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OBJECTIVES

• Trace Elements - background 
and importance

• Present work in the NRCS Soil 
Survey Laboratory

• Future directions/cooperation



ELEMENTAL SOURCES IN SOILS

• Lithogenic - from parent materials
• Pedogenic - redistribution by soil- 

forming processes

Systematic variability: Attributed to a
cause, predictable

Presenter
Presentation Notes
Trace elements are released into the environment from natural weathering of rocks and minerals as well as from human activities.  

--Igneous rocks- e.g., Ni and Cr present  with Mg-rich olivines (Forsterite, Mg2SiO4), Ni substituting for Mg; Cr as minute exsolved plates of chromite.Ni, Cu, Zn, Cd, and Pb found as sulfide inclusions in silicates.  

--Whether an element is a partial component of a mineral or found as a separate, morphologically distinct solid depends on the trace element has a compatible atomic structure with the host mineral.  

--As silicate minerals are ppt from magma, trace elements can occupy lattice positions of major elements.  Trace elements are present in rocks, but the concentration varies widely.

--Vein deposits in rock fissures via hydrothermal solutions (hot magmatic emanations rich in water or hot, aqueous solutions)--site of ore minerals such as galena ( PbS ),  enargite (Cu2AsS4), or chalcopyrite (Cu sulfide, CuFeS2). 

--Clays and Clay Miner, 2000:Black shales have U, Mo, V, Se, Zn, and Fe located in assocation with sulfides, authigenic clays, oxides, phosphates, and OM.

--Availability is governed by stability of host minerals in particular weathering environment.

--May have two rocks with same trace element composition, but soils derived from them may differ in availability of these trace elements based on differing mineralogies Elemental content of particular minerals



Availability is governed by stability of host minerals in particular weathering environment.

May have two rocks with same trace element composition, but soils derived from them may differ in availability of these trace elements based on differing mineralogies.

E.g., during serpentinization, magnetite may form from other minerals containing Fe and it will contain V, Cr, Mn, and Zn.  The magnetite is relatively insoluble in most soils, and serpentinized soils will have less Fe as Fe oxides and the metals in magnetite will remain trapped.

Once released into solution, the fate of the element is governed by the behavior of its’ aqueous ionic species.



ELEMENTAL SOURCES IN SOILS

• Random/Unpredictable variability:

Anthropogenic - result of man’s activities
(urban, industrial, agricultural, mining)

Presenter
Presentation Notes
Increasing urbanization in the world.

Some pollutants can move globally (dust)

Is there any natural, unpolluted areas?  Is there a true baseline level, or better, is there a pre-event level?



ANTHROPOGENIC CONTAMINATION

• Residential – biosolids (e.g., Zn, Cu, 
Ni, Cd)

• Agricultural – fertilizers, manures, 
limestone, gypsum (e.g., Cd, Zn, Ni)

• Industrial – manufacturing processes 
(e.g., Cr, Zn, Pb, Hg, As)

• Metal Mining and smelting – MT, OK, 
TN (e.g., Zn, Cd, Cu, Pb)

• Fossil Fuels – emissions (e.g, Pb, V)

Presenter
Presentation Notes
Mermut, et al., 1996, JEQ:25:845-853.  Intensive application of fertilizers, pesticides, and other agrochemicals, along with industrial and municipal wastes is now receiving worldwide attention. Cr, Ni, Zn, V are common in phosphatic fertilizers.

Mining and smelting have caused widespread soil contamination in many countries, devastating ecosytems; Zn phytotoxicity, Pb-induced P deficiency, Cd risk in uptake by rice or tobacco, or Pb risk to children, livestock, or wildlife.

Residential-- municipal wastes.



Elemental Analysis 
APPLICATIONS TO SOIL SURVEY

Soil quality and health-
-assessment of soils
-background/baseline information
-evaluation crop/forage/livestock 
production suitability

Environmental protection
-Determine safe levels for  waste 

application
-Monitor waste management practices
-Evaluating possibility/degree/source/risk 
of contamination

Presenter
Presentation Notes
Assessment - Environmental assessment and our need to repsond to the public’s concern - urban and rural

Urban areas are increasingly  important, size of land area, number of person’’s, funding possibilities for agency.

We receive fairly frequent calls on trace element content in soils for a specific county.



There is an increasing need and demand for these types of data.  

Analytical techniques are more available to provide the low levels that are required.

Assess source and 

We must provide these data, and it conforms to our existing mapping concepts well.  We are the best agency to move from point data to geographic coverage due to our concepts of pedon, series, mapping units, ect.

Report this year by Whatmuff  (Aust J. Soil Res, 2002) on guidelines for metal limits from biosolids (sewage sludge).

Trace elements are just an  extension of major elements (N, P) that we are already concerned about.  Trace elements can be produced at same time as P if analysis on ICP 



Elemental Analysis 
APPLICATIONS TO SOIL SURVEY

Defining soils, mapping units.
-ranges of properties

Pedon and Landscape Processes
-Direction/extent of weathering
-Determining types/origins of source 

materials

Presenter
Presentation Notes
Define soils  

Anderson and Byers, 1931:  Total analysis of clay fraction of soils from different major soil groups.

Total K2O is used in soil Tax. for illitic mineralogy class.  We have done work in serpentinitic soils that indicate that total Mg could be used to estimate magnesium rich minerals in the soil,  plus importance of Ca/Mg ratios could be explored to define magnesic mineralogy classes.  Ferritic soils defined by CD extractable Fe, but could possible use total Fe, or ratio of CDFe/TOTFe.



Evaluate pedon and landscape distribution of metals related to parent material and pedogenesis

Processes - 

Loss of Ca and K - weathering of feldspars

Zr or Ti  ratios  with more soluble elements  extent of weathering( these are stable index elements, immobile elements) 

Study bv Muhs et al., 2001 (SSSAJ) reporting elemental composition of loess derived soils along Mississippi River Valley as an indicator of paleoclimate in the context of global climate change.



IONIC FORMS OF 
TRACE ELEMENTS

• Cations - Cd+2, Co+2, Cr+3, Hg+2, 

Ni+2, Pb+2, Zn+2

• Oxyanions - AsO4
-3, B(OH)4

-1, CrO4
-2, 

MoO4
-2, HSeO3

-1, SeO4
-1

• Halogens - F-1, Cl-1, Br-1, I-1

Presenter
Presentation Notes
--Another controlling factor is the chemical property of the ion or element itself.  Described as electronegativity parameters and ionic size (Pendias). (Low ionic potential ions act as free ions, High ionic potential ions form complex ions.  Smaller hydrated ions are generally more easily mobile.

Elements considered metals are generally electropositive, so they lose electrons and become cations.

Non-metallic elements are more electronegative, gain electrons, and become anions (e.g., Cl).

Many non-metallic elements close to the border combine with electronegative oxygen and become oxyanions.







OXIDATION STATES OF 
ELEMENTS

• Fe =  +2, +3
• Mn = +2, +4
• As = -3, 0, +3, +5 
• Se = -2, 0, +4, +6
• Cr = +3, +6
• V = +3, +4, +5
• Others: C, N, S, Cu, U 

Presenter
Presentation Notes
Another confounding factor is the different valence states of certain elements.

Depending on the redox potential, elements can have different valences.  This in turn affects their chemical form, availability, and toxicity.

Martens and Suarez.  1997.  JEQ26:424-432:  Examined Se speciation in source shales (Moreno and Kreyenhagen Formations, adjacent alluvial soils, and drain sediment to the Kesterson evaporation pond soils.  The mobility, bioavailability, and toxicity of Se is controlled by its chemical speciation.  Found pond soils had abundance of elemental Se and selenide (-2) in association with organic matter.

James, 1994, JEQ 23:227-233:  Chromate (CrO4-2) ore mining and production in NJ produced much fill material in marshes, ect.  Very hazardous if in skin contact or inhaled.  Remediation involved reducing to Cr+3 and creating alkaline soil (Cr+3 activities very low at pH>5.5).  Examined using Mn+2, Fe+2, and lactic acid in leaves as reducing agents



FORMS OF TRACE 
ELEMENTS IN SOILS

• Aqueous species
• Sorbed onto surfaces of soil 

materials (diffuse ion, outer sphere 
complex, inner sphere complex)

• Structural elements in solids
(polymer, co-precipitate, or 
homogenous precipitate)

Presenter
Presentation Notes
Sorption half-lives from 50 to 125 days, desorption half-live at approx. 10 yrs.  Rate of desorption decreases with increasing residence time.  Aging moves metals from exchangeable to more strongly sorbed phase.  Slow transformation.



Sorption mechanisms -  diffusion into micropores and solids followed by sorption onto interior surfaces (various bonding mechanisms: inner-sphere vs outer sphere; monodentate vs bidentate) and surface precipitiation.



Outer sphere complexation – solvated ion that forms a complex with a charged functional group, primary bonding force is electrostatic.



Inner sphere complex is partially dehydrated; ion forms a direct ionic or covalent bond with surface functional groups.



Diffuse ion exits in the water layers near the surface, and is held by electrostatic attraction from permanent charges that exist in the solid structure.  Major difference in outer sphere and diffuse ion complex is strength of the electrostatic force, directly correlated to the proximity of the ion to the surface.



Sequence with decreasing ionic strength of solution:  inner sphere, outer sphere, and diffuse ion.



Type of absorption and bonding depends on ionic radius, electronegativity, valence charge, surface type and ionic strength of the sorptive solution.  Two major types of surface sites, variable charged, e.g., silanol or aluminol; and permanent charged sites from isomorphic substitution.

IN contrast to absorption, surface precipitation is a 3-dimen. growth phenamenon that occurs on surfaces.  Classical solution chemistry defines aqueous systems  in 3 states:  understaturated, saturated, and supersaturated with respect to solubility of inorganic precipitiates.  PPt can occur in systems undersaturated with respect to the pure hydroxide.  PPt exhibits slower reaction kinetics than absorption and may be responsible for the slow kinetics of absorption and desorption in experimental systems.



3 types of surface ppt:  formation and sorption of a metal polymer (dimer, trimer, ect.) on the surface; solid solution or coprecipitate that involves coions dissolved from the sorbent; and homogenous ppt formed on the surface composed of ions from bulk solution or their hydrolysis products.

Summery:  slow kinetics may be caused by:  diffusion, rate-limited adsorption processes, and ppt on surfaces.  Ionic radius responsible for different bonding mechanisms of Ni and Pb.



If we know the mechanisms that control sorption and desorption, we can create remediation stratigies:  pH of soil solution,  treating soil with chelating ligands, or creating treatments for specific exposure times based on the kinetics of the reactions.



Low surface coverage:  adsorption.  High loading:  ppt becomes dominant.





BIOAVAILABILITY

Essential or toxic element is 
bioavailable if:

• in a chemical form, plants can 
readily absorb it; 

• once absorbed, it affects life cycle 
of plant.

(Sposito, G.  1989. The
Chemistry of Soil.)



METHODS TO DETERMINE 
BIOAVAILABILITY

• Sequential Fractionation
• Speciation - e.g., As, Cr
• Animal testing - e.g., soil 

consumption
• Blood from indigenous human 

population
• Soil chemical extraction - 1M CaCl2 , 

0.1 M Ca(NO3 )2

• Plant uptake/tissue concentrations

Presenter
Presentation Notes
Kabala and Singh, 2001, JEQ:  Fractionation and Mobility of Cu, Pb and Zn in soil profiles near a Cu Smelter.

Tessier et al.,1979.  Sequential Frac. Procedure.

Best mechanism to measure bioavailability is to examine phytoavailability (sorption and transfer to selected plant part). Some have proposed weak concentrations of neutral salts (e.g., 0.01 - 0.1M CaCl2)



Pierzynski and Schwab (1993, JEQ:22:247-254):  Examined Zn, Cd, and Pb bioavailbility by greenhouse experiments in metal contaminated soils via soybean yields and metal conc. in bean tissue.  Examined correlations with KNO3-extractable Zn.

Marr, et al., 1999, Can. J. Soil Sci, 79:385-387:  Examined metal uptake in dandelions in urban areas and compared with total analysis.  Total metals do not accurately indicate plant metal bioavailbility.

Davies, in Biogeochemistry of Trace Metals, 1992:  Labile Pool:  that fraction of metal which replentishes the soil solution. Many extractants for bioavailiability are similar to the extractants used to predict fertilizer needs, but these are not likely the same.  Simple extractant simplifies the response of plant uptake to metal concentration in solution.  Other factors such as pH, plant species, competing ion play a role.

This should be combined to evaluate field derived metal transfer coefficient: risk of transfer from soil to plant, plant to animal.

-Soil-Plant Barrier=process that limits risk of most elements from soils to animals in food chain:  1.  Some elements such as Pb, Cr, Sn, Hg are restricted by soil ppt rexns and have limited plant uptake. 2.  Certain elements, Zn,Cu, Ni, Mn are phytotoxic to plants at conc. below the risk to animals or people. 3. Interact of elements which hinder uptake, translocation, and bioavailability of metals (Zn inhibiting Cd uptake in normal soil concentrations).  This barrier fails for elements such as Se, Mo, Co (for ruminents), and Cd in low Zn soils, and in situation where there is direct sorption of metals by animals.







QUESTIONS ABOUT  
METAL CONTAMINATION

• How can significant risks be 
accurately evaluated?

• How to remediate contaminated 
soils effectively (e.g., adjust pH, 
add organic material, phosphates, 
Fe oxides).



SOIL PROPERTIES RELATED TO 
METAL DISTRIBUTION

•Carbon/organic matter
•Clay
•Oxides
•Cation Exchange Capacity
•pH
•Redox potential (Eh)

Presenter
Presentation Notes
These factorsd relate to the total amount of elements in soils, but also control the bioavailability.

--Factors that affect retention or mobilization during weathering processes.  

--Weathering involves processes of dissolution, hydration, hydrolysis, oxidation, reduction, and carbonization.  These processes lead to minerals that are stable under a particular weathering environment.

--General knowledge that heavy textured soils have a greater capacity to store trace elements and slowly release them to plants, while sandy soils can be a source of easily available trace elements for a short period of time.

--Elements react differently depending on the chemical environment (pH and Eh).

--For example, there is generally increasing mobility of elements such as Cu, Zn, Ni, Cr under lower pH or lower Eh (reducing) conditions.  This is partly related to the solubility of hydrous oxide forms.

--Carbon can be organic or inorganic (carbonates).

--E.g., Zehetner and Wenzel in Selim book cite that Ni adsorption influenced by CEC, pH, texture, CaCO3, organic matter, sesquioxides, and chelating agents.

Mermut, 1996; found strong correlation of clay with all trace elements examined except Se:  found correlation with Cu, Zn, e, and Pb

Chen et al., 1999, JEQ 28:1173-1181:  Found correlations of FL soils with total Fe and Al, Clay, OC, CEC, and pH.

--Holmgren et al., 1993, JEQ 22:335-348:  correlated metals with clay, CEC, pH and org. C.





The Pedon Concept--

Extending limited 
point data to 
geographic coverage



NATIONAL SOIL GEOCHEMICAL 
DATABASES

• USGS - Shacklette
• 1960s to late 1970s
• 1,323 samples

• NRCS - Holmgren
• 1978 to ~1990
• 3,045 samples

• NRCS - Wilson 
and Burt

• 1993 to present
• >1903 samples



STATUS - NRCS TRACE 
ELEMENT PROGRAM

• 486 pedons (Benchmark, 
anthropogenic, other important soils)

• 1903 samples (major horizons, satellite 
samples)

• 50 states, Puerto Rico, Virgin Islands, 
Guam

• Morphological description, 
characterization data, georeference 
location

• Two digestions/sample:  Major, Trace



Reported Elements

• HF+Aqua Regia: Si, Al, Fe, Mn, Ca, 
Mg, Na, P, K, Zr, Ti

• Aqua Regia: Cu, Zn, Cd, Pb, Ni, Cr, 
Co, Hg, Mn, P, Fe, (Ba, Be, Sr, Sb, 
Ag, As, Se)

Presenter
Presentation Notes
Extensive qa/qc program



DATA DISSEMINATION

• Project reports to states and MLRA 
offices

• Presentations, Publications
• Database/data warehouse
• Website 
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Evaluation Required for  
Additional Data Collection

• Basis for sampling - geographical 
vs. statistically random concepts

• Benchmark pedons and soils of 
significant acreage

• LRR, parent materials, and/or 
landforms in an MLRA or state



MINIMUM FIELD DATA SET 
(based on current approach)

• Choose representative site
• Identify soil type 
• Georeference location
• Sample (minimum) 3 major 

horizons; possibly satellites 
• Site and Morphological 

documentation



MINIMUM LABORATORY 
DATA SET

• Major and Trace elements
• pH
• Particle Size Analysis
• Total C
• Selective dissolution (e.g., citr. 

dith, acid ox.)
• Cation exchange capacity



USGS Collaboration

• Initial contact - March 2001

• Project:  Soil Geochemical 
Landscapes (Funding beginning FY 
2003)



USGS Collaboration

• Objectives:   Evaluate local and  
regional spatial distribution

• Projects (on-going and new) of 
limited geographic area, followed 
by nation-wide survey

• Components: trace elements, 
organic contaminants, microbial 
ecology
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Tract-SpecificBrownfieldRank
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b VacantLots

Correlate geochemical data with 
epidemiological research (John Hopkins 
Univ.) of Baltimore residents near 
abandoned industrial brownfield sites

Collecting 1000 lbs soil for 
laboratory trace element 
standard.  Pawnee County, NE

Current Cooperative 
Efforts



FUTURE COOPERATION
• Geochemical Map of North America
• Cooperatively managed website for 

trace element data repository/links
• Projects of limited scale
• Nationwide survey??



CONCLUSIONS
• Elemental analysis provides data to 

address multiple needs of NRCS.
• NRCS SSL produces these data for 

site-specific or regional 
applications.

• Current approach is based on geo- 
reference pedons of major soils.



CONCLUSIONS
• Elemental data needs to be 

complemented with field 
documentation and additional lab 
analyses.

• We (Burt, Wilson) are willing to 
work with individual states/MLRA 
offices to provide data.

• If a cooperative program is 
developed with USGS, it should be 
tailored to the needs of the NCSS.
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