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CRYSTAL-CHEMICAL CHANGES IN AN OXIDATIVE WEATHERING FRONT
IN A GEORGIA KAOLIN DEPOSIT
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Abstract—The Eocene Huber Formation, exposed in the CFI Hall mine south of Irwinton, in Wilkinson
County, Georgia, displays colored zones that are a consequence of an oxidative weathering front. These
zones vary from very light gray (gray) to pinkish white (pink) to very pale yellow (cream) (Munsell N8,
SYR 8/2 and 2.5Y 8/2, respectively) with increasing degree of oxidation. A representative sample from
each zone was collected and analyzed for its chemical, crystallographic and Raman spectroscopic
properties. The comparison of these genetically related samples allowed for a quantitatively accurate
assessment of anatase’s contribution to the total TiO, content. All samples contain ~1.5 wt.% TiO,.
Progressing from gray to pink to cream, anatase contents range from half to nearly all the TiO,. The a
lattice parameter for anatase is constant in all three kaolins (3.7916 A), suggesting a constant 4.6 mol.%
isomorphous substitution of Fe for Ti.

Phase characterization and mass-balance considerations of the gray, pink and cream kaolins indicate that
ilmenite and pyrite are precursor Ti- and Fe-bearing phases in the gray kaolin that undergo oxidation.
Pseudorutile is a proposed intermediate phase resulting from the anodic corrosion of ilmenite. Hematite,
goethite and anatase are the dominant end-products via dissolution-precipitation from the reactants pyrite
and pseudorutile. The removal of Fe sulfides and organic matter and addition of hematite and goethite
causes kaolin colors to change from gray to pink. Oxygen diffusing from groundwater in permeable
overlying and underlying formations facilitates a process that probably involves aerobic and anaerobic
bacteria that utilize Fe from pyrite, hematite and goethite. We postulate that the end result is the
mobilization of Fe by siderophores and a kaolin color change from pink to cream.
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INTRODUCTION

The chemical and mineralogical properties of kaolin
deposits of Georgia, USA, are influenced by numerous
pre-depositional and post-depositional biogeochemical
events. Hurst and Pickering (1989) have proposed that
post-depositional reduction-oxidation (redox) reactions
have a significant impact on the economics of kaolin ore,
particularly those that are selected for beneficiation and
use in paper, polymers and ceramics. Detailed mass
balance studies of redox alteration fronts in kaolin
deposits are useful because they help us better under-
stand post-depositional biogeochemical reaction
mechanisms operating in both time and space. The
purpose of this study is to examine the chemical mass
balance and mineralogical changes across a redox front
within a kaolin deposit. Mineralogical characterization
associated with chemical change is essential to under-
standing the pathways and reaction mechanisms
involved during redox processes.

BACKGROUND

The Georgia—South Carolina kaolin belt contains
large reserves of sedimentary-hosted kaolin deposits that
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are often subdivided by texture into “hard” and “soft”
types (Hurst and Pickering, 1989). Hard kaolins break
with difficulty to show rough, hackly fracture textures
and typically have >70% by weight, crystals with sizes
of <2 pm (Pruett, 2000). Soft kaolins break easily to
show smooth, conchoidal fracture textures and typically
have coarser crystals with <70% of the sizes <2 um.
Further subdivision of kaolins is on the basis of color,
which is informally referred to as either gray, pink, red
or cream. The cause of coloration is related to the minor
amounts of various phases. Gray kaolins are colored by
FeS, (pyrite and marcasite), ferrous silicates and
kerogen (White et al., 1991). Red kaolins are predomi-
nantly colored by hematite and cream kaolins are
colored by goethite and anatase.

Schroeder and Shiflet (2000) provided the first
quantitative measurement of Ti-bearing phases in a
pale yellow (i.e. cream) east Georgia kaolin deposit.
Based on quantitative X-ray diffraction (XRD) and
chemical techniques, they were able to separate anatase
from the total TiO, content and show that the pale
yellow coloration could be ascribed to Fe-substituted
anatase. Samples from their study were entirely cream
and therefore they could only speculate on the nature of
the precursors. Examination of their Figures 2 and 3
reveals that the greatest proportion of anatase and non-
anatase TiO, occurs in the center of the deposits. They
ascribed the changes in total TiO,, in part to the
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depositional mechanism of hydraulic sorting of heavy
minerals associated with a transgressive depositional
sequence. They also propose that post-depositional
recrystallization and mass loss of alkali phases could
result in a relative increase in anatase concentrations.
The relative increase in non-anatase TiO, towards the
center of the deposit suggests that reaction fronts
propagate from all sides of a kaolin deposit (i.e. from
the ‘outside in”).

Published studies of actual color (i.e. redox) inter-
faces in kaolins are limited. Hurst and Pickering (1989)
noted that Georgia kaolins are generally gray when
covered by >15 m of overburden, and partly to entirely
oxidized to cream when covered by <8 m of overburden.
White et al. (1991) observed that both hard and soft gray
kaolins adjacent to redox interfaces contained marcasite
and a higher total S content. They suggest that marcasite
forms from the diffusion of sulfate derived from adjacent
oxidized zones and subsequent sulfate reduction in the
gray zone.

MATERIALS AND METHODS
Geologic setting

The Lower to Middle Eocene Huber Formation
occurs as a hard kaolin in the CFI Hall mine operated
by IMERYS south of Irwinton, in Wilkinson County,
Georgia. The formation displays colored zones that are
evidence for an oxidative weathering front. These zones
change from very light gray to pinkish white to very pale
yellow (Munsell N8, 5YR 8/2 and 2.5Y 8/2, respec-
tively) with increasing degree of oxidation. These zones
are referred to herein as gray, pink and cream kaolins,
respectively.

The mine exposure generally displays an upward
changing coloration, beginning at the base with ~3 m of
gray kaolin, changing to ~2 m of pink kaolin, capped by
~3 m of cream kaolin. The 7 to 15 m of smectite-rich
marine sands and shale of the Barnwell Group overlying
the kaolin, exhibit evidence of oxidation by their overall
yellow to brown color (Figure 1a). The pink kaolin is
consistently between the gray and cream kaolin. The
contact between oxidized (pink) and reduced (gray) zone
is irregular, however it is laterally persistent through the
mine exposure and does not coincide with lithologic
boundaries. In some cases, isolated patches of gray
kaolin exist with halos of pink and cream kaolin
(Figure 1b). A representative sample was selected from
each of the three zones as shown in Figure 1b. All
samples were collected in a radial trend going from gray
to pink to cream.

X-ray diffraction, chemical analysis and spectroscopy

The X-ray diffraction (XRD) analyses were con-
ducted using a Scintag XDS-2000 diffractometer, solid-
state detector, and Cu radiation source. Back-filled
pressed sample mounts were made to minimize trans-
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parency and sample displacement effects, as discussed
by Hurst et al. (1997). Quantitative analysis for anatase
content was performed using the internal standard
method (ZnO) and is thoroughly discussed in
Schroeder and Shiflet (2000). The methodology for
indexing and unit-cell refinements of the anatase is also
described in Schroeder and Shiflet (2000). In brief,
samples were digested to remove kaolinite with 5 N
NaOH using the method of Kampf and Schwertmann
(1982) as modified by Singh and Gilkes (1991). Halite
was added as an internal standard to the digestion
residuum to determine the anatase lattice parameters and
mean coherent scattering length according to the
Scherrer equation (Klug and Alexander, 1974). The
XRD pattern simulation was accomplished using the
computer program CrystalDiffract (Palmer, 2003).
Total C was determined using a Micro-Dumas
analysis based on transformation of organic matter to
gas phase by extremely rapid and complete flash
combustion of the sample (Schroeder and Ingall,
1994). Quantification of Si, Al, Fe, Al, Ca, Mg, K and
Na was accomplished by analyzing fused discs with a

Figure 1. (a) Photograph of the Oconee Group, Lower to Middle
Eocene Huber Formation, freshly exposed in CFI Hall mine.
Dashed lines separate gray, pink and cream coloration zones.
The porous, unconformable overlying Barnwell Group,
Clinchfield Sand is seen as the dark-colored stratum. Vertical
striations are from the mining equipment. (b) A close-up view
from within the CFI Hall mine reveals that oxidation fronts
migrate from above, below and laterally. The sequence of gray
— pink — cream is most common.
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Philips PW1480 X-ray fluorescence spectrometer (XRF)
equipped with a Sc/Mo dual anode source. Phosphorus
was determined colorimetrically from samples wet-
ashed using HF and HCIO,. Extractable Fe was
determined by two different techniques. The first
method employed citrate-dithionate-bicarbonate (CDB)
as described by Schroeder and Ingall (1994). The second
method used 5.8 N HCI as described by Schroeder and
Pruett (1996). Subsequent to Fe extraction, Fe analysis
was determined by atomic absorption.

Transmission electron microscopy (TEM) was carried
out at the University of Georgia Center for Advanced
Ultrastructural Research. Samples were prepared by
applying dilute slurries to Formvar coated copper grids
(Shiflet, 1999).

Quantitative Raman spectroscopy was conducted
using a Nicolet FT-Raman 950 spectrometer. This
spectrometer employs a near-infrared 5 watt multi-
mode Nd-YAG diode laser operating at 1064 nm with
continuous, variable attenuation, capable of delivering
power to the sample in the range 0.02-1.2 watts.
Detection is by a Michaelson interferometer and an
InGaAs detector. Details for the quantitative methods
are discussed in Schroeder et al. (2003).

RESULTS
Chemistry

Chemical data for the cream, pink and gray clays
from the CFI Hall Mine are presented in Table 1.
Replicate analyses reveal precision errors that range
from +£0.3 wt.% for the reported values above 10 wt.%,
to £0.05 wt.% for reported values above 1 wt.%, and
+0.02 wt.% for the reported values below 1 wt.%. SiO,
and Al,O5 values are 1 to 2 wt.% lower than the ideal
stoichiometric kaolinite (46.5 wt.% and 39.5 wt.%,
respectively). The departures from ideal stoichiometric
kaolinite are due to the presence of accessory phases.

Table 1. Chemical data for Hall mine series
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The gray clay contains the largest amount of
accessory phases. Relative to the cream and pink clay,
the gray clay has about twice the C content, two orders
of magnitude more S, slightly more total Fe and slightly
more K. Within analytical uncertainty, Ti, Mg and Na
contents are the same. The Ca is about four times greater
in the cream clay. Both XRD and Raman indicate that
rutile is a trace component (e.g. Raman band at
448 cm™") and XRD indicates that ilmenite is a trace
component. The loss-on-ignition value is largest for the
gray clay.

The XRD analysis of the bulk samples (data not
shown) confirms that the Si, Al and water (LOI) contents
are largely attributed to the kaolinite content. The gray
clay exhibits a slightly higher Hinckley index (Hinckley,
1963) than the pink and cream clays (Table 1), thus
indicating slightly higher populations of larger coherent
scattering domains in the gray clay. Overall, the CFI
Hall mine series can be characterized as hard clays
containing kaolinite with a high degree of crystalline
defects relative to other Georgia kaolins.

The higher S content of the gray clay is attributable to
the presence of pyrite, marcasite and, to a lesser extent,
organic matter (White et al, 1991). Typical marine
organic matter has a C/S ratio of ~3 (Berner and
Raiswell, 1984), which suggests that the S content
coming from organic matter is only ~0.03 wt.%. The
~1 wt.% higher LOI value of the gray clay matches well
with approximate ~1 wt.% S content of the same gray
clay. If all S in the gray clay occurs in FeS,, then, upon
heating, the S would be oxidized to SO,. The presence of
Fe sulfides is further supported by the response of each
clay to the HCl and CDB extractions. Very little Fe is
released from the gray clay by HCl acid reduction, while
CDB treatment releases the greatest amount of Fe from
the gray clay. The presence of reduced S species, found
in CDB solutions, has been shown to release Fe
selectively from fine-grained pyrite (Canfield et al.,

. All values are reported as wt.% unless noted.

Sample SlOz A1203 T102 F6203 MgO CaO Na20 K20 P205 LOI*
Cream 44.7 389 1.45 0.55 0.041 0.132 0.039 0.096 0.031 13.7
Pink 44.6 38.5 1.50 1.20 0.043 0.039 0.037 0.102 0.048 13.9
Gray 43.7 37.9 1.42 1.41 0.035 0.040 0.040 0.116 0.048 14.8
Fe,053 Fe,O3 XRD Raman Anatase  Hinckley Crude
Total C  Total S HC1 CDB Anatase®  Anatase** Fe, 05" index  brightness
Extract  Extract
Cream 0.031 0.003 0.18 0.04 1.39(.13) 1.32 0.03 0.38 71
Pink 0.044 0.009 0.71 0.05 1.02(.09)  0.86 0.02 0.33 68
Gray 0.101 1.309 0.03 0.11 0.87(.03)  0.59 0.01 0.46 62

* Loss on ignition. Y Wt.% based on XRD and standard add

ition method. Parenthetic numbers are 1o standard deviation of

replicate analyses. ** Wt.% determined by Raman spectroscopy and standard addition method. # Based on average mole
fraction of Fe isomorphously substituted in anatase using XRD measurements (a = 0.3791 A), the curve of Schwertmann et al.
(1995), and wt.% anatase as determined by Raman spectroscopy (Schroeder et al., 2003).
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Figure 2. XRD pattern (CuKa stripped) of gray (lower) and pink (upper) clay residue after NaOH digestion. Strong-intensity
reflections have been identified and labeled with the following symbols: (a) anatase, (c) crandallite, (g) goethite, (h) hematite,
(i) ilmenite, (m) 2M illite, (p) pseudorutile and (s) halite as an internal standard. Unlabeled peaks are subsidiary reflections of the
phases above. Intensities are plotted on a square root of counts per second (CPS) to visually enhance smaller peaks (figure modified

from Schroeder et al., 2003).

1992). Reduced S can also release Fe from Fe sulfates
that have formed as oxidative products subsequent to
sample collection. Evidence for the incipient oxidation
of pyrite is supported by the observation in this study
that after several days of exposure to air, pyrite in gray
kaolin becomes undetectable by XRD.

The higher Fe release response to acid treatment by
the pink and cream kaolin shows that more Fe oxide and
Fe oxyhydroxides are present than in the gray kaolin
(Table 1). The pink kaolin releases the largest amount of
acid-soluble Fe. Analysis by XRD after kaolinite
digestion reveals the presence of goethite and hematite
(Figure 2). One additional contribution to the total Fe
content is the isomorphous substitution of Fe for Ti in
anatase and other Ti-bearing phases (Table 1). Lattice-
parameter measurements of the anatase indicate that
~4.6 mol.% Fe resides in the normal Ti site (Schroeder
and Shiflet, 2000; Schwertmann et al., 1995). The
residual Fe content is attributed to Fe isomorphously
substituted into the kaolinite structure.

The P detected is most likely associated with trace
amounts of crandallite, CaAl;(PO4),(OH)s-(H,0)
(detected as a small peak at 30°20 in Figure 2).
Crandallite group minerals are found as trace constitu-
ents in marine sedimentary rocks and weathering
profiles associated with the acidic leaching/hydrolysis
of silicate and carbonate rocks under both oxidizing and
reducing conditions (Weibel, 1998; Mordberg, 1999). In
the case of marine sediments, phosphates precipitate
within sulfate reducing and methanogenic zones of early
diagenesis, whereby phosphate is liberated from Fe/Mn
oxyhydroxides during organic matter degradation
(Rasmussen et al., 1998). Calcium-bearing minerals in
igneous rocks (e.g. plagioclase and apatite in pegmatites;
Baldwin et al., 2000) or calcite in carbonate rocks serve
as parent sources for the formation of Ca phosphates.

DISCUSSION

Titanium mass-balance

Quantitative measurement of anatase combined with
measurement of total TiO, allows an improved under-
standing of the non-anatase Ti-bearing components in
Georgia kaolin deposits and the fate of coexisting
Fe-bearing phases involved with redox reactions.
Figure 3 shows the wt.% of TiO, and Fe,O5 and C in
the gray, pink and cream kaolins. The increasing
proportion of anatase relative to the non-anatase-TiO,
with increasing extent of weathering provides strong
evidence that the anatase is derived from oxidation of
Fe-Ti-bearing precursors. The precursors in the gray
kaolin are rutile and ilmenite, as shown by XRD and
Raman spectroscopy.

The alteration of ilmenite to form leucoxene in strand
line deposits of the southeastern US is well described by
Force (1991). Leucoxene, however, is a descriptive term
that does not identify the exact phases. Portrayal of
specific mineral transformation pathways requires

%C
% Fe,0; HCI

[] %Fe,0, CDB
% Fe, 0y anatase

% Fe,0; residual

| % Non-anatasc TiO,

Wt. %

W % Anawse

Pink Cream

Gray

Figure 3. Quantitative summary of Fe, Ti and C in Hall series
samples. All values are plotted as wt.%. Values were determined
by XRF, Raman, extraction and combustion techniques.
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precise knowledge of intermediate phases. Gray and
Reid (1975) highlighted the confusion that often results
from applying the XRD method to the study of
transformation pathways and intermediate alteration
phases. The scattering domains of intermediate phases
are often extremely small and this results in weak
coherent scatter. This is exacerbated by the fact that
many of the potential alteration phases have coincident
lines. During the oxidative weathering of ilmenite in
Australia and Indonesia, Grey and Reid (1975) and
Larrett and Spencer (1971) describe a ferrous to ferric
transformation pathway that involves progressive
removal of ferrous Fe by leaching with rutile occurring
as the residual phase after complete oxidation.

Grey and Reid (1975) describe pseudorutile as an
intermediate product with a structure containing local
metal ordering resulting from the oxidation of ilmenite.
The crystal-chemical structural properties of pseudor-
utile are developed by the successive growth of cation
vacancies that propagate along the [110] direction of
ilmenite. This process starts toptactically, with the
diffusion of Fe** through the structure. No oxygen is
lost from the mineral structure during this phase. Ferric
Fe and electrons released by this anodic corrosion
process may be facilitated by siderophores which use
the electrons in hydroxyl-producing cathodic reactions
(Santelli et al., 2001). Ferric Fe and hydroxyl groups
bond and occur as incipient goethite (nano?) crystals.
Under oxic to dysoxic conditions, the ferrous ions are
removed from ilmenite and only ferric ions exist in the
pseudorutile structure. Continued removal of Fe must
occur by the removal of structural oxygen. This can only
occur through a dissolution process that is possibly
further facilitated by siderophores (Cornell and
Schwertmann, 1996). The precipitates from this process
are anatase and hematite.

This proposed pathway for ilmenite transformation in
Georgia kaolin is supported by a detailed examination of
the XRD pattern background of the kaolinite-extracted
gray kaolin. Figure 4 contains the diffraction pattern of
the gray kaolin concentrate. The background is generally
thought to be a consequence of Compton scattering
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effects and diffuse scattering due to disorder (Hurst et
al., 1997). Close inspection of the background in
Figure 4 reveals a series of broad regions with elevated
scattering effects. The solid line below is a calculated
pattern derived from a forward modeling approach (i.e.
trial and error until a visually optimized solution is
found). The calculated pattern is composed of a 98:2
mixture of anatase and pseudorutile. The patterns were
calculated using extremely small coherent scatting
lengths of 3.5 nm for both phases (Palmer, 2003). A
linear background was added to include Compton
scattering. The agreement between the synthetic pattern
and the sample background is close enough to support
the notion that both phases are present. The coexistence
of ilmenite, pseudorutile, rutile and anatase seen in XRD
and Raman suggests a transformation pathway similar
the one proposed by Grey and Reid (1975).

In gray kaolins of Georgia, in situ oxidation of
ferrous ions in ilmenite produces electrons that move
through the mineral structure to the surface, whereby the
complementing half-cell reaction of oxygen reduction
(in pore waters) produces hydroxyl groups. Shelobolina
(2000) suggested that this process is promoted in kaolins
by aerobic acidophilic bacteria. Barker and Hurst (1992)
have documented the presence of bacterial trace fossils
in Eocene kaolins of the Huber Formation in Georgia.

The migration of ferric ions into pores enriched with
hydroxyls makes favorable the conditions for goethite
formation. Goethite crystals found in proximity to the
Ti-bearing phase support this idea (see e.g. Figure 5 and
Hurst ef al., 1997), which is further supported by the
recent work by Schroeder et al. (2002) who documented
goethite in dissolution pits of ilmenite from soils on the
Georgia Piedmont. The reaction pathway of ilmenite to
this point does not require removal of oxygen from the
intermediate forming product pseudorutile. This reaction
results in a significant volume reduction (6%) that
stresses the structure (Grey and Reid, 1975). In the
presence of siderophore-produced organic acids
(Maurice et al., 2000; Shelobolina, 2000), pseudorutile
then undergoes complete dissolution with anatase and
hematite left as the end-reaction products.

o 45 v
[a W}
L35
B\ A
G 25 :
f s
g »
16 21 26 31 36 41 46 S1 56 61 66

°20

Figure 4. XRD pattern (CuKa radiation) of gray kaolin from the CFI Hall mine series. Solid line below is a calculated XRD pattern
for Comptonscattering by mixture of anatase and pseudorutile assuming a 98:2ratio and each with a mean coherent scattering Iength
of 3.5 nm (35 A). The shaded areas represent scatter from anatase (diagonal) and pseudorutile (stippled).
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Figure 5. TEM image of CFI Hall mine gray kaolin. T = Ti-
bearing phase, G = goethite and K =kaolinite. The firstinsetis an
enlargement of a nano-crystalline region. The second inset
shows lattice fringes with a repeat of ~0.35 nm. Coherent
scattering domains appear to range from 2 to 5 nm.

Biotite is another possible precursor responsible for
the formation of Fe-Ti-bearing phases. Schroeder and
Shiflet (2000) noted a positive correlation between non-
anatase TiO, content and K,O content in their study of
cream-colored east Georgia kaolins. This correlation is
also observed in the CFI Hall mine series (Figure 6). The
gray kaolin contains the most K (Table 1). One possible
explanation for the increase in anatase content with
increasing degree of oxidation is that Ti-bearing biotite
has undergone incongruent dissolution and reprecipi-
tated as kaolinite and anatase. The kaolinitization of
biotite has been well documented in a granitic saprolite
just to the north of the Fall Line (Schroeder et al., 1997).
However, the amount of biotite needed to account for the
increased anatase content is far in excess of what is
observed in typical crystalline rocks of the Piedmont.

This can be graphically understood by looking at
biotite and ideal muscovite stoichiometry for K, Fe and
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Figure 6. Wt.% K>O vs. non-anatase TiO,. Squares are data from
this study. Circles are data for cream kaolins from east Georgia
(Schroeder and Shiflet, 2000). The near-vertical line represents
stoichiometry using a typical Georgia Piedmont biotite compo-
sition (Schroeder et al., 1997). The horizontal line represents
muscovite. The sloping line is a best fit to all the data (r*=0.78).

Ti (10:9:1 respectively for biotite using the data of
Schroeder et al., 1997 and 10:0:0 for ideal muscovite).
The horizontal line plotted on Figure 6 represents a
maximum amount of K assuming all K is in ideal
muscovite. If the additional TiO, found in the pink and
cream kaolins came from incongruent biotite dissolution,
then the change in non-anatase TiO, would be expected
to follow the biotite line. The line assumes that K is
conservatively retained. The idea that K released by the
dissolution of biotite is locally retained is untenable
because K is mobilized and removed by the ground-
water.

Analysis by XRD shows that 2:1 dioctahedral mica
(degraded muscovite or illite) is the dominant mica
found in the residual fraction of the kaolins (Figure 2).
Therefore, differences in total illite content alone could
explain the K variations in Figure 6. The question
remains as to why does non-anatase TiO, co-vary with
K,0?

Table 2. Number of atoms per unit mass of kaolin partitioned into operationally defined phases. Values derived
from wt.% in Table 1 and relevant atomic and formula weights. Units are in pmol/g.

Sample Non- Hematite Iron Iron
Organic Anatase anatase goethite Anatase sulfide sulfide Kaolinite
C Ti 1 *Fe *Fe SFe *Fe **Fe
Cream 2.6 16.5 1.6 23 0.4 0.0 0.0 43
Pink 37 10.8 8.0 89 0.3 0.1 1.6 43
Gray 84 74 104 0.4 0.1 20.5 12.9 43

¥ Determined by the difference between the total number of Ti atoms and anatase Ti atoms. * Determined by
total HCl-extractable Fe. * Based on mole fraction of Fe in anatase from XRD data. ¥ Determined from S
content and assumed FeS, stoichiometery. * Based on difference between total Fe and the sum of all other
components. ** Residual from difference between total Fe and hematite, goethite and anatase Fe in cream clay.
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One can assess the amount of biotite precursor
needed to form non-anatase TiO, using the mass balance
of Ti. Approximately 10 pmoles of non-anatase-Ti per
gram of kaolin are transferred to anatase-Ti, going from
gray to cream kaolin (Table 2). If all 10 umoles are
derived from biotite, then an initial pre-weathering
concentration of ~100 pmoles of biotite per gram of
kaolin is required. The difference in K between the gray
and cream kaolin is 4 umoles, which would imply
96 umoles of K mass loss per gram of kaolin.
100 pmoles of biotite per gram sample is ~4.6 wt.%.
Although this is within the range of biotite concentra-
tions available in unweathered Piedmont crystalline
rocks (Schroeder et al., 2000), this amount of biotite is
not detected in the gray kaolin. Biotite is known to
weather quite rapidly in the Piedmont (Schroeder et al.,
1997), therefore it seems less likely that non-anatase Ti
is coming from biotite. To know the exact source of Ti
(e.g. ilmenite vs. biotite) is still difficult at this point in
time.

One possible test to discriminate is to utilize the
trace-element abundance in anatase. Pruett et al. (1996)
noted that Cr,Os3, ZrO, and Nb,Oj3 concentrations in
anatase from the Georgia kaolin belt range from 0 to
1 wt.%. These trace elements are known to be elevated
in micas from anorogenic pegmatite suites (Cerny and
Burt, 1984). They also behave in a chemically similar
fashion to Ti under earth-surface conditions (Railsback,
2001). Both biotite and rutile are known to incorporate
these elements, though their partitioning is expected to
be different. A study of trace-element ratios in primary
and secondary Ti phases would perhaps lead to new
insights.

Iron mass-balance

Pink kaolins have more hematite than the gray and
cream kaolins. Table 2 shows that for the Hall series, up
to 17 pmoles of Fe per gram of kaolin can come from the
oxidation of pyrite and/or marcasite. This value is the
average of (1) the total S content assuming a pyrite
stoichiometry, and (2) from an assessment of residual Fe
atoms per gram of kaolin after partitioning Fe to
hematite, goethite, anatase and kaolinite. The mass of
Fe from hematite and goethite is based on the total Fe
extracted by HCI. The Fe from anatase comes from
Raman and XRD data. The Fe in the kaolinite structure
was determined from the cream kaolin via the difference
between total Fe and that partitioned into HCI and
anatase. The small differences in order/disorder char-
acteristics amongst the kaolins (Table 1) suggest that Fe
in kaolinite for all three samples is similar. This
assessment amounts to ~4 pmoles of Fe per gram of
kaolin from kaolinite.

Our data imply that during the initial phase of
oxidation (gray to pink), at least half of the Fe atoms are
made soluble and removed. The other half resides in Fe
oxides (Table 2). This is presumably achieved by the
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combined action of Fe-chelating siderophores and
slowly infiltrating groundwaters as proposed by Hurst
and Pickering (1997) and Shelobolina (2000). The
greater solubility of hematite, relative to goethite under
the ambient geochemical conditions further leads to the
dissolution of hematite and subsequent migration
through the groundwater system. This is supported by
the observation that the cream kaolin has three times
fewer pumoles of Fe per gram of kaolin than the pink
kaolin.

Phosphorus mineralization

The occurrence of crandallite in the CFI Hall mine
and in other Tertiary Coastal Plain sediments (Seaman et
al., 1997) has several possible modes of origin. The
presence of framboidal pyrite in the gray clays indicates
that sulfate reduction was occurring at the time of
sediment deposition, with the source of sulfate most
likely marine-influenced waters. Anoxic conditions at
the time of deposition increase the likelihood of an early
diagenetic origin for the phosphate phase. Aluminum-
phosphates, in the form of lazulite (MgAl,(PO,4)>(OH),)
and variscite (AlPO4-2(H,0O)) have been described by
Schroeder (1999) in the meta-pyroclastic sequences to
the north in the Carolina Slate Belt within the Piedmont.
Comparisons of unweathered and weathered lazulite
indicate that variscite (with a crandallite component) is
currently forming in situ (Schroeder, 1999) in the
saprolite. However, the extremely limited aerial extent
of the variscite-bearing rocks in the up-dip Carolina
Slate Belt puts the likelihood of the Piedmont as a source
of crandallite at very small.

This would suggest that crandallite in Georgia
kaolins owes its origins to an initial early diagenetic
phase of phosphate formation and subsequent dissolution
and precipitation to form crandallite. A nearby source of
Ca for crandallite formation in the CFI Hall mine clays
is dissolution of the regionally thin lenses of overlying
carbonate found in the Eocene Clinchfield Sand.
Dissolution of plagioclase grains both within and in
overlying formations and the release of Ca from the
smectite in the Twiggs Clay Formation offer additional
sources of Ca. Crandallite formation in Missouri
refractory clays has been similarly proposed by Hall et
al. (1997).

Genesis of the kaolin deposit

Theories of the origin of Georgia kaolins place
different emphasis on the degree of paleo-Piedmont
weathering that created sediment that formed kaolin
deposits versus the degree of sediment diagenesis and
saprolitization that have modified kaolin deposits
(Dombrowski, 1993; Hurst and Pickering, 1997). A test
for these theories can be envisioned using the results of
this study by assuming that 90% anatase relative to total
titania in the cream clay represents an end-point for the
titania-weathering pathway. The remaining 10% of
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titania are assumed to be in non-labile phases such as
rutile. Based on the anatase to non-anatase titania ratios
in Figure 3, ~50% of the phase transition is associated
with the psuedorutile to anatase weathering front at the
CFI Hall mine. The initial 50% anatase (relative to
titania in the gray clay) could be assumed to represent
the maximum alteration that occurred during paleo-
Piedmont weathering and sediment transport. This is a
maximum estimate because the crystal chemistry of the
non-anatase titania is poorly constrained. It is also noted
that no major difference in kaolinite crystal chemistry is
observed across this weathering front. Our observations
suggest that kaolinite recrystallization and ilmenite
alteration occur at different times. An outcrop with a
kaolinite crystallinity gradient would serve to address
the relative roles of minerals in the complete Fe-Ti-Al-
Si-O-H system.

The lack of evidence for anatase as a byproduct from
biotite alteration across the weathering front is consis-
tent with the idea that kaolinitization of biotite occurred
in the sediment source areas. If the assumption is made
that anatase in Georgia kaolins is predominantly a
weathering product of biotite, the incompatible element
ratios of anatase and biotite should mirror each other.
Few published data are available to support this notion.
It is interesting to note that the Ti/Nb and Ti/Zr ratios in
anatase analyzed from Georgia kaolins and saprolites
(Pruett, 1996) are similar to those reported for crystal-
line basement-derived biotite by Viswanathan (1973).
This assumption of a biotite precursor for titania is based
on the belief that weathered ilmenite will segregate with
other heavy minerals to the sand and silt-sized fractions
during sediment transport, while fine, weathered mica
and associated titania will fractionate with the kaolinite.

The CFI Hall mine oxidation study illustrates the
potential for use of titania phases to describe the genesis
pathways for Georgia kaolin deposits. Further trace-
element studies of biotite, ilmenite and anatase are
needed to validate this approach. This should lead to an
improved understanding of how biotite and ilmenite in
rocks of the Georgia Piedmont alter in terms of phase
transformations, paragenetic sequences, conservation of
trace elements and mineral grain specific trace element
ratios. The relative abundance and chemistry of titania
minerals contained in kaolins should also help further
describe the formation pathways in relatively pure kaolin
deposits.

CONCLUSIONS

The study of an oxidation front propagating through a
Georgia kaolin deposit (seen as going from gray to pink
to cream) indicates the presence of Ti- and Fe-bearing
phases and their reaction products. Transformation
pathways for Ti- and Fe-bearing precursors are con-
strained by stoichiometric mass-balancing of closely
spaced gray, pink and cream kaolins. I[lmenite was most
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likely deposited as the most abundant Ti-bearing detrital
phase. Pyrite and crandallite formed under reducing
early diagenetic conditions. Subsequent to dysoxic
lithification and kaolinite crystallization (Hurst and
Pickering, 1997), uplift and landscape denudation,
kaolin beds were brought into proximity of the surface
and became influenced by the diffusion of oxygen-
bearing groundwaters flowing through permeable over-
lying Barnwell Group.

Oxidation of ilmenite first proceeds via anodic
electrochemical corrosion and results in the formation
of pseudorutile (Grey and Reid, 1975). The Fe®* that
diffuses to structural spaces reacts with hydroxyl groups,
produced by water-oxygen cathodic reactions to form
goethite. A dissolution precipitation mechanism then
operates in response to the volumetric changes and
stresses associated with pseudorutile formation.
Hematite and anatase are products that are manifested
in pink kaolins. Contemporaneous with ilmenite oxida-
tion, pyrite oxidizes to produce goethite and hematite.
Marcasite forms from the incursion of sulfate derived
from adjacent oxidized zones and subsequent bacterial
reduction to sulfide in the gray zone as proposed by
White ef al. (1991). Biotite is kaolinitized with anatase
and goethite additionally forming as secondary phases.

Persistent diffusion of oxygenated groundwater into
the kaolin beds from permeable overlying and under-
lying beds results in mass transfer of Fe out of the kaolin
beds. A possible mechanism for this process involves
aerobic bacteria (e.g. Pseudomonas mendocina), which
acquire Fe from hematite and goethite under Fe-limited
conditions (Hersman et al., 1995; Maurice et al., 2000;
Shelobolina, 2000). The products of these processes are
cream kaolins that have lower total Fe contents.
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