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Weathering of ilmenite from granite and chlorite schist in the Georgia Piedmont

PAUL A. SCHROEDER,* JOHN J. LE GOLVAN, AND MICHAEL F. RODEN

Department of Geology, University of Georgia, Athens, Georgia 30602-2501, U.S.A.

ABSTRACT

Ilmenite grains from weathering profiles developed on granite and ultramafic chlorite schist in
the Georgia Piedmont were studied for evidence of morphological and chemical alteration. [Imenite-
rich concentrates from the fine sand (90-150 pum) component were studied to test the assumption
that there is no difference between ilmenite in the parent rock and that in colluvium delivered to
primary drainage systems.

IImenite grains in the granite profile are rounded to subhedral, and commonly contain hematite
exsolution blebs. Dissolution pits are observed along the boundaries of the exsolution blebs, with
goethite occurring as an alteration product. IImenite grains in the schist profile occur as fractured
anhedral grains with uncommon lamellae of rutile. Grain fractures are filled with goethite and he-
meatite, particularly in the B-horizon. IImenite from the granite profile is Mn rich (7-15 mol%
MnTiO;), whereas ilmenite from the schist profile contains only 1-2 mol% MnTiO; and up to 8
mol% MgTiOs. Two populations of grains develop in both profiles. Grainswith abundant exsolution
blebs and fractures alter through a proposed two-step reaction mechanism. It is proposed that il-
menite first undergoes a solid-state transformation to pseudorutile via an anodic oxidation mecha-
nism. Oxidized Fe and Mn diffuse from the structure and precipitate as goethite and MnO.,.
Pseudorutile is ephemeral and undergoes incongruent dissolution to form anatase, hematite, and
goethite. The second population of grains experienced only slight oxidation and dissolution on grain
surfaces, and they persist through the weathering profile. The Fe?* content of competent ilmenite
grainsis somewhat lower in the C-horizon, compared with grainsin the host rock. In horizons above
the C-horizon, the Fe** contents of the ilmenite are similar to those in the host rock.

This study shows that using ilmenite minor-element chemistry as a tracer for sediment prov-
enanceisavalid technique, however, textural features of ilmenitein colluvium may be distinct from
those in the parent rock. Also, the production of secondary phases, such as anatase, goethite, and

hematite, in soil profiles results in part from the alteration of ilmenite.

INTRODUCTION

The crystal chemistry of ilmenite has been studied in sup-
port of a wide array of geochemical interests. For example,
ilmenites coexisting with magnetite-ulvospinel solid solutions
have provided petrologists with information on the oxygen
fugacity and temperature at which magmas crystallize
(Buddington and Lindsley 1964). limenite is aso a principal
heavy mineral in clastic sedimentary rocks and has been used
to trace the origin of sandstones (Basu and Molinaroli 1989;
Puffer and Cousminer 1982; Schneiderman 1995; Grigsby 1990,
1992; Darby 1984; Darby and Tsang 1987). IImenite and asso-
ciated Ti mineralsin ancient strandlines constitute economic
deposits that are of importance to metal aloy and pigment in-
dustries (Force 1991; Bailey et a. 1956). The alteration of il-
menite in soil environments has received nowhere the same
attention as ilmenite studied in the context of igneous, meta-
morphic, and sedimentary environments (Anand and Gilkes
1984; Cornu et al. 1999; Dimanche and Bartholemé 1976; Frost
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etal. 1983, 1986; Lynd 1960). The purpose of the present study
is to evaluate the chemical and textural properties of ilmenite
in the weathering profiles developed on crystalline bedrock in
atemperate to subtropical climate. Theintent isto provide fur-
ther insights into the role of ilmenite in pedogenesis and to
determine the extent of crystal-chemical modifications that
occur during weathering.

METHODS

Sample sites and processing

Two regolithsfrom ridge crest sites on crystalline basement
in the Georgia Piedmont were selected with the intention of
obtaining wholly residual weathering profiles. The first siteis
situated on the Elberton Granite in the Keystone Quarry, 5 km
south of Elberton, GA (34° 3.97’'N, 82° 50.15"W, 183 m eleva-
tion). The Elberton Graniteis alarge (~500 km?), fine-grained
granite composed of alkali feldspar, plagioclase, quartz, biotite,
and minor amounts of ilmenite, magnetite, sphene, allanite, and
zircon (Stormer et a. 1980). This granite was chosen because
it represents a parent rock of felsic composition with a rela-
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tively homogeneous composition and texture. The parent granite
(PR), acore stone (CS), saprolite (C-horizon), C1-, BC-, Bt;-,
Bt,-, and AB-horizonswere sampled from exposed quarry walls,
where the regolith averages about 11 m in thickness. The A-
horizon was not sampled due to disruption associated with
quarry operations. The soil is classified as a fine, kaolinitic,
thermic Typic Kanhapludult (Hamilton-Wood 2002).

The second site is situated on the Shoulderbone chlorite
schist located 10 km northwest of Sparta, GA (33° 20.49'N,
83° 4.80'W, 133 m elevation). This schist is one of numerous
small ultramafic bodies of uncertain origin that occur within
Piedmont metamorphic rocks of Georgia and the Carolinas
(Misraand Keller 1978). Therock isfoliated in places, which
could cause minor heterogeneity in mineral abundance. The
soil is classified as a fine, mixed, superactive, thermic Typic
Hapludalf (Hamilton-Wood 2002). The regolith averages about
1 mthick, therefore, variations due to parent rock in the profile
are assumed minimal. Bulk densities for all samples were de-
termined using the standard ring-insertion method (Blake and
Hartge 1986) and a Jolly balance.

Approximately 1.5 kg of bulk material was selected for
homogeni zation. Indurated samples were powdered to <20 um
with a percussion mortar. A split of each sample was sent to
XRAL Laboratorieslocated in Don Mills, Ontario, Canadafor
determination of loss-on-ignition (LOI) and elemental analy-
sisby X-ray fluorescence (XRF) methods. The remaining split
was mildly dispersed using a hydrogen peroxide treatment (to
remove labile organic matter) and ultra-sonification with so-
dium metaphosphate (added as a dispersent). All sampleswere
subsequently wet-sieved to isolate the 90-150 um fraction
(herein referred to as fine sand). This size range was selected
because it overlaps the very-fine and fine sand fractions tradi-
tionally used by sedimentologists, Thisfraction should survive
transport in colluvial, fluvial, and aeolian environments and be
preserved in sedimentary rocks.

The highly magnetic fine sand was removed by passing a
bar magnet over the sample. The remaining fraction was passed
through a Frantz | sodynamic Separator configured at 15° front
tilt, 25° sidetilt, and 0.4 amperes current (Flinter 1959a, 1959b).
Elberton samplesrequired additional separation because biotite
occurred asamajor constituent of the magnetic separate. Small
amounts of sample were poured onto the edge of filter paper.
Tilting and shaking the paper resulted in retardation of mica
movement, while the non-micaceous mineralsrolled off. Opti-
cal examination of thetwo separate fractionsrevealed efficient
removal of micas.

Analytical techniques

The magnetic separates were split for X-ray diffraction
(XRD) and microprobe analysis. XRD samples were ground
using a boron-carbide mortar and pestle and then slurried with
ethyl alcohol onto azero-background quartz plate. XRD analy-
siswas performed on a Scintag XDS 2000 diffractometer, us-
ing CoKa radiation. Data were collected over the range of 10
to 80 °20, using a step increment of 0.01 °20, with a count
time of 6 g/step. Corundum (15% by weight) was added as an
internal standard for some of the analyses.

Polished epoxy grain mounts were carbon coated for wave-
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length-dispersive spectroscopy (WDS) electron microprobe
analysis using a JEOL JXA-8600 Superprobe. Beam current
was 15 nA and accelerating voltage was 15 kV. The ¢—p-Z
matrix correction of Bastin et al. (1984) was employed for the
calculation of oxide abundance. Grains were analyzed for Fe,
Ti, Mg, Mn, Ni, Al, Cr, Ca, and Si using natural and synthetic
mineral standards.

RESULTS

Bulk properties of weathering profiles

Oxide analyses and bulk densities for samples from the
Elberton and Shoulderbone regoliths are presented in Tables 1
and 2, respectively. Our analysis (column 1, Table 1) of the
Elberton Graniteis similar to the average analysis reported by
Stormer et al. (1980); they note that the Elberton Granite is
similar to that of average granite (LeMaitre 1976). The Elberton
Granite mineral assemblage consists of quartz, microcline, pla-
gioclase, biotite, hematite, ilmenite, and magnetite, as evidenced
by XRD dataand previouswork by Stormer et a. (1980). Second-
ary phyllosilicates that appear in the A- and B-horizons include
halloysite, kaolinite, and hydroxy-interlayered-vermiculite (HI V).
Oxidesidentified include anatase, hematite, and goethite.

The Shoulderbone schist (column 1, Table 2) isrichin MgO
and Fe,O4(T). The moderate SiO, content combined with the
high MgO and Fe,O4(T) and relatively low CaO suggest that
theoriginal protolith was dominated by orthopyroxene and oli-
vine, and that the rock was arelatively Fe-rich (Mg no. = 74.4)
harzburgite. The Shoulderbone schist mineral assemblage con-
sistsof clinochlore, anthophyllite, actinolite/tremalite, ilmenite,
magnetite, quartz, olivine, and rutile. The abundant
anthophyllite in the rock is consistent with the harzburgite
protolith hypothesis, because anthophyllite forms by reaction
between orthopyroxene and metamorphic fluids (Deer et a.
1992). The high Si values relative to a basaltic rock suggest,

TABLE 1. Weight percent oxide analysis and density values for bulk
material from the Elberton granite weathering profile

Horizon (depth cm)

Oxide bedrock CS* C BC Bt, Bt; AB
(1100) (800) (600) (282) (172) (132) (40)
SiO, 70.60 7140 70.30 7180 71.10 65.90 81.70
Al,O, 1420 13.70 16.20 15.00 15.70 22.20 9.44
CaO 1.69 1.66 0.24 0.28 0.04 0.86 0.13
MgO 0.60 0.64 0.53 0.49 0.46 0.03 0.49
Na,O 3.16 2.85 0.73 0.83 0.32 0.04 0.10
K,O 5.23 4.63 5.73 5.88 5.86 0.82 2.28
Fe,O5 2.55 2.90 2.65 2.43 2.44 1.72 2.01
MnO 0.04 0.04 0.05 0.03 0.03 0.00 0.03
TiO, 0.36 0.40 0.38 0.34 0.34 0.16 0.65
P,Os 0.10 0.10 0.04 0.03 0.04 0.08 0.02
Cr,0; 0.04 0.03 0.03 0.03 0.04 0.03 0.04
LOIT 0.30 0.90 3.35 3.50 3.30 8.30 3.00
Total 98.87  99.25 100.23 100.64 99.67 100.14 99.89
Bulk density 2.70 2.55 2.50 1.50 1.39 1.26 1.52
g/cm?®
% Porosity 0 6 7 44 49 54 44
Strain factort 0.00 -0.05 0.01 0.89 1.06 3.84 -0.02

*Core stone.

T Loss on ignition. Assumed to represent H,O in analysis of mass trans-
fer functions.

F Value of e calculated relative to the parent rock using Equation 2 as-
suming Ti is a conservative component.
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TABLE 2. Weight percent oxide analysis and density values for bulk
material from the Shoulderbone weathering profile

Horizon (depth cm)

Oxide bedrock C, C, BC Bt, Bt, A
(170) (140) (78) (60) (50) (30) (5)
Sio, 49.10 43.90 45.70 43.80 44.00 44.30 45.50
Al,O4 5.74 6.27 6.65 876 7.87 6.34 6.16
CaOo 3.30 3.46 3.27 201 265 334 1.93
MgO 21.60 21.00 20.50 18.20 18.50 21.40 19.60
Na,O 0.39 0.26 0.26 0.16 0.20 0.25 0.14
K,O 0.06 0.07 0.05 0.08 0.09 0.07 0.12
Fe,05 14.70 17.30 16.60 18.60 19.30 16.90 16.60
MnO 0.21 0.21 0.22 0.22 0.24 0.29 0.41
TiO, 1.03 1.96 0.92 1.06 0.84 1.29 1.36
P,0s 0.10 0.05 0.04 0.06 0.07 0.07 0.13
Cr,0; 0.17 0.13 0.14 0.15 0.14 0.18 0.15
LOI* 3.75 5.55 540 645 6.20 520 8.00
Total 100.15 100.16 99.75 99.55 100.10 99.63 100.10
Bulk density 2.93 2.66 255 243 235 215 1.58
g/lcm?®
% Porosity 0 9 13 17 20 27 46
Strain factort  0.00 -0.42 0.29 0.18 0.52 0.09 0.42

* Loss on ignition. Assumed to represent H,O in analysis of mass trans-
fer functions.

T Value of ¢ calculated relative to the parent rock using Equation 2 as-
suming Ti is a conservative component.

that during prograde metamorphism there was an influx of Si.
Secondary minerals, halloysite, kaolinite, anatase, hematite, and
goethite appear in the A- and B-horizons.

IImenite textural and chemical properties

Twenty five grains from each horizon were analyzed. For
each grain, a core and rim analysis was performed. Student’s
two-tailed t-tests were performed on selected populations of
the data set to determine if significant differences between the
core and rim compositions are present. The intent wasto iden-
tify oxidative weathering frontsthat may have propagated from
the outside to the inside of the grains. In most cases there are
slightly lower Fe contents in the core region (Fig. 1). How-
ever, the difference between core and rim are small and most
of the t-tests did not show a significant difference between the
analyses at the o= 0.05 confidence level. This indicates that
ilmenite zoning is typically negligible.

IImenite from the Elberton Granite occurs as rounded to
subhedral grains and contains minor amounts of MnTiO; and
Fe,0O; (Table 3) asis typical of ilmenites from granites (e.g.,
Haggerty 1976). Included blebs of hematite are very common.
Reflected light microscopy reveals asubpopulation of ilmenite
grains in the core stone that have slightly lower reflectance
(Fig. 2a), but no red internal reflections (red being indicative
of included hematite). In the C-horizon, ilmenite grains show
red hematite replacement textures, as well as diminished re-
flectance. Grains from the B-horizon exhibit significant alter-
ation to hematite. Altered hematite-rich grains are uncommon
in the AB-horizon, suggesting that they have either dissolved
or the AB horizon never contained the highly altered ilmenite
grans.

A second subpopulation of competent ilmenite grains from
the Elberton site persists throughout the weathering profile. In
back-scattered electron (BSE) images, these grains appear ho-
mogeneous. Optical microscopy, however, revealed hematite
exsolution lamellaginthese grains. Theinability to distinguish
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FIGURE 1. TiO,-FeO-MnO ternary diagram comparing of Elberton
Granite ilmenite grain core compositions (black circles) with rim
compositions (gray circles). Hexagonal polygons outline standard
deviation (o = 1), with n = 25 for each population. RK = Bedrock. See
Table 3 for other horizon symbol codes.

TABLE 3. Average* weight percent oxide analysis and structural
formulae of ilmenite grains from the Elberton Granite
weathering profile.

Horizon (depth cm)

Oxide bedrock  CS*t C BC Bt ABt

(1100) (800) (600) (282) (172) (40)
SiO, 0.04 0.03 0.00 0.01 0.04 -
TiO, 48.55 51.14 49.65 50.08 50.58 -
Cr,03 0.00 0.00 0.00 0.00 0.00 -
FeO 46.21 42.23 43.27 40.28 44.39 -
MnO 3.04 3.96 4.32 6.86 3.61 -
MgO 0.05 0.07 0.05 0.09 0.14 -
CaOo 0.07 0.03 0.01 0.01 0.00 -
NiO 0.00 0.00 0.00 0.00 0.00 -
Total 97.96 97.46 97.30 97.33 98.76 -
Fe,0,8 5.96 0.00 2.87 1.58 2.65

Cationg

Ti 0.98 1.00 0.99 0.99 0.99 -
Fe3* 0.06 0.00 0.03 0.02 0.03
Fe?* 0.92 0.92 0.90 0.86 0.92 -
Mn 0.06 0.08 0.09 0.14 0.07 -
Mg 0.00 0.00 0.00 0.00 0.01 -

* n= 50 individual analyses per horizon.

T Core stone.

F limenite grains from this horizon were not analyzed due to sampling
uncertainties.

§ See text for method of recalculation. Cations on the basis of three oxy-
gen per unit formula.

hematite from ilmenite with BSE imaging, makesit difficult to
select pure sites for WDS analysis.

Ilmenite from the Shoulderbone site occurs as anhedral
grains (Fig. 3a) and contains minor and variable amounts of
MnTiO; and MgTiOs. Table 4 shows the average (n = 50 per
horizon) compositions for ilmenites from the Shoulderbone
profile. Inthe cases of ilmenite from the parent rock and the C-
horizon, small amount of negative Fe** valueswere cal cul ated.



SCHROEDER ET AL.: WEATHERING OF ILMENITE

FIGURE 2. Reflected light photomicrographs (all at same scale) of
ilmenite grains from the Elberton Granite. (A) Grain from acore stone
with ilmenite showing as light pink reflectance and hematite blebs
appearing with amuch lighter reflectance. (B) Grain from a core stone
with ilmenite showing lower reflectance and faint red internal
reflections. Hematite replacesilmenite and hematite blebs show strong
red internal reflections. (C) Altered grain from the B-horizon shows
hematite replacement of ilmenite. Reflectance of the remaining
ilmenite, is much lower than unaltered ilmenite and large patches of
hematite red internal reflections are visible.

Thisresultisan artifact of excess TiO,caused by asmall amount
of rutile exsolution and analytical error.

The relatively high MgTiO; content of ilmenite in the
parent rock is typical of ilmenites from mafic and ultrama-
fic plutonic rocks (Haggerty 1976) and distinguishes these
ilmenites from those of the parent Elberton Granite. Lamel-
lae or inclusions are rare and, where present, appear as thin
rutile zones. IImenitein the parent rock appears both as struc-
turally intact grains and as highly fractured grains (Fig. 3b).
Some grains have internal dissolution pits, possibly due to
dissolution of silicate inclusions. In the weathering profile,
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FIGURE 3. Reflected light photomicrographs (all at same scale) of
ilmenite grains from the Shoulderbone schist. (A) Unaltered ilmenite
grain from the C-horizon with brighter reflectance than unaltered
Elberton Granite ilmenite grains. (B) Weathered and fractured grain
from the B-horizon with ilmenite showing lower reflectance. (C)
Altered grain from the A-horizon showsthe remaining ilmeniteis much
lower than unaltered ilmenite. Pervasive yellow internal reflections
are micropores of goethite.

grain fractures are filled with small amounts of hematite
and goethite in some cases (Fig. 3c). As in the granite
weathering profile, the ilmenite grains from the schist
occur in two subpopulations. One set appears progres-
sively more altered proceeding up the profile, while a
second set appears intact into the A-horizon. No attempts
were made to assess the rel ative proportion of grain popu-
lations; however, the relative peak heights of the hema-
tite (024) and ilmenite (024) XRD reflections in the
Frantz separate indicate the proportion of hematite rela-
tive to ilmenite increases up the profile.
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TABLE 4. Average* weight percent oxide analysis and structural
formulae of iimenite grains from the Shoulderbone schist
weathering profile

Horizon  (depth cm)

Oxide bedrock C, C, BC Bt, Bt, A

(170) (140) (78) (60) (50) (30) (5)
Sio, 0.36 0.01 002 0.03 002 0.02 0.00
TiO, 52.74 5246 5159 5160 5145 51.30 51.35
Cr,0, 0.01 0.06 0.08 o011 0.05 0.11 0.10
FeO 44.22 4493 4421 4415 4282 4432 44.80
MnO 0.97 0.89 050 053 058 067 0.79
MgO 0.19 0.26 2.18 2.18 1.92 133 0.79
CaO 0.02 0.01 0.06 0.03 004 004 0.01
NiO 0.00 0.01 006 0.00 0.00 0.00 0.00
Total  98.51 98.63 98.70 98.63 96.88 97.79 97.84
Fe, 0,4 -2.23 -1.10 238 099 057 1.28 0.81

Cation$

Ti 1.01 1.00 0.99 0.99 1.00 1.00 1.00
Fe®* 0.00 0.00 003 0.02 0.00 0.00 0.01
Fe? 0.98 098 090 090 091 093 0.9
Mn 0.02 0.02 001 001 001 0.01 0.02
Mg 0.01 0.01 008 0.08 007 0.05 0.03

* n= 50 individual analyses per horizon.

T See text for method of recalculation. A negative value indicates excess
TiO, (i.e., rutile exsolution) and no excess FeO correction made. Cations
on the basis of 3 oxygen per unit formula.

DiscuUssIiON

Changesin bulk properties

The textural and chemical properties of fine sand ilmenite
grains observed in the weathering profiles provide an opportu-
nity to assess how earth-surface processes might modify il-
menite chemistry. The properties of ilmenite grains, as they
are set by igneous and metamorphic conditions, require con-
sideration. Basu and Molinaroli (1989) noted that awide range
of textures in Fe-Ti oxides are possible depending upon
subsolidusreactionsin igneousrocks asthey cool through vari-
ous ranges of temperatures and oxygen fugacity. This variabil-
ity isseen wheretheilmenite grainsfound in the granite have a
greater number of hematite inclusions than the ilmenite grains
found in the ultramafic schist. The extent to which ilmenite
incorporates minor elements in high-temperature igneous and
metamorphic systems is a function of bulk composition and
the nature of co-precipitating phases. In the Elberton Granite,
Mnisthe only minor element substituting in ilmenite (Table 3)
whereasin the Shoulderbone schist both Mg and Mn substitute
in the ilmenite. These distinctions result from the large differ-
ences in the bulk composition of the granite and the schist
(Tables 1 and 2). Furthermore, Frost and Lindsley (1992) have
shown that ilmenite grains with a high amount of Cr are com-
monly derived from ultramafic rocks emplaced into ocean crust.
Thelow Cr content of the Shoulderbone ilmenite grains there-
fore suggests that its ultramafic protolith was not from within
ocean crust.

When considering the stoichiometry of ilmenitein thesetwo
parent rocks, the ability to discriminate the provenance of sedi-
ment derived from these rocks appears quite valid. However,
textural and related chemical modifications might occur in il-
menite while exposed to an acidic, temperate to subtropical
climatic weathering regime that potentially can complicate
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provenance studies. Understanding the pathways for ilmenite
grain modification as a function of weathering regime is also
important for establishing the origin of secondary alteration
products in soil/saprolite and, hence, minerals that are poten-
tially preserved in paleosols. Thetacit assumption madein many
soil studies is that weathering profiles can be treated as one-
dimensional reaction fronts propagating into the landscape. It
is also assumed that the profiles developing today have been
derived from parent rock that is homogeneousin composition.

The most common approach to quantifying solid-state mass
losses, indicative of long-term weathering rates, is to deter-
mine the mass-transfer coefficients (t;) for elemental species
across successive unit volume horizons (wherei is the species
of interest). This approach employs the mobility of elements
relative to an assumed conservative species (j) such as Ti
(Brimhall and Dietrich 1987; Merritts et al. 1992; White et al.
1998). Equation 1 depicts the relationship between t; and the
concentration (C) of a species in the parent rock (p) and in
weathering horizons (w), the density (p), and volume (V)
changes described by a strain factor, €, wheree = Vo / V-1
(Eq. 2). Vo and VB are the volumes of parent rock and any
general weathered material in the section. T and € are ratios.
There are no units on them.

T,= g:gj::(ej,w+1)—1 (L)
where,
p,Ci
= -1 2
€ p.C (2

If T, = -1, then the species is completely lost from the sys-
tem. If 1, = 0, then i is conserved and only affected by closed
system processes. If t; > 0, then an excess mass of the oxide
species is present relative to the parent rock. Gardner (1980)
has noted that in some environments, Ti can be mobile; how-
ever, in the moderately acidic temperate climates, the assump-
tion of Ti immobility is reasonable for first-order evaluations
(Chadwick et a. 1990). Elemental mass-transfer fractions of
the major oxides were cal culated with the datain Table 1 and 2
using Equations 1 and 2 and are graphically presented for the
Elberton and Shoulderbone sites in Figures 4 and 5 respec-
tively.

Figure 4 shows Mg, Na, and Ca are lost from the Elberton
profile, whereas Fe, Al, and H experience gains. Si appearsto
be relatively conservative within the system. Calcium, Si, Fe,
Al, and H exhibit positive excursions in the B-horizon. Mass
transfer from the A-horizon to the B-horizon via dissolution/
precipitation reactions and/or transl ocation of clay mineralscan
result in a positive 1; excursion. The slight positive excursion
of CaintheB-horizonisat first perplexing if an external input
of material is not considered.

Two sources of Ca are possible. It is possible that recent
quarry activity has added a component of fresh granite to the
land surface. Dissolution of plagioclase provides a source of
Ca that would be preferentially adsorbed by hydroxy-
interlayered vermiculite under dilute solute conditions (Berner
1980). The dlight increase in P content in the B-horizon sug-
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FIGURE 4. Weathering characteristics as afunction of depth in the
Elberton Granite regolith as defined by Equation 1. Elemental mass
transfer, 1;, is calculated such that —1.0 is equivalent to total loss, and
zero isno loss relative to TiO, in the parent rock.

gests a relative increase in apatite content, which could also
contribute Cato the bulk chemistry. Another origin for the Ca
gainiseolian or fluvial input from above. Consistent with the
above ideg, is the occurrence of small amounts of epidote and
hornblende found in the B-horizon, which suggests a meta-
morphic component derived from the regionally metamor-
phosed country rock.

All elements, except Al, in the Shoulderbone profile dis-
play masslossesin thetransition from the parent rock to the C-
horizon (Fig. 5). Theapparent initial loss of H reflects congruent
dissolution of the amphiboles or it may be aconsequence of an
initially lower Ti abundance in the parent rock at that point in
the profile. A second possible explanation for the negative H
trend is may bethat it is an artifact from the LOI trend, which
includes gaining of O, upon heating to 925 °C and the conver-
sion of FeO to Fe,0s;. Net gains of Fe, K, Al, and H seenin the
B-horizon, are attributed to formation of clay minerals and
oxyhydroxide precipitation and translocation. All elements,
except K and H, exhibit losses from the B- to the A-horizon.
The mass loss is a response due to dissolution and transloca-
tion mechanisms, similar to that seen in the Elberton profile.

The positive excursions of 1, and ty are attributed to an in-
crease in organic matter content. In this case the LOI value
includes an organic matter component (i.e., LOI =H,0 + CH,0,
and changes due to FeO oxidation). Theincreased t¢ value re-
flects an external input associated with forest floor nutrient
cycling phenomena and possible wind-blown micas from the
adjacent metamorphic terrain (Schroeder et al. 1997).

In the case of the Elberton Granite, the lower exposure of the
quarry wall reveals ~7 meters of equigranular saprolitic granite.
An assumption of isovolumetric weathering appears to be vaid
because the textures are unchanged. The bulk chemistry data of
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FIGURE 5. Weathering characteristics as a function of depth in the
Shoulderbone schist regolith as defined by Equation 1. Elemental mass
transfer 1; is calculated such that —1.0 is equivalent to total loss and
zero isno lossrelative to TiO, in the parent rock.

the Elberton A- and B-horizons (and previous studies of the Pied-
mont by Schroeder et al. 1997; 2000), however, suggest that there
is ameasurable component of externa mineral input.

Long-term fluxes of minerals in the regolith can be evalu-
ated by total mass loss of elements over time. Merritts et al.
(1992) have shown that the mass | oss (AM;) of an element j can
be calculated by integrating T, over depth (2). Equation 3 shows
the integral form of this relationship in units of moles/m=

C» z=d
AM, = [ppnqu’lo“jj .02 ©)
]

z:

where d is the profile depth, my is the molecular mass of spe-
ciesj.

The corresponding mass losses or gains for each oxide are
shownin Table5. If therel ative concentrations of the elements
areintegrated over the saprolitic portion of the profile, thenin
both cases, there is significant mass loss. This result supports
the notion that the majority of chemical mass loss occurs at
depth in the regolith. The only exception in the saprolite por-
tion of the profileistheincrease in structural water associated
with kaolin group mineral formation. The small amount of Fe
and Mn increase is likely due to chelated complexes that fa-
cilitate transport downward from overlying horizons (Seaman
et al. 1997).

When the Elberton profile is integrated over the entire re-
golith, there is net gain of Si and Al. This is most easily ex-
plained by aninflux of the elementsfrom wind-blown or fluvial
sources and/or as residuals from overlying weathered rocks.
Possible sources include: (1) the Elberton Granite itself; (2)
residually weathered metamorphic country rock (into which
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TABLE 5. Mass losses and gains of major and minor oxides in
weathering profiles developed over the Elberton Gran-
ite and Shoulderbone schist

Oxide Elberton Elberton Shoulderbone  Shoulderbone
Saprolite Regolith Saprolite Regolith
Az=659m Az=1100 m Az=101m Az=170m
Sio, -1.7 10* 2.6 10° -1.0 10* -1.310°
Al,O3 -1.3 10° 4310 -4.7 10? -2.910?
CaO -2.210° -4.810° -5.910? -9.3102
MgO -2.4 102 -8.5102 -6.0 10° -7.910%
Na,O -3.8 10° -8.910° -1.110? -1.8 102
K,O -1.110° -1.9 10% —-6.0 10° -1.510°
Fe,0; 1.210* -4.4 10t -6.9 102 -4.7 102
MnO 1.0 10° -2.410° -3.0 10 -1.510
P,0s -3.8 10! -7.910* -1.510* -1.8 10t
Cr,0, -1.510¢ -1.7 10t -1.6 10t -2.0 10t
LOI* 1.410* 4.8 10° -3.510? 2.010°

MNotes:Values calculated using Equation 3, assuming TiO, is conserved.
Units are in moles m=2. Az represents the thickness integrated to esti-
mate mass loss.

*Loss on ignition is considered the sum of H,O and CH,O (mass gain
due to FeO — Fe,0; reaction ignored).

the granitic magma was emplaced); and (3) thin veneers of
colluvium and fluvial sediment. The presence of epidote and
hornblende in the B-horizon is consistent with a source in the
regionally metamorphosed country rocks, because neither has
been reported in the granite (Stormer et al. 1980).

The authigenic and ultra-fine (i.e., <1.0 wm fraction) trans-
located clay mineralsand Fe- and Al oxyhydroxideshaveclearly
modified the bulk mineralogical and chemical characteristics
of the A- and B,-horizons (Table 2). The sand-sized ilmenitein
the B-horizon has not likely moved through the soil pores. The
ilmenite grain populationin the A-horizon at Elberton haslikely
been influenced by quarry operations, which limits interpreta-
tion about the source of the grains. The observation of meta-
morphic components in the upper portion of the soil profile,
however, indicates that ilmenite grains near the surface could
have multiple origins.

The occurrence of constant ilmenite compaositions through-
out the profile can be evaluated further by knowing the long-
term rate of mass loss in the surrounding Piedmont. This
evaluation can only be determined by knowing the duration of
weathering and the mass loss. The nearest estimate of Pied-
mont exposure ages comes from a study of the Panola granite
(Schroeder et al. 2001). Based on measurement of the 1°Be and
BAl in near-surface quartz grains at Panola, the surface expo-
sure age is about 125 Ka. Another relevant site is the tropical
watershed in Puerto Rico (White et al. 1998). The AM; values
in Table 5 for the saprolitic portion of the Elberton are about an
order-of-magnitude lower than those measured for weathering
of diorite in this tropical watershed. The duration of weather-
ing at the Puerto Rico site is estimated to be about 200 Ka,
based on °Be accumulations (Brown et al. 1995). If the dura-
tion of weathering at the Elberton Granite siteis similar to that
of the Panola granite, then the long-term weathering flux from
this granite in its temperate to subtropical climate is about an
order of magnitude|essthan that measuredintropical climates.
At this point in time, there are not enough constraints to know
accurately how much residual material is included in the A-
and B-horizons at the Elberton site. Integrated cosmogenic
nuclide studies could help us make a better comparison and
constrain long-term weathering rate estimates.

Local lithologic heterogeneities parallel to the foliation of
the Shoulderbone schist increase thelikelihood for slight varia-
tions in ilmenite abundance. However, the regional metamor-
phic grade of the Shoulderbone schist is greenschist to
amphibolite facies (Biaggi 2002), which suggests that initial
ilmenite compositions should be homogeneous. Textura and bulk
chemical properties of the schist suggest that, like the Elberton
profile, the A- and Bt-horizons at Shoulderbone have undergone
chemical modification from overlying alochthonous and residual
sources. Table 5 showsmasslossfor al componentsinthesapralitic
portion of the profile. Whenintegrated over the entire profile, mass
losses are experienced for all components (except for again in
structural H,O asimplied by the L Ol measurement).

Thisanalysisof the bulk-chemical properties, assuming both
chemical and physical TiO, conservation, reveal s that the pro-
files selected for study may not be entirely residual. Part of the
Si, Al enrichment seen in A- and B-horizons of both profiles
can be attributed to residua from pre-existing overlying mate-
rial and additions due to past fluvial, colluvia and eolian pro-
cesses. With this understanding of overall bulk chemical and
mineralogical trends in each profile (rock, saprolite and sail),
it ispossibleto better understand thetrendsin averageilmenite
composition with depth.

Changesin ilmenite properties

Figures 6 and 7 show that the compositions of the Elberton
and Shoulderbone ilmenite grains vary as function of position
in the horizons. In the case of the Elberton Granite, grains ap-
pear enriched in Mn (or depleted in Fe) in the saprolitic hori-
zons as compared with the parent rock and the B-horizon.
Texturally, theilmenite appears to undergo alteration along se-
lective grain boundaries and adjacent to hematite blebs (Fig.
2). llmenite grains from the parent rock that contain small he-
matite blebs appear as having an excess Fe content (Fig. 7c).
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FIGURE 6. Fe-Mg-Mn ternary diagram comparing average
composition of Elberton Granite (squares) and Shoulderbone schist
ilmenite grains (circles) in the regolith (n = 50 for each data point).
See Tables 3 and 4 for other horizon symbol codes.
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One reaction that has been proposed to explain the alter-
ation of ilmenite is the anodic oxidation to pseudorutile (Grey
and Reid 1975). Thisreaction mechanismisasolid-state trans-
formation in which Fe?* and Mn?* are oxidized and removed
from the rhombohedral structure to produce pseudorutile as an
intermediate phase. For ilmenites with compositions similar to
those from the Elberton granite, the reaction would appear as
follows:

3 Fe3'sM N3’ TiO; — FedteeMngt, TizOg + 0.93 Fe¥+
0.07 Mn* + & 4

This pathway is commonly observed in beach placer de-
posits of ilmenite (Babu et al. 1994). Evidence for the solid-
state mechanism is not obvious in our XRD patterns. Figure 8
shows that coherent X-ray scatter consistent with the presence
of small domains of pseudorutile are barely recognizable.

Secondary phases identified in the Elberton Granite and
Shoulderbone schist by XRD and optical microscopy include
hematite, goethite, rutile, and anatase (Fig. 8). Formation of
these phasesis best understood in the context of the following
cathodic half-cell reaction between oxygen and water that was
concurrent with Reaction 4 and produces hydroxy! groups:

0.25 0, + 0.5 H,0 + & — (OH)" (5)

Hydroxyls produced in Reaction 5 can, among other things,
readily complex with Fe* to form goethite.

Oxidation of Mn yields a greater free energy change than
oxidation of Fe (Berner 1980) and is therefore more likely to
be first utilized by indigenous microbes as an electron source.
The trend of increasing Mn content in ilmenite from parent
rock to the C-horizon in the Elberton profile may be a conse-
quence of precipitation of nanocrystalline Mn-oxidesinilmenite
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FIGURE 7. Average composition of ilmenite grains as a function of
soil horizon position. Manganese is plotted for the Elberton Granite
(squares) and Mgisplotted for Shoulderbone schist ilmenitegrains(circles)
in the left figure. The center figure shows the complimentary values for
Fe?*. Theright figure plots cal culated excess ferrousiron weight percent.
Negative va uesare aconsequence of rutileinclusionsand the measurement
of excess TiO..
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micropores that form along high-density |attice nodes. Mn-ox-
ides in soils are commonly reported to be X-ray amorphous,
with vernandite (6-MnO,) being the most common variety
(McKenzie 1989). Our XRD data also have scatter consistent
with the presence of small amounts of the Mn-minerals, groutite
and pyrolusite.

The lack of abundant pseudorutile suggests that the inter-
mediate phase transition of ilmenite to pseudorutile is short-
lived. Thisintermediate reaction is promoted by the 6% volume
reduction associated with the solid-state transformation (Grey
and Reid 1976). Pseudorutile subsequently undergoes incon-
gruent dissolution. This second stage resultsin precipitation of
anatase, rutile, hematite, and Mn oxide as follows:

FetsMN3'.Ti:06 — 3TiO,+ 0.93F,0, + 0.14MnO,  (6)

The reverse trend of decreasing Mn and increasing Fe in
ilmenite from the C- to the B-horizon is difficult to explain
assuming the profile is entirely residual. One possible mecha-
nism could be the mobilization of MnO, from the B- to C-hori-
zon. The bulk Mn content of the soil is the lowest at the
B.-horizon. Recall, however, that the trends displayed in Fig-
ure 8 are only those of the competent ilmenite grains. Many
other more highly atered ilmenite grains are present, but their
chemistry is not represented in Figure 7. It appears that some
of the ilmenite grains in the Elberton profile have been de-
stroyed completely, whereas the others have survived intact.
Interestingly, the grainsin the B,-horizon (and presumably the
ilmenite grains that will eventually be part of the sedimentary
cycle) have compositions that are statistically indistinguish-
able from the ilmenite grains in the granite (Le Golvan 2001).

The Shoulderbone ilmenite grains of the B-horizon show a
depletion in Fe compared with ilmenites from the parent schist
and saprolite (similar to ilmenite from the Elberton granite). In
contrast, Mg is enriched in ilmenite found in the B-horizon.
Magnesium maintains a constant divalent state under almost
al conditions and, therefore, may be responding passively to
the effects of Fe oxidation. A reaction pathway similar to the
Elberton ilmenite is likely followed by the Shoulderbone il-
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FIGURE 8. XRD patterns of fine-sand Elberton Granite magnetic
separates. Selected representative peaks have been labeled toillustrate
phasesidentified. A = anatase, G = goehite/groutite, H = hematite, | =
ilmenite, R = rutile, and S = hornblende. Step scanned at 0.01° 20,
with 6 s count time per step.
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menite, whereby anodic oxidation occurs during the first step
of alteration. Oncethelimit of lattice stressisreached by solid-
state transformation, then an incongruent dissol ution-precipi-
tation reaction occurs. The difference between the Elberton and
Shoulderbone occurrences is that the Mg at Shoulderbone is
partially dissolved and removed by groundwater asin the fol-
lowing half-cell reaction:

3 Feb'sM 5’0 TiO; — Fel'ssM 050, TisOg + 0.98 Fe+
0.02 Mg# +0.98 & (7)

A two-population model best explains the increase in Mg
content of theilmenites upward in the Shoulderbone schist pro-
file. Highly fractured grains at Shoulderbone undergo prefer-
ential alteration. Grains that are not cracked appear to survive
exposure through the various horizons. Microfractured grains
show a subtle response to Fe oxidation, as seen in the change
in Fe?*/Fe™ ratios. Iron oxidation is also supported by optical
microscopy, which revealed increased goethite in ilmenite
micropores. The calculated hematite component (Table 4) also
supports oxidation as the principal alteration mechanism. As
explained previously, negative hematite component values for
ilmenitesfrom the parent rock and the C-horizon (Fig. 7) could
be dueto rutile inclusions in the ilmenite grains. The cause of
excess Ti seen in some of the analyses results could be better
resolved by additional sampling of the parent rock ilmenite
compositions. Analyses of ilmenites from C-, B-, and A-hori-
zons above show asignificant increase in hematite component,
which reflects the formation of goethite and hematite in
micropores.

CONCLUDING REMARKS

Thisinvestigation of ilmenite in weathering profiles devel -
oped on felsic and ultramafic rocksin atemperate to subtropi-
cal climate has found distinct textural and chemical alteration
trends in the sand-sized population of ilmenite grains. These
trends can be ascribed to (1) initial properties inherited from
the parent rock; (2) oxidative reactionsin A-, B-, and C-hori-
zons, and (3) external inputsinto the soil system. IImenite mi-
nor-element chemistry and grain textures in this study are
demonstrably different in felsic and ultramafic host rocks.

Many ilmenite grains in both weathering profiles show a
strong oxidation effect and Fe** depletion in the C-horizon. A
two-step reaction mechanism, similar to that proposed by Grey
and Reid (1975), seem plausible. Optical, XRD, and chemical
data, however, suggest that the pseudorutileis ephemeral . Dur-
ing this weathering stage, Fe and Mn migrate out of the struc-
ture and locally precipitate as goethite and MnO,. Hematite
lamellae arelocally recrystallized fine-grained intergrowths as
indicated by their reddish color. In acidic soil-weathering pro-
files, ilmenite appears to undergo both solid-state transforma-
tion and dissolution whereby anatase, rutile, hematite, and
goethite are precipitated as secondary products. This reaction
contrasts with weathered placer beach deposits, where
pseudorutile is more abundant and appears to be metastable
(Force 1991).

Upward enrichment of Mninilmenite from the Elberton C-
horizon is attributed to a preferential oxidation and precipita-
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tion of Mn. Upward enrichment of Mg in ilmenite from the
Shoulderbone C-horizon is attributed to passive concentration
resulting from the oxidation of Fe. In al cases, a sub-popula-
tion of ilmenite grains become altered along either lamellae
(Elberton) or grain fractures (Shoulderbone). Another sub-popu-
lation of competent grains resists ateration and persist in the
A- and B-horizons. Bulk-soil composition also suggests that
the A- and B-horizons have a component of allochthonous as
well as residual material.

In this study, the chemistry of ilmenite grains that would
enter sedimentary drainage systems is very similar to that of
the parent rock. This finding validates the use of ilmenite mi-
nor -element chemistry to characterize sedimentary source;
however, textures of ilmenite grains may be biased by soil/
saprolite weathering processes. Mineral assemblagesin the A-
horizon also appear to be modified by additions derived from
weathered Piedmont metamorphic rocks, and allochthonous
components delivered to the site by fluvial, colluvial, and eo-
lian processes.

The utility of ilmenite chemistry and textural propertiesfor
petrologic and pedogenic work will only be improved by ex-
tending investigations laterally to better understand variability
within each rock type. Such studies need to be combined with
cosmogenic nuclide studies of regolith components to better
constrain the time frame over which ilmenite alteration takes
place. The reaction pathways also need to be better understood
in the context of microorganisms that are known to accelerate
Fe and Mn oxidation in soils.
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