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Abstract-Oxygen-isotope data were obtained for synthetic aluminum-hydroxide phases precipitated over 
65-125 mo and have been compared to results from similar experiments conducted for 3-56 mo. The 
AI(OH)3 polymorphs, gibbsite, nordstrandite, and bayerite, were synthesized, but gibbsite was dominant 
in most samples, and commonly the only phase present. Using pure gibbsite samples, the following 
oxygen-isotope fractionation factors, OCgibb,ite-H,D' were obtained: 1.0167 :: 0.0003 (9 ::t: 1°C), 1.0147 ::t: 
0.0007 (24 :: 2°C), 1.0120 ::t: 0.0003 (51 ::t: 2°C). These values, and the associated equation for an oxygen­
isotope geothermometer for the interval 0-60°C, 1031n OCgibb,i«-H,O = 2.04 X 106frz - 3.61 X 103fT + 3.65 
(T in K), are not significantly different from those obtained from experiments of much shorter duration. 
These results, and the good agreement with OCgibb,ite-HzO values obtained for well-constrained natural systems, 
suggest that the experimentally determined fractionation factors describe equilibrium conditions for gibb­
site that has precipitated directly from solution. 

As also proposed by others using a modified-increment calculation, our synthesis experiments suggest 
that OCA1(OHh-H20 is polymorph-dependent at low temperatures and that a significant temperature-dependent 
trend exists in the values of OCA1(OHh-H20 ' However, previously calculated fractionation factors obtained 
using the modified-increment method are higher than those obtained from the experiments, with this 
discrepancy becoming larger as temperature decreases. 
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INTRODUCTION 

Aluminum-hydroxide phases are widely distributed 
at the surface of the earth, most commonly as gibbsite 
in soils and bauxite deposits (see Hsu, 1989, for a 
review). The two other Al(OH)3 polymorphs, bayerite 
and nordstrandite, are rare but not unknown in nature 
(Hattaway and Schlanger, 1962; Wall et ai., 1962; 
Gross and Heller, 1963; Goldbery and Loughnan, 
1970; Davis and Hill, 1974). The oxygen-isotope com­
position of aluminum-hydroxide phases has the poten­
tial to provide information about the conditions pre­
vailing during the formation of soils and bauxites 
(Lawrence and Taylor, 1971, 1972; Bernard et al., 
1976; Bernard, 1978; Chen et al., 1988, 1990; Bird et 
ai., 1989, 1990, 1992, 1994; Yapp, 1993). However, 
interpretation of such data requires high accuracy for 
the aluminum hydroxide-H20 fractionation factors at 
low temperatures. 

The oxygen-isotope fractionation factor (a) between 
a phase and H20 is defined as: 

a phase-H20 = (0180ph.,e + 1000)/(0180H2o + 1000). (1) 

Fractionation factors are commonly determined by: (1) 
examination of natural assemblages, (2) calculations 
based on theoretical or semi-empirical models, or (3) 
experimental synthesis. 

Several estimates of the gibbsite-H20 fractionation 
factor at surficial temperatures were made using nat­
urally occurring samples (Lawrence and Taylor, 1971, 

1972; Chen et al., 1988, 1990; Bird et al., 1989, 1992, 
1994). In these studies, crystallization temperatures 
and the oxygen-isotopic composition of coexisting wa­
ter were estimated by considering the climatic condi­
tions that likely prevailed during gibbsite formation. 
However, the reliability of fractionation factors ob­
tained in this manner can be lowered by (1) incorrect 
assumptions about past climatic conditions, (2) possi­
ble contaminants such as kaolinite or amorphous ma­
terial in natural samples, and (3) the potential for gibb­
site formation by mechanisms other than neoforma­
tion. Bird et al. (1994) also calculated agibbsite-HzO using 
the 0180 values of coexisting gibbsite and kaolinite 
from a single sample or, at least, the same bauxite 
deposit. They assumed that the kaolinite-H20 fraction­
ation curve for oxygen isotopes is well defined and 
that the kaolinite and gibbsite formed from water of 
the same isotopic composition at the same tempera­
ture. Owing to the large variation of age and prove­
nance of the samples, the latter assumption may not 
always be correct. 

Semi-empirical models for the calculation of oxy­
gen-isotope mineral-H20 fractionation factors have be­
come increasingly useful in recent years, especially for 
low-temperature systems (e.g., Savin and Lee, 1988; 
Zheng, 1998). Recently, Zheng (1998) used a modi­
fied-increment calculation to produce oxygen-isotope 
geothermometers for the aluminum hydroxide-H20 
system. These results also predicted different nords-
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trandite-HzO, bayerite-H20, and gibbsite-H20 oxygen­
isotope fractionations for these minerals formed under 
similar conditions. 

Previous experimental determinations of the gibb­
site-H20 oxygen-isotope fractionation factor are based 
on the analysis of synthetic aluminum-hydroxide phas­
es precipitated over 3-56 mo (Bird et al., 1994). In 
this paper, we report on a continuation of the experi­
ments of Bird et al., (1994) for an additional 65-121 
mo. We have three main objectives: (1) to compare 
the values of the fractionation factors obtained be­
tween the shorter and longer experiments as a measure 
of the approach to isotopic eqUilibrium achieved; (2) 
to compare the experimentally derived oxygen-isotope 
geothermometer for the gibbsite-H20 system at low 
temperatures «60°C) with those obtained from pre­
vious natural, experimental, and theoretical studies; 
and (3) to investigate experimentally the possibility 
that a Al(OHh-H20 values differ at low temperatures for 
gibbsite, bayerite, and nordstrandite. 

METHODS 

Aluminum-hydroxide synthesis 

The syntheses of aluminum-hydroxide precipitates 
were conducted in full, sealed 500-mL Nalgene bottles 
at 9 ± 1, 24 ± 2, and 51 ± 2°C, as described by Bird 
et al. (1994), and generally follow the procedures of 
McHardy and Thomson (1971) and Hsu (1966). Brief­
ly, three approaches were used: Method A-Synthesis 
from aging hydroxy-aluminum solutions; NaOH so­
lution was added dropwise to a solution of AICl3 to 
produce a concentration of 0.02 M for Al and an OHl 
Al ratio of 2.2-2.4. Method B-Synthesis by hydro­
lysis: (i) An aluminum foil was degreased in acetone 
and amalgamated by dipping in a solution of HgCl2 

(dissolved in acetone with a concentration of 1% 
HgCI2, 99% acetone) for 5-10 s. Excess solution was 
removed by rinsing in water, and the foil placed in a 
0.003 or 0.006 M solution of acetic acid. (ii) Alter­
natively, to retard the hydrolysis reaction, HgCl2 was 
omitted in some cases, and instead, aluminum turnings 
were etched for 30 s in 6 N HCI, rinsed in water, and 
placed in 0.003 or 0.006 M acetic acid. Method C­
Synthesis by aging of an amorphous aluminous pre­
cipitate: An amorphous aluminous precipitate was 
formed on aluminum bars at 25°C. The precipitate was 
removed and bottled in the same water, or washed and 
bottled using distilled water. 

The precipitates of aluminum hydroxide formed 
from each of the above methods were sampled after 
3-56 mo, and then the oxygen-isotope results were 
reported by Bird et al. (1994). These experiments were 
then allowed to continue, and the additional results 
provide the basis for this paper. Samples G-19B, G-
20A, G-20B, G-21A, and G-21B, maintained at 8 ± 
2°C for 24 mo for the study of Bird et al. (1994), were 

maintained at a similar temperature (9°C) for an ad­
ditional 67 mo. Nine solutions (G-3A, G-3B, G-3C, 
G-5A, G-5B, G-IOB, G-llA, G-12A, G-16A), main­
tained at 22-25°C for 3-56 mo for the study of Bird 
et al. (1994), were maintained at 24°C for an addi­
tional 65-121 mo. Solutions G-13B and G-14B, main­
tained at 51°C for 24 mo for the study of Bird et al. 
(1994), were placed at 24°C for an additional 65 mo. 
Solution G-12B, which was originally sampled by 
Bird et al. (1994) after 7 mo at 51°C, was subsequently 
maintained at 24°C for 46 mo, all precipitate then re­
moved, and the remaining solution allowed to stand 
for an additional 65 mo at 24°C prior to sampling for 
this study. For each solution, the pH was measured, 
and then an aliquot of precipitate extracted by centri­
fugation using capped and sealed centrifuge tubes. The 
precipitate was washed four times and then freeze­
dried for mineralogical and oxygen-isotopic analysis. 
Supernatant water was retained for oxygen-isotopic 
analysis. 

Mineralogical and isotopic analyses 

A Rigaku rotating-anode X-ray diffractometer, 
equipped with a curved-crystal monochromator and 
utilizing CoKa radiation, was used to identify the solid 
phases produced by syntheses and to estimate the rel­
ative abundances. All samples were examined using a 
Philips CM 1 0 transmission electron microscope 
(TEM), operated at an accelerating voltage of 80 or 
100 kV and with an objective aperture size of 30 /-Lm. 
Selected samples were sputter-coated with 20-30 nm 
of gold, and examined using a Hitachi S-45OO field­
emission scanning electron microscope (FE-SEM) us­
ing a 5 kV electron beam and a working distance of 
15 mm. 

The oxygen-isotope results for water and solids are 
reported using the standard delta (a) notation in parts 
per thousand (%0) relative to Vienna Standard Mean 
Ocean Water (VSMOW) (Coplen, 1994). The alSO val­
ues of water samples were determined using the CO2-

H20 equilibration method (Epstein and Mayeda, 1953). 
Prior to analysis, aluminum-hydroxide samples were 
degassed under vacuum at 90°C for 13 h. Oxygen for 
isotopic analysis was liberated quantitatively from dried 
(8-10 mg) samples by reaction with bromine penta­
fluoride at 580-6OO°C, and converted to CO2 by reac­
tion with an incandescent carbon rod (Clayton and 
Mayeda, 1963). All isotopic measurements were per­
formed using a VG-Optima dual-inlet, triple-collecting, 
stable-isotope ratio mass spectrometer. An average val­
ue of -7.30 ± 0.07%0 was obtained for a VSMOW­
Standard Light Antarctic Precipitation (SLAP) normal­
ized internal water standard (accepted value, -7.27%0). 
An average alSO value of 11.52 ± 0.19%0 was obtained 
for an internal quartz standard (accepted value, 11.5%0), 
which corresponds to a value of 9.6%0 for National Bu-
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Table I. Mineralogical, chemical, and oxygen-isotope results for aluminum-hydroxide syntheses. 

Method Total months Temp. pH 8!80miMCtn) 8180walcr Cl.m _w 
Sample (see text) elapsed! Mineralogy2 ('C) (final)3 (%0) (%,) (:to.OOO5) 

G-3A A 114 (49) G 24 3.9 (3.6) 8.9 -6.5 1.0155 
G-3B A 114 (49) G 24 3.8 (3.5) 7.8 -6.2, -6.2 1.0140 
G-3C A 114 (49) G 24 3.9 (3.6) 8.5 -5.9 1.0144 
G-5A B(i) 125 (4) G 24 3.9 (3.8) 8.2 -6.7 1.0151 
G-5B B(i) 125 (6) G 24 3.8 (3.8) 9.0 -6.1, -6.5 1.0154 
G-IOB B(ii)4 121 (56) N+B 24 8.7 (8.5) 19.5 6.1 1.0133 
G-llA B(ii) 118 (53) G(d) + B(m) 24 6.8 (5.1) 7.1 -7.1 1.0144 
G-12A B(ii) 118 (53) G(d) + B(t) 24 4.7 (4.6) 7.0 -6.9 1.0140 
G-12B B(ii) 655 B(d) + G(m) + amorph. 245 4.2 (4.3) 7.1 -6.9 1.0141 
G-13B C 89 (24) G 51 6 3.6 (3.6) 5.3 -6.8 1.0122 
G-14B C 89 (24) G 516 3.6 (3.6) 5.0 -6.8 1.0118 
G-16A C 114 (3) B + N?/G? + amorph. 24 4.2 (n.m.) 9.8 -7.2 1.0172 
G-19B B(ii) 91 (24) G 9 6.7 (5.7) 8.7 -7.7 1.0165 
G-20A B(i) 91 (24) G 9 6.7 (5.6) 9.0,8.8 -7.4 1.0164 
G-20A T3% B(i? 91 (24) G 9 6.7 (5.6) 9.1 -7.4 1.0167 
G-20A T5% B(ir 91 (24) G 9 6.7 (5.6) 9.1 -7.4 1.0166 
G-20B B(i) 91 (24) G 9 6.8 (5.6) 8.6 -7.6 1.0164 
G-21A B(i) 91 (24) G(d) + B(t) 9 4.2 (4.4) 9.4 -7.4 1.0169 
G-2IB B(i) 91 (24) G(d) + B(t) 9 4.2 (4.4) 9.3 -7.5, -7.5 1.0169 

1 Total months elapsed: time since the beginning of the synthesis; the values in parentheses are time elapsed prior to the 
earlier sampling by Bird et al. (1994). 

2 Mineralogy: G ~ gibbsite; B = bayerite; N = nordstrandite; amorph = amorphous material; d = dominant, m = minor, 
t = trace. 

3 Values listed in parentheses were obtained at the time of sampling by Bird et al. (1994); n.m. = not measured. 
4 Tank water used rather than distilled water. 
5 This sample was incubated initially at 51°C; all precipitate was removed after 7 mo, and the temperature then lowered to 

24°C. The precipitate formed during the next 46 mo was also discarded. Only solids formed during the subsequent 65 mo 
were analyzed in this study. 

6 These samples were incubated at 51°C for 24 mo, after which the temperature was lowered to 24°C for the remainder of 
the experiment (65 mo). 

7 Sample G-20A treated with 3% and 5% Na2C03, respectively. 

reau of Standards NBS-28. Reproducibility was better 
than :±0.2%o for all synthesis solids and water samples. 

RESULTS 

Mineralogy 

The X-ray diffraction (XRD) results show that gibb­
site is the main product of the syntheses performed 
under acidic conditions (Table 1; Figure 1a), whereas 
nordstrandite and bayerite are abundant only in exper­
iments under alkaline conditions (sample G-lOB, Ta­
ble 1; Figure Ib). Similar results were reported by Hsu 
(1989). Six samples contain both gibbsite and bayerite, 
although in two cases (G-21A, G-21B) the amount of 
bayerite is low and detectable only by TEM. XRD and 
TEM observations showed that samples G-12B and G-
16A also contain amorphous material, in addition to 
well-crystallized aluminum hydroxides. 

SEM photomicrographs, typical of the aluminum­
hydroxide phases, are shown in Figures 2 and 3. Gibb­
site occurs typically as thin, platy crystals with a di­
ameter of <0.4 f,Lm (G-19B, Figure 2). Mixtures of 
nordstrandite and bayerite show a different mode of 
aggregation, which is characterized by thicker plates 
without a distinct habit and with diameters of ::;0.8 
11m, mixed with numerous smaller and thinner crystals 

(G-lOB, Figure 3). By TEM, the gibbsite generally 
appears as well-crystallized, hexagonal plates varying 
in diameter from 0.1 to 0.3 f,Lm (G-llA, Figure 4), 
although larger particles (::;0.7 f,Lm) were observed in 
some samples (G-12B, Figure 5a). Schoen and Rob­
erson (1970) and McHardy and Thomson (1971) used 
TEM to show that bayerite was morphologically dis­
tinct from gibbsite. Such differences are observed 
here, with bayerite occurring as cone-shaped crystals 
(G-16A, Figure 5b) or in the shape of an hour glass 
(G-2IB, Figure 5c). 

Oxygen isotopes 

The 0180 values of the aluminum-hydroxide solids 
and coexisting H20, and resulting fractionation factors, 
are listed in Table 1. Bird et a1. (1994) calculated 
Ugibbsite.H,O using an average of the initial and final 0180 
values for the water used in the syntheses. In our cal­
culations, the 8180 value measured for the water at the 
end of the experiment was utilized. The two proce­
dures produced very little difference in the calculated 
value of ugibbsite-H,O for oxygen isotopes. However, hy­
drogen-isotope results (Vitali et ai., unpubl. data) for 
the same samples indicate that the latter approach de­
scribes hydrogen-isotope equilibrium best, especially 
at very low temperatures. 
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Figure 1. Characteristic X-ray diffractograms for the syn­
thesis products: (a) gibbsite (G), sample G-20A; (b) bayerite 
(B) and nordstrandite (N), sample G-IOB. 

One feature of note is that (Xgibbsi .. -H, O for samples G-
13B (1.0122) and G-14B (1.0118) did not change sig­
nificantly after 65 mo at 24°e from the value obtained 
by Bird et at. (1994) at 51°e (1.0116 and 1.0122). 
Thus, AI(OH)3 crystallization by Method e was com­
pleted in the first 24 mo and retrograde oxygen­
isotopic exchange was insignificant during the subse-

Figure 2. SEM photomicrograph of gibbsite (sample G-
19B). 

Figure 3. SEM photomicrograph of bayerite and nordstran­
dite mixture (sample G-IOB). 

quent period at a lower temperature. Accordingly, the 
data for these samples remain a good measure of 
(Xg ibbsite-H,O at 5loe. By comparison, the value of 
(Xgibbsite-H, O for sample G-12B, which also was synthe­
sized at 51 °e for 7 mo, but using Method B (ii) rather 
than Method e, changed considerably from 1.0118 
(Bird et ai., 1994) to 1.0141 after the temperature was 
lowered to 24°C. The latter value is within the range 
obtained for the other experiments conducted at 24°C. 
This sample precipitated aluminum hydroxide follow­
ing the change in temperature; moreover, the solids 
produced during the final 65 rno of the experiment 
carried little, if any, memory of the higher-temperature 
history of the initial solution. The high-temperature 
signal probably was eliminated by the earlier extrac­
tion of all precipitate after 46 mo at 24°e (see Meth­
ods). 

The values of 8 180 for the aluminum-hydroxide 
phases and coexisting H20 are correlated to tempera­
ture and show the following ranges (excepting sample 
G-lOB, which was synthesized using l 80-enriched wa­
ter) : 9°e (8.6 to 9.4%0; -7.7 to -7.4%0); 24°e (7.1 to 

Figure 4. TEM photomicrograph of gibbsite particles (sam­
ple G-IIA). 
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Figure 5. Characteristic morphology of AI(OH)3 polymorphs observed in TEM photomicrographs: (a) hexagonal plate of 
well-crystallized gibbsite (sample G-12B); (b) cone-shaped bayerite (sample G-16A); (c) triangular duplex of bayerite (hour­
glass habit) (sample G-21B). 

7 .8%0; -7.2 to -5.9%0), and 51°C (5.0 to 5.3%0; 
-6.8%0). Such data are often more difficult to interpret 
because of the presence of precipitate containing 
amorphous aluminum hydroxide. For example, partial 
dehydroxylation of amorphous material during in vac­
uo heating of the samples prior to fluorination can 
cause the remaining solid to become enriched in 180 
(Bird et at., 1994). Thus, amorPhous material is com­
monly removed by overnight dissolution in a 5% 
Na2C03 solution at room temperature (Jackson, 1975). 
Prior to isotopic analysis, Bird et al. (1994) followed 
this procedure to prepare samples. However, using that 
procedure, we observed significant dissolution of crys­
talline AI(OHh, even at Na2C03 concentrations as low 
as 3% (Figure 6). Partial dissolution did not affect the 
oxygen-isotope composition of the well-crystallized 
test sample (G-20A), which was free of amorphous 
material (Table 1). Nevertheless, given the small 

0.1 jUIl 

Figure 6. TEM photomicrograph of gibbsite partially dis­
solved by treatment with 5% N~C03 (sample G-20A T5%). 

amount of material available for most samples, we did 
not continue to use this chemical treatment. Instead, 
samples were examined using TEM and XRD, and 
only those that contained abundant, well-crystallized 
AI(OH)3 were retained for oxygen-isotopic analysis. 
Two samples contained some amorphous material (G-
16A ~ G-12B, Table 1). These samples were excluded 
from the determination of the fractionation factor at 
24°C. 

The aluminum-hydroxide phases in sample G-16A 
were synthesized using an amorphous precipitate ini­
tially formed at 25°C in water enriched in 180 by 
-12%0 relative to the G-16A solution (Bird et aI., 
1994). After 3 mo, the solids that crystallized from 
amorphous material had exchanged -40-50% of the 
oxygen with the new solution (Bird et at., 1994). The 
8 180 value reported here for the G-16A synthesis after 
a total of 114 mo indicates that the percentage of ex­
change has increased to at least 80-85%. The true 
amount of exchange is probably even higher; the G-
16A solids analyzed here included some dehydrated 
amorphous material, which is expected to have a high­
er oxygen-isotope value than the hydrated equivalent. 

DISCUSSION 

Oxygen-isotope fractionation factors for synthetic 
gibbsite and H20 

The following average fractionation factors were 
calculated (Table 1) for well-crystallized AI-hydroxide 
samples containing 295% gibbsite: 1.0167 ± 0.0003 
(9 ± 1°C), 1.0147 ± 0.0007 (24 ± 2°C), 1.0120 ± 
0.0003 (51 ± 2°C). From these data, the following 
oxygen-isotope geothermometer was obtained, which 
is valid for temperatures <60°C: 

https://doi.org/10.1346/CCMN.2000.0480209 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2000.0480209


Vol. 48, No.2, 2000 AI(OH)3-H20 oxygen-isotope fractionation 235 

24 ,---------------------------------, 

22 

4 

20 

0 
18 

~ 
~ 

IS .. 
~ 
== 16 -= = = ,.., 

14 

12 

10 

o 10 20 30 40 50 60 

Temperature (lC) 
Figure 7. Oxygen-isotope fractionation in the gibbsite-H20 
system from 0 to 60aC as determined from synthesis experi­
ments, bond-type and modified-increment calculations, and 
natural systems. Curve I = synthesis, this study (fractionation 
factors and associated errors at 9, 24, and 51 ac are shown); 
curve 2 = synthesis, Bird et ai. (1994); curve 3 = synthesis, 
recalculated from Bird et al. (1994); curve 4 = modified­
increment calculation, Zheng (1998); curve 5 = bond-type 
calculation, Savin and Lee (1988). Fractionation factors from 
natural low-temperature settings: (e) Lawrence and Taylor 
(1972); (+) Bernard (1978). (-) Chen et al. (1988), (0) Bird 
et ai. (1989). 

+ 3.65 (2) 

where temperature, T, is in K. This equation represents 
a variation in (Xgibbsite.H,O from 1.0180 at O°C to 1.0113 
at 60°C. 

Using the results for synthesis products formed after 
3-56 mo, Bird et at. (1994) obtained the following lin­
ear expression for the oxygen-isotope fractionation be­
tween crystalline aluminum-hydroxide phases (mostly 
gibbsite, but including some samples dominated by 
nordstrandite or bayerite) and H20: 

103ln (Xgibbsite.H,O = 1.31 X 106frz - 0.78 (3) 

where temperature, T, is in K. We recalculated this 
equation to produce the following polynomial expres­
sion, 

103ln <Xgibbsite.H20 = 5.99 X 106fT2 - 30.95 X 103fT 

+ 50.3 (4) 

where temperature, T, is in K. Equation (4) allows for 
closer comparison with Equation (2). 

Figure 7 illustrates that there are only small differ­
ences between the geothermometer obtained in the 
current study [Equation (2)] and that calculated from 
the data of Bird et al. (1994) [Equation (4)]. This re­
sult suggests that the use of the 5% Na2C03 pretreat­
ment by Bird et at. (1994) did not significantly affect 
the oxygen-isotope composition of the crystalline re­
action products. Moreover, fractionation factors ob­
tained after additional synthesis periods of 65-121 mo 
were not significantly different from those measured 
after 3-56 mo. Thus, these results suggest that a close 
approach to oxygen-isotope equilibrium was attained 
as the crystalline solids precipitated. The results dis­
cussed earlier for samples G-13B and G-14B also 
demonstrate the robust preservation of the oxygen-iso­
topic signature acquired by well-crystallized alumi­
num-hydroxide phases in low-temperature systems. 

Nordstrandite-bayerite effects? 

Although gibbsite was the only aluminum-hydroxide 
phase formed in many experiments, and the dominant 
phase in most, nordstrandite and bayerite were present 
in major, minor, or trace amounts in some samples. On 
the basis of the data available to them, Bird et at. (1994) 
suggested that the <XAJ (OH)3'H,O value did not vary signif­
icantly with polymorph. On a theoretical basis, how­
ever, Zheng (1998) used the modified-increment meth­
od to calculate oxygen-isotope geothermometers for 
each aluminum-hydroxide polymorph. At 24°C, the val­
ues of Zheng (1998) for 1000 In <Xnordstrandite.H,O and 1000 
In <Xbayerite.H20 produce results that are ~ 1 and ~2%o low­
er, respectively, than those obtained using 1000 In 
<Xgibbsite.H20' Consistent with this theoretical prediction, 
the value of 1000 In <XAJ(OH),.H,O measured for the sample 
consisting of a mixture of nordstrandite and bayerite 
(G-lOB) is ~1.5%o lower than the average for the gibb­
site samples formed at 24°C (Table 1). Reexamination 
of the data of Bird et al. (1994) shows similar results 
for some samples produced at ::S25°C. Polymorph-de­
pendent fractionation may possibly explain why the av­
erage value of <Xgibbsite.H,O obtained at 22°C by Bird et at. 
(1994) was slightly lower than expected. Likewise, the 
small deviation at lower temperatures between Equa­
tions (2) and (4) may in part be a general consequence 
of this effect. However, no polymorph dependency of 
<XAJ(OH),.H,O is evident in the data of Bird et at. (1994) 
for syntheses conducted at 51°C. Additional experi­
ments are needed to resolve these conflicting observa-
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Table 2, Oxygen-isotope geothermometers and fractionation factors for gibbsite-H20. 

Proposed geothermometers Reference 

1031nc"gibb,ite.H,o = 2.04 X 106fT2 - 3.61 X 103fT + 3.65 
1031nug;bb,;".H,o = 3.89 X 106fT2 - 8.52 X 103fT + 2.42 
103Inug;bb,;te.H,o = 1.31 X 106fT' - 0.78 

(This study) 
(Zheng, 1998) 
(Bird et aI., 1994) 

lO'lnug;bb,;".H,o = 5.99 X 106fT' - 30.95 X 103fT + 50.3 
103lnuAloH.H,o = -4.25 X 106fT2 + 29.6 X 103fT - 35.28 

(Bird et aI., 1994, recalculated) 
(Savin and Lee, 1988) 

1.0173 ::':: 0.0021 
1.0163 ::':: 0.0022 
1.0143 ::':: 0.002 

1.016 ::':: 0.001 
1.0165 ::':: 0.0008 

1.018 ::':: 0.003 

Temp. CC) 

Surficial 
Surficial 
Surficial 
19-20°C 
Surficial 
Surficial 

(Bird et aI., 1994) 
(Bird et aI., 1994) 
(Bird et al., 1989) 
(Chen et ai., 1988, 1990) 
(Bernard, 1978) 
(Lawrence and Taylor, 1972) 

I Fractionation factor for gibbsite-H20 calculated from the isotopic composition of pure kaolinite and gibbsite. 
2 Fractionation factor for gibbsite-H20 assuming equilibrium between pure gibbsite and modern water. 

tions. However, the possibility of a polymorph-depen­
dent, oxygen-isotope fractionation effect in the alumi­
nwn hydroxide-H20 system cannot be ignored, espe­
cially at low temperatures. 

Comparison with other estimates of <XA1(OHJ.;-H20 

The fractionation factors derived from synthesis ex­
periments are compared to those obtained using sam­
ples from soils and bauxite deposits (Lawrence and 
Taylor, 1972; Bernard, 1978; Chen et al., 1988; Bird 
et al., 1989, 1994) in Table 2 and Figure 7. Studies of 
natural samples are often limited by the purity of the 
mineral separate obtained, and by assumptions of both 
temperature and oxygen-isotope composition of the 
water during gibbsite formation. The <Xgibhsite.H20 value 
(1.016) determined by Chen et al. (1988) is therefore 
particularly useful, because the gibbsite crystallization 
temperature of 19-20°C is well justified and the oxy­
gen-isotopic composition of coexisting groundwater is 
known. A crystallization temperature of 20°C was as­
sumed for the samples described by Lawrence and 
Taylor (1972), Bernard (1978), and Bird et al. (1989). 

Most data plot near to the value of (Xgibbsite.H,O of 
1.0152 predicted by Equation (2) for 20°C; an accurate 
value likely lies in the range 1.015-1.016. Bird et al. 
(1994) obtained a comparable average value of 1.0163 
using the 5180 values of 21 samples of gibbsite and 
modem meteoric water (Table 2). The value reported 
by Lawrence and Taylor (1972) is furthest from the 
other results and has the largest error, which suggests 
an impure sample and/or an incorrect assumption for 
the 3180 value of coexisting meteoric water. Although 
these latter difficulties make the result suspect, Bird et 
al. (1994) noted that variations in (Xgihbsite.H20 are pos­
sible at low temperatures, arguing that: a) the 3180 
value of gibbsite may be partly determined by the 
chemistry of the solution (e.g., dissolved sulphate con­
centration) and the complexes in which aluminum is 
transported to the site of precipitation, as previously 

demonstrated by Bird et al. (1993) for titanum-oxide 
minerals, and b) gibbsite may inherit part or all of its 
oxygen by desilication of kaolinite, as opposed to di­
rect precipitation from solution. A reliable, indepen­
dent means of distinguishing between "primary" 
gibbsite formed from the desilication of clay minerals 
and "secondary" gibbsite formed by the translocation 
and reprecipitation of aluminum from solution must 
be developed to resolve such issues. 

Figure 7 and Table 2 also provide a comparison be­
tween experimentally derived (this study, Bird et al., 
1994) and calculated gibbsite-H20 geothermometers 
(Savin and Lee, 1988; Zheng, 1998). The geother­
mometer of Savin and Lee (1988) was calculated from 
the bond-type approach, where the isotopic behavior 
of oxygen in a mineral depends mostly on the atoms 
to which the oxygen is bonded. The resulting geo­
thermometer is largely insensitive to temperature at 
<60°C, with (Xgibbsite.H20 changing from 1.0163 at DoC to 
1.0154 at 60°C. As noted by Bird et at. (1994), this 
result differs from the synthesis results, which range 
from 1.0180 to 1. 0113 over the same temperature 
range. Only at ~ 10DC do both methods produce a sim­
ilar fractionation factor. 

In contrast, Zheng (1998) used a modified-incre­
ment method to calculate <Xgibbsite.H,O' This approach is 
an attempt to integrate the isotopic effects from vibra­
tional frequency and reduced mass with those from 
crystal chemistry and structure. The resulting gibbsite­
H20 geothermometer follows a similar trend to that 
obtained from the synthesis experiments. However, the 
calculated variation in (Xgibbsite.H,O from O°C (1.0236) to 
60°C (1.0120) is larger than that obtained from exper­
iment, and it becomes increasingly so with decreasing 
temperature. For example, the calculated value at 20°C 
(1.0188) is larger than any other average result shown 
in Figure 7 and Table 2 for natural or synthetic sam­
ples. Zheng (1998) noted that such a discrepancy may 
indicate unreliable (non-equilibrium) results in the 
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syntheses, or some error in the modified-increment 
method that affects minerals containing hydrogen 
bonds. The similarity between the fractionation factors 
obtained in shorter (Bird et at., 1994) versus longer 
syntheses (this study) suggests that a further modifi­
cation to the increment method is needed to model 
accurately oxygen-isotope fractionation in aluminum­
hydroxide phases at low temperatures. 
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