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Abstract—Incremental vacuum dehydration-decarbonation experiments were performed at 190°C on chem-
ically “cleaned” aliquots of a gibbsite-dominated, Eocene-age bauxite sample with evolution of CO, and H,O.
“Plateau” F (CO,/H,O ratios) and 8'>C values of the CO, derived from gibbsite were attained over the
dehydration interval, X, (H,) = 0.16 to 0.67 (i.e., 16 to 67% breakdown of gibbsite). The plateau value of F
for gibbsite was 0.0043 = 0.0003, while the corresponding 8'*C value of evolved CO, was —16.0%0+0.4%o.
Additional experiments on chemically cleaned aliquots included (1) treatment with a solution of 0.3M
Na-Citrate + 0.1M Na-Dithionite and (2) an exchange experiment with 0.1 bar of '*C-depleted CO,, (—46%o0)
at 105°C for 64.5 h. Neither of these additional treatments resulted in a measurable perturbation of plateau
values of F or §'*C for CO, evolved from gibbsite during dehydroxylation. These results support published
work on Holocene samples which suggested that CO, occluded in gibbsite may preserve information on &'°C
values of CO, in ancient terrestrial systems. The plateau values of F observed in the Eocene gibbsite indicate
that it may be possible to experimentally calibrate a relationship between the concentration of CO, occluded
in gibbsite and CO, in the environment at the time of crystallization. Such a calibration would significantly

enhance the value of gibbsite as a source of information on ancient oxidized carbon systems.

© 2005 Elsevier Ltd

1. INTRODUCTION

Gibbsite (a-Al(OH);) is a common constituent in low-tem-
perature hydrothermal deposits and saprolites and soils of hu-
mid regions around the world (e.g., Valeton, 1972). The po-
tential of gibbsite as a source of information on
paleoenvironments is indicated by studies of its hydrogen and
oxygen isotope systematics (Bird et al., 1994; Vitali et al.,
2000; 2001; Girard et al., 2002). Moreover, Schroeder and
Melear (1999) observed that CO, was evolved from gibbsite
during incremental vacuum dehydration-decarbonation experi-
ments. They found that the §'>C values of sequential incre-
ments of this CO, were relatively invariant (i.e., achieved a
plateau) and appeared to reflect the 8'C of the soil CO,, present
during gibbsite crystallization (Schroeder and Melear, 1999). In
contrast, the CO,/H,O ratios (F-values) of the evolved gases
were not constant. Schroeder and Melear (1999) attributed this
inconstancy to the variable contributions of water from dehy-
dration of poorly ordered hydroxides and halloysite.

Schroeder and Melear (1999) proposed that CO, is occluded
in gibbsite and that this CO, may provide information on
environments of formation in a manner analogous to that of the
Fe(CO5;)OH component in goethite. Such information includes
the 8'3C of ancient soil ecosystems and concentrations of CO,
in the soil and global atmosphere (Yapp, 1987; 1996; 1998;
2001; 2002; Yapp and Poths, 1990; 1991; 1992; 1993; 1996).
For paleoenvironmental information of this type to be realized
from ancient gibbsites, the following conditions must obtain:
(1) the CO, should be occluded in gibbsite during mineral
crystallization, (2) the gibbsite must be closed with respect to
the occluded CO, (i.e., the occluded CO, is non-exchangeable);
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(3) the carbon isotope fractionation factor between CO, gas and
CO, occluded in gibbsite must be known; and (4) the equilib-
rium constant relating the concentration of CO, gas to the
concentration of CO, occluded in the gibbsite should be
known. The latter condition requires that the concentration of
CO, occluded in gibbsite can be measured reproducibly and
accurately. To address issue (2) and the second part of (4),
incremental vacuum dehydration/decarbonation and carbon
isotope exchange experiments were performed on Eocene-age
gibbsite-rich samples from a bauxite deposit from central Ar-
kansas, U.S.A.

2. MATERIALS AND METHODS
2.1. Characterization and Chemical Pretreatment

The bauxite that is the subject of this study was taken from the
mineral collections in the Department of Geological Sciences at South-
ern Methodist University. The sample is a hand specimen (~60 g) of
an Eocene-age bauxite from Saline County, Arkansas, U.S.A. This
specimen exhibits a pisolitic texture and likely originated from the
“zone of concretion” in a paleosol complex developed upon nepheline
syenite (Gordon et al., 1958).

Figure 1 presents a schematic diagram of procedures and chemical
treatments of the samples discussed herein. The bauxite sample was
initially crushed in a steel-piston device and ground under reagent
grade acetone in a corundum mortar and pestle to produce a powder.
Powders were then passed through a 63 wm brass sieve. All subsequent
discussion refers to the <63 um size fraction of the Eocene-age
bauxite. ~3—-4 g of bauxite sample were treated overnight at room
temperature in ~40-50 mL of 0.5N HCI to remove carbonate minerals
such as calcite and soluble organics. Samples were then washed with
successive aliquots of de-ionized H,O until the pH of the rinse water
was equivalent to that of the initial de-ionized H,O. The bauxite
samples were then treated at room temperature with successive aliquots
of concentrated H,O, (30% solution) to oxidize organic matter. When
the reactivity of an aliquot of H,O, diminished, the supernatant was
decanted and a fresh aliquot of H,O, was added to the sample. After 31
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Fig. 1. Flow chart depicting the various analytical procedures em-
ployed for different incremental vacuum dehydration-decarbonation
experiments. See text for details.

days of H,O, treatment, bauxite samples were dried in a vacuum
desiccator at room temperature (~23°£1°C).

Bauxite samples were analyzed by X-ray diffractometry to determine
the mineralogical composition and to determine the mineralogical
effects, if any, of chemical treatments. X-ray diffraction analyses were
performed on a Scintag PADV diffractometer, using CuKa at 40Kv
and 30mA. Measurements were performed with step-scan increments
of 0.01° 26, counting times of 10s per increment, 0.5/1.0 mm for the
primary slits and 0.2/0.3 mm for the receiving slits.

2.2. Methods of Incremental Dehydration-Decarbonation

Incremental dehydration analyses of the bauxite samples were per-
formed using the method of Yapp and Poths (1991, 1993) and Hsieh
and Yapp (1999) as described in the following procedures (see also
method of Schroeder and Melear, 1999). Initial masses of the bauxite
samples ranged from ~109 to 255 mg (Appendix I). Samples were
loaded into a quartz reaction chamber and flushed with pure O, for 3
min at room temperature. The sample chamber was then evacuated at
temperatures of ~23°C for times ranging from 26 to 165 min, followed
by heating at 100°C under open system conditions in vacuum for 30 to
57 min to remove sorbed H,O and CO,.

After the 100°C step, samples were heated under closed system
conditions in ~0.2 atm O, for ~30 min at temperatures of 190 or
230°C depending upon the sample (see Appendix) to facilitate oxida-
tion of organic carbon that might have persisted through the H,O,
treatment and that might otherwise evolve in subsequent open system
vacuum dehydration-decarbonation steps. After evacuation of O, and
collection of dehydration products from the closed system step, all
samples but one were subjected to incremental isothermal open system
vacuum dehydration at a temperature of 190°C. The one exception
(MHD-2128) was dehydrated at temperatures of 230 to 245 °C. The
duration of each open system step ranged from 30 to 1050 min. After
the rate of mineralogical breakdown (dehydration) had significantly

diminished, samples were subjected to a final closed system dehydra-
tion in ~0.2 bar O, at 850°C for ~30 min.

The CO, and H,O collected at each step were separated cryogeni-
cally. The evolved water was quantitatively converted to H, over
uranium at ~760°C. Yields of H, and CO, were measured manomet-
rically. H, yield was measured with a precision of about = 1 wmol. For
CO,, differences in yield of ~0.1 wmoles could be resolved.

Stable carbon isotope ratios of evolved CO, were measured on a
Finnigan MAT 252 mass spectrometer, and reported as 8'*C, where

13~ Rsample
6°C= R—fl X 1000%0 (1)

standard

R = '3C/'?C. The standard is PDB for 8'>C analyses (Craig, 1957).
Replicate analyses of individual aliquots of CO, samples results in a
8'3C analytical uncertainty for 8'*C of * 0.3%o or better.

2.3. Experimental Outline

The <63 wm size fraction of the bauxite sample that had undergone
0.5N HCI and 30% H,O, treatment was split into four fractions. One
fraction (MHD-2161) underwent incomplete vacuum dehydration-de-
carbonation, during open system conditions, at 190°C for 317 min. The
residual solids were then removed from the reaction chamber and
analyzed by X-ray diffraction to assess mineralogical trends, if any, in
the breakdown-process of gibbsite. A second fraction (MHD-2171) was
treated with a solution of 0.3M Na-citrate and 0.1M Na-dithionite at
room temperature (~23°C) for 2 days to determine the effects of
citrate-dithionite treatment on the concentration and 8'°C of CO,
evolved during bauxite dehydration (Fig. 1). After citrate-dithionite
(CD) treatment, the sample was rinsed in deionized H,O and underwent
the same set of chemical treatments described in section 2.1 (i.e., 0.5N
HCl, H,0,, vacuum dehydration). A third fraction (MHD-2186) of
bauxite was used in a CO, exchange experiment to assess whether CO,
associated with gibbsite is readily exchangeable. This fraction was
“outgassed” at 105°C in vacuum. ~0.10 atm of cryogenically purified
tank CO, (8'3C = —45.8%0) was subsequently introduced into the
evacuated dehydration chamber and kept under closed system condi-
tions in contact with this sample (MHD-2186) at 105°C for ~65 h. At
the end of that time, the tank CO, was removed for measurement of its
8'3C value. The bauxitic gibbsite was also removed from the dehydra-
tion chamber and subjected to a repetition of the set of chemical
treatments described in section 2.1 followed by incremental vacuum
dehydration-decarbonation. A fourth fraction was subdivided into three
aliquots (MHD-2128, MHD-2141 and MHD-2189) which were incre-
mentally dehydrated with no further chemical treatment. One sample
from this fourth fraction (MHD-2128) underwent open-system dehy-
dration at 230 to 245 °C, whereas the other two samples were dehy-
drated under open-system conditions at 190°C. Results of the incre-
mental vacuum dehydration-decarbonation extractions are presented in
Appendix 1.

3. RESULTS AND DISCUSSION
3.1. Mineralogy

X-ray diffraction spectra (Fig. 2) of the untreated and various
chemically treated bauxite samples are virtually identical, sug-
gesting that the chosen chemical treatments have no gross
effect on the bulk mineralogical composition of the bauxite.
Sharp and narrow peaks at ~4.85A, 4.37A, 4.32A, 2.38A and
2.05A correspond to the primary d(hkl) spacings of gibbsite.
The intensities of these gibbsite peaks indicate that it is the
dominant mineral in the <63 um size fraction. The X-ray
diffractograms also show low and broad peaks at ~7.2A
~6.1A and ~3.6A, likely corresponding to minor amounts of
kaolinite and boehmite (Moore and Reynolds, 1997). No other
minerals were positively identified in these samples.

X-ray diffraction analysis of MHD-2161, the bauxite sample
that underwent partial vacuum dehydration at 190°C for 317
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Fig. 2. X-ray diffraction patterns of the <63 wm fraction Eocene bauxite before incremental vacuum dehydration (X, (H,)
= 0.00), after 317 min of 190°C open system dehydration-decarbonation (X,(H,) = 0.80) and after 850°C closed system
dehydration (X, (H,) = 1.00). At X (H,) = 0, the dominant peaks represent gibbsite (G)with subordinate peaks for kaolinite
(K) and boehmite (B). At X (H,) = 0.80, peaks from gibbsite remain dominant, but the intensity of the kaolinite (001; K)
and boehmite (020; B) peaks relative to the gibbsite (002) peak become 3.5 times greater than at X (H,) = 0.00. At X (H,)
= 1.00, gibbsite, kaolinite and boehmite have been destroyed. Broad and low peaks correspond to an unidentified material.

See Text.

min, shows that gibbsite and kaolinite are the primary miner-
alogical phases with boehmite as a minor constituent (Fig. 2).
However, all of the peaks have significantly lower intensity
after the 190°C dehydration, suggesting that much of the orig-
inal material has been destroyed and the dehydration product
may be present as an X-ray amorphous matrix. With respect to
the gibbsite (002) peak, the relative intensities of the kaolinite
(001) and boehmite (020) peaks are ~3.5 times greater after
317 min of 190°C open system dehydration. This probably
reflects preferential destruction of gibbsite at 190°C compared
to coexisting kaolinite and boehmite (e.g., Rooksby, 1961;
Criado et al., 1984). The 850°C-dehydration residue of the
bauxite exhibits several low and broad peaks at 3.53A, 2.39A,
1.98A and 1.39A (Fig. 2). These peaks may correspond to one
of the anhydrous, high-temperature dehydration products of
gibbsite: x-Al,O5, k-AlL,O5;, y-Al,O5;, 6-Al,O; or a-Al,O,
(Paulik et al., 1983).

3.2. Incremental Dehydration-Decarbonation

Results from the bauxite dehydration-decarbonation experi-
ments are reported in Appendix 1. The amount of CO, from the
initial combined outgassing at ~23° and 100°C is very low for
all samples, ranging from 0.1 to 0.3 wmoles with 8'>C values
ranging from —8.2%o to —12.8%o¢. With the exception of MHD-
2171, all of the samples have very low concentrations of water
outgassed at 100°C (Appendix 1), ranging from 0.7 to 1.0% of
the initial sample mass. This outgassed CO, and H,O probably
represent gases sorbed on the mineral surfaces.

3.2.1. Gibbsite thermal dehydration temperatures

Schroeder and Melear (1999) performed incremental vac-
uum dehydration-decarbonation experiments on gibbsite-rich
samples from an Ultisol in Georgia, USA. Those workers
determined that a rate of gibbsite breakdown permissive of
controlled recovery of cryogenically collected increments of
evolved CO, is achieved under open system conditions at
temperatures of 230°-240°C. In the current study, a 230 to 240
°C vacuum dehydration-decarbonation temperature resulted in
very rapid (catastrophic) breakdown of the gibbsite that pre-
cluded recovery of sufficient numbers of CO, increments to
provide good resolution of the dehydration process (MHD-
2128; see Appendix). This is reflected in the kinetic data in
Figure 3, which presents values of X *(H,) plotted against
cumulative time of isothermal dehydration. X *(H,) represents
the mole fraction of total hydrogen in the system that remains
in the mineral after each isothermal dehydration step (the initial
closed system step in oxygen is not included in the total). At
isothermal dehydration-decarbonation temperatures of 230°C,
more than 60% of the mineral-bound H,O was removed after
the first 30 min open system step, whereas only 14%-25% of
the mineral-bound H,O is removed after the first open system
dehydration step at 190°C (Fig. 3). The slower rate of dehy-
dration at 190°C provides more control and potentially more
detailed information on the release of CO, and H,O during
gibbsite breakdown than does the 230°C dehydration experi-
ment (Fig. 3). Therefore, a temperature of ~190°C was em-
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Fig. 3. X,*(H,) vs. dehydration time for open system dehydration of bauxite at 190°C and 230°C. The rate of dehydration
at 190°C open system conditions in vacuum slows abruptly at X *(H,) values of ~0.20.

ployed for the isothermal vacuum dehydration-decarbonation
steps.

3.2.2. 0.5M HCI + H,O,-treated Gibbsite

The results from the incremental, isothermal vacuum dehy-
drations of the bauxite samples treated only with 0.5N HCl
+ H,O, are depicted in the spectra of Figure 4a and b. The
progress variable X (H,) is the cumulative sum of evolved H,
as a mole fraction of the total hydrogen in the bauxite sample
(exclusive of the 100°C step). When X,(H,) = 0, there has
been no breakdown of the bauxitic minerals. When X, (H,)
= 1, the bauxite has been completely dehydrated and, in
particular, gibbsite (a-Al(OH),) has been completely converted
to a nearly amorphous aluminum oxide (Rooksby, 1961; Paulik
et al., 1983; Moore and Reynolds, 1997). The “F” parameter in
Figure 4a is defined as follows (Yapp and Poths, 1993): F
= n(CO,)/n(H,0), where n(CO,) = umol of CO, evolved in
an increment of bauxite dehydration-decarbonation, and
n(H,0) = umol of H,O evolved over that same increment.

For all of the 190°C experiments (Appendix 1), the open
system dehydration-decarbonation increments exhibit a range
of F values from 0.0014—0.0052 and a range of 8'*C values
from —20.8%o to —15.0%o. For the standard chemical treatment
of 0.5N HCl and H,O, used with MHD-2141 and MHD-2189,
190°C open system data collected over the range X, (H,)
= 0.16-0.67 exhibit relatively uniform values of F (avg.
= 0.0042 = 0.0002 and 0.0043 = 0.0003, respectively) and
6‘3CCO2 (avg. = —16.0 £ 0.4%o0 and —16.1 = 0.4%o, respec-
tively; Figs. 4a and b, Appendix 1). For reasons that are not
apparent at this time, open system F and 8'*C values are more
variable for 190°C increments at X, (H,) values >0.67 (Figs. 4a
and 4b, Appendix 1). Therefore, in this paper we employ the
operationally defined term “plateau value(s)” to describe the

a 0.5M HCI + H,0,-treated Gibbsitic Bauxite

—
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Fig. 4. Incremental dehydration spectra for samples MHD-2141 and
MHD-2189, which were treated only with 0.5N HCI and 30% H,O,
solution. The “plateaus values” in 190°C open-system 8'°C and F
values for CO, evolved over the “plateau dehydration interval” (from
X,(H,) = 0.16 to 0.67) are assumed to represent CO, occluded in the
gibbsite structure (see text). Average plateau §'°Cc, values are —16.0
+ 0.4%c and —16.1 = 0.4%o, whereas average plateau F values are
0.0042 = 0.0002 and 0.0043 = 0.0003 for MHD-2141 and MHD-2189,
respectively.
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relatively narrow ranges of F and §'°C ., values that charac-
terize gibbsite dehydration in the bauxite samples over the
defined “plateau dehydration interval” X (H,) = 0.16 to 0.67.

Incremental vacuum dehydration-decarbonation experiments
performed on gibbsites from a Holocene-age soil demonstrate
that evolved CO, can exhibit relatively uniform &'°C values
(Schroeder and Melear, 1999). Schroeder and Melear (1999)
speculated that this CO, component is mineralogically bound
to crystal-edge defects within the gibbsite and remains confined
until the gibbsite crystal structure is destroyed. Schroeder and
Melear (1999) recognized that if their hypothesis is correct,
gibbsite dehydration-decarbonation spectra should also exhibit
fairly uniform F ratios (nCO,/nH,0). However, because of the
presence of “nonstoichiometric” water that was evolved from
admixed halloysite at the same temperature as gibbsite dehy-
droxylation, plateau values of F were not observed within any
of the incremental dehydration spectra of their soil samples
(Schroeder and Melear, 1999). Analyses of the Eocene-age
bauxite, which does not contain halloysite, show reproducible
plateau values of F and 8'°C for MHD-2141 and MHD-2189.
These new results appear to support the original hypothesis of
Schroeder and Melear (1999). Therefore, we assume that the
“plateau” CO, which is evolved during open system vacuum
dehydration-decarbonation of the bauxitic gibbsite in our ex-
periments derives from an isotopically homogeneous, uni-
formly distributed CO, component occluded in the a-Al(OH);
crystal structure.

3.2.3. Citrate-Dithionite + O.5M HCl + H,O,-treated
Gibbsite

Treatment of samples with a solution of 0.3M Na-Citrate and
0.IM Na-Dithionite (CD-treatment) is a standard chemical
procedure for removal of Fe- and Mn-oxides from silicates and
Al-oxyhydroxides (modified procedure of Jackson, 1979; see
section 2.3.). CD-treatment of bauxite sample, MHD-2171, was
designed to determine whether this standard procedure perturbs
the plateau values of F and 8'>C of CO, extracted from
gibbsite. Plateau values observed in MHD-2141 and MHD-
2189 are used as the reference. The 8'>C of the Na-Citrate used
for the CD-treatment of MHD-2171 is —13.2 * 0.3%0 (n = 1).
Although the citrate §'*C value is only ~2.8%0 more positive
than the plateau 8'>C value of CO, from gibbsite, it might be
expected that CO, evolved from citrate-treated gibbsite would
exhibit more positive 8'*>C values and higher F values if the
citrate was a source of contaminant CO,. The plateau values of
F and §'°C for MHD-2141 and MHD-2189 define a character-
istic area (or “domain”) in a plot of 8'*C vs. F (Fig. 5a). If
CD-treatment had significantly altered the gibbsite in MHD-
2171, it is expected that F and 8'*C values collected over the
plateau interval for this sample would plot outside of the
plateau domain.

There are only two open system vacuum dehydration-decar-
bonation increments collected from MHD-2171 that lie within
the range of X (H,) values corresponding to the plateaus of
MHD-2141 and MHD2189. These two increments represent
dehydration of the bauxitic gibbsite over the interval X, (H,)
= (0.27-0.65 (Fig. 6a and 6b). The F value for MHD-2171 over
this range is 0.0043 * 0.0002, whereas the 8'*Cq, value is
—16.0 = 0.6%o. The F and §'°C, values for both increments

lie within the plateau domain defined by MHD-2141 and
MHD-2189 (Fig. 5b). Thus, plateau F and 8'C, values that
define the CO, occluded in gibbsite are apparently not affected
by CD treatment, and such treatment seems to be a reasonable
method by which to isolate relatively pure gibbsite from natural
samples for evaluation of 8'°C.q, and F values.

3.2.4. Gibbsite-CO, exchange experiment followed by O.5M
HCIl + H,O,-treatment

The CO,-exchange experiment for sample MHD-2186 was
designed to examine possible carbon isotope exchange between
CO, gas and CO, occluded in gibbsite at a relatively warm
temperature of 105°C and a CO, partial pressure of 0.1 atm.
Under these conditions, the gibbsite was mineralogically stable.
Moreover, such conditions may approximate some diagenetic
and hydrothermal environments to which gibbsite could be
exposed subsequent to crystallization. As noted in Section 2.3,
MHD-2186 was placed in a chamber with 0.1 atm of cryogen-
ically purified tank CO, (8'*C = —45.8%q; n = 2) at 105°C for
3875 min. MHD-2186 was subsequently removed from the
reaction chamber, treated overnight with 0.5M HCI to remove
surface-sorbed CO,, rinsed with deionized H,O, and treated
with 30% H,O, before isothermal, incremental vacuum dehy-
dration-decarbonation. Therefore, if §'°C values of CO,
evolved during dehydration of MHD-2186 over the X, (H,)
range 0.16 to 0.67 are more negative than plateau 8'*C values
determined from MHD-2141 and MHD-2189, they may reflect
exchange with the tank CO,.

Four open system vacuum dehydration-decarbonation incre-
ments from MHD-2186 lie within the reference “plateau interval,”
X (H,) = 0.16 to 0.67 (Fig. 6a and 6b, Appendix 1). These four
increments represent dehydration over the interval X (H,)
= 0.23-0.67. All four pairs of incremental F and 8'*C., values
from this interval lie within the “plateau domain” defined by
MHD-2141 and MHD-2189 (Fig. 5c). The weighted-mean F
value (MHD-2186) over this range is 0.0040 = 0.0003, whereas
the weighted mean 8'>Cc.,, value is —16.4 * 0.3%o.

Interestingly, the 8'*C values of CO, from the 100°C and
closed system 190°C increments from MHD-2186 are much
more negative after the exchange experiment than for samples
which were not subjected to exchange (Appendix I). Yet, the
fact that the subsequent vacuum dehydration steps for MHD-
2186 (within the X, (H,) interval 0.16 to 0.67) exhibit the same
plateau values for F and 8'3C as the reference samples indicates
the plateau CO, is derived from a non-exchangeable, isotopi-
cally homogeneous source of carbon, with 8'*C = —16.0%o0
* 0.4%o and F ~0.0043 = 0.0003. As noted, this evolved CO,
component appears to be derived from occluded CO, released
from the gibbsite sample only during dehydration (i.e., destruc-
tion of the gibbsite crystal structure).

4. SUMMARY AND CONCLUSIONS

Incremental vacuum dehydration-decarbonation analyses of
a relatively pure gibbsite from an Eocene-age bauxite build on
the discovery by Schroeder and Melear (1999) of CO, occluded
in modern soil-formed gibbsites. The only detectable mineral-
ogical phases present in the Eocene sample are gibbsite with
minor amounts of kaolinite and boehmite. There is no evidence
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Fig. 5. Plots of 8'C vs. F for incremental dehydration-decarbonation of the Eocene-age gibbsitic bauxite. In plots (a)
through (c), F ratios and 8'C values of CO, evolved from Holocene-age soil gibbsites reported in Schroeder and Melear
(1999) are also shown for comparison (open triangles). Note that Schroeder and Melear (1999) reported C/H ratios for their
gibbsite samples as twice the average ratio of moles of CO, to moles of H,O, whereas F values are plotted here as moles
of CO, to moles of H,O. The F values for the data of Schroeder and Melear (1999) are one half of the values reported in
their paper. (a) Plot of plateau 8'C vs. F values from gibbsite over the “plateau interval” (X,(H,) = 0.16-0.67) in
experiments MHD-2141 and MHD-2189(0.5N HCI and H,O, treatment only, see text). These data (filled diamonds and
squares) define the reference “plateau domain” encompassed by the closed loop. (b) “Plateau interval” 8'C values plotted
against F (filled circles) for bauxitic gibbsite that underwent CD treatment (see text) before incremental vacuum
dehydration-decarbonation (MHD-2171). The filled circles of MHD-2171 plot within the reference domain (see text). (c)
8'3C vs. F values (filled triangles) for increments of CO, from the “plateau interval” (X, (H,) = 0.16—-0.67) for the gibbsitic
bauxite (MHD-2186) after the CO, exchange experiment. The filled triangles of MHD-2186 plot within the reference
plateau domain (see text).
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Fig. 6. Incremental dehydration-decarbonation spectra for samples
from the CD (MHD-2171) and CO, exchange (MHD-2186) experi-
ments. For the increments that lie within the “plateau dehydration
interval,” X, (H,) = 0.16 to 0.67, for MHD-2171 and MHD-2186,
average 8"°Ccq, values are —16.0 * 0.6%0 and —16.4 * 0.3%o,
respectively, whereas average plateau F values are 0.0043 = 0.0002
and 0.0040 = 0.0003, respectively.

for interference from “non-stoichiometric” hydrogen in the
190°C dehydration of the gibbsite in the Eocene bauxite.

8'3C and F values measured for CO, from the 190°C open-
system vacuum increments exhibit narrow ranges indicative of
their respective “plateaus,” which are thought to represent the
CO, occluded in the gibbsite. The gibbsite plateau §'°C value
is —16.0 = 0.4%0, whereas the plateau F value is 0.0043 =
0.0003. A CO, exchange experiment at 105°C appears to have
had no measurable effect upon these plateau values, indicating
that the occluded CO, is closed with respect to this process on
laboratory time scales. It also appears that CD-treatment has a
minimal effect on the §'*C or F values of CO, occluded in
gibbsite. However, because of the relatively small difference
(2.8%0) in 8'>C between citrate and CO, from gibbsite, we
cannot rule out the possibility that citrate sorbed to the gibbsite
surface may have affected some of the CO, increments evolved
during open system dehydration.

The results presented here affirm the hypothesis of Schroeder
and Melear (1999) that “plateau” increments of CO, evolved
during gibbsite breakdown are derived from a non-exchange-
able, mineral-bound CO, that is only evolved from the mineral
phase when the confining gibbsite crystal structure is destroyed.
Therefore, CO, contained in ancient gibbsites may provide a
mineralogical archive of terrestrial carbon budgets and paleo-

CO, concentrations comparable to that found in goethite and
calcite.

The two parameters of potential paleoenvironmental signif-
icance obtained from the gibbsite in this work (F and 8'°C)
have values of 0.0043 = 0.0003 and —16.0 = 0.3%.. Until the
value of the carbon isotope fractionation factor (a) between
CO, in gibbsite and CO, gas, as well as values for a Henry’s
Law-type distribution coefficient, are known, there are limits to
what can be deduced about the carbon system present in the
Eocene soil. However, using the tentative estimate of Schroe-
der and Melear (1999) for a (~1.000), the soil CO, present at
the time of crystallization of gibbsite seems to have had a §'C
value of about —16.0%o. Such a value would indicate a possibly
significant contribution of CO, from the atmosphere and/or
dissolving calcite in a soil containing oxidizing organic matter
(e.g., Yapp and Poths, 1991; 1992; Hsieh and Yapp, 1999;
Yapp, 2001; Tabor et al., 2004).

The full paleoenvironmental significance of plateau values of
8'3C and F of CO, occluded in gibbsite will become more
apparent if controlled gibbsite synthesis experiments can pro-
vide refined estimates of « and determine the Henry’s Law
coefficient between ambient CO, and CO, occluded in gibbsite.
Once the values of these two parameters have been determined,
the plateau 8'*C and F values of CO, occluded in gibbsite may
ultimately be used to infer ancient soil carbon budgets, soil
productivity, soil and atmospheric Pco, concentrations.
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APPENDIX 1
Bauxite (MHD-2128)
HCL + H,0, CO, Sample mass' = 109.2 mg
Time (min) T (°C) umoles st3c H, pmoles X, (H,) F
61 + 30 25 + 100 0.1 —95 59 N/A N/A
30 230%* 6.4 —15.7 1016 0.55 0.0063
30 230 14 —15.7 510 0.83 0.0027
31 230 0.4 —18.7 28 0.84 0.0143
30 230 0.4 —18.7 25 0.86 0.0160
30 230 — 245 0.5 —16.8 37 0.88 0.0135
31 850* 9.7 -17.9 225 1.00 0.0431
Bauxite (MHD-2141)
HCI + H,0, CO, Sample mass' = 179.3 mg
Time (min) T (°C) wmoles 83 H, umoles X, (H,) F
26 + 30 23 + 100 0.2 —8.4 77 N/A N/A
30 190* 0.6 —15.6 70 0.02 0.0086
30 190 1.7 —-15.2 419 0.16 0.0041
31 190 1.9 —164 467 0.32 0.0041
30 190 1.8 —15.6 405 0.45 0.0044
30 190 1.4 —16.3 336 0.55 0.0042
31 190 1.0 —15.7 260 0.65 0.0038
33 190 0.7 —16.3 203 0.71 0.0034
36 190 0.5 —16.0 142 0.76 0.0035
128 190 0.5 —18.4 187 0.82 0.0027
30 850%* 17.3 —18.7 544 1.00 0.0318
Bauxite (MHD-2171)
CD + HCI + H,0, CO, Sample mass' = 171.7 mg
Time (min) T (°C) umoles st3c H, pmoles X, (H,) F
165 + 57 25 + 100 0.1 —12.8 337 N/A N/A
30 190* 0.4 —14.7 66 0.02 0.0061
30 190 34 —15.0 685 0.27 0.0050
30 190 2.8 —16.3 635 0.50 0.0044
30 190 1.7 —15.5 415 0.65 0.0041
30 190 0.8 —153 213 0.72 0.0038
60 190 0.4 —14.5 126 0.77 0.0032
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APPENDIX 1 (Continued)
Bauxite (MHD-2171)
CD + HCI + H,0, CO, Sample mass' = 171.7 mg
Time (min) T (°C) umoles st3c H, pmoles X, (H,) F
1050 190 0.7 —16.5 230 0.85 0.0030
30 850* 14 —17.8 412 1.00 0.0340
Bauxite (MHD-2186)
CO, Exchange HCI + H,O, CO, Sample mass' = 234.0 mg
Time (min) T (°C) umoles st3c H, pmoles X, (H,) F
60 + 110 22 + 100 0.4 -95 110 Before CO, Exchange
3875 100 8632 —45.8 0
After CO, exchange, sample was removed and treated with 0.5N HCl, 30% H,O,
48 + 30 22 + 100 0.1 —26.5 113 N/A N/A
36 190* 0.9 —24.7 98 0.02 0.0092
30 190 3.9 —15.9 832 0.23 0.0047
30 190 39 —16.6 922 0.46 0.0042
31 190 0.9 —16.2 214 0.52 0.0042
30 190 1.2 —16.0 327 0.60 0.0037
30 190 1.0 —16.1 275 0.67 0.0036
30 190 0.5 —16.2 197 0.72 0.0025
45 190 0.4 -16.3 183 0.77 0.0022
71 190 0.2 —19.1 147 0.80 0.0014
885 190 1.0 —20.8 164 0.85 0.0060
30 850* 219 —18.9 614 1.00 0.0357
Bauxite (MHD-2189)
HCI + H,0, CO, Sample mass' = 254.9 mg
Time (min) T (°C) umoles s H, pmoles X, (H,) F
43 + 35 22 + 100 0.3 —8.2 97 N/A N/A
30 190* 0.8 -16.0 103 0.02 0.0078
30 190 2.8 —154 591 0.16 0.0047
30 190 3.1 —16.1 675 0.31 0.0046
30 190 2.7 —16.2 621 0.45 0.0043
30 190 2.0 —16.5 512 0.57 0.0039
30 190 1.6 —15.6 400 0.66 0.0040
30 190 0.8 -16.0 273 0.72 0.0029
30 190 0.3 —16.7 189 0.77 0.0016
33 190 0.2 —16.8 113 0.79 0.0018
38 190 0.1 —18.2 74 0.81 0.0014
30 850* 24.5 —19.2 835 1.00 0.0293

* Closed system in O,.

! Sample masses are after 100°C outgassing.

2 After 100°C outgassing of MHD2186, sample was left in closed system with 0.10atm CO,. This fraction is the CO, present in the 105°C
atmosphere after 3875 minutes. See text for further discussion.
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