zinc (Zn) mining wastes

from the early to mid-1900s in the form of chat piles.

Clean-up actions were undertaken at intervals in subse-

quent years including land leveling and removal of chat.

This study assessed the current state of contamination by

identifying areas where metals are present at toxic levels.

For this purpose, stream sediment samples (N = 100) were

collected over a 9 9 12 km area in and around Aurora.

Their content of cadmium (Cd), Pb, and Zn were measured,

and concentration maps were generated using ArcGIS to

categorize affected areas. Metal concentrations varied over

a wide range of values with the overall highest values

observed in the north-northeast part of Aurora where

abundant chat piles had been present. Comparison between

observed concentrations and sediment-quality guidelines

put the contaminated areas mentioned are above-toxic

levels for Cd, Pb and Zn. In contrast, levels in rural areas

and the southern part of Aurora were at background levels,

thus posing no threat to aquatic habitats. The fact that

contamination is constrained to a relatively small area can

be advantageously used to implement further remediation

and, by doing so, to help protect the underlying karst

aquifer.

In the early 1900s, the mining town of Aurora was

booming as were other mining towns within the Tri-State

Mining District of Kansas, Missouri and Oklahoma

(TSMD). At that time, the TSMD (Fig. 1) was considered

one of the richest lead (Pb) and zinc (Zn) ore deposits in

the world (Brockie et al. 1968; Gibson 1972). The

December 1905 issue of Lead and Zinc News reported the

recent opening of ‘‘promising’’ new mines and total Zn

production of 35 million pounds for that year in Aurora.

Extensive mining continued in Aurora until the 1950s,

when production dwindled rapidly and ended around 1957.

Wastes from mining operations were usually disposed of in

chat piles, which were stacked in the vicinity of the mine

shafts (Gibson 1972). As mining companies moved out,

many chat piles remained in place and released toxic ele-

ments to the surrounding area.

Aurora is not an isolated case of a mining town dealing

with abandoned wastes. In the 1800s, new and improved

technology in the mining and refining processes allowed

mining companies worldwide to accelerate ore extraction,

processing, and transportation. Once ore became depleted,

mining companies either closed down or moved out. Much

of the mining wastes were abandoned, thus creating envi-

ronmental nuisances (Hudson-Edwards et al. 2011; Kubit

et al. 2015) such as unstable ground, acid drainage, barred

land, and mine shafts and buildings, which soon deterio-

rated. In most places, wastes were exposed for 30–90 years

(Romero et al. 2007) with waste piles contaminating

nearby soil and groundwater and dust carried by wind

causing respiratory health problems (Astete et al. 2009;

Wills and Finch 2016).

The problem of abandoned mine wastes is complex

because the solutions are governed by legislation, and in

most cases it requires a long time for an agreement to be

reached and also to attain rehabilitation (Bétourney 2009;

Wills and Finch 2016). Studies on Pb–Zn tailings have

been focused in regions of (1) impending further contam-

ination through the mobility of metals and acid mine
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drainage, e.g., McCarthy (2011) in South Africa and Dal-

doul et al. (2015) in Tunisia; (2) health hazards to nearby

residents, e.g., Park et al. (2014) in Korea; and (3) envi-

ronmental risk assessment, e.g., Antunes et al. (2014) in

Portugal and Bétourney (2009) in Canada. Although many

studies have addressed the toxic effects of Pb–Zn mine

tailings (e.g., Nikolaidis et al. 2010, Schaider et al. 2014) or

the response of these wastes to unmanaged treatments, such

as wetlands (Jacob and Otte 2004) and bioremediation

(Boussen et al. 2013), many other sites lack a characteri-

zation study and therefore a viable remediation plan

(Hudson-Edwards et al. 2011; Wills and Finch 2016).

The study presented here may apply to towns elsewhere

dealing with abandoned mine wastes as well as to those

looking for cost-effective ways to assess toxicity to for-

mulate a remediation strategy.

The metals mined in Aurora were Zn and Pb with Zn

being the main metal. Unlike the rich Pb deposits of

southeast Missouri, the Pb–Zn ore within TSMD was

formed dispersed over a broad area surrounded by smaller

satellite deposits (Brockie et al. 1968; Johnson et al. 2016).

Aurora (Fig. 1) is one of these isolated deposits (Gutierrez

et al. 2015). Detailed geology of the TSMD ore formation

and mineralogy is included in Brockie et al. (1968), Leach

(1994), and Johnson et al. (2016).

The large amount of improperly disposed mining wastes

within the TSMD prompted various studies to measure the

effects of mining wastes on the environment. These studies

Fig. 1 Location of Aurora

within the TSMD
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addressed the most contaminated sites using soils and

streambed sediments as sampling medium (e.g., Pope

2005; Schmitt et al. 2005; Andrews et al. 2009; Juracek

2013) as well as surface and subsurface water (Scheider

et al. 2014).

Toxicity of Sediments

In this study, contaminants of concern included cadmium

(Cd), Pb, and Zn. Cd is a trace metal closely associated with

Zn in the TSMD (Brockie et al. 1968; Johnson et al. 2016).

All three metals are toxic at high concentrations, whereas Cd

is toxic to sediment-dwelling organisms even at small con-

centrations according to consensus-based sediment toxicity

guidelines reported by MacDonald et al. (2000). These

guidelines were obtained using the following organisms:

amphipod (Hyalella azteca), mayfly (Hexagenia limbata),

midge (Chironomus tentans), oligochaete (Lumbriculus

variegatus), daphnid (Ceriodaphnia dubia), and bacterial

luminescence (Photobacterium phosphoreum). Other stud-

ies reporting Cd, Pb, and Zn toxicity to aquatic organisms

and various wildlife in the Ozarks region include Besser et al.

(2009) who used the amphipod H. Azteca and the daphnid C.

dubia; Ingersoll et al. (2009) who reported PEC levels

specific for the TSMD based on the amphipod H. azteca; and

Beyer et al. (2004) who measured toxicity in birds, including

American robins (Turdus migratorius), cardinals (Cardi-

nalis cardinalis), and waterfowl, by comparing metal con-

tent in soils and bird tissue.

Sediment-quality guidelines for the TSMD were revised

by MacDonald et al. in 2010 to find a relationship between

sediment chemistry and sediment toxicity. MacDonald

et al. (2010) found that the most reliable method to

determine sediment toxicity was to use a combination of

the sediment-toxicity threshold values for Cd (11.1 mg/kg),

Pb (150 mg/kg), and Zn (2083 mg/kg), which were derived

using H. azteca amphiphod’s survival rate. According to

their model, sediment samples are considered to pose a low

risk if

Cd½ �
4:98

þ Pb½ �
128

þ Zn½ �
459

\7:92

This approach has been applied successfully to other

aquatic organisms, e.g., crayfish (Allert et al. 2012) and

freshwater mussels (Besser et al. 2014).

Remediation

In Aurora, waste piles were more abundant in the northeast

part of town as evidenced by air photos (Fig. 2) and

reported locations of mine shafts (Missouri Department of

Fig. 2 Air photos of chat piles

in the northeast edge of Aurora

in 1939 versus 1975 with

arrows pointing to some chat

piles
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Natural Resources [MODNR] 2015). One stream draining

this area is Chat Creek, which crosses the town of Aurora

from southeast to northwest and changes name to Douger

Branch outside the city limits (see Fig. 3). A portion of the

study area covered by air photos taken in 1939 and 1975 is

shown in Fig. 2. Although the two pictures overlapped over

only a small part of the study area, it can be seen that chat

piles (white circular mounds) decreased both in size and

number between 1939 and 1975. At the present time, no

chat piles are left standing.

Remediation in Aurora focused on Pb and targeted the

most contaminated soils first. Chat piles were leveled and

grass planted on the leveled surface. Remediation took

place in intervals depending on the availability of funds. In

2002, Pb-contaminated top soils were removed followed by

the addition of high-phosphate poultry litter to the exposed

soil. The Pb-contaminated soils were placed at the bottom

of a berm constructed in Baldwin Park Dump, a site on the

northeast edge of Aurora where mining waste had histori-

cally been deposited (MODNR 2013). The City of Aurora

received funds from the United States Environmental

Protection Agency (USEPA) Brownfields Program in 2007

to further remediate contaminated soil (Carbone et al.

2007; MODNR 2013). As additional funding became

available, the next highest contaminated areas of Aurora

underwent remediation from 2009 to 2011 (MODNR

2013). The remediated land is now level and is covered

with vegetation.

Previous studies performed in the Aurora area consist of

mainly two investigations: (1) Trimble (2001) in Chat

Creek and (2) Carlson (1999) in Honey Creek. In 2004,

there was an attempt to detect element concentrations

within the soil and metal content of trees growing in con-

taminated soil (Carbone et al. 2007) with the investigators

reporting that this method had yielded inconclusive results.

An assessment of metal contamination that would encom-

pass the city plus the surrounding region was lacking.

This study aimed to assess the state of contamination of

Aurora after remediation actions and to identify location

and extent of contaminants occurring above toxic levels.

To this aim, the content and distribution of Cd, Pb, and Zn

in stream sediments were determined and their levels

compared against sediment-quality guidelines (SQGs)

reported for the area as probable effect concentration

(PEC). Furthermore, the distribution of metals were plotted

in a map using ArcGIS, and their degree of contamination

was compared against the location of former chat piles to

monitor the effects of past remediation actions and other

Fig. 3 Map of study area showing location of sampling points
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disturbances that may have had altered the metal-distri-

bution pattern such as changes in land use.

Study Area

Aurora (population 7500) is located in Lawrence County in

southwest Missouri. Aurora is part of the Ozark Plateau, a

region of karst topography and gently rolling hills of

farmland that produces hay, cattle, and poultry.

The exposed rock is the Mississippian Burlington

limestone, which has well-developed karst features

including sinkholes, springs, and losing streams. Several

streams cross Aurora and flow east-northeast toward the

Spring River. Highway 60 on the southern edge of Aurora

approximately parallels the divide that separates the

Spring River Basin to the northwest from the James River

Basin on the southeast. Chat Creek crosses Aurora and

merges with the Spring River. The rural surroundings are

crossed by numerous streams, mostly losing streams

(Fig. 3). Both Chat Creek and Spring River carry water

all year around, whereas the other streams run dry most of

the year.

Drinking water for Aurora is supplied by several deep

wells that draw water from the Ozarks Aquifer, a confined

366 m-thick limestone aquifer that yields good-quality

water (Imes 1989; Richards and Mugel 2008). The Ozark

aquifer is overlaid by the Ozark confining unit, a unit

comprised by thin layers of shale, among them the

Northview Shale, that separate the Ozark Aquifer from the

Springfield Plateau Aquifer (75-m thick) above it (Imes

1989). The Ozark confining unit allows leaks from the

shallow aquifer to the deeper aquifer. Although no cases of

groundwater contamination have been reported for the

area, the karst nature of the aquifer makes it prone to

contamination due to the large fractures present in the rock,

especially if the potentiometric surface of the Ozark aquifer

continues to decrease (Richards and Mugel 2008). Toxic

metals contained in sediments thus pose a threat to the

aquifers below. Because the best protection of karst aqui-

fers is prevention, the removal of contaminated sediments

is key to preventing groundwater contamination.

Methods

Surface sediment samples (top 5 cm) were collected in

streambeds in and around Aurora. A total of 100 samples

were collected, yielding a 1.08 km2/data point coverage.

Sample locations are shown in Fig. 3. Samples in Chat

Creek were collected at closer intervals to compare the

metal content and distribution with values reported for this

stream by Trimble in 2001. Trimble (2001) reported high

concentrations of Pb and Zn with Zn concentrations

B24,900 mg/kg.

Stream sediments are a nonhomogeneous medium with

respect to their size distribution, mineralogy, and organic

matter content (Förster 2004); therefore, they have varying

metal concentrations. To estimate and account for this

variability in metal content, duplicate samples were col-

lected approximately 1 m apart at 13 random sampling

sites.

After recording their location with a handheld Global

Positioning System, the samples were stored in zip-close

bags, labeled, kept in a cool place, and brought within

hours to the laboratory where they were air-dried, disag-

gregated, and sieved to 1-mm particle size. Dry, sieved

samples were divided into two subsets. The first subset was

sent to ALS, a commercial laboratory, where samples were

digested by aqua regia and analyzed using inductively

coupled plasma–atomic emission spectroscopy according

to USEPA standard method 3050B in compliance with ISO

9001:2008 quality-assurance certification. Aqua regia

digestion is a close determination of the total metal content

of the sediments (total metal content is extracted by

hydrofluoric acid) and the one extraction most investigators

use. The second subset was used to determine pH and

%fines (\0.14 mm) in the laboratory. A 1:5 wt/wt sedi-

ment-water slurry was used to obtain the pH of the sam-

ples. The %fines were determined by weight after dry-

sieving the\1-mm sample through a 0.14-mm sieve. The

percent material that passed the sieve was labeled as

%fines.

The correlation among metals was performed using

Pearson correlation function of Microsoft Office EXCEL

2007 software among metals (Me). For each correlation

coefficient, its significance was calculated as probability

level p (e.g., significant at p = 0.05).

Two different methods were used to view the distribu-

tion of metal concentrations: box-plot diagrams and Arc-

GIS-inverse distance weight (IDW) maps. Box-plots

provide a quick view of the distribution and are used

widely for comparing contaminant content of sediments

(United States Environmental Protection Agency 2004;

Andrews et al. 2009; Paul et al. 2012). ArcGIS-IDW

method enables to construct a map showing areas of

increasing metal concentration. The latter method facili-

tates the visual identification of contaminated areas.

Results and Discussion

The assessment of contamination in this study relied on the

chemistry, spatial distribution, and association among

metals in sediments collected in 2015. Available data

before remediation were nonexistent, except for data
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collected by Trimble (2001) in Chat Creek. Despite these

limitations, the results were able to characterize the state of

contamination of Aurora and its surroundings as described

later in the text.

Metal concentrations for the Aurora area spread over a

wide (up to three orders of magnitude) range of values:

0.5–281 mg/kg for Cd, 6–3450 mg/kg for Pb, and

21–15,500 mg/kg for Zn. To better appraise the differences

in the degree of contamination, the data were divided into

three subsets: rural Aurora (rural), urban Aurora (urban),

and Chat Creek. Chat Creek is an urban stream, and its data

are included under ‘‘urban,’’ but they were reported alone

for comparison before and after remediation because Chat

Creek was the only subset with data available before

remediation.

The results (Table 1) list the large range of values

obtained for each subset (rural, urban, Chat Creek) with the

highest metal content being in Chat Creek. Because large

values have the capacity to shift the mean considerably, the

median was used instead of the mean as the representative

value of each population. Based on the median values and

comparing these values with sediment-quality guidelines, it

becomes clear that the urban area poses a high risk to

benthic organisms (
P

PEC-QCd, Pb, Zn[ 7.92), whereas the

rural area is not toxic (MacDonald et al. 2010). As was

expected from the large range of values, extreme values

(anomalies) were present.

Correlation analyses were applied to the data to deter-

mine which metals showed the closest association and to

test the assumption that the source of contamination was

the mining waste. In the urban area, strong associations

were observed between Cd and Zn with a Pearson corre-

lation coefficient at r = 0.93 (p\ 0.01) and between Pb

and Zn at r = 0.94 (p\ 0.01), whereas Pb and Zn did not

correlate to other metals (e.g., iron, chromium, copper)

except for Mn (r = 0.87 and 0.83 respectively, p\ 0.01).

In rural areas, the associations were also strong between

Zn, Pb, and Cd despite the much lower concentrations.

Strong Cd, Pb, and Zn associations (r[ 0.9) were reported

for the original ore (Johnson et al. 2016). Although this

result is far from construing a validation of the source of

metal contamination, it points to mining wastes as a likely

source.

Box-plot analyses have successfully illustrated distri-

bution variations in geochemical systems that have a

nonnormally distributed population and anomalies

(USEPA 2004). The box part of the diagram contains 50 %

of the concentrations (values between quartiles 1 and 3).

The resulting box-plots for each of the three subsets

highlighted the large difference between rural and urban

areas and allowed visualization of the number and mag-

nitude of the anomalies. Figure 4 shows the box-plot dia-

grams obtained for Pb and Zn using logarithmic axis,

which was necessary to display the large range of values. It

is evident from Fig. 4 that among the subsets, there was a

large difference between rural and urban areas, and that the

subset with the highest metal concentrations was Chat

Creek. Data reported by Trimble for Chat Creek in 2001

was included in this figure to compare between 2001 and

2015 conditions. Compared with Trimble’s (2001) values,

2015 levels were approximately the same for Pb and Zn

values. These results agree with Schaider et al. (2014), who

reported relatively unchanged conditions for Tar Creek

(Oklahoma) after decades of chat-pile runoff input.

Searching for evidence that would support a possible

explanation for the persistent presence of anomalies in each

subset, pH and %fines (wt) were correlated with the metal

concentrations. The pH values were in the alkaline range,

with values varying between 7.06 and 7.64, and showed no

correlation with metal content. Although a strong correla-

tion of metal content was expected with respect to %fines,

the %fines did not correlate to any of the Cd, Pb, or Zn.

Juracek (2013) also found a lack of a relationship between

metal (Pb, Zn) content and grain size in a TSMD con-

taminated floodplain (Spring River, Kansas, USA).

Because neither pH nor %fines were able to explain the

presence of anomalous values, one possible explanation is

that tiny fragments rich in ore were able to reach the

stream, maybe because floodplain soils were disturbed by

recent remediation actions, and that these relocated

Table 1 Median metal concentrations and range of values of stream sediments in and around Aurora

Location Cd (mg/kg) Pb (mg/kg) Zn (mg/kg)
P

PEC-QCd, Pb, Zn

Risk to benthic organisms

Chat Creek (N = 37) 32.9 (ND–281) 196 (12–8200) 5720 (21–51,600) 20.59 (high)

Urban areaa (N = 47) 30.5 (ND–281) 177 (12–8200) 5450 (21–51,600) 19.37 (high)

Rural area (N = 53) 0.5 (ND–42) 28 (9–1660) 105 (43–13,000) 0.54 (low)

SQGs

PECs specific to the TSMD

(MacDonald et al. 2010)

11.1 150 2083 Low if
P

PEC-QCd, Pb, Zn\ 7.92

ND not detected
a Includes Chat Creek
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fragments were nor in the stream channel long enough for

weathering reactions to reach equilibrium. Once one or

more of these unweathered ore fragments were present in

the grab sample, and they contained enough metal so as to

boost the metal concentration of the sample.

The highest metal concentrations were observed within

Chat Creek, a 4-km stream directly adjacent to the former

location of chat piles. Using samples collected at close

intervals in Chat Creek, the metal concentrations down-

stream showed peaks of low and high concentrations for all

three metals with more than half of the concentrations

surpassing PEC levels. Figure 5 shows the results for Cd

with a PEC line as reference and a map showing the

location where values exceeded the guideline of 11.1 mg/

kg (PEC). According to the map, the highest concentrations

were located in the northeast corner of Aurora adjacent to

the location of former chat piles.

Metal concentrations in this segment of Chat Creek

coincide with the pattern and extent of contamination

reported by Trimble in 2001. The persisting high metal

concentrations in the same 4-km creek segment in both

2001 and 2015, as well as lack thereof downstream, sug-

gest that once contaminants reach the stream, they remain

somewhat immobile.

Next, the spatial distribution of metals was displayed in

ArcGIS-generated maps using the IDW method. A striking

feature is the containment of contamination to a relatively

small area. A similar pattern was obtained for each Cd, Pb,

and Zn, which was an expected outcome due to their strong

association. The spatial distribution of metal contents for

Cd, Pb, and Zn are shown in Fig. 6 using color code-de-

limiting SQG values PEC, 2•PEC, and [3•PEC

(MacDonald et al. 2010).

The slow dispersion of contaminants may be caused by

limestone present in the stream channels, which buffers the

acidic pH and favors precipitation of the metals at the

greater pH values, which has also been reported by

Schaider et al. (2014) for Tar Creek, Oklahoma.

Fig. 4 Box-plot diagrams for

Pb and Zn

Fig. 5 Cd concentrations in

chat Creek and location with

highest Cd values
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The variation in concentration intrinsic to the hetero-

geneous nature of sediments was calculated as % variation

for each pair. The resulting % variation was consistently

approximately 20 % (N = 13 pairs; where one pair corre-

sponds to two grab samples collected within a 1-m distance

from each other). Specifically, the % variations and SDs

were 17.9 ± 21.8 for Cd, 20.9 ± 16.7 for Pb, and

19.1 ± 16.1 for Zn. The consistency and relatively small

values of % variation suggest that the spatial distribution of

metals most likely represent the degree of contamination

and that their metal content is affected only slightly by the

heterogeneity of sediments.

Fig. 6 Spatial distribution of

Cd, Pb, and Zn using IDW maps
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The broad range of concentrations typical of sediments

and soils contaminated with mine wastes makes a com-

parison between this and other studies difficult. However, if

we use the median as an approximation of the contami-

nation level, Chat Creek in Aurora has Cd, Pb, and Zn

values comparable with other contaminated sites within the

TSMD but affecting a smaller area (Pope 2005; Andrews

et al. 2009; Juracek 2013; Johnson et al. 2016). Sites

contaminated with abandoned Pb–Zn mines elsewhere

report similar patterns of contamination including the large

range of values, a Zn content much greater than Pb, a

significant amount of Cd in sediments, and limited mobility

of metals in neutral to alkaline conditions (Romero et al.

2007; Nikolaidis et al. 2010; Daldoul et al. 2015). Extreme

values have been reported next to an active Pb–Zn mine

(Yanqun et al. 2005) where the median values of Cd, Pb,

and Zn are, respectively, 925, 4969, and 11,630 mg/kg

corresponding to 289, 259, and 29 the Chat Creek values

reported here.

The low dispersion and high constrain of metals found

in Aurora can be advantageously used to remediate these

contaminated stream segments before metals will develop

conditions (e.g., by sediment buildup), at which point the

pH and redox would change to acidic pH and/or reducing

conditions, which would in turn facilitate the mobilization

of metals either downstream and/or to seep into the

underlying aquifer.

Suggested remediation treatments lead to the further

removal of metals from sediments. Remediation treatments

have been discussed (Johnson et al. 2016) for areas within

the TSDM. General recommendations include active

treatments such as (1) the addition of a buffering agent

(e.g., lime) followed by removal (dredging) of the con-

taminated sediment and/or (2) passive treatments, includ-

ing planting of known hyperaccumulators, which are plants

able to transport the metals from the soil and into the plant

tissue. For the latter method, removal of metals will be

achieved after the plants are harvested. Both of these

methods require proper disposal of the metal-rich material.

Conclusions

Correlation among metals and spatial distribution maps

point to mining wastes as the source of metal contamina-

tion despite the fact that the chat piles have been remedi-

ated and are not visible anymore. The spatial distribution

maps of metal content showed a small area of high con-

tamination (surpassing the PEC used as a guideline to

separate toxic to nontoxic levels) contrasting with a larger

extension of land with no contamination.

The area most contaminated was a 4-km (2.5-mile)

segment of Chat Creek where metals levels are toxic to

wildlife, particularly aquatic organisms. The maps con-

structed for each of Cd, Pb, and Zn show that the area with

toxic levels of metal is constrained to a relative small area

at or near the former location of chat piles.

Limestone’s buffering capacity seems to be keeping the

metals in place as insoluble precipitates, which has resulted

in little dispersion, a characteristic favorable to conduct

remediation efforts.

Continued removal of metal contaminated sediment is

advisable because metals could be remobilized under

acidic conditions, and, once in a mobile form, they could

compromise drinking-water sources, especially considering

the fractured nature of the underlying aquifer.
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