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ABSTRACT: Alluvial clay soil samples from six boreholes advanced to depths of 400–450 cm (top of limestone bedrock) from the
Chattanooga Coke Plant (CCP) site were examined micromorphologically and geochemically in order to determine if pedogenic
siderite (FeCO3) was present and whether siderite occurrence was related to organic contaminant distribution. Samples from
shallow depths were generally more heavily contaminated with polycyclic aromatic hydrocarbons (PAHs) than those at greater
depth. The upper 1 m in most boreholes consisted of mixtures of anthropogenically remolded clay soil fill containing coal clinker,
cinder grains, and limestone gravel; most layers of coarse fill were impregnated with creosote and coal tar. Most undisturbed soil
(below 1 m depth) consisted of highly structured clays exhibiting fine subangular blocky ped structures, as well as redox-related
features. Pedogenic siderite was abundant in the upper 2 m of most cores and in demonstrably historical (, 100 years old) soil
matrices. Two morphologies were identified: (1) sphaerosiderite crystal spherulites ranging from 10 to 200 mm in diameter, and (2)
coccoid siderite comprising grape-like ‘‘clusters’’ of crystals 5–20 mm in diameter. The siderite, formed in both macropores and
within fine-grained clay matrices, indicates development of localized anaerobic, low-Eh conditions, possibly due to microbial
degradation of organic contaminants. Stable-isotope compositions of the siderite have d13C values spanning over 25% (+7 to 218%
VPDB) indicating fractionation of DIC by multiple microbial metabolic pathways, but with relatively constant d18O values
(24.8 ± 0.66% VPDB) defining a meteoric sphaerosiderite line (MSL). Calculated isotope equilibrium water d18O values from
pedogenic siderites at the CCP site are from 1 to 5 per mil lighter than the groundwater d18O values that we estimate for the site. If
confirmed by field studies in progress, this observation might call for a reevaluation of low-temperature siderite-water 18O
fractionations. Investigations at the CCP site thus provide valuable information on the geochemical conditions under which siderite
can form in modern soils, and thus insight on controls on siderite formation in ancient soils.

INTRODUCTION AND OBJECTIVES

Siderite (FeCO3) is a mineral that has become increasingly recognized
in paleosol (fossil soil) deposits, where it has been used to reconstruct
stable-isotope paleohydrology and paleolatitudinal gradients in the
isotopic composition of rainfall, especially during the Cretaceous period
(e.g., Ludvigson et al. 1998; Ludvigson et al. 2002; Ufnar et al. 2001,
2002, 2004a, 2004b, 2004c; Suarez et al. 2009; Suarez et al. 2010;
Robinson et al. 2010). Pedogenic siderite has also been used to infer past
reducing environments associated with persistent soil saturation (e.g.,
Driese and Ober 2005; Ufnar et al. 2005). Unfortunately there is still little
understanding of the physical, chemical, and biological conditions under
which siderite precipitates in surface soils, and the published interpretations of isotope ratios in ancient siderite samples rest on assumptions that
have not been verified in modern systems. The present work provides
observations, analyses, and important implications of siderite recently
discovered in contaminated soil in Tennessee. Here we report, for the first
time, unequivocal occurrences of historical (, 100 year old) pedogenic
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siderite crystals, ranging from 5 to 200 mm in diameter and formed in
macropores and within fine-grained clay matrices.
This study addresses the current need for empirical, actualistic studies
of modern sites of pedogenic siderite formation that can test the
simplifying assumptions that were used in the original research projects
employing sphaerosiderite as a paleoclimate proxy. In this study of
contaminated soils near Chattanooga, Tennessee, we seek to: (1)
characterize the distribution of pedogenic siderite with depth, based on
careful study of thin sections prepared from soil cores obtained from the
former Chattanooga Coke Plant (CCP) site, (2) analyze pedogenic siderite
in the contaminated soil material using X-ray diffraction and stableisotope geochemistry, and (3) interpret the possible mechanisms for
historical (, 100 yr old) siderite precipitation at this site.
SITE DESCRIPTION

Coal coking operations were conducted at the Chattanooga Coke Plant
(CCP) site, (formerly the Tennessee Products Site) located near
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(2008) reported no pedogenic siderite in the mineral assemblages at the
clean site.
METHODS AND MATERIALS

FIG. 1.—Map showing location of Chattanooga Coke Plant (CCP) site,
Hamilton County, Tennessee, USA. Locations of some cores are shown, however
at this map scale not all core locations can be shown due to their close proximity.

Chattanooga, Tennessee, from the 1890s until 1987 (EPA 1999, 2004)
(Fig. 1). Large volumes of crude coal tar and creosote were released into
the soil at the now-abandoned site. Coal tar and creosote are very
complex mixtures consisting of organic compounds including polycyclic
aromatic hydrocarbons (PAHs), napthalenes, phenols, BTEX, and NSOcompounds (Vulava et al. 2007). The site consists of 4–5 m of clay-rich
soils assigned to the Tupelo series that formed from clayey alluvium
deposited on the floodplain of Chattanooga Creek (Jackson 1982); the
clay directly overlies Middle Ordovician limestone strata assigned to the
Chickamauga Group (Luther 1979). Up to 1–2 m of disturbed fill
materials occur across the site. A total of 24 monitoring wells (12 in soil
and 12 in the upper bedrock) were installed by the US Environmental
Protection Agency (EPA) to supplement the eight existing monitoring
wells installed by the state of Tennessee and nine existing wells installed
by the Mead Corporation at the site. Groundwater sampling indicates the
presence of major zones of organic contamination in both the soil and
shallow bedrock aquifers.
The clay-rich soils at the CCP site were the subject of an initial
investigation by University of Tennessee–Knoxville (UT-K) researchers
seeking to characterize the pore structure of the soils and influences on
contaminant transport (and retention) within the vadose zone (Vulava et
al. 2007). In the course of investigations of thin sections prepared from
the soil cores, pedogenic siderite was initially discovered visually, and
later verified as abundant in the upper 1–2 m of all of the three soil cores
that were thin-sectioned.
Driese et al. (2008) examined soil textural, mineralogical, and
geochemical characteristics at a ‘‘clean site’’ with geology, geomorphology, and soils analogous to the CCP site, which is located about 15 km
north of Chattanooga near Ooltewah, Tennessee; these soils, also mapped
as Tupelo series, are entirely devoid of organic contaminants and thus
serve as a ‘‘baseline’’ for inferring native soil characteristics at the CCP
site prior to anthropogenic disturbances. Noteworthy is that Driese et al.

Six 5.5-cm-diameter holes (numbered as CCP-1 to CCP-6) were
advanced to depths of 4–5 m (top of limestone bedrock) at the
Chattanooga Coke Plant on June 24–25, 2002, in order to obtain core
samples for determining contaminant distribution and soil characteristics
(Fig. 1). The holes were advanced using a direct push-type (DPT)
technology (AMS core barrel). Continuous core samples (approximately
4 cm in diameter by 130 cm long) were obtained from each borehole.
After completion of the sampling, the boreholes were sealed by filling
them to ground surface with cement grout.
The core samples were briefly examined in the field, through the open
ends of each sample and through the walls of the clear plastic core liners.
Cores were typically cut into approximately 67 cm lengths in the field
with a hacksaw, then capped and sealed with duct tape. Cores were
refrigerated at 4uC in refrigerators at UT-K, until laboratory examination
and sampling. Cores were opened under a fume hood by slicing the plastic
core liner with a box cutter and then splitting the cores in half with a
knife. One half of each cored interval was retained for physical lithologic
description and for analysis of organic contaminants using gas
chromatography (Vulava et al. 2007), and the opposite half was retained
for thin-section preparation and bulk-density measurements. A total of 12
thin sections were prepared from cores CCP-1, CCP-2, and CCP-4 in the
laboratory at UT-K, as described below.
Split cores were air-dried for 2–3 weeks in a fume hood in order to
allow dissipation of volatile organic compounds. All thin-section
preparation was done under the fume hood wearing latex gloves and a
dust filtration mask. After drying was complete, the samples were cut into
segments of 7 cm length (or less), placed on aluminum foil, coated with
HillquistH thin-section epoxy resin, and allowed to cure on a warm (60uC)
hotplate overnight. After curing, the epoxy-impregnated thin-section
billets were polished, first using coarse sandpaper (50–80 grit) and then
using progressively finer (240, 400, 600 grit) grades of sandpaper, placed
on the glass plates and without a lubricant. The polished billets were then
glued to 5 cm by 7 cm glass thin-section blanks on a 60uC hotplate for
24 hours. The thin sections were cut off from the soil billets using a lowspeed microtome equipped with a diamond saw blade, but without use of
a coolant. The thin sections were then polished, with the saw-cut-face
down, on the coarse sandpaper, and ground to optical thickness of about
30 mm thick, using progressively finer grades of sandpaper. A final polish
was applied using 400 and 600 grit sandpaper. Thin sections were
examined with an Olympus BX51 research microscope using both crosspolarized light as well as epifluorescence (UV) attachments. Digital
images were captured using a 12.5 MPx digital camera.
After oven drying at 60uC for three days, pressed pellets were prepared
from 3–5 g of bulk, powdered soil samples from 12 samples collected from
core CCP-4 and analyzed for selected major, minor, and trace elements
using a Philips tube-excited, wavelength-dispersive X-ray fluorescence
(XRF) analyzer at UT-K. The XRF analytical protocol employed
appropriate clay soil standards and reports major elements in oxide
weight percent and trace elements in ppm (Appendix 1). The analyses do
not include loss on ignition (i.e., no analyses of organic and inorganic
carbon and waters of hydration), hence elemental totals are not 100%.
Samples of siderite for stable-isotope analyses were gravimetrically
separated and concentrated from the soil matrix at the Kansas Geological
Survey after petrographic studies indicated that the concretionary masses
of microcrystalline siderite were not large enough for microdrilling of
mineral powders to generate d13C and d18O values. Thus, heavy- liquid
separation of the dense mineral fraction (presumably mostly siderite)
from five coal-tar-contaminated alluvial samples was based on a method
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FIG. 2.—Examples of thin-section micrographs viewed under green UV fluorescence (A, B) and conoscopic cross-polarized light (C) showing anthropogenic and
pedogenic features of soil cores from Chattanooga Coke plant site. A) CCP-2 (92–96 cm) shows black coal cinder grain embedded in remolded ‘‘fill’’ material; bright areas
of fluorescence (white arrow) are concentrations of low-molecular-weight (LMW) organic contaminants (polycyclic aromatic hydrocarbons, PAHs). B) CCP-4 (200–
206 cm) exhibits clayey soil matrix with nonfluorescent sphaerosiderite crystals (red arrow) and epoxy-filled pore space into which LMW PAHs have ‘‘bled’’ during epoxy
impregnation (bright yellow-green fluorescence). C) Coal-derived ‘‘clinker’’ grain from CCP-2 (92–96 cm) showing siderite crystals (red arrows) nucleated on grain surface
indicating very young (historical) age for siderite.

described in Hanan and Totten (1996). Samples were lightly crushed in a
glass mortar and pestle, loaded into 50 ml plastic centrifuge tubes, and
then dispersed in 40 ml of lithium metatungstate (LMT)—a 2.95 g/cm3,
water-soluble heavy liquid. Samples were centrifuged for 6 minutes at
3,000 rpm, after which the light-fraction minerals and most of the LMT
was decanted down to , 10 ml. The remaining LMT containing the
heavy-mineral fraction was diluted with , 30 ml of DI water,
resuspended, centrifuged, and decanted down to , 5 ml. This was
injected into Millipore type GTTP 0.2 micron filter disks in Millipore
Swinnex filter beds with a 10 ml BD Luer-Lok tip syringe. After filtration,
the disks were washed with injections of DI water, followed by isopropyl
alcohol, and then air-dried before they were removed from the filter beds
and placed in a lidded plastic box with separate bins for each sample. The
filter disks were oven dried at 48uC for , 48 hours, after which the
desiccated filtrant was separated from the filter papers and weighed on an
analytical balance.
Some of the sample material (, 20 mg splits) of each of the five dried
CCP samples were analyzed using X-ray diffraction (XRD) analyses to
confirm the presence of siderite, and importantly, to rule out the presence
of other possible contaminating carbonates such as calcite, dolomite, or
kutnahorite. XRD patterns were generated by using a Bruker SMART

APEX diffractometer located in the University of Kansas Small-Molecule
X-Ray Crystallography Lab.
Nine 1–2 mg powder micro-samples from each of the five CCP soil
samples were analyzed for d13C and d18O on the Thermo-Finnigan Kiel
III carbonate reaction device at 75uC coupled to a dual-inlet ThermoFinnigan MAT 253 stable-isotope mass spectrometer at the University of
Kansas W.M. Keck Paleoenvironmental and Environmental Stable
Isotope Laboratory (KPESIL). All of the reported d18O values are
corrected for the siderite–acid fractionation factor following Carothers et
al. (1988), and are expressed in the standard delta (d) per mil (%) notation
relative to the Vienna Pee Dee belemnite (VPDB) standard.
RESULTS

Thin-Section Micromorphology
Fill Materials.—Fill materials were confined to the upper 1 m of most
cores and were recognized in thin sections by the presence of
‘‘anthropogenic’’ grains such as clinker and cinder grains generated by
coal combustion, pieces of concrete, and by unweathered limestone grains
representing probable road aggregate (Fig. 2). Fill materials generally
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FIG. 3.—Examples of thin-section micrographs illustrating sole pedogenic calcite occurrence at 446–453 m depth in CCP-1. A) Micrite (microcrystalline calcite)
rhizolith (XPL) embedded in fine clay soil matrix with sepic-plasmic (bright clay) microfabric. B) Same field of view as in Part A, but under PPL. Note characteristic
darker color of micrite. C) Micritic rhizolith with sparry calcite central void-filling (PPL). D) Sparry calcite void-filling in center of rhizolith showing characteristic
‘‘dogtooth’’ crystal terminations and abundance of inclusions of both Fe oxides and oxyhydroxides and other unidentified constituents.

contained a higher quartz sand and silt content, up to 50%, than the
‘‘native’’ soil. Fill materials did not exhibit well-developed soil
microstructures, but did contain relict soil features inherited from the
original undisturbed soil material, such as illuviated clay coatings and
pore fillings, and redoximorphic features, including Fe oxide concretions,
which are described below.
Pedogenic Features in ‘‘Native’’ Alluvial Clay Soil.—Native soil is
dominantly clay, and contains 10–25% quartz silt and fine sand. Quartz is
dominantly monocrystalline and ranges from well-rounded to subangular
in shape. Angular to subangular 0.5–2 cm diameter chert grains comprise
the coarsest size fraction. Chert grains commonly exhibit ‘‘ghosts’’ of
carbonate allochem grains, including fossils, ooids, peloids, and
intraclasts.
Clay matrix fabrics include fine subangular blocky peds and sepicplasmic fabrics. Sepic-plasmic fabrics are recognized by occurrences of
‘‘domains’’ of oriented clay minerals that exhibit high birefringence and
bright interference colors under cross-polarized light (Fig. 3A). The
domains of oriented clay minerals are dominantly bidirectional,
orthogonal, and at about a 45u angle with respect to the horizontal.

Pedogenic slickensides, or shear planes, are curved surfaces containing
concentrations of clay crystals oriented parallel to the slickenside
surfaces. Clay matrix fabrics persist to the deepest cored depths of 4–
5 m. Based on results of a previous study of clay-rich Ultisols sampled in
eastern Tennessee using similar DPT coring (Schultz 2005) we infer that
the sepic-plasmic fabrics and slickensides reported here at the CCP site
are artifacts of directed stresses during coring, which caused reorientation
of the clay minerals.
Illuviated clay occurs as amber to yellow-orange (in plane-polarized
light) accumulations of clay, commonly consisting of multiple fine bands
or layers, that coats ped faces, lines soil fractures, or infills root pores.
Illuviated clays exhibit high birefringence and bright interference colors
under cross-polarized light, with a prominent sweeping extinction that is
apparent during rotation of the microscope stage. Fragmented illuviated
clays are prominent in the upper 2–3 m of most cores. Illuviated clay
fabrics persist to the deepest cored depths of 4–5 m but exhibit maximum
development at depths of 2–3 m.
Reddish brown, spherical Fe-oxide (or oxyhydroxide) concretions, 0.2–
2 mm in diameter, occur throughout the soil but are especially abundant
in the upper 2–3 m, where they mainly occur ‘‘floating’’ or embedded
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FIG. 4.—Example of micrographs of two primary occurrences of pedogenic siderite. A) (CCP-2, 92–96 cm), and B) (CCP-2, 144–154 cm) exemplify the ‘‘coccoid’’
morphology of siderite characterized by grape-like ‘‘clusters’’ of crystals, 5–20 mm in diameter, that line void spaces and occur disseminated in fine clay soil matrices.
Note: photo in Part A was taken in cross-polarized light (XPL) and photo in Part B was in plane-polarized light (PPL). C, D) (CCP-4, 200–206 cm) Examples of
‘‘sphaerosiderite’’ morphology, characterized by crystals ranging from 10 to 200 mm in diameter; note the classic extinction ‘‘crosses’’ in Part C under XPL, and Fe oxides
and oxyhydroxides coating crystal surfaces (white arrow), as well as evidence for successive generations of outward growth from a central nucleus in Part D, viewed
in PPL.

within the clay matrix. Most Fe-oxide concretions are massive internally,
but some are concentrically banded and appear to have a nucleus that is
compositionally different from the outer layers. Redox-related depletion
and enrichment features affect the distribution of Fe and Mn in the soil
(Vepraskas 1992; Vepraskas and Faulkner 2001). In the upper 1–3 m, soil
macropores are stripped of Fe and Mn, with the Fe and Mn concentrated
as a hypocoating that impregnates the soil matrix adjacent to the
macropore (Vepraskas et al. 1994; Vepraskas 2001). Fe-oxide concretions,
described previously, constitute a redox concentration or enrichment of
Fe. Fe coatings occur in association with illuviated clay pore fillings and
coatings on ped faces, which were also described previously.
Calcite (CaCO3) occurs as thin filaments and coatings within root pores
and soil fractures, but only at a depth of 4 to 4.5 m and only in core CCP1 (Fig. 3). The calcite occurs as both a dense, dark-colored micrite
(microcrystalline calcite) that appears to line root pores, and internal root
pore porosity that is filled with coarsely crystalline calcite spar cement
(Fig. 3). Some of the void-filling calcite spar includes ‘‘dogtooth’’
morphology (Fig. 3D). The calcite morphologies reported here resemble

the calcite reported by Driese et al. (2008) from the clean site near
Ooltewah, Tennessee, where it was confined to a very specific soil depth
(Btg2 horizon, 100–130 cm depth) and was interpreted as relict, having
formed during middle Holocene drought periods.
Siderite (FeCO3) was exclusively restricted to the upper 2 m of soil
cores. Siderite crystals range from 5 to 200 mm in diameter and are clearly
associated with visible soil contamination (Fig. 2B). Soil contamination is
evidenced by bright UV fluorescence that occurs as both bright ‘‘clots’’
within soil pores and clay matrices, as well as bright fluorescence
‘‘bleeding’’ into the epoxy that was used to impregnate the section. In one
instance, siderite crystals were observed nucleated on the surface of a coal
clinker grain, which is unequivocal evidence that the siderite is historical
and formed within the last 100 years (Fig. 2C). Using standard polarizedlight microscopy the siderite is readily identified in soil macropores and
within fine-grained clay matrices, and is easily distinguished from the Feoxide concretions by: (1) high relief due to higher refractive index, and (2)
bright interference (gold) color and pseudo-uniaxial cross pattern under
crossed-polarized light (Fig. 4). Two primary siderite crystal morpholo-
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gies were identified in the three soil cores that were thin-sectioned: (1)
Coccoid siderite comprising grape-like ‘‘clusters’’ of crystals 5 to 20 mm in
diameter (Fig. 4A, B) and (2) sphaerosiderite crystal aggregates ranging
from 10 to 200 mm in diameter (Fig. 4C, D); the former siderite
morphology is actually the more common, with very fine siderite crystals
that form rosette-like ‘‘chains,’’ which are localized within fine macropores (Fig. 4A, B). Though three cores were examined in thin section
(CCP-1, CCP-2, and CCP-4), none was found to contain siderite visible in
thin sections below a depth of 2 m.
Soil Macropores and Contaminant Distribution.—Soil macropores
appear to represent the principal pathways for soil water and associated
contaminant migration (Fig. 2), consistent with recent observations by
White et al. (2008) in similar soil textures. Macropores consist of 10 mm to
2 mm aperture soil fractures that are oriented dominantly vertical to
subvertical, and decayed root pores, 0.5–3 in mm diameter, with various
orientations. Concentrations of Fe and Mn oxides coat macropores and
penetrate up to 1–2 mm into adjacent fine-grained clay matrices, to depths
of up to 430 cm in core from CCP-4, but there is no physical evidence of
penetration of coal tar below the 1 m depth of fill. Identification of Fe and
Mn oxides was based on both color in transmitted light, XRD analysis, and
absence of UV fluorescence behavior. Clay matrices from the upper 2 m of
the soil are especially dark-colored and appear to have finely dispersed
organic contaminants. As mentioned previously, fine siderite crystals 10–
20 mm in diameter are concentrated in macropores, implying that these are
possible pathways for organic contaminants.
Bulk Inorganic Geochemistry
Concentrations of selected oxides and elements are presented in
Appendix 1 for whole-soil samples from soil core CCP-4, which was
the only core analyzed using whole-soil XRF geochemistry. Given the
abundance of siderite in thin sections within the upper 2 m of the soil
cores, and the restriction of calcite in thin sections to depths around 4 m,
we identified several depth trends related to siderite and calcite
distributions, as well as other trends in concentrations of major and
trace elements. The plot of wt% Fe2O3 vs. depth shows maximum Fe2O3
at depth of maximum siderite precipitation (circa 200 cm) with secondary
enrichment at 400 cm (Fig. 5A). The plot of wt% CaO vs. depth shows
generally low CaO concentration within the siderite zone, and increased
CaO below 350 cm (Fig. 5B). The plot of wt% MnO vs. depth shows the
highest MnO concentrations within the siderite zone and otherwise very
low MnO concentrations at depth (Fig. 5C). The plot of wt% S vs. depth
shows very high S concentrations within the siderite zone (Fig. 5D). The
plot of ppm Cr vs. depth shows the highest concentrations of total Cr
within and just below the siderite zone; Cr concentrations at the CCP site
otherwise decline with depth (Fig. 5E). The plot of ppm Rb vs. depth
shows progressive increase in Rb with depth (Fig. 5F).
X-Ray Diffraction
XRD analyses confirmed the presence of siderite, and also ruled out other
possible contaminating carbonates such as calcite, dolomite, or kutnahorite
(Fig. 6). Incongruence of 2-theta peaks with siderite in some samples
(Fig. 6B) is likely due to poor crystallinity of recently formed (, 100 yr old)
siderite aggregates. The presence of quartz in the heavy-mineral fraction is
likely related to imperfect decanting of light-fraction minerals owing to the
high viscosity and surface tension of the LMT heavy liquid.
Stable-Isotope Geochemistry
Stable-isotope measurements from the pedogenic siderites at the CCP
site are shown in Table 1 and Figure 7. The carbon and oxygen isotope
values from individual soil sample sites are tightly clustered, probably

because of the sample homogenization that is inherent in processing bulk
soil samples for heavy-liquid separation, but nevertheless there is a wide
(25 per mil) range of d13C values, spanning from 218% to +7% VPDB.
More importantly, the d18O values from the five soil samples have a very
narrow (1.6 per mil) range from 25.7 to 24.1% VPDB (Table 1).
INTERPRETATIONS AND DISCUSSION

Discovery of ‘‘Historic’’ Pedogenic Siderite
The presence of siderite in anthropogenic fill and in clay-rich soils at the
CCP site is likely due to ongoing biodegradation of coal-tar compounds and
other related organic contaminants, which can create the anaerobic and lowEh conditions thought to be necessary for precipitation of siderite (cf. Curtis
and Coleman 1986; Moore et al. 1992; Ludvigson et al. 1998). This indicates
that the site can be used as a field laboratory for investigating sideriteforming processes and that the isotopic composition of the siderites may
provide an accurate representation of near-surface conditions, rather than
burial conditions that do not necessarily provide meaningful information
about climate. It also raises the possibility that, at least in some soils, the
presence of siderite could be used as an indicator of contaminant
biodegradation. This is potentially of significant value, because at sites with
complex contaminant mixtures, like coal tar, and changing waste inputs over
time, it is often very difficult to identify other biodegradation indicators, such
as decreases in concentration of contaminants or increases in reaction
products (King et al. 1999; Broholm et al. 2000; Zamfirescu and Grathwohl
2001; Weiss and Cozzarelli 2008). Creosote- and coal tar–contaminated soil
materials, typically from former coal-gasification plants, are widespread
across the United States (Hatheway 1997; Mueller et al. 1989), and
remediation of these sites has been hampered by the scarcity of information
on the influence of physical and chemical properties of the soil materials on
the fate and transport behavior of coal-tar compounds.
The occurrence of siderite at the CCP site is especially significant
because the siderite is demonstrably historical and must have formed
within the last 100 years (e.g., Fig. 2C) and in association with coal
gasification activities, which began in the 1890s. Though siderite
precipitation appears simplistic: Fe2+ + CO322 R FeCO3, the reaction
is sensitive to not only Eh, pH, and total activity of dissolved carbonate
and dissolved sulfur, but also to organic loading and attendant
microbially mediated processes, including organic-matter oxidation,
CH4 oxidation, FeOOH reduction, and CO2 reduction, as proposed by
Ludvigson et al. (1998). The timing of siderite precipitation in soils is also
problematic, with some evidence suggesting that it formed after initial
well-drained soil conditions and during subsequent saturation associated
with soil burial (McCarthy and Plint 1998; Ufnar et al. 2001; Choi et al.
2003; Driese and Ober 2005; Gröcke et al. 2006). Hence the discovery of
siderite in the soil material at the CCP site affords an opportunity to
begin to understand some of the basic controls on siderite precipitation in
a geologic system, though admittedly not a ‘‘natural system.’’
Siderite formation has been directly linked to the activity of
dissimilatory iron- reducing bacteria in laboratory experiments (e.g.,
Roden and Lovely 1993), in which oxidation of dissolved organic carbon
coupled to the reduction of ferric oxide minerals provides adequate
concentrations of Fe2+ and CO322 (along with consumption of proton)
leading to supersaturation with respect to siderite:
Fe2z zHCO3 { zOH{ [FeCO3 zH2 O

ð1Þ

Trace-element depth patterns for Mn and Fe in the soil in this study are
consistent with zonation linked to dissimilatory iron reduction (Fig. 5A,
C) (DIR; Crowe et al. 2007a; Crowe et al. 2007b), as are the negative
d13C values for pedogenic siderite (Fig. 7) (Coleman 1985). Siderite,
however, rarely forms in systems with highly active dissimilatory sulfate
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FIG. 5.—Whole-soil elemental data versus depth. Soil core CCP-4. A) wt% Fe2O3 vs. depth, showing maximum Fe2O3 at depth of maximum siderite precipitation
(circa 200 cm). B) wt% CaO vs. depth, showing generally low CaO concentration within siderite zone (absence of calcite) and increased CaO below 350 cm depth
corresponding to zone of relict(?) pedogenic calcite. C) wt% MnO vs. depth, showing highest MnO concentrations within siderite zone and otherwise very low MnO
concentrations at depth. D) wt% S vs. depth, showing very high S concentrations within siderite zone, possibly related to anthropogenic fill containing pyrite. E) ppm Cr
vs. depth, showing highest concentrations of total Cr within and just below siderite zone, corresponding to redox-related processes, and declining Cr concentrations with
depth. F) ppm Rb vs. depth, showing progressive increase in Rb with depth corresponding to progressive increase in clay content, possibly inherited from alluvial
parent material.

reduction (DSR) because H2S effectively scavenges Fe2+, forming pyrite
and other sulfide minerals, thereby significantly decreasing porewater
concentrations of Fe2+ (Postma 1982). No sulfide minerals were positively
identified, but elemental distribution of S suggests that bacterial
dissimilatory sulfate reduction is possible at this site (Fig. 5D). The
presence of siderite in conjunction with positive d13C values for some of
the siderite strongly suggests that autotrophic methanogenesis is the more
likely metabolic pathway responsible for siderite formation (Fig. 7).
Bacterial reduction of CO2 to CH4 is associated with a kinetic isotope
effect (KIE) that discriminates against 13C and leads to d13CCH4 values as
negative as 2110% PDB (Whiticar 1999). Bacterial consumption of

methane, both aerobic and anaerobic, in turn has been linked to KIEs
that enrich the residual CH4 in the heavier isotopes (Whiticar 1999).
Ferrous iron is mobilized via DIR, but methanogens then drive
supersaturation with respect to siderite via consumption of bicarbonate
(e.g., Hesse 1990; Zorn et al. 2007):
2HCO3 { zFe2z z4H2 [FeCO3 zCH4 z3H2 O

ð2Þ

Our scale of sampling and measurement likely is too coarse to
definitively deconvolute the spatial interaction between these three
metabolic guilds (i.e., DIRB, DSRB, and autotrophic methanogens;
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FIG. 6.—X-ray diffractograms of heavy-mineral filtrands from coal-tar waste contaminated alluvium at CCP site. Common pedogenic carbonates as calcite, dolomite,
and kutnahorite are not present. Siderite peaks are nearly coincident with spectra in Part A, but incongruence of 2-theta peaks with siderite in Part B is likely due to poor
crystallinity of recently formed siderite aggregates.

Konhauser 1997). Bekins et al. (1999) found that methanogens at a
petroleum-contaminated aquifer were heterogeneously distributed in
narrow bands corresponding to low K (hydraulic conductivity) lenses,
rather than in a traditional stratigraphic column associated with
microbial succession due to carbon loading or oxygen diffusion from
the surface (Nealson and Stahl 1997). It is likely that at the study site,
heterogeneous distribution of PAH drives microbial succession and that
the siderite formed in linked zones in which DIRB interact with
autotrophic methanogens in the absence of DSR. While some DSR
activity is likely, we suggest that it is spatially separate from those zones
of siderite formation.
The discovery of two coeval siderite morphologies, namely sphaerosiderite and ‘‘coccoid siderite,’’ is especially intriguing (Fig. 4). Most
siderite reported in paleosols is the classic ‘‘sphaerosiderite’’ (Fig. 4C, D)
which occurs as coarser-size (up to several hundred mm in diameter),
perfectly spheroidal twinned crystal spherulites with well-defined optical

properties suggestive of slower crystallization kinetics (Stoops 1983;
Ludvigson et al. 1998; Choi 2005; Driese and Ober 2005; Ufnar et al.
2005). The coccoid morphology described here (Fig. 4A, B), consisting of
grape-like ‘‘clusters’’ of crystals 5–20 mm in diameter, resembles the
siderite reported from Loboi Swamp in Kenya by Driese et al. (2004), in
which the crystals were of the same size and had formed in a wetland that
was radiocarbon dated as less than 700 years old. However, the siderite
crystals from Loboi swamp had a flattened morphology that was similar
in shape to blood corpuscles, unlike the coccoid morphology reported
here from the CCP site. The association of siderite precipitation with
microbial processes has long been suspected (Coleman 1985; Curtis and
Coleman 1986; Ludvigson et al. 1998), and experimentally formed
microbial siderite is similar in crystal structure to those found in natural
settings, further supporting its microbial origin (Mortimer et al. 1997).
Therefore, the precipitation of siderite in coccoid morphologies resembling bacterial colonies should be expected, though we cannot prove a

TABLE 1.— Oxygen isotope data from pedogenic siderites at the Chattanooga Coke Plant (CCP) site, southeastern Tennessee, USA.

Core #

Depth Interval (cm)

No. of
Analyses

Mean d18O
VPDB (%)

d18O
std. dev. (%)

Aggregate d18O
VPDB (%)

Aggregate
std. dev. (%)

CCP- 1
CCP-2
CCP- 2
CCP-4
CCP-4

128–134
92–96
144–154
138–144
200–206

9
9
9
8
6

25.378
24.514
24.125
25.732
24.316

0.141
0.142
0.223
0.078
0.257

24.827

0.657

JSR

HISTORICAL PEDOGENIC SIDERITE

951

FIG. 8.—A comparison between calculated d18O values from siderites at the
CCP site using the siderite–water fractionation equation of Carothers et al. (1988),
and estimated water d18O values at the CCP site from the OIPC (Bowen 2009).

Stable-Isotope Geochemistry
13

18

FIG. 7.—Plot of d C and d O values of siderites from CCP site. The data are
arrayed along a meteoric sphaerosiderite line (MSL; sensu Ludvigson et al. 1998)
vertical linear diagenetic trend with d18O 5 24.8 6 0.66% VPDB. All soil
samples were taken within 206 cm of the land surface, and the wide range of
pedogenic siderite d13C values, spanning over 25%, suggests that a complex and
varied microbial population controlled soil groundwater DIC d13C values.

bacterial origin for these CCP site siderites without further data such as
microbial assays.
Bulk Inorganic Geochemistry
Interpretations of bulk inorganic geochemistry of soil at the CCP site
must also consider specifically the effects of introduction of by-products
of coal coking, which would have modified the original soil chemistry,
especially in the upper 2 m in which there is anthropogenic fill. Ulanovskii
and Likhenko (2009) reported direct transfer of SiO2, Al2O3, Fe2O3, CaO,
K2O, MnO, and S from coal to ash during coking of Russian coals, and
decreases in Na2O and MgO, with some formation of CaS and CaSO4.
The total Fe2O3 at the CCP site is about two to three times the amount of
Fe2O3 at the clean site (Driese et al. 2008) and could be related to influx of
Fe in industrial contaminants, especially ash associated with coal coking.
Higher Fe2O3 at depth (below the anthropogenic fill) is suggestive of
significant biogeochemical cycling of iron within the CCP site, possibly
related to the oxidation of carbon, as was discussed previously (Fig. 5A).
Baseline CaO values at the clean site (Driese et al. 2008) are similar to
those measured in CCP-4 (Fig. 5B), with increases in CaO at depth
corresponding to relict pedogenic calcite. The wt% MnO is much higher
in the siderite zone in the CCP-4 core than at the clean site, but otherwise
MnO is comparable at both sites (Fig. 5C). The concentrations of S
measured in soil core CCP-4 are 10 to 100 times greater than the
concentrations measured in the soil at the clean site (Driese et al. 2008),
and the source of excessive sulfur is inferred to be industrial contaminants
(coked coal containing pyrite) at the CCP site (Fig. 5D).

These CCP site siderites are interpreted as low-temperature freshwater
siderites, with carbon and oxygen isotope values collectively arrayed
along a meteoric sphaerosiderite line trend (Ludvigson et al. 1998), with
an average d18O value of 24.8 6 0.66% VPDB). The wide range of d13C
values, spanning from about 218% to +7% VPDB, suggests more than
one type of microbial influence on the carbon isotope compositions of
DIC in the shallow soil groundwater system (Fig. 7). In particular, the
positive siderite d13C values are strongly suggestive of methanogenic
microbial activity (Ludvigson et al. 1998).
Field studies at the CCP site to constrain seasonal groundwater
temperatures, d18O values, d13CDIC values, and other aqueous geochemical parameters are underway, but their collection, analysis, and
evaluation will take more time to complete. In the meantime, we can
make initial estimates of some of these parameters to comment on
possible implications for low-temperature siderite-water 18O fractionations. For this analysis, we specify the mean annual soil temperature
from the local mean annual temperature for Chattanooga at 15.8uC, and
a range of possible surface elevations for groundwater recharge to the
Chattanooga Creek alluvial system from 204 meters above sea level at the
CCP site, up to 354 meters above sea level along the drainage divide on
Missionary Ridge bounding the drainage basin. Finally, because of the
close proximity to Lookout Mountain at the edge of the Cumberland
Plateau (634 meters above sea level), and present uncertainty about the
extent of deeper groundwater flow systems versus very local flow systems
contributing groundwater recharge to the alluvium, we can use the range
of elevations from 204 to 634 meters above sea level to estimate local
mean annual precipitation d18O values, and thus groundwater recharge,
using the Online Isotopes in Precipitation Calculator (OIPC) (Bowen
2009). At the local range of elevations at a latitude of 35.06uN, and
longitude of 85.055uW, the OIPC estimates mean annual precipitation
d18O values ranging between 27.2 to 25.1% V-SMOW.
The temperature and groundwater d18O values estimated above are
shown in Figure 8, along with water d18O isotopic equilibrium values
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calculated from Carothers et al. (1988) for siderites at the CCP site with
d18O values ranging between 25.4 to 24.1% VPDB. There is no overlap
between the calculated and estimated d18O water values. The calculated
water d18O values from the CCP siderites are from one up to five per mil
lighter than the water values we estimate from the OIPC. If these
estimated environmental parameters are confirmed by later field studies,
they would suggest that the 18O fractionation equation of Carothers et al.
(1988) actually underestimates groundwater d18O values at low sedimentary temperatures. The experiments of Carothers et al. (1988) were carried
out by abiotic laboratory synthesis of siderite under a range of
hydrothermal temperatures, with a lower temperature limit of 33uC. To
date, all applications of the sphaerosiderite paleoclimate proxy have been
based on extrapolations of the Carothers et al. (1988) fractionation
relationship to sedimentary temperatures below the original experimental
conditions. This has always been a source of uncertainty in application of
the sphaerosiderite paleoclimate proxy, and if our field studies confirm
the estimates shown in Figure 8, other published siderite–water 18O
fractionation equations that yield higher calculated water d18O values at
low sedimentary temperatures (Zhang et al. 2001; Halas and Chlebowski
2004) will need to be evaluated to determine the most appropriate 18O
fractionation relationship for sedimentary siderite. Until our field studies
have been completed, it is too early to make a definitive interpretation of
equilibrium 18O fractionations.
Relationship of Siderite to Contaminant Migration
We have no d13C measurements of the organic contaminants because
the core samples were dried and lost all volatile organic contaminants
prior to sampling; measurement of d13C values of remaining organic
constituents would therefore probably not reflect the isotopic composition of the organic contaminants present during siderite precipitation.
However, previously published organic geochemistry does provide some
insights. Vulava et al. (2007) reported that coal tar-derived PAHs were
abundant in clayey soils and sediments at the CCP site; all 16 PAHs on
the US EPA priority pollutants list (EPA 2008) are present in all the soil
cores at this site and have penetrated the entire 4–5 m thickness of alluvial
materials. The highest measured total PAH concentrations (53, 2690, and
16 mg/kg of soil) were present at 45 cm, 95 cm, and 160 cm soil depths for
CCP-2, CCP-4, and CCP-5, respectively. Vulava et al. (2007) also noted
that concentrations of 2–3 benzene ring PAHs were usually higher than
those of 4–6 benzene ring PAHs. In two of the holes CCP-4 and CCP-5,
the proportion of 2–3 ring PAHs increased slightly with depth, whereas in
CCP-2 the proportion decreased. Typically, the 2–3 ring PAHs are more
susceptible to chemical and biological breakdown than 4–6 ring
compounds, but ratios of the two types of compounds can also be
influenced by variations in waste inputs, differences in sorption to soil
solids, and differences in diffusion into the fine pore structure. Vulava et
al. (2007) concluded that at the CCP site all of these mechanisms could be
occurring and hence the ratios were not indicative of the presence or
absence of biodegradation.
The most important observation is that the pedogenic siderite is
restricted to the upper 2 m of the soil cores, which is also where the
highest concentrations of PAHs were measured by Vulava et al. (2007).
The occurrence of the largest-diameter pedogenic siderite crystals, as well
the only occurrence of the sphaerosiderite morphology (Fig. 4C, D), was
restricted to soil core CCP-4, which suggests that siderite nucleation and
precipitation may be related to the overall higher concentrations of PAHs
in this soil core. The coccoid morphology of pedogenic siderite (Fig. 4A,
B), in contrast, was generally restricted to closer to the surface in the soil
cores and was more abundant in soil cores CCP-1 and CCP-2, which had
somewhat lower concentrations of PAHs. The more common occurrence
of pedogenic siderite associated with root- and desiccation-related soil
macropores suggests that some pedogenic siderite was precipitated in

association with advective transport of dissolved PAHs in the macropores, whereas the presence of siderite (especially sphaerosiderite) within
fine soil matrices also indicates that dissolved-phase PAHs diffusing
outward from the macropores and penetrating the soil matrices also
influenced siderite precipitation.
The complete absence of pedogenic siderite in comparable clayey soils
and sediments at the ‘‘clean site’’ near Ooltewah, Tennessee, where there
is no history of disposal of any types of organic contaminants, is also
compelling evidence that siderite precipitation at the CCP site is related to
the organic loading of PAHs occurring there. Otherwise, in terms of the
geologic and geomorphic setting, soil textures, hydrology, and drainage,
the CCP site and the clean site are essentially identical, except that there is
no layer of anthropogenically remolded soil and fill material at the clean
site (Driese et al. 2008). The presence of pedogenic calcite at both the
CCP site (Fig. 3) and also at the clean site appears unrelated to pedogenic
siderite precipitation and instead, may represent ‘‘relict’’ features related
to prior (mid-Holocene) warm and dry periods favorable to calcite
precipitation, as previously postulated by Driese et al. (2008). The calcite
does not occur at the same depths as the siderite (i.e., is deeper) and is
micromorphologically easily distinguished from the siderite.
Implications of Siderite Precipitation at the CCP Site
The identification of pedogenic siderite in historic anthropogenic fills
on modern alluvium in Chattanooga, Tennessee, and our production of
stable isotopic data with a meteoric sphaerosiderite line (MSL) diagenetic
trend (sensu Ludvigson et al. 1998) from this site means that we have
found a new search image for sites of pedogenic siderite formation
beyond the more traditional field sites identified based on Eh-pH and
soil- drainage characteristics. According to Hatheway (1997), there are
more than 50,000 former manufactured gas plant sites in the United
States, and according to Mueller et al. (1989), extensive contamination of
surface water, soil, and groundwater by coal tar is common at these sites.
One of the major advantages of working in these contaminated
anthropogenic fills is that the problem of temporal correlation of siderite
isotope data to modern environmental parameters is easily overcome.
CONCLUSIONS

1.

2.

3.
4.
5.

Coal tar and creosote, and associated dissolved-phase contaminants
such as polycyclic aromatic hydrocarbons (PAHs), occur in highest
concentrations within the upper 2 m of the soil cores samples at the
Chattanooga Coke Plant (CCP) site, based on both our micromorphological assessments using UV fluorescence of thin sections as
well as previous gas chromatography conducted by Vulava et al.
(2007). Whereas creosote and coal tar are confined to the shallowest
depths (, 1–2 m), PAHs have penetrated the entire 4–5 m thickness
of clayey soils and sediments.
Pedogenic siderite (FeCO3) that is historical (, 100 years old)
occurs in both anthropogenically remolded soil and native soil
materials, as two distinct morphologies restricted to the upper 2 m
in the CCP site soil cores: (a) sphaerosiderite crystals ranging from
10 to 200 mm in diameter, and (b) coccoid siderite comprising grapelike ‘‘clusters’’ of crystals 5 to 20 mm in diameter.
Siderite precipitation at the CCP site may be microbially mediated
and provides a possible indicator of active biodegradation of PAHs.
XRD data indicate that the pedogenic siderite varies from
crystalline to poorly crystalline.
Stable-isotope data indicate that the siderite precipitated in the
presence of a wide variety of sources of DIC influenced by
microbial processes (d13C values from +7 to 218% VPDB),
consistent with both autotrophic methanogenesis and dissimilatory
iron reduction, but in water with broadly similar isotopic
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composition defining a meteoric sphaerosiderite line (MSL) of
d18O 5 24.8 6 0.66% VPDB.
Calculated isotope equilibrium water d18O values from pedogenic
siderites at the CCP site are from 1 to 5 per mil lighter than the
water d18O values that we estimate for the site. This might suggest
that the siderite–water 18O fractionation equation of Carothers et
al. (1988) is less suitable for application to low sedimentary
temperatures than some other published studies, but further work is
needed to answer this important question.
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APPENDIX 1

Bulk chemistry of soil material from Chattanooga Coke Plant (CCP) site, core CCP-4, TN (*denotes standards).
Sample-depth (cm) Sum (%) Al2O3 (%) Ba (ppm) CaO (%) Cu (ppm) Fe2O3 (%) K2O (%) MgO (%) Na2O (%) P2O5 (%) Rb (ppm)

Sample-depth (cm)
CCP4-128
CCP4-165
CCP4-185
CCP4-253
CCP4-274
CCP 4-292
CCP4-331
CCP4-349
CCP4-375
CCP 4-393
CCP 4-416
CCP4-437
*NBS2704
*GSD-9

CCP4-128
CCP4-165
CCP4-185
CCP4-253
CCP4-274
CCP4-292
CCP4-331
CCP4-349
CCP4-375
CCP4-393
CCP4-416
CCP4-437
*NBS2704
*GSD-9
S (ppm)
2990
9043
2570
2008
1257
1340
912
5809
1016
3388
359
287
2988
137

96.97
92.99
94.95
92.90
93.83
95.51
92.64
91.19
89.29
85.97
91.49
88.32
90.93
93.75
SiO2 (%)
79.14
67.36
70.78
67.72
70.17
74.70
65.49
60.41
55.06
50.67
65.37
48.57
62.69
65.81

9.57
12.74
10.20
14.11
12.02
10.32
13.86
15.33
18.53
21.26
15.10
23.80
12.05
10.76
Sr (ppm)
50
53
43
56
54
48
54
55
56
55
44
64
131
165

315
0.59
25
3.82
0.74
0.44
0.20
250
0.69
30
6.99
1.25
0.63
0.21
199
0.54
27
10.23
1.15
0.55
0.17
261
0.45
30
6.54
1.32
0.68
0.19
272
0.44
26
7.56
1.15
0.59
0.17
186
0.44
29
6.82
0.99
0.52
0.17
252
0.44
27
8.66
1.58
0.74
0.21
254
1.06
33
9.45
1.87
0.88
0.22
330
0.60
31
9.96
2.27
1.12
0.26
356
0.74
31
7.73
2.44
1.23
0.25
284
0.74
27
5.73
2.12
1.12
0.25
437
1.14
33
8.65
3.04
1.58
0.27
404
3.54
114
5.87
2.47
2.03
0.77
409
4.91
47
4.99
2.00
2.48
1.50
TiO2 (%) Zr (ppm) Zn (ppm) MnO (%) Y (ppm) Co (ppm) Cr (ppm)
1.38
570
61
0.521
38
20
132
1.16
392
86
0.772
29
41
122
0.66
204
88
0.099
19
25
101
1.33
441
91
0.050
30
21
132
1.28
432
71
0.041
28
17
130
1.15
399
73
0.032
25
27
118
1.25
423
54
0.027
29
21
127
1.08
326
61
0.042
26
27
110
1.01
301
61
0.095
27
30
110
0.89
235
100
0.137
34
77
101
0.56
180
62
0.174
24
45
91
0.76
168
106
0.125
43
24
101
0.75
286
439
0.073
27
15
90
0.91
374
72
0.077
27
11
91

0.137
0.166
0.229
0.184
0.175
0.152
0.176
0.164
0.167
0.152
0.200
0.228
0.224
0.159
V (ppm)
45
61
72
48
59
52
61
76
84
86
62
104
74
75

72
102
84
109
97
85
111
119
133
135
109
173
99
81
Hf (ppm)
15
10
6
11
11
10
10
7
7
6
7
6
6
8

