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Oxygen isotope fractionation in ferric oxide-water systems: Low temperature synthesis
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Abstract—The magnitude and temperature-sensitivity of oxygen isotope fractionation in ferric oxide-water
systems remain uncertain. In this study, three different synthetic methods are used to investigate the
temperature dependence of the fractionation between water and hematite, akaganeite, and goethite at
near-surface temperatures. Our results reveal two similarities among these ferric oxide-water systems. First,
the fractionation of oxygen isotopes between water and ferric oxide is small (i.e., ferric oxide-water
fractionation factors [a] are very close to 1.000). Second, thesea values are relatively insensitive to change
in temperature (T). Hematite-water has a slightly highera value and a greater temperature sensitivity than
goethite-water at surface temperatures. While the issue requires further study, we speculate that differences in
the washing and drying protocols applied to final precipitates may be one of the factors that have contributed
to the discrepancies among publisheda-T curves.

Owing to the rapid exchange of oxygen among the various hydrolytic Fe(III) species and ambient water,
oxygen isotope equilibrium is probably attained between water and the ferric oxide gels and poorly-ordered
ferrihydrite that are the initial precipitates in nearly all natural settings. Aging experiments suggest that
isotopic compositions carried by ferric oxide gels and ferrihydrite are almost entirely erased by later exchange
with ambient water during the maturation processes leading to formation of either hematite or goethite. These
results suggest that dissolution and reprecipitation occur in the supposedly “solid-state transformation” from
ferrihydrite to hematite. Thus thed18O value of natural crystalline ferric oxides may provide a record of the
long-term averaged18O value of local surface water, rather than that of the water from which the solid ferric
oxide first formed. Copyright © 1999 Elsevier Science Ltd

1. INTRODUCTION

Ferric oxides (a term used here to include oxides and oxyhy-
droxides phases) are abundant in a variety of geologic settings.
Hematite (a-Fe2O3) and goethite (a-FeOOH) are the two most
common stable ferric oxide phases. Many ferric oxides occur as
authigenic minerals in sedimentary deposits, such as banded
iron formations (James and Trendall, 1982), oolitic ironstones
(Petránek and Van Houten, 1997), iron-cemented sandstones
(Walker et al., 1981; Lu et al., 1994), and iron-enriched soil
horizons (Van Houten, 1973; Nahon, 1986; Cornell and Schw-
ertmann, 1997).

The oxygen isotope composition of ferric oxides has been
used to monitor ancient surface environments (Yapp, 1987,
1990b, 1993a, 1993b; Bird et al., 1992; Bao et al., in press).
The fractionation of oxygen isotopes between a mineral and a
fluid can be fit by an equation of the form:

1000lna 5 A 3 106/T2 1 B (1)

wherea is the fractionation factor (defined as18O/18Omineral/
18O/18Ofluid). T is the temperature of mineral formation in
kelvin, andA andB are constants. For OH-bearing minerals at
near surface temperatures, 103/T is often used rather than
106/T2 (Clayton and Epstein, 1961). Thus the oxygen isotope

composition (d18O) of a mineral is determined by the formation
temperature and thed18O of the formation water.

While prior isotopic results obtained for ferric oxides are
promising, the systematics of oxygen isotope fractionation in
this system remain controversial. Low-temperature synthesis
experiments (Yapp, 1990a; Mu¨ller, 1995), extrapolation from
coexisting hydrothermal minerals (Clayton and Epstein, 1961),
and semi-theoretical calculations (Zheng, 1991, 1998) all pro-
duce differenta-T relations. Application of differenta-T
curves results in radically different interpretations of formation
conditions for natural ferric oxides (Bao et al., in press). A
well-defined fractionation relation is crucial if oxygen isotope
compositions of ferric oxides are to provide reliable and quan-
titative information for paleoclimatic and paleohydrological
research. Here we report our study of oxygen isotope system-
atics in ferric oxide-water systems conducted through a series
of synthesis and exchange (aging) experiments, compare with
previous calibrations, and discuss the geological implications
of our results.

1.1. Results of Prior Synthesis Experiments

Yapp (1987, 1990a) conducted synthesis experiments to
determine thea-T relation in the goethite (hematite)-water
system, in which goethite and/or hematite were synthesized at
temperatures ranging from 25°C to 120°C. He concluded that
the oxygen isotope fractionation factors for these two ferric
oxides are identical, with a relation to temperature of

1000lna 5 1.633 106/T2 2 12.3 (2)

Recent studies of ancient and modern goethite samples appear
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to support this finding (Yapp, 1993b, 1997; Girard et al., 1997).
Data obtained from high pH solutions (OH/Fe5 12.5) were off
the relations and were excluded because kinetic isotope effect
was suspected in these fast precipitating experiments (Yapp,
1987).

Müller (1995) obtained three differenta-T relations for
ferric oxide-water systems from three different methods of
synthesis:

KOH-method: 1000lna 5 1.13 106/T2 2 12.1 (3a)

NaOH-method: 1000lna 5 0.33 106/T2 2 3.0 (3b)

Hydrolysis: 1000lna 5 2.763 106/T2 2 23.7 (3c)

The results from the two base-added methods were similar at
lower temperatures, especially when compared with the results
from the hydrolysis method, which produced ana value that
was relatively sensitive to temperature. Mu¨ller’s (1995) study
of Tertiary lateritic samples from Central Nigeria suggests that
the fractionation relations derived from his base-added methods
best fit the formation conditions of natural goethite or mixtures
of goethite and hematite.

1.2. Approach of This Study

A re-examination of low-temperature oxygen isotope frac-
tionation in ferric oxide-water systems is warranted for three
reasons. First, recently we have been examining naturally oc-
curring pedogenic hematites from the Paleogene of Wyoming
and ferric oxides from Holocene and Pleistocene soils and
groundwater systems to address paleoclimatic and paleohydro-
logic questions (Bao, 1998; Bao et al., in press). We have found
it difficult to reconcile data from natural systems with the
widely used Eqn. 2 under plausible sets of formation condi-
tions.

Second, as noted above, thea-T curves obtained in synthesis
experiments by different workers are quite different (e.g.,
Yapp, 1990a; Mu¨ller, 1995). The cause of these large discrep-
ancies is unclear. Many of these prior experiments were not
designed to yield pure ferric oxide phases, however, and in
some experiments, chemical conditions were not the same at
different temperatures (e.g., a base-added method might be

used at lower temperatures, whereas forced-hydrolysis was
used at higher temperatures). Consequently, prior synthesis
results have left two questions unresolved. If chemical condi-
tions are controlled so that only one ferric oxide phase is
produced, will different phases (e.g., hematite, goethite, and
akaganeite [b-FeOOH]) follow differenta-T relations? Alter-
natively, if the same phase is formed under different chemical
conditions or by different pathways, will it follow the samea-T
relation?

Finally, in nature, metastable phases such as ferrihydrite (Fh)
and poorly-crystalline, ferric gels are often the kinetically-
favored initial precipitates. It typically takes centuries to tens of
thousands of years for these metastable phases to transform into
highly-crystalline ferric oxide, depending on physiochemical
conditions. The behavior of oxygen isotopes during transfor-
mation is unclear. The currently accepted mechanism for goe-
thite formation from Fh is via dissolution-reprecipitation,
whereas hematite formation from Fh is thought to involve
internal rearrangement or solid-state transformation, without
dissolution-reprecipitation. Therefore in goethite, the oxygen
isotope composition of the initial Fh may be lost and the
ultimate isotopic signal would reflect exchange with pore fluids
during aging. As a result of the solid-state transformation
hypothesized for hematite formation, thed18O of this phase
may be related solely to thed18O of the original fluid from
which precursor Fh formed. Answers to these questions are of
critical importance to the interpretation ofd18O of natural ferric
oxides.

We explore the first two issues regarding thea-T relation
with three experiments (Table 1): synthesis of ferric oxide by
forced hydrolysis of acidic Fe(III) solutions at six temperatures
ranging from 35°C to 140°C (forced-hydrolysis experiment);
synthesis of ferric oxide by transformation of Fh in a strongly-
alkaline medium at the same six temperatures (NaOH experi-
ment); and synthesis of ferric oxide by transformation of Fh
over approximately the same range of temperatures in an alka-
line solution buffered by addition of HCO3

2 (NaOH 1 HCO3
2

experiment). The forced-hydrolysis experiments are expected
to generate akaganeite at lower temperatures and hematite at
higher temperatures. The NaOH experiments should generate
pure goethite at low to moderate temperatures. NaOH1 HCO3

2

Table 1. Methods used in synthesis and exchange experiments.

Method Descriptiona

Forced-Hydrolysis Add 2.7 g FeCl3 z 6H2O to 500 mL 0.002 M HCl at designated temperature, stir vigorously. Temperature: 35°, 50°,
70°, 95°, 115°, and 140°C.

NaOH Add 3.38 g FeCl3 z 6H2O to 12.5 mL water. Once dissolved, add 22.5 mL 5 M NaOH. Stir and shake vigorously,
then dilute to 250 mL. OH/Fe ratio' 9. Temperature: 35°, 50°, 70°, 95°, 115°, and 140°C.

NaOH 1 HCO3
2 Add 6.69 g FeCl3 z 6H2O to 125 mL water. Once dissolved, add 75 mL 1 M NaOH. Stir vigorously, then add 17

mL 1 M NaHCO3. OH/Fe ratio' 3, and HCO3
2/Fe ratio' 0.7. Temperature: 30°, 37°, 50°, 70°, 95°, 115°, and

140°C.
Fh-exchange Add 18 g FeCl3 z 6H2O to 500 mL water (d18O 5 28.0‰). Once dissolved, add 330 mL 1 M NaOH (solution

made with28.0‰ water), stir vigorously. After 10–15 minutes, obtain ferrihydrite gel by centrifugation. Place
aliquots of gel in:

OH 1 HCO3
2 method 1) 62.5 mL water1 37.5 mL 1 M NaOH 1 8.5 mL 1 M NaHCO3, where water and solutions had three different

d18O values (11.8‰, 28.0‰, and215.1‰). Temperature: 75°C.
HCO3

2 method 2) 95 mL water1 13.5 mL 1 M NaHCO3, where water and solutions had three differentd18O values (11.8‰,
28.0‰, and215.1‰). Temperature: 30° and 75°C.

a Quantity of chemicals were proportionally reduced in higher temperature aging experiments which required use of a bomb.
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experiments should generate pure hematite across this range of
temperatures. If hematites from the forced-hydrolysis experi-
ments and from the NaOH1 HCO3

2 experiments exhibit no
significant differences in thea-T relation, we may conclude
that different formation conditions and/or pathways have little
effect on isotopic fractionation in the hematite-water system.
The effects of differing mineralogy on fractionation will be
revealed by comparinga-T relations for pure hematite (NaOH
1 HCO3

2 experiment) to pure goethite (NaOH experiment),
and pure akaganeite (forced-hydrolysis experiment). We will
also examine the effect of initial Fe(III) concentration (0.2 M or
0.02 M) on thed18O of the final hematite precipitate in forced-
hydrolysis solutions at three different temperatures.

To examine the potential for isotopic inheritance from initial
precipitates, we synthesized a kinetically metastable phase:
2-line Fh, from a solution with a uniqued18O value, then aged
the Fh to either hematite or goethite in solutions with three
differentd18O values (Table 1, Fh-exchange experiment). If the
final precipitate has ad18O value that indicates complete equil-
ibration with the aging solutions, rather than the initial solution
from which Fh precipitated, we may conclude that the Fh-to-
goethite and Fh-to-hematite transformations are isotopically
open processes. If not, the extent of exchange can be estimated
from the isotopic data. These simple experiments will shed new
light on the mechanisms of Fh-to-goethite and Fh-to-hematite
transformation.

2. METHODS

In most natural aquatic systems, Fe(III) precipitation occurs very
slowly by the oxygenation of Fe(II) and subsequent hydrolysis. We
opted for direct Fe(III) hydrolysis to obtain crystalline ferric oxides for
all our experiments because this method can be easily manipulated to
produce pure mineral phases. Fe(III) hydrolysis has been studied in-
tensively, and there is a voluminous literature on the formation and
characteristics of hydrolytic Fe(III) and polymer species, the pattern
and kinetics of nucleation, the processes by which amorphous Fe(III)
hydroxide hydrates age to more crystalline products, the effect of
OH/Fe ratio and other ions on the crystallinity of precipitates, and the
kinetics of phase transformation (see reviews by Flynn, 1984; Schnei-
der and Schwyn, 1987; Cornell et al., 1989). Therefore, considering
that our focus is oxygen isotope fractionation, we did not monitor
precise changes in pH and [Fe31] during the course of sample aging or
evaluate the crystal forms of final precipitates. However, solution pH
was measured at the start and end of sample aging.

Hematite, goethite, and akaganeite were prepared by three different
experiments, as outlined in Table 1, generally following techniques
described by Schwertmann and Cornell (1991). Fe(III) salt (FeCl3 z
6H2O, lumps, analytical reagent grade, Thomas Scientific) was used in
all experiments. Other Fe(III) sources, such as Fe(NO3)3 z 9H2O and
Fe(ClO4)3, which have been used in similar synthesis experiment, were
not chosen, because we were attempting to (1) obtain akaganeite, which
requires the presence of Cl2 in solution and (2) avoid the excessive
sample washing required to thoroughly clean residual NO3

2 and ClO4
2

from precipitates before isotopic analysis. Doubly deionized (DD)
water with ad18O value of28.0 6 0.1‰ was used in all synthesis
experiments. Polyethylene bottles were used for experiments at tem-
peratures#95°C; acid digestion bombs (45 mL, Parr Instrument Com-
pany) were used for experiments at temperatures.100°C. All solu-
tions were preheated to the designated temperature before reactant
solutions were mixed, except for experiments at 115°C and 140°C
where solutions were mixed at 95°C and then quickly brought to
designated temperatures. Every experiment was conducted in duplicate.

For the Fh-exchange experiments, we obtained Fh by adding 1 M
NaOH to a FeCl3 solution with a final OH/Fe ratio of;3.8 (method of
Schwertmann and Cornell, 1991). These initial solutions were made
with DD water, thus this Fh gel should have initially equilibrated with

this 28.0‰ water. Dark-red Fh gel was collected by centrifugation
after the solution was aged at the designated temperature for 10–20
min. Aliquots of gel were then added to solutions with three different
d18O values (11.8‰, 28.0‰, 215.1‰) for aging to final crystalline
precipitates. Vigorous shaking of aging solutions at the start is espe-
cially important, because Fh gels tend to form aggregates that are
difficult to disperse. This experiment was performed at two tempera-
tures, 75°C and 30°C. Two different aging solutions (NaOH1 HCO3

2

and HCO3
2) were used in the 75°C experiments to obtain both hematite

and goethite (Table 1). All solutions (e.g., NaOH, NaHCO3) were made
using water with the samed18O value as that of the water added to the
aging solution. The contribution of oxygen to these solutions from
NaOH and NaHCO3 was insignificant. During all of our experiments,
bottles and bombs were sealed at all times, except for the initial short
period when different solutions were mixed. Solution levels were at
least.2⁄3 of the maximum volume of the bottles.d18O values of initial
or final solutions were measured to ensure that the target isotopic
composition of the aging solution had been reached, and that no shifts
occurred during the course of the experiments. Every Fh-exchange
experiment was also conducted in duplicate.

For both synthesis and Fh-exchange experiments, precipitates were
collected by centrifugation, then washed twice with DD water. Each
precipitate (except for those from forced-hydrolysis experiments) was
treated with;0.5 M HCl for ;30 min to dissolve residual Fh or other
poorly-crystalline and amorphous phases, then rinsed again with DD
water and centrifuged. Several drops of saturated NaBr solution were
sometimes added to the centrifuge tube to promote coagulation of fine
particles to reduce centrifugation times. We did not measure the HCO3

2

concentration in the precipitates obtained from experiments involving
buffered solutions, but believe that it should be minimal after washing
and soaking with HCl. The precipitates were then dried under vacuum,
mostly in a freeze drier but a few were vacuum-dried at room temper-
ature.

We believe that acid washing and vacuum-drying are crucial steps
for obtaining reliabled18O values from these fine-grained, low-tem-
perature precipitates, due to the presence of significant concentrations
of amorphous phases in final precipitates. Amorphous phases contain
large amount of water, and if not leached from precipitates prior to
oven drying, these amorphous phases may transform into crystalline
phases and record isotopic signals from evaporating water. The content
of amorphous ferric oxide phases in final precipitates from various
experiments was determined by measuring the amount of oxalate-
extractable from oxides in final precipitates. Final precipitates were
neutralized with HCl and washed clean with DD water before freeze-
drying for two days. Immediately after being removed from the freeze-
dryer, the precipitates were weighed and subsequently treated with 0.2
M ammonium oxalate-oxalic acid (pH5 3) in the dark for 2 hr. This
is a standard procedure for extracting non-crystalline ferric oxides from
soils or to leach poorly-crystalline phases from precipitates in synthesis
experiments (Mckeague and Day, 1966; Schwertmann and Cornell,
1991). [Fe] and [Na] were determined by atomic absorption spectrom-
eter (AA) at University of California Santa Cruz.

We also collected an aliquot of precipitate from one 30°C NaOH
1 HCO3

2 experiment. The precipitate was washed with DD water twice
and oven-dried at 100°C without HCl treatment (sample CH-20A*) in
order to compare the effect of drying procedures on the finald18O of
the precipitate. Similarly a 2-line Fh sample from a Fh-exchange
experiment was dried at 50°C for three days and subsequently analyzed
by X-ray diffraction.

X-ray diffraction (XRD) patterns were obtained from most precipi-
tates, using a Scintag PAD-Vu-2u diffractometer with a Cu Ka
radiation source at a scan rate of 2° 2u/min at the Department of
Geosciences, Princeton University.

Thed18O values of solutions were determined by CO2 equilibration
using a Micromass Isoprep 18 automated water analysis system inter-
faced with an Optima isotope-ratio monitoring mass spectrometer in
the Department of Geosciences, Princeton University. One or two
beads of NaOH were added to strongly acidic solutions and several
drops of H3PO4 were added to strongly alkaline solutions to neutralize
the solutions prior to loading into glass vessels for CO2 equilibration.
The amount of added H3PO4 is small and H3PO4 is inert to oxygen
exchange with water samples during our experiment time scale and
pH/temperature conditions (Tudge, 1960; Gamsja¨ger and Murmann,
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1983). The oxygen from the added NaOH beads is also minimal
compared to that in the whole water sample. Approximately 5 mL of
fluid was equilibrated at 25°C with CO2 gas overnight. The CO2 was
dried cryogenically, then transferred to the mass spectrometer. The
standard deviation for replicate analyses of a standard laboratory H2O
was60.1‰.

The d18O value of ferric oxides was measured by CO2 laser fluori-
nation at the Geophysical Laboratory, Carnegie Institution, Washing-
ton, DC. Powdered samples (;2 mg) were loaded into a stainless steel
holder along with a reference sample. Samples were prefluorinated
overnight at room temperature prior to O2 extraction. The color of most
hematites precipitated below 70°C in NaOH1 HCO3

2 experiments and
a few akaganeite samples precipitated below 70°C in forced-hydrolysis
experiments changed from red or reddish-brown to dark-brown during
prefluorination. XRD analysis of the prefluorinated dark-brown pow-
ders revealed no change in mineralogy. Oxygen yields were near 100%,
indicating minimal loss of structural oxygen during color change. Most
ferric oxide powders were “well-behaved” and did not sputter exces-
sively during laser heating. Samples with more NaBr sputtered more,
thus addition of NaBr during centrifugation should be kept to a mini-
mum. O2 was collected in a sample vessel containing molecular sieve
at 2196°C and analyzed on a Finnegan MAT 252 mass spectrometer.
The mean difference ind18O between duplicate analyses was,0.3‰.

Oxygen isotope compositions of water and ferric oxide are expressed as:

d18O 5 ~Rsample2 Rstandard! 3 1000/Rstandard (4)

whereRsampleandRstandardrefer to the ratio of18O to 16O in the sample
and standard, respectively. All results are given relative to the SMOW
international reference standard.

3. RESULTS

3.1. Mineral Phase of Precipitates

Experimental results are given in Table 2. Pure goethite was
obtained at all temperatures in the NaOH experiments, except
at 140°C, where the sample contained a minor amount of
hematite. Pure hematite was obtained from all NaOH1 HCO3

2

experiments, except for several low-temperature (#37°C) syn-
theses that yielded trace amounts of goethite. Pure hematite was
also produced by forced-hydrolysis experiments at 115°C and
140°C. Pure akaganeite was formed in forced-hydrolysis ex-
periments at temperatures#70°C. Interestingly, forced-hydrol-
ysis experiments at 95°C produced pure hematite when the
initial [Fe31] was 0.02 M, but a mixture of akaganeite and
hematite formed when the initial [Fe31] was 0.2 M. We also
observed that during the course of the forced-hydrolysis exper-
iments at 95° and 115°C, purple-red hematite formed by trans-
formation from an earlier yellow precipitate, presumably goe-
thite. However, hematite precipitated directly from purple-red
Fh (without a yellow intermediate) in the NaOH1 HCO3

2

experiments at all temperatures.
During the Fh-exchange experiments, final precipitates were

pure goethite in the NaOH1 HCO3
2 solution, and pure hema-

tite in the HCO3
2 solution. Initial air-dried Fh gel exhibited no

conspicuous diffraction peaks. However, after oven-drying at
50°C for 3 days, XRD patterns showed clear peaks of both
hematite and goethite.

3.2. Yield and Crystallinity

Synthesis yield is calculated as ratio of the weight of ferric
oxide precipitate over the predicted weight of ferric oxide
assuming all added Fe salt in solution precipitated out as ferric
oxide. The NaOH experiments generally had nearly 100%
yields. The NaOH1 HCO3

2 experiments had yields that in-

creased with temperature from.88% at lower temperatures to
nearly 100% at temperatures$95°C. The forced-hydrolysis
experiments had much lower yields when compared with the
other two methods, especially at lower temperatures, but 80%
to 100% yields were obtained at 115°C and 140°C. An inter-
esting feature of the forced-hydrolysis experiments is that, at
115°C and 140°C, experiments with initial [Fe31] of 0.2 M had
only 1⁄2 to 2⁄3 the yield of the experiments with initial [Fe31] of
0.02 M, although they all produced pure hematite.

The crystallinity of a precipitate refers to particle size as well
as the degree of lattice strain and defects. The crystallinity of
precipitates differs among the experiments. A semi-quantitative
estimate of particle size can be derived from height/width ratio
of the major XRD peak, if differences in lattice strain and
defect are considered unimportant. In general, higher synthesis
temperatures generated precipitates of higher crystallinity. Pre-
cipitates obtained from forced-hydrolysis experiments had
broader peaks (indicating poorer crystallinity) than those from
NaOH or NaOH1 HCO3

2 experiments. Hematite produced by
forced-hydrolysis at higher temperatures ($95°C) from solu-
tions with initial [Fe31] of 0.2 M had poorer crystallinity than
those from solutions with initial [Fe31] of 0.02 M. Interest-
ingly, HCl-washed and vacuum-dried sample CH-20A exhib-
ited higher crystallinity than its non-HCl-washed, oven-dried
equivalent (CH-20A*) (Table 2).

3.3. Content of Oxalate-Extractable Ferric Oxides in
Precipitates

Amorphous ferric oxides such as Fh are often the kinetically
stable phases during the precipitation of ferric oxides from
Fe31. Therefore, the content of amorphous phases in a precip-
itate is determined by a number of variables (e.g., initial [Fe31],
solution OH:Fe ratio, temperature, and duration) that affect
reaction kinetics. We tested selected experimental conditions to
see if the content of amorphous phases varies with these vari-
ables. As shown in Table 3, temperature has the most obvious
impact on amorphous content, with the low temperature syn-
thesis (e.g., 30°C) sometimes producing more than half amor-
phous phases in the precipitates. Higher initial [Fe31], lower
OH:Fe ratio, or short duration tend to yield significantly more
amorphous phase in precipitates than otherwise. It should be
emphasized that the reported contents of amorphous phases
should be considered as minimum values, because washing and
freeze-drying prior to analysis by AA may reduce the amount
of oxalate-extractable ferric oxides.

3.4. Oxygen Isotope Composition of Formation Solutions

The same initial DD water (d18O 5 28.06 0.1‰) was used
for synthesis experiments. We measured thed18O of final
solutions for every experiment, and only two experiments had
to be discarded and repeated due to leakage in polyethylene
bottles (as revealed by higherd18O values for final solutions).
There was no difference ind18O between the initial and final
solutions for the data reported here. The small amounts of
NaOH and NaHCO3 used in the experiments had no effect on
the d18O of the solution as a whole. This is expected from the
large ratio of water to precipitate in the experiments. The
oxygen contributed from NaOH is,1% of the total oxygen in
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the NaOH experiments, and oxygen from NaHCO3 is ;0.4%
of the total oxygen in the NaOH1 HCO3

2 experiments.
In Fh-exchange experiments, thed18O values of solutions

shifted during the course of aging (Table 4). These small shifts
are expected because Fh gels contained a large amount of water
that had a differentd18O value from that of two of the three
aging solutions. For example, when Fh was placed in an aging
solution with a higherd18O value (11.8‰), thed18O of the
bulk aging solution was decreased because of the contribution
of a small amount of the28.0‰ water from which the Fh was
formed. Therefore, thed18O value of the final solution was
used to calculatea values.

3.5. Oxygen Isotope Composition of Ferric Oxides

Isotopic data and corresponding 1000lna values are given
for the three experiments in Table 5. It is clear that different
ferric oxide phases have slightly differenta-T relations (Fig.
1). The following observations are made from our three syn-
thesis experiments:

1. 1000lna values for goethite-water from the NaOH experi-
ments were 0.7 to 3‰ more negative than those for hema-
tite-water from the chemically similar NaOH1 HCO3

2

experiments. The difference was greater at lower tempera-
tures.

Table 2. Chemical conditions and mineralogical data for three synthesis experiments.

Sample
t

(°C) Duration
Solution pH

initial
Solution pH

final
Initial [Fe]

(M)
HCl

washing
XRD resulta

Mineralogy
FWHMb

(°2u) % Yield

Hydrolysis experiment (OH/Fe5 0)
CH-12A 140 24 hr 3.5–4.0 0.0–0.5 0.200 no Hmt 0.30 62%
CH-12B 140 24 hr 3.5–4.0 0.0–0.5 0.200 no Hmt NDc 56%
CH-11A 140 24 hr 3.5–4.0 1.0–1.5 0.020 no Hmt 0.26 91%
CH-11B 140 24 hr 3.5–4.0 1.0–1.5 0.020 no Hmt ND 81%
CH-10A 115 48 hr 3.5–4.0 0.0–0.5 0.200 no Hmt 0.27 56%
CH-10B 115 48 hr 3.5–4.0 0.0–0.5 0.200 no Hmt 0.30 56%
CH-9B 115 48 hr 3.5–4.0 1.0–1.5 0.020 no Hmt 0.18 100%
CH-13A 95 182 hr 3.5–4.0 1.5–2.0 0.020 no Hmt 0.12 29%
CH-13B 95 182 hr 3.5–4.0 1.5–2.0 0.020 no Hmt ND 22%
CH-14A 95 90 hr 3.5–4.0 0.5 0.200 no Hmt1 Akag 0.33 (Hmt) 32%
CH-14B 95 182 hr 3.5–4.0 1.0–1.5 0.200 no Akag1 minor Hmt 0.48 36%
CG-11A 70 217 hr 3.5–4.0 1.0–1.5 0.100 no Akag ND 42%
CG-7A 50 37 days 3.5–4.0 1.0–1.5 0.100 no Akag 0.57 17%
CG-7B 50 37 days 3.5–4.0 1.0–1.5 0.100 no (Akag) ND 16%
CG-9A 35 90 days 3.5–4.0 1.5–2.0 0.100 no Akag 0.67 13%
CG-9B 35 90 days 3.5–4.0 1.5–2.0 0.100 no (Akag) ND 10%
NaOH experiment (OH/Fe' 9)
CH-18A 140 24 hr .14.0 .14.0 0.050 yes Gth1 minor Hmt 0.16 100%
CH-18B 140 24 hr .14.0 .14.0 0.050 yes Gth1 minor Hmt 0.17 99%
CG-15A 115 48 hr .14.0 .14.0 0.050 yes Gth 0.20 93%
CG-15B 115 48 hr .14.0 .14.0 0.050 yes Gth 0.19 89%
CG-16A 95 140 hr .14.0 .14.0 0.050 yes Gth 0.17 96%
CG-16B 95 140 hr .14.0 .14.0 0.050 yes (Gth) ND 97%
CG-10A 70 217 hr .14.0 .14.0 0.050 yes Gth ND 102%
CG-10B 70 217 hr .14.0 .14.0 0.050 yes Gth ND 99%
CG-6A 50 37 days .14.0 .14.0 0.050 yes Gth 0.26 101%
CG-6B 50 37 days .14.0 .14.0 0.050 yes (Gth) ND 101%
CG-8A 35 90 days .14.0 .14.0 0.050 yes Gth 0.27 101%
CG-8B 35 90 days .14.0 .14.0 0.050 yes (Gth) ND 99%
NaOH 1 HCO3

2 experiment (OH/Fe' 3)
CH-16A 140 24 hr 8.0–8.5 9.0–9.5 0.114 yes Hmt 0.21 98%
CH-16B 140 24 hr 8.0–8.5 9.0–9.5 0.114 yes (Hmt) ND 98%
CH-17A 115 48 hr 8.0–8.5 9.0–9.5 0.114 yes Hmt 0.22 100%
CH-15A 95 48 hr 8.0–8.5 9.5 0.114 yes Hmt 0.21 100%
CH-15B 95 48 hr 8.0–8.5 8.0–8.5 0.114 yes Hmt 0.24 100%
CG-12A 70 217 hr 8.0–8.5 8.0 0.114 yes Hmt 0.30 91%
CG-12B 70 217 hr 8.0–8.5 8.0 0.114 yes Hmt 0.23 90%
CG-13A 50 315 hr 8.0–8.5 7.8 0.114 yes Hmt 0.26 87%
CG-13B 50 315 hr 8.0–8.5 8.0 0.114 yes Hmt 0.28 89%
CH-19A 37 189 days 8.0 8.8 0.114 yes Hmt1 trace Gth? 0.28 ND
CH-19B 37 189 days 8.0 8.8 0.114 yes (Hmt1 trace Gth?) ND ND
CH-20A 30 189 days 8.0 8.8 0.114 yes Hmt 0.30 ND
CH-20A* 30 190 days 8.0 8.8 0.114 no Hmt 0.41 ND
CH-20B 30 189 days 8.0 8.8 0.114 yes (Hmt) ND ND

a Gth, Hmt, and Akag are goethite, hematite, and akaganeite, respectively. Mineral phase in parenthesis indicates no XRD data were available.
Mineralogy is estimated from similarity in color to its duplicate.

b FWHM is for full width at half-height maximum, a measure of crystallinity. Measured peaks are (110) for goethite, (104) for hematite, and (310)
for akaganeite.

c Not determined.
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2. 1000lna values for goethite-water from the NaOH experi-
ments were 1 to 2‰ more negative than those for akaga-
neite-water from the forced-hydrolysis experiments over
the 35 to 70°C temperature range. The difference was
greater at lower temperatures.

3. Akaganeite-water from the forced-hydrolysis experiments
and hematite-water from the NaOH1 HCO3

2 experiments
had very similar 1000lna values over the 35 to 70°C
temperature range, with the former only;0.2‰ more
negative than the later.

4. Over the 95° to 140°C temperature range, 1000lna values

for hematite-water from the NaOH1 HCO3
2 experiments

were very close to those of hematite-water from the forced-
hydrolysis experiments, with the former only 0.1 to 0.3‰
more negative than the later.

5. In forced-hydrolysis experiments at 140°C, hematite ob-
tained from solutions with initial [Fe31] of 0.2 M hadd18O
values;0.5‰ more negative than those with initial [Fe31]
of 0.02 M. The same trend was observed at 115°C, but the
0.2 M hematites were only;0.25 more negative, which is
within the range of analytical error. The slightly more
negative isotope fractionation in higher concentration so-

Table 3. Contents of oxalate-extractable ferric oxides from precipitates of selected synthesis experiments.

Sample
name Mineralogya Method

Initial
[Fe]
(M)

Temperature
(°C) Duration

Oxalate-
extractable
(%weight) Notesb

Bu 1-3 Akag NaOH; OH:Fe5 12.5:1 0.05 30 23 days 48.6% Yapp’s (1987) method 1, but with lower initial
[Fe] (0.05 M instead of 0.09 M)

Bu 1-6 Gth NaOH; OH:Fe5 12.5:1 0.05 61 23 days 2.7% Yapp’s (1987) method 1, but with lower initial
[Fe] (0.05 M instead of 0.09 M)

Bu 2-6 Fh? Gth? NaOH; OH:Fe5 2:1 0.05 61 23 days 5.7% Yapp’s (1987) method 2, but with lower initial
[Fe] (0.05 M instead of 0.09 M)

Bu 3-6 Gth1 Hmt? Forced-hydrolysis 0.02 61 23 days 1.4% Our own Forced-hydrolysis method
Bu 5-6 Gth1 Hmt? Forced-hydrolysis 0.20 61 13 days 6.0% Yapp’s (1987) method 3
Bu 4-3 Hmt NaOH1 HCO3

2; OH:
Fe 5 3:1

0.11 30 23 days 54.3% Our own NaOH1 HCO3
2 method

Bu 4-6 Hmt? NaOH1 HCO3
2; OH:

Fe 5 3:1
0.11 61 23 days 0.9% Our own NaOH1 HCO3

2 method

a Judged from color.
b Fe(NO3)3 and KOH were used in Yapp’s (1987) experiments.

Table 4. Chemical conditions and oxygen isotope data for Fh-exchange experiments.

Samples Method (t°C) Duration

Solution pH

Mineral phasea

Solutiond18O
d18Oferric oxide

predictedb
d18Oferric oxide

measuredc
Oxygen

exchangeddinitial final initial final

CAg-1A OH 1 HCO3
2 (75) 165 hr .14.0 .14.0 Gth 1.8 0.8 21.7 22.0 96.9%

CAg-1B OH 1 HCO3
2 (75) 165 hr .14.0 .14.0 Gth 1.8 0.5 22.0 22.0 100.3%

CAg-2A OH 1 HCO3
2 (75) 165 hr .14.0 .14.0 Gth 28.0 28.0 210.5 210.4

CAg-2B OH 1 HCO3
2 (75) 165 hr .14.0 .14.0 Gth 28.0 28.0 210.5 210.0

CAg-3A OH 1 HCO3
2 (75) 165 hr .14.0 .14.0 Gth 215.1 214.2 216.7 216.4 94.7%

CAg-3B OH 1 HCO3
2 (75) 165 hr .14.0 .14.0 Gth 215.1 213.7 216.2 216.1 97.8%

CAg-4A HCO3
2 (75) 47 hr 8.0–8.5 9.0–9.5 Hmt 1.8 0.8 20.1 20.6 93.9%

CAg-4B HCO3
2 (75) 47 hr 8.0–8.5 9.5 Hmt 1.8 0.8 20.1 20.3 97.3%

CAg-5A HCO3
2 (75) 47 hr 8.0–8.5 9.5 Hmt 28.0 28.0 28.9 28.6

CAg-5B HCO3
2 (75) 47 hr 8.0–8.5 9.5 Hmt 28.0 28.0 28.9 28.5

CAg-6A HCO3
2 (75) 47 hr 8.0–8.5 9.0–9.5 Hmt 215.1 214.3 215.2 214.9 95.8%

CAg-6B HCO3
2 (75) 47 hr 8.0–8.5 9.5 Hmt 215.1 214.2 215.1 214.5 90.9%

CAg-7A HCO3
2 (30) 164 days 8.0–8.5 9.2 Hmt (minor Gth) 1.8 0.9 2.0 20.2 75.7%e

CAg-7B HCO3
2 (30) 164 days 8.0–8.5 9.2 Hmt (minor Gth) 1.8 1 2.1 0.1 78.2%e

CH-20A HCO3
2 (30) 189 days 8.0–8.5 8.8 Hmt 28.0 28.0 26.9 26.8

CH-20B HCO3
2 (30) 189 days 8.0–8.5 8.8 Hmt 28.0 28.0 26.9 26.9

CAg-8A HCO3
2 (30) 164 days 8.0–8.5 9.2 Hmt (minor Gth)215.1 214.4 213.3 213.6 104.1%e

CAg-8B HCO3
2 (30) 164 days 8.0–8.5 9.2 Hmt (minor Gth)215.1 214.4 213.3 213.7 105.7%e

a Gth, Hmt, and Akag are goethite, hematite, and akaganeite, respectively.
b Calculated using equations in Fig. 1c and in Fig. 1d for goethite and hematite, respectively, and thed18O of the final solution.
c d18O value is the average of two duplicates for each sample, except for samples CAg-8B and CH-20B, which were single analyses. The difference

between duplicate analyses is,0.3‰.
d Calculated assuming the completely exchanged fraction has the predicted value and the non-exchanged fraction has ad18O value in equilibrium

with water of28.0‰.
e Calculated as 100% hematite. If calculated assuming 80% of the oxygen was from hematite and 20% from goethite, the predictedd18O values

are 1.4‰, 1.5‰,213.9‰, and213.9‰, and the exchange ratio is 81.9%, 84.3%, 95.5%, and 97.0% for sample CAg-7A, CAg-7B, CAg-8A, and
CAg-8B, respectively.
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Table 5. Oxygen isotope data for ferric oxides from three synthesis experiments.

Samplea t°C
Initial [Fe31]

(M) Mineralogy d18O
1000lna

(ferric oxide-water)

Hydrolysis experiment
CH-12A-a 140 0.20 Hmt 210.3 22.3
CH-12A-b 140 0.20 Hmt 210.4 22.4
CH-12B-a 140 0.20 Hmt 210.6 22.6
CH-12B-b 140 0.20 Hmt 210.9 22.9
CH-11A-a 140 0.02 Hmt 210.2 22.2
CH-11A-b 140 0.02 Hmt 210.1 22.1
CH-11B-a 140 0.02 Hmt 29.9 21.9
CH-10A-a 115 0.20 Hmt 210.0 22.0
CH-10B-a 115 0.20 Hmt 210.0 22.0
CH-9Bb 115 0.02 Hmt 29.7 21.7
CH-14A-a 95 0.20 Hmt1 Akag 29.2 21.2
CH-14A-b 95 0.20 Hmt1 Akag 29.2 21.2
CH-14B-a 95 0.20 Akag1 minor Hmt 29.4 21.4
CH-13A-a 95 0.02 Hmt 29.2 21.2
CH-13B-a 95 0.02 Hmt 29.2 21.2
CG-11A-a 70 0.10 Akag 28.8 20.8
CG-7A-a 50 0.10 Akag 28.1 20.1
CG-7A-b 50 0.10 Akag 28.0 0.0
CG-7B-a 50 0.10 Akag 28.1 20.1
CG-9A-a 35 0.10 Akag 27.2 0.8
CG-9A-b 35 0.10 Akag 27.6 0.4
CGt-9B-a 35 0.10 Akag 27.3 0.7
NaOH experiment
CH-18A-a 140 0.05 Gth1 minor Hmt 211.8 23.8
CH-18A-b 140 0.05 Gth1 minor Hmt 211.4 23.4
CH-18B-a 140 0.05 Gth1 minor Hmt 211.2 23.2
CG-15A-a 115 0.05 Gth 211.2 23.2
CG-15B-a 115 0.05 Gth 211.1 23.1
CG-16A-a 95 0.05 Gth 210.7 22.7
CG-16A-b 95 0.05 Gth 210.6 22.6
CG-16B-a 95 0.05 Gth 210.7 22.7
CG-10A-a 70 0.05 Gth 210.5 22.5
CG-10B-a 70 0.05 Gth 210.5 22.5
CG-6A-a 50 0.05 Gth 210.0 22
CG-6A-b 50 0.05 Gth 210.2 22.2
CG-6B-a 50 0.05 Gth 210.3 22.3
CG-8A-a 35 0.05 Gth 29.6 21.6
CG-8B-a 35 0.05 Gth 29.6 21.6
CG-8B-b 35 0.05 Gth 210.2 22.2
NaOH 1 HCO3

2 experiment
CH-16A-a 140 0.11 Hmt 210.5 22.5
CH-16A-b 140 0.11 Hmt 210.5 22.5
CH-16B-a 140 0.11 Hmt 210.5 22.5
CH-17A-a 115 0.11 Hmt 210.2 22.2
CH-15A-a 95 0.11 Hmt 29.9 21.9
CH-15A-b 95 0.11 Hmt 29.9 21.9
CH-15B-a 95 0.11 Hmt 29.5 21.5
CH-15B-b 95 0.11 Hmt 29.5 21.5
CG-12A-a 70 0.11 Hmt 28.6 20.6
CG-12B-a 70 0.11 Hmt 28.5 20.5
CG-13A-a 50 0.11 Hmt 27.8 0.3
CG-13A-b 50 0.11 Hmt 27.8 0.2
CG-13B-a 50 0.11 Hmt 27.8 0.2
CH-19A-a 37 0.11 Hmt1 trace Gth? 27.7 0.3
CH-19A-b 37 0.11 Hmt1 trace Gth? 27.7 0.3
CH-20A-a 30 0.11 Hmt 26.9 1.1
CH-20A-b 30 0.11 Hmt 26.7 1.3
CH-20B-a 30 0.11 Hmt 26.9 1.1
CH-20A*-ac 30 0.11 Hmt1 trace Gth 25.1 2.9
CH-20A*-b 30 0.11 Hmt1 trace Gth 25.3 2.7

a A and B are bottle duplicates of the same experiment; a, b, c, d are isotope analyses of replicates from precipitate of the same bottle. Most bottles
have two or more isotope analyses. A few bottles have only one value reported due to analytical failure.

b Average value of.15 replicates, analyzed as reference in this study.
c Precipitate from the bottle of CH-20A, but dried in 100°C oven without HCl rinse.
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Fig. 1. Temperature dependence of oxygen isotope fractionation between ferric oxides (akaganeite, hematite, and
goethite) and water in three synthesis experiments. The regressions are plotted and calculated using average values for
replicate fluorinations of single bottles. In Fig. 1a, only sample “CH-14B-c” is used for the 95°C in the akaganeite-water
regression. Comparison of thea-T relation for our different experiments is shown in Fig. 1e, where the fitting lines for
goethite-water and akaganeite-water are against “106/T2” rather than “103/T” as in Fig. 1a and Fig. 1c. There is essentially
no difference in the fitting lines when either “106/T2” or “103/T” is used as variable across the narrow range of temperature.
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lutions is associated with a reduced yield in these experi-
ments.

6. Samples from the NaOH1 HCO3
2 experiment that were

not HCl treated and were oven-dried hadd18O values 1.6‰
higher than acid-treated, vacuum-dried samples. It seems
that different cleaning and drying methods had a major
effect on the measuredd18O of ferric oxides.

The Fh-exchange experiments yielded intriguing results as
well (Table 4). The measuredd18O values for goethite and
hematite at a particular temperature were close to the values
predicted using thed18O value of final aging solutions and the
fractionation equations established above. This result suggests
that newly formed hematite and goethite exchanged oxygen
with the later aging solutions, rather than inheriting oxygen
from Fh that had exchanged with initial source water. However,
the d18O values of ferric oxides are not exactly the same as
predicted for the two sets of experiments in which thed18O
values of the aging solutions were different from that of the Fh
source solution (28.0‰). In particular, measuredd18O values
of ferric oxide from the high-d18O aging solutions (1.8‰) were
lower than predicted, whereas those from the low-d18O aging
solution (215.1‰) were higher than predicted. As discussed
below, we believe that this discrepancy is caused by unsuc-
cessful dispersion of some of the Fh aggregates, which results
in uncompleted exchange with ambient water.

4. DISCUSSION

4.1. Comparison to the Results of Prior Synthesis
Experiments

The most salient feature of our results is their difference
from Eqn. 2, the fractionation relation determined by Yapp
(1990a), regardless of the mineral phase or synthetic method
(Figs. 1, 2). Except at the highest temperatures, our 1000lna is
always lower in value and less sensitive to temperature than
those calculated by Eqn. 2, particularly for goethite from
strongly alkaline solutions.

Goethite was synthesized via three different methods in
Yapp’s (1987) experiments. His methods 1 and 2 are similar to
our NaOH experiments, except that he used Fe(NO3)3 rather
than FeCl3 and KOH rather than NaOH. The OH/Fe ratio was
12.5 in his method 1, and 2 in method 2. Yapp’s method 3 is
similar to our forced-hydrolysis experiment but with 10 times
higher initial [Fe31]. After being soaked in DD water for 22 to
96 days to clean the nitrate, samples obtained by methods 2 and
3 were used to determine the goethite-water oxygen isotope
fractionation, because of the concern that more slowly precip-
itated goethites from his methods 2 and 3 may approach iso-
topic equilibrium between mineral and water more closely than
the rapidly precipitated goethite from his method 1. We notice,
however, that the two goethite samples (SG-8-2 and SG-7-1 at
62°C and 25°C, respectively) from Yapp’s (1987) method 1,
which is similar to our NaOH experiment, had 1000lna values
relatively close to our experimental results, although these
values are still 1.5 to 2.5‰ more positive than ours.

Hematite syntheses in Yapp’s (1990a) experiments were
undertaken at 62°, 92°, and 120°C. The 62°C experiment
proceeded by method 2 (OH/Fe5 2), and it produced a mixture
of hematite and goethite. The 92° and 120°C experiments

proceeded by a forced-hydrolysis method (method 3), and they
produced only hematite. While the hematite from the 120°C
experiment had a 1000lna value nearly identical to our forced-
hydrolysis experimental result, the values for the 95°C and
62°C experiments were 1‰ and 2.5‰ more positive than ours,
respectively. Plots of oxygen isotope fractionation factors ver-
sus temperature for hematite and goethite from Yapp’s exper-
iments could be fit cleanly by a single straight line, from which
it was concluded that hematite and goethite had the same
oxygen isotope fractionation factors at temperatures ranging
from 25° to 120°C. This combined relation (Eqn. 2) has a
temperature-sensitivity of;0.14‰ per °C, which is much
higher than the 0.02 to 0.03‰ per °C from this study.

In Müller’s (1995) synthesis study, the KOH-method was
essentially the same as our NaOH experiment with an OH/Fe
ratio of ;9. As in our experiments, all precipitates were ex-
clusively goethite. Mu¨ller’s NaOH and hydrolysis methods
were similar to Yapp’s (1987) methods 2 and 3, respectively.
One difference is that in Mu¨ller’s NaOH-method the OH/Fe
ratio was changed from 3 at 20°C to 2 at 60°C, rather than
being kept at 2 as in Yapp’s method 2. No specific information
about the mineralogy of the precipitates were given by Mu¨ller
(1995) for the NaOH and hydrolysis experiments.

As shown in Fig. 2, thea-T curve from Müller’s KOH
experiment intersects the curve from our NaOH experiments at
65°C, but has a steeper slope. Mu¨ller’s NaOH experiment
produced ana-T curve nearly identical to that generated from
our NaOH experiments in slope, but;2‰ more positive. The
most unusual feature of Mu¨ller’s experiments is thea-T rela-
tion obtained from his hydrolysis experiment, which had a
relatively steep slope that differed greatly from that of his two
alkaline synthesis experiments. Interestingly, thea-T relation
generated from Mu¨ller’s hydrolysis experiments are most sim-
ilar to Eqn. 2, which Yapp (1987, 1990a) derived from several
different methods.

4.2. Assessment of Isotopic Equilibrium

Two factors are often called upon to explain discrepancies
among low temperature mineral-water isotope fractionation
curves. First, it is often argued that different chemical condi-
tions and formation pathways may result in differenta-T
relations for experimental products. Vague terms like “isotopic
inheritance” are sometimes used to explain discrepancies if an
intermediate phase is involved in mineral precipitation. Second,
it is often difficult to demonstrate that low temperature synthe-
sis experiments have attained isotopic equilibrium between the
newly precipitated mineral phase and solution (O’Neil, 1986;
Yapp, 1987; Savin and Lee, 1988; Sharp and Kirschner, 1994).
In fact, both these factors are attributable to kinetic isotopic
fractionation effects, which occur when the reaction involves
incomplete, fast, and/or unidirectional processes (e.g., evapo-
ration, diffusion, mineral precipitation, and enzyme-catalyzed
reactions).

Crystal growth from aqueous solutions can be divided into
three consecutive processes: (1) transport of ions from solution
to the growing surface; (2) formation of a neutral species of the
same stoichiometry as the solid at the surface; and (3) incor-
poration of this neutral species onto the surface (Walton, 1967).
This heterogeneous reaction can be in chemical equilibrium
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locally, but overall it is unidirectional in the sense that, as ions
are incorporated onto the surface, they are covered by new
layers of crystal, and are not able to exchange atoms with
ambient solution (or more precisely, the rate of further ex-
change is extremely slow at surface temperatures). Kinetic
isotope fractionations may occur during any of these steps, and
the kinetic fractionation at the rate limiting step in the reaction
series will determine the magnitude of kinetic isotope effect for
the growing mineral.

The only method that can unambiguously demonstrate iso-
topic equilibrium between a mineral and a fluid are two-
direction exchange reactions. Equilibrium is accepted if the

minerals approach the same isotopic composition following
exchange from two different starting compositions, provided
that no reprecipitation and recrystallization occur during the
exchange processes. Low temperature synthesis experiments,
on the other hand, are often questioned because isotopic equi-
librium can be approached from only one direction during
dissolution/reprecipitation in the mineral-water system
(O’Neil, 1986). Unfortunately, the two-direction method is
only feasible in high temperature (.500°C) experiments, be-
cause of the extremely low rates of exchange between mineral
and water at low temperatures. While it may be impossible to
determine experimentally if a mineral-water system has

Fig. 2. Comparison of oxygen isotope fractionation-temperature relations in ferric oxide-water system from different
studies. Hmt, Gth, and Akag are hematite, goethite, and akaganeite, respectively. Line 8 is obtained from alld18O data of
ferric oxides in forced-hydrolysis experiments, including both akaganeite and hematite phases.
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reached isotopic equilibrium during low temperature synthesis,
an evaluation of reaction kinetics, especially the rate-limiting
steps, may reveal whether kinetic isotope effects are likely to be
significant during mineral precipitation.

Fe(III) hydrolysis in ferric oxide-water systems involves
mono-, di-, and poly-nuclear iron hydroxide ions. It consists of
the following elementary steps (with inner-sphere water mol-
ecules omitted):

FeCl3 1 6 H2O3 Fe31 1 3Cl2 (5a)

Fe31 1 H2O7 FeOH21 1 H1 (5b)

FeOH21 1 H2O7 Fe(OH)2
1 1 H1 (5c)

Fe(OH)2
1 1 H2O7 Fe(OH)3

0 1 H1 (5d)

Fe(OH)3
03 Fe(OH)3(s) (reversable initially) (5e)

Fe(OH)3(s)3 FeOOH(s) or Fe2O3(s)1 H2O (5f)

Fe(OH)3(s)1 OH27 Fe(OH)4
2 (pH . 10) (5g)

Fe(OH)i
32i 1 Fe(OH)j

32i7Fe2(OH)i1j i , j $ 1 (5h)

Precipitation of ferric oxides by hydrolysis starts with the
formation of small ferric hydroxide polymers, progresses to
larger polymers and colloidal solids, and eventually ceases
when gels age to crystalline phases. Solution pH determines the
dominant Fe(III) species. For example, solutions do not contain
detectable amounts of polynuclear species and nucleation is
heterogeneous when the molar ratio of HCO3

2 to Fe(III) (a) is
less than 0.6 (a , amin, amin 5 0.6), whereas the solution is
dominated by polynuclear species whena . amin and the
nucleation is homogeneous (Schneider, 1984; Schneider and
Schwyn, 1987). During our forced-hydrolysis experiments, pre-
cipitation probably occurred via the former pathway, asa 5 0,
whereas in the NaOH and NaOH1 HCO3

2 experiments, the
reactions most likely proceeded via the later pathway. The rates
of hydrolysis of Fe(III) species and their exchange with ambi-
ent water (Eqns. 5b, 5c, 5d) are extremely rapid and are
generally considered to exist at equilibrium at all times (Wendt,
1973; Grant and Jordan, 1981; Stumm and Morgan, 1981;
Schneider and Schwyn, 1987; Grundl and Delwiche, 1993).

In most crystal growth processes, formation of a neutral
species of the same stoichiometry as the solid on the surface of
the crystal is the rate-limiting step. Recent investigations of
ferric oxide precipitation from ferric solutions are consistent
with a kinetic model in which precipitation of ferric solid from
Fe(OH)3

0 (Eqn. 5e) is the rate limiting step (Grundl and Del-
wiche, 1993). In the ferric oxide-water system, the neutral
species Fe(OH)3

0 is maintained in solution by the rapid hydro-
lysis of Fe(III), thus the formation of this neutral species does
not limit the rate of crystal precipitation and growth. It is,
therefore, quite likely that oxygen isotope equilibrium is rap-
idly established between water and dissolved species from
Fe(III) to Fe(OH)3

0.
Incorporation of this neutral species onto the crystal surface

(Eqn. 5e) is highly dependent on solution conditions and is
generally very slow at surface temperature (Van der Woude
and De Bruyn, 1984). Early-formed, kinetically-stable phases
are usually poorly ordered, and rapid growth to small polymers

(Eqn. 5h) is reversible (Dousma and De Bruyn, 1976). The
critical nucleus of ferric oxide formation can be [Fe(OH)3]

4

(Melikhov et al., 1987) or Fe9(OH)20
71 (Van der Woude and De

Bruyn, 1983). Further addition of precursor species Fe(OH)3
0 or

Fe3(OH)4
51 promotes crystal growth. The poorly ordered phase

is sometimes referred to as a ferric gel or as the mineral
ferrihydrite, and it may dissolve and reprecipitate later as a
stable crystalline phase, or be transformed internally to become
more ordered by the expulsion of H2O molecules from its
structure (Eqn. 5f). The poorly ordered phase may be quite
accessible for further exchange of oxygen atoms with ambient
water, as shown by our Fh-exchange experiment. Although a
kinetic isotope effect can not be entirely ruled out for Eqn. 5f,
this generally slow and initially reversible process is not likely
to produce a significant kinetic isotope effect.

In summary, because the neutral species, Fe(OH)3
0, rapidly

exchanges oxygen with water and is maintained in solution, and
because the incorporation of neutral species into the crystal is
slow and reversible during the early stages of mineral forma-
tion, oxygen isotope fractionation in ferric oxide-water systems
is unlikely to be highly-sensitive to different initial chemical
conditions (i.e., kinetic isotope effect should be small). Equi-
librium fractionation among hydrolytic species and at the crys-
tal formation step are more likely in control. This conclusion is
supported by the results of our synthesis experiments, which
suggested nearly identical fractionation relations for hematite
precipitated by two different experiments (NaOH1 HCO3

2 and
forced-hydrolysis) or from solutions with different initial
[Fe31] that had different yields.

In our synthesis experiments, the fractionation relation for
goethite-water was slightly different from those for hematite-
water and akaganeite-water. This is not unexpected; these dif-
ferent ferric oxides have different crystal structures which may
explain differences in fractionation. However, these differences
are small and cannot explain the large discrepancies ina-T
relations among prior experiments. Unless the expulsion of
water from Fe(OH)3 (Eqn. 5f) has an extremely large kinetic
isotopic effect depending on different reaction rates (which
seems unlikely from the results of our study), there is no
compelling theoretical explanation for the different oxygen
isotope fractionation relations obtained in synthesis experi-
ments by different authors. While not ruling out other potential
explanations, we would like to point out one source for these
discrepancies: the washing and drying procedures in experi-
ment.

4.3. Importance of Proper Drying Procedures

Amorphous ferric gels and poorly-crystalline phases (e.g.,
Fh) are present in ferric oxide precipitates synthesized at low
temperatures (Landa and Gast, 1973). If the non-structural
waters are not washed or leached from the samples, they will
transform into a stable ferric oxide phase with an oxygen
isotope composition influenced by the18O-enriched pore water
generated by evaporation during oven-drying. Therefore, the
increasingly positived18O values observed for ferric oxides
synthesized at lower temperatures in some experiments may in
part reflect the increasing amount of amorphous phase (and
non-structural water) in final precipitates. Likewise, the differ-
ent fractionation factors obtained via different synthetic path-
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ways may partly result from differences in the amount of
non-structural water in ferric oxides generated by the method.
Bird et al. (1993) also mentioned that incompletely removed
hydration water from some of their low temperature titanium-
oxide precipitates may be a possible factor that contributed to
error in deriveda-T curve for the titanium oxide-water system.

Several lines of evidence are consistent with our speculation.
First, amorphous and poorly-crystalline phases are present in
significant amounts in low-temperature ferric oxide precipi-
tates, as demonstrated by the percent of oxalate-extractable
ferric oxides in various precipitates (Table 3). Second, ferrihy-
drite does transform into more crystalline goethite and hema-
tite, as indicated by the appearance of goethite and hematite
peaks in our XRD data upon drying in 50°C oven. Third,
sample CH-20A* had ad18O value 1.6‰ higher than sample
CH-20A. This difference is in the direction expected if evapo-
ratively 18O-enriched waters were exchanged with amorphous
and poorly-crystalline phases during their transformation to
more stable ferric oxides.

We opted for HCl-washing rather than the usual oxalate-
treatment because the former is fast and minor dissolution of
crystalline ferric oxide would not affect our isotopic results.
The HCl-washing method has been used to clean sodalite in a
procedure of concentrating ferric oxide from soil clays (Singh
and Gilkes, 1991). Furthermore, it has been shown by infrared
spectroscopy that vacuum-drying removes adsorbed water from
Fh almost completely, even at room temperature (Russell,
1979). We suggest, therefore, that to obtain reliabled18O
values for minerals that may contain amorphous and poorly-
crystalline phases, acid washing and vacuum drying (preferably
freeze-drying) prior to isotopic analysis are essential.

In our experiments, precipitates from forced-hydrolysis ex-
periments were not treated with HCl, due to an early assump-
tion that few amorphous phases would be produced during the
heterogeneous nucleation processes. And even if a small
amount of amorphous phase was present in these samples,
vacuum-drying should have removed most adsorbed water
from residual Fh in untreated samples. Since we do not have
evidence demonstrating that amorphous and poorly-crystalline
phases are completely removed from precipitates by our rigor-
ous treatment regime, it is possible that some of the small but
systematic differences ind18O between ferric oxide precipitates
synthesized at the same temperature by different methods could
reflect differences in the concentrations of residual amorphous
and poorly-crystalline phases, rather than fundamental differ-
ences in isotope fractionation related to mineral phases.

Acid-washing was not mentioned in the description of Mu¨l-
ler’s (1995) experiments. Samples were merely dried at 40°C
for 48 hr prior to isotopic analysis. In Yapp’s (1987, 1990a)
experiments, precipitates were soaked in DD water with the
samed18O as synthesis and aging solutions for days or months.
The d18O of thoroughly rinsed goethite was systematically
more negative than unrinsed goethite, which can be explained
by the remove of nitrate or by an increased crystallinity (de-
creased amorphous content) after prolonged soaking. Drying
procedures were not described in Yapp’s papers.

In summary, we propose that differing contents of residual
amorphous and poorly-crystalline phases in low temperature
precipitates may be one of the factors responsible for the
discrepancies ina-T relation for the same mineral phase.

Further experiments are needed, however, to test this hypoth-
esis, and to quantify the effects of the content of amorphous and
poorly-crystalline phases as well as the drying procedures on
the d18O of final precipitates.

4.4. Comparison with Calculated Fractionation Relations

Clayton and Epstein (1961) inferred a hematite-water oxy-
gen isotope fractionation relation of:

1000lna 5 0.4133 106/T2 2 2.56 (6)

from the d18O of coexisting quartz, calcite, and hematite in
hydrothermal deposits and the known calcite-water fraction-
ation factor. This fractionation relation has a temperature sen-
sitivity of 0.02‰ per °C from 30° to 100°C, very close to our
experimental data, but it has a 1000lna value 1–2‰ more
positive than ours at these temperatures. Since this relation was
derived from measurements of mineral assemblages that had
equilibrated naturally for a significant length of time, it is likely
that it provides a good approximation for oxygen isotope frac-
tionation for natural hematites. There are uncertainties regard-
ing this relation, however, including: (1) the assumption that
thed18O of hydrothermal fluids does not change from high- to
low-temperature hydrothermal systems; and (2) the extrapola-
tion from hydrothermal temperatures to surface temperatures.

Semi-theoretical calibrations of oxygen isotope fractionation
relations by Zheng (1991, 1998), estimated using a modified
increment method, produced a hematite-watera-T relation of

1000lna 5 2.693 106/T2 2 12.823 103/T 1 3.78
(7)

and a goethite-watera-T relation of

1000lna 5 3.313 106/T2 2 0.393 103/T 1 2.74
(8)

These relations are drastically different from one another (Fig.
2). The calculated hematite-water relation exhibits little sensi-
tivity to temperature, in agreement with our synthesis experi-
ments, but much more negative 1000lna values at near surface
temperatures than any other relations. Interestingly, the go-
ethite-water relation (Eqn. 8) matches Yapp’s (1990a) goethite/
hematite-water relation (Eqn. 2) quite well. Uncertainty involv-
ing this semi-theoretical calibration is the lack of a systematic
approach to determine the adjustable parameters in the method
(Chacko et al., 1996; Polyakov and Ustinov, 1997).

Finally, while a careful discussion of oxygen isotope frac-
tionation in the magnetite-water system is beyond the scope of
this paper (Taylor, 1968; Becker and Clayton, 1976; Blattner et
al., 1983), it should be noted that Clayton and Epstein (1958)
concluded that 1000lna for this system is very close to zero
from room temperature to several hundreds of °C, on the basis
of a series ofd18O values for quartz-magnetite mineral pairs.
Recent work by Zhang et al. (1997) on bacterially-precipitated,
magnetite-enriched ferric oxides also produced a fractionation
curve similar to our results for ferric oxides.

In summary, the oxygen isotope fractionation relations cal-
culated from natural mineral assemblages are in good agree-
ment with our experimental results. Although the modified
increment method generated a slope for thea-T relation similar
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to our experimental results, the absolute value ofa was signif-
icantly different.

4.5. Implications of the Fh-exchange Experiments

Ferrihydrite is commonly found in soils, weathered rocks,
sediments, and in aqueous systems. It is a ferric oxide that
exhibits varying degrees of crystallinity, from two broad peaks
in 2-line Fh to 6 peaks in 6-line Fh. Sometimes, 2-line Fh is
referred to as an “amorphous” product, as the XRD patterns
display few reflections. However, unlike glasses or amorphous
metals, Fh is ordered at a local scale, and the lack of reflections
is mainly due to the extremely small size of coherent scattering
domains (Drits et al., 1993). Our air-dried Fh samples exhibit
no distinct peaks and are most similar to 2-line Fh or a ferric
hydrous gel.

Fh has long been regarded as the precursor for hematite,
goethite, and akaganeite, yet the mechanisms of these structural
transformations remain unclear. Extensive studies in solution
chemistry have led to the hypothesis that the transformation
proceeds via two competing pathways: (1) dissolution-repre-
cipitation; and (2) internal dehydration and solid-state rear-
rangement. The former pathway is thought to dominate in
Fh-to-goethite transformations, whereas the latter is thought to
occur during Fh-to-hematite transformations (Fischer and
Schwertmann, 1975; Schwertmann and Murad, 1983). The
structure of most crystalline ferric oxides can be described in
terms of closely-packed stacks of oxygen atomic planes. He-
matite is characterized by the presence of face-sharing Fe
octahedra, a feature that is not present ina-, b-, andg-FeOOH
structures. Recent studies using extended X-ray absorption fine
structure (EXAFS) spectroscopy provide information about the
defect structures of finely-dispersed Fh and ferric gels (Combes
et al., 1990; Drits et al., 1993; Manceau and Drits, 1993).
Structural models for Fh based on EXAFS include some face-
sharing octahedra, rendering a direct transformation of ferric
gel or Fh into goethite, without dissolution-reprecipitation,
impossible. In contrast, Mo¨ssbauer spectral data support the
hypothesis of a direct transformation of Fh to hematite by the
coalescence of Fh particles (Johnston and Lewis, 1983). Yet the
Fh structure model derived from EXAFS does not fully support
a solid-state mechanism for the Fh-to-hematite transformation.
Manceau and Drits (1993) note:

. . . the transformation of Fh proper to hematite again necessi-
tates the moving of O atoms belonging to Fh proper from C to B
position, and thus dissolving the Fh proper component. That the
formation of hematite and goethite from Fh appears macroscopi-
cally to follow two different pathways can be accounted for by the
fact that these two transformations differ in the extent to which the
dissolution-reprecipitation process affects the ferrihydrite frame-
work. This process would operate solely during the formation of
goethite, whereas both dissolution and the solid-state transforma-
tion would take place during the formation of hematite (p. 182).

In our Fh-exchange experiments, it is apparent that the
exchange of oxygen between Fh and the aging solution, which
has a differentd18O composition than the solution from which
Fh initially formed, is nearly complete (Table 4). The system-
atic shift (0.1–0.6‰) in 75°C experiments towards thed18O of
the initial solution from which Fh was formed is most likely
caused by the many small Fh aggregates we observed in aging

solutions. Unlike the other synthesis experiments, which have
homogeneous and well dispersed precipitates, the Fh-exchange
experiment is found to contain aggregates which were difficult
to disperse during the course of aging. The presence of these
aggregates may limit complete exchange of oxygen atoms
between solutions and the Fh inside the aggregates. Thus a
small portion (;4–10%) of the original Fhd18O signal is
retained by crystals, resulting in a positive shift for crystals in
the more18O-depleted aging solutions and a negative shift for
crystals in the more18O-enriched aging solutions. We do not
think that the retention of these small fractions of original Fh
isotopic signal is the result of partial solid-state transformation
during the Fh aging processes. Hematite and goethite exhibit a
similar shift, yet it is less controversial and well-accepted that
goethite formation from Fh is via dissolution-reprecipitation.

At first inspection, the trend in the 30°C exchange experi-
ments appears to refute the explanation above, since measured
d18O values of precipitates from both the215.1‰ and the
1.8‰ aging solutions are more negative than predicted, and the
shift in the 1.8‰ solution is as large as22‰ (Table 4).
However, hematite produced from both solutions has a minor
goethite component, and our synthesis results indicate that
goethite will have ad18O value ;3‰ more negative than
hematite at 30°C. The shift caused by the goethite component
could be precisely calculated if the goethite/hematite ratio were
known accurately in our samples. Nevertheless, the magnitude
and direction of the deviations can be explained when the
influences of both aggregates and the goethite component are
considered.

Our observations provide strong support for Manceau and
Drits’ (1993) proposal that dissolution and reprecipitation also
occur during the Fh-to-hematite transformation. However, our
results do not firmly indicate the presence of partial solid-state
transformation in the 2-line-Fh to hematite transformation. As
our experiments start from very poorly ordered 2-line Fh,
further study on more ordered 6-line Fh might provide more
information on differences in potential mechanisms for the
Fh-to-crystalline oxide transformation.

4.6. Implications for Paleoclimatic and Diagenetic
Studies

Our synthesis experiments demonstrate that the temperature-
sensitivity of oxygen isotopic fractionation in ferric-water sys-
tems is among the lowest known for minerals under near
surface conditions. The oxygen isotope composition of ferric
oxide is very close to that of the water from which the ferric
oxide precipitated or aged. This attribute makes the ferric
oxide-water systems useful for studies on the oxygen isotope
chemistry of ancient surface waters, as uncertainties regarding
surface temperature will have little impact on the reconstructed
waterd18O value.

Another distinctive feature of ferric oxides is the long aging
process required before they become stable, highly-crystalline
mineral phases under surface conditions. In nature, the primary
products of the oxygenation of Fe(II) at an oxic-anoxic bound-
ary are polynuclear aggregates of Fe(III) hydroxides and Fh
(Schwertmann and Fischer, 1973; von Gunten and Schneider,
1991). The results of our Fh-exchange experiment imply that
the oxygen isotope composition of natural ferric oxides reflects
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equilibration with a long term average for local environmental
water. Short-term variations in the oxygen isotope composition
of ambient water are unlikely to be preserved, owing to the
slow and open transformation processes from metastable to
stable ferric oxide phases. In particular, thed18O of average
meteoric water may be recorded by ferric oxides if they were
buried after formation. Once crystallized, ferric oxides retain
their original isotopic composition with high fidelity (Becker
and Clayton, 1976; Yapp, 1991).

5. CONCLUSIONS

The results of our synthesis experiments reveal that, at near
surface temperatures, oxygen isotope fractionations in ferric
oxide-water systems are small, with the lowest temperature
sensitivity for any commonly occurring mineral-water system.
Hematite and goethite exhibit subtly differenta-T relations
with water, with goethite more negative than hematite by 1 to
2.5‰ at all temperatures. The same phase formed by different
pathways or from different initial [Fe31] solutions shows no
significant difference ina-T relation.

The discrepancies amonga-T relations obtained by different
research groups for ferric oxide-water systems can not be
explained solely by differences in chemical conditions or for-
mation pathways. One explanation for these discrepancies may
be differences in sample washing and drying procedures. The
transformation from poorly-ordered ferrihydrite to crystalline
hematite or goethite is an open process in terms of oxygen
isotope exchange between minerals and ambient water. The
combination of two attributes, the low temperature-dependence
of oxygen isotope fractionation and the continuous isotopic
exchange with ambient fluids over several thousands of years,
makes ferric oxides ideal proxies for thed18O of ancient fluids
in paleoclimatic and paleohydrologic research.
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