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ABSTRACT 

Soils at Tyson Research Center were contaminated by military materials in the 

1940s and 50s when the site was used by the United States Army for storage and 

munitions disposal. Elevated levels of heavy metals remained in these soils decades after 

initial contamination events. This study investigated the behavior and distribution of 

heavy metals and some major elements among various known soil geochemical 

reservoirs. The bulk mineralogy and chemical composition of these contaminated soils 

were characterized using X-ray diffraction, X-ray fluorescence, and total organic carbon 

analyses, along with standard soil pH, color, and texture analyses. To assess the 

distribution of specific elements, we performed sequential chemical extractions that 

targeted the following reservoirs: water soluble/exchangeable elements loosely held on 

mineral and organic particle surfaces, elements strongly adsorbed to soil solid and 

contained in acid-soluble minerals, elements non-exchangeably bound to the surface of or 

incorporated into organic substances and Mn oxides, and elements associated with Fe-

oxides. Extracted fluids were analyzed using inductively-coupled plasma optical emission 

spectrometry and compared to total elemental concentrations determined by X-ray 

fluorescence. These analyses demonstrated that despite their elevated levels in these soils, 

heavy metals were mostly immobile and bound in recalcitrant phases. These findings 

suggest that natural soil processes have sequestered the heavy metals that remained after 

remediation by the US Army Corps of Engineers.  
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INTRODUCTION 

Tyson Research Center (TRC), formerly the Tyson Valley Powder Farm (TVPF), 

is located roughly 25 miles southwest of St. Louis. It was used as an army storage facility 

and waste disposal site from 1941 to 1947, and again from 1951 through 1961 (Ball et al. 

2004). TRC is now utilized and managed by Washington University for biological and 

ecological field research. Because of the lack of environmental regulation regarding 

harmful or hazardous waste disposal while the site was used by the US military, there 

was no effort made to contain waste containing heavy metals, explosive, toxic, and 

otherwise hazardous materials and contaminants. Waste types stored at the site included 

shell casings, munitions, storage drums, artillery rounds, and chemicals used in 

explosives.  

In 2004, Ball et al. conducted a geophysical investigation of the extent of 

contamination at TVPF with the United States Geological Survey (USGS) and US Army 

Corps of Engineers (USACE). This study explored some particular areas of concern 

(AOC), AOC 3, AOC 7, and AOC 10, which had been previously identified and assessed. 

These three areas contained elevated concentrations of heavy metals, other contaminants, 

as well as remaining solid materials (shell casings, etc.). Ball et al. (2004) were 

particularly motivated to investigate these areas because of a previous assessment of the 

site in 1996 by the US Army Corps of Engineers. During this 1996 evaluation, there were 

elevated levels of As, Cu, Pb, Zn, and Ba found within AOC 3. This area of concern is 

also a past site of shell casings dispersed along a river that runs through the area. Area of 

Concern 7 is bordered by Tyson Hollow Creek (Fig. 1). During the 1996 USACE 

assessment, elevated levels of Cr, Pb, As, and Hg were found. Since the 2004 study by 
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Ball et al., all visible waste materials have been removed, with the majority of these 

materials disposed of in 1998.  

The present study investigated AOC 3 and AOC 7, because of the proximity of 

these areas to streams and rivers, and the potential for the release of inorganic 

contaminants into local water ways. Understanding the potential for leaching of heavy 

metals from these past contaminated soils into local water sources is one of the primary 

motivations for this investigation; TRC is not only the site of many ephemeral streams 

and creeks, but is also situated on bedrock comprised of Paleozoic age carbonates above 

the St. Peter Sandstone aquifer, which is a source of potable water for the region.  

In this study, we investigated the distribution of heavy metals and other elements 

of interest among various geochemical pools in soils within AOC 3, AOC 7, and one 

control area, which have formed from loess and rocky infill (Ball et al. 2004). This 

investigation focused on how easily select elements are released from different 

geochemical pools, and specifically, if there are any notable changes in this mobilization 

potential with depth. There are many possible geochemical reservoirs in soils that are 

capable of sequestering, or immobilizing, various elements of interests. Depending on the 

affinity of different elements for various substrates as well as the soil conditions, which 

may promote the precipitation of metal-sequestering minerals, soils have the capability to 

naturally remediate anthropogenically induced contamination. The presence of Fe- and 

Mn- oxides (Hartley and Lepp 2008), humic substances, and various 2:1 clays can all act 

as various metal reservoirs, and can have increased or decreased uptake of various 

species depending on overall soil type and composition, pH, and metal concentration and 

speciation (Bradl 2004; Li et al. 2011; Jacquat et al. 2009; Stipp et al. 2002). An 
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improved understanding of the distribution of heavy metals in contaminated soils has the 

capacity to direct future exploration into more specific geochemical processes occurring 

at the boundary among minerals, organic matter, and the soil solution (Benjamin 1981), 

which dictate the sequestration or release of environmentally relevant elements.  

 

MATERIALS AND METHODS 

Study Area and Sampling 

Samples were collected from AOC 3, AOC 7, and a control area at a series of 

depths. An alphanumeric labeling system was utilized to distinguish samples. Sample 

CS1 refers to Control Area, Sample 1; sample CS2 refers to Control Area, Sample 2, and 

so on. To attain samples, a soil profile was excavated at each site; profiles roughly 

measured 0.4 m wide and 0.2 m deep, and were divided in the field into horizons on the 

basis of color and texture. This study examined soil profiles down to roughly 0.2 meters 

depth because the most extensive metal contamination should exist near the soil surface. 

We did not characterize the thickness of horizons that extended below the base of the soil 

pit at roughly 0.2 m depth. It was sufficient for our study to reach subsurface altered 

mineral horizons during excavation; sampling until reaching unaltered parent material 

was deemed unnecessary. Although depths of each sample differed from profile to 

profile, sites were compared mineralogically and chemically on the basis of horizon, not 

depth from surface. As much sample as possible, roughly 1.4 kg, was removed from each 

horizon. Samples were stored in gallon-sized Ziploc bags and refrigerated.  
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Figure 1. Location of Control Area and Areas of Concern 3 and 7, within Tyson Research Center 
(MO). Highlighted area shows approximate boundary of TRC.  
 
 
Soil Characterization 

Samples were sieved through a 2 mm USA Standard Testing Sieve No. 10 to 

break down large aggregates and remove any sizable plant debris or rocks. Soils were 

analyzed for color using a Munsell Soil-Color chart. Hand texture analysis was 

performed on samples following the United States Department of Agriculture 

classification system. pH was obtained for each sample using a 1:10 (v/v) ratio of air 

dried sample to 0.01 M CaCl2 on a ThermoScientific pH benchtop reader with an 

Ag/AgCl electrode. Due to acidic soil conditions, it was not necessary to sample pH in 

the field; it was established that pH drift from soil degassing would be negligible because 
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there were no carbonate minerals in the soil, as confirmed by TIC measurements (see 

Results section).  

 

Solid Characterization  

X-ray fluorescence (XRF) was used to obtain initial major and trace element 

composition of all samples following previously described procedures (Couture & 

Dymek 1996; Couture et al. 1993). Powder X-ray diffraction (XRD) patterns were 

obtained for all samples using a Rigaku DMAX/A diffractometer using Cu Kα radiation. 

Patterns were measured from 3 to 45° 2θ with a step size of 0.04° and a counting time of 

4 s per step. Phases were determined by comparing relative peak intensities and 

calculated d-spacing to previously tabulated values. Total organic and inorganic carbon 

contents were determined using a Shimadzu TOC-LCPH instrument. Total carbon (TC) 

content was determined from CO2 release during sample combustion at 900°C. Total 

organic carbon (TOC) was determined by the difference between the TC and the total 

inorganic carbon content (TIC), which was determined by measuring the CO2 released 

during addition of phosphoric acid.  

 

Sequential Chemical Extractions and Fluid Characterization  

Sequential chemical extractions were performed to isolate fractions of each 

element associated with different materials, targeting solubility of different types of 

species by using increasingly aggressive solvents. This technique was selected based on 

the acidic pH of soil samples and follows the procedure of Shang & Zelazny (2008). 

Geochemical pools of interest were targeted in each step, as follows: Step 1: Water 
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Soluble and Exchangeable (WS/EX); Step 2: Acid Soluble (AS), Step 3: Organic Matter 

and Manganese Oxides (OM/MO), Step 4: Reducible (RED). The residual fractions (R) 

of elements were determined by difference between the sum of extracted elements from 

Steps 1 through 4 and initial element concentrations determined by XRF. All samples 

were run in duplicate.  

The sequential extraction steps targeted various species in 0.5 g of soil from each 

sampled horizon. The WS/EX step targeted easily dissolvable species, including water-

soluble salts and exchangeable species on fixed or variable charge surface sites of 

minerals and organic matter. To begin the extractions, 50 mL of a 1 M NH4NO3 solution 

at pH 7 were added to 0.5 g of sample. Samples were agitated for 2 hours in centrifuge 

tubes on end-over-end rotators. After agitation, samples were centrifuged at 4500 rpm at 

20°C for 10 minutes. The fluid was decanted and filtered with PTFE syringe filters. The 

filtrate was acidified with HNO3 for preservation.  The soil solids were retained for the 

remaining extraction steps.  

To target the AS fraction (Step 2), 50 mL of a 0.11 M acetic acid with 0.1 M 

NH4NO3 solution was added to solid remaining in centrifuge tube from Step 1. Samples 

were agitated for 24 hours on end-over-end rotators, then centrifuged and filtered 

according to the procedure outlined above. This step is intended to target elements 

associated with carbonate minerals, with the acetic acid dissolving minerals and the 

ammonium nitrate preventing re-adsorption onto sites. However, there were no 

carbonates in these samples (see Results section), so this step acted as a general weak 

acid attack of primary and secondary minerals. This step also targeted any remaining 

species from the WS/EX step, as well as any elements associated with minerals easily 
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degraded by acid attack, desorbable metals on pH-dependant sites, and cations strongly 

bound to surface exchange sites.  

To target metals associated with organic matter and Mn oxides, 5 mL of a 30% 

H2O2 solution adjusted to pH 2 using 1 M HNO3 and 5 mL of 0.02 M HNO3 were added 

to sample remaining in tube. The sample was then heated in a water bath at 85°C for 1 hr. 

5 mL of H2O2 solution was added to sample, then returned to water bath at the same 

temperature for 3 hours. After cooling, 5 mL of an acidified 3.2 M NH4CH3COO solution 

was added. Samples were then agitated for 30 minutes on end-over-end rotators, then 

centrifuged, filtered, and acidified for preservation. The peroxide used in this extraction 

step breaks down organic matter, but also can release species associated with Mn-oxides 

and micas, due to the oxidation of Mn(IV) to Mn(VII)  (Shang & Zelazny, 2008). This 

oxidation of Mn(IV) may have the adverse effect of reducing the oxidative capacity of 

the peroxide to break down organic matter (Mikutta et al. 2005).  

The final step of the sequential chemical extractions was the reducible step 

(RED), which targeted elements associated with Fe-oxides, either incorporated into the 

mineral or adsorbed on the surface. 25 mL of a 0.3 M sodium citrate with 1.0 M sodium 

bicarbonate solution was added to the sample remaining in the centrifuge tube. 1.0 g 

sodium dithionite powder was added to sample, after which the sample was agitated for 

24 hours on end-over-end rotators, then centrifuged, filtered, and acidified. Fe is reduced 

by the dithionite, and chelated by citrate. Bicarbonate buffers the solution pH. The 

residual fraction (R) was determined by difference between the initial concentrations 

from XRF measurements and the sum of the concentrations extracted in the four 

extraction steps and analyzed by ICP-OES. For elements in which the total amount 
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extractable exceeded the total concentration determined by XRF, the elemental totals 

were assumed to be equal to the sum of concentrations extracted.  

Fluid compositions were analyzed using a PerkinElmer Optima 7300 DV 

inductively-coupled plasma optical emission spectrometer (ICP-OES). Standard solutions 

were made from TraceCERT single and multielement standards diluted with 2% HNO3. 

Detection limits were determined by calculating % error for standard calibration curves. 

All values have errors ≤ 5%.  

 

RESULTS 

Soil Characterization: Profile Characteristics and Classification 

Area of Concern 3  

The soil profile at AOC 3 (Fig. 2) consists of four horizons (Table 1), including 

two A horizons followed by an AE horizon and a B horizon. There is little variation in 

soil texture with depth in this horizon; differences were not distinguishable by hand 

texture analysis, and all texture classifications fall within the category of a sandy clay 

loam. Color varies considerably among horizons. The uppermost 3 cm of soil constitutes 

the first A horizon, which has a moderately acidic pH of 5.93. The uppermost A horizon 

has many fine roots and includes a poorly sorted mixture of small fragments of partially 

degraded plant debris as well as some pebbles. The distinction from the uppermost A 

horizon to the deeper A horizon was made in the field on the basis of color and particle 

inclusions, although pH measurements taken in the lab reflect a transition to a slightly 

more acidic value of 5.66. This second A horizon is much more visibly homogenous, 

with very few inclusions of plant debris fragments or pebbles. Below the second A 
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horizon, from 10-13.5 cm, there is an AE horizon with a more acidic pH value of 5.18, 

and a lighter color indicative of a sharp decrease in organic matter content from the upper 

horizons. This horizon also shows small whitish streaks indicative of leaching (Fig 1), 

which may be in the process of forming a more well-developed E horizon. Below 13.5 

cm, which marks the AE to B horizon transition, the soil becomes much more acidic, 

reaching a value of 4.32, and changes from [10YR 4/3] brown to [10YR 5/4] yellowish 

brown.  

 
Table 1. Physical and chemical properties of soil samples. 

 

 

The profile overall has a normal moisture content, with mildly acidic conditions, 

that slightly decrease in pH with depth, encompassing a pH range of 5.93 to 4.32. There 

is a sharp decrease in the loss on ignition (LOI) between horizon 3S2 and 3S3 (Table 2) 

that is concomitant with a decrease in organic carbon, indicating a transition from 

horizons with substantial amounts of organic matter to those with very little. The portion 

of the profile that is high in organic matter is too thin to be classified as a mollic or 

umbric epipedon; it is likely an ochric epipedon. Given this information, known site 

 Sampling 
Depth (cm) 

Horizon pH Texture Munsell Color 

3S1 0-3 A 5.93 Sandy clay loam [10YR 3/1] very dark gray 
3S2 3-10 A2 5.66 Sandy clay loam [7.5YR 2.5/1] black 
3S3 10-13.5 AE 5.18 Sandy clay loam [10YR 4/3] brown 
3S4 13.5+ B 4.32 Sandy clay loam [10YR 5/4] yellowish brown 
      

CS1 0-1.5 A 5.98 Clay loam [10YR 4/2] dark grayish brown 
CS2 1.5-14 B 4.16 Silty clay loam [10YR 4/3] brown 
CS3 14+ B2 4.21 Silty clay loam [10YR 4/4] dark yellowish brown 
      

7S1 0-5 A 5.46 Sandy clay loam [10YR 3/4 ] dark yellowish brown 
7S2 5-11 A2 5.27 Clay loam [10YR 4/4] dark yellowish brown 
7S3 11-15 C 5.62 Silty clay loam [10YR 3/3] dark brown 
7S4 15+ C2 6.10 Silty clay loam [10YR 4/4] dark yellowish brown 
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history, and the ubiquitous nature of the Menfro soil series at Tyson (Ball et al. 2004), 

this soil was classified as an alfisol.  

 

 

Figure 2. Pictures of soil profile at Area of Concern 3. Top of photograph is aligned with top of 
soil profile. Measuring tape for scale.


