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Abstract—The intramolecular kinetic oxygen isotope fractionation betweep &@ CQ?~ during reaction

of phosphoric acid with natural smithsonite (Zng@nd cerussite (PbC{phas been determined between 25

and 72°C. While cerussite decomposes in phosphoric acid within a few hours at 25°C, smithsonite reacts very
slowly with the acid at 25°C providing yields of GG< 25% after 2 weeks. The low yields result in a low
precision for oxygen isotope measurements of the acid-liberated(€0.65%o, I, n = 9). The yield and
reproducibility of oxygen isotope values of the acid-liberated, ®@©m smithsonite can be improved, the

latter to ~+0.15%., by increasing the reaction temperature to 50°C for 12 h or to 72°C for 1 h. Our new
phosphoric acid fractionation factor for natural cerussite at 25°C deviates significantly from a previously
published value on synthetic material. The temperature dependence of the oxygen isotope factionation factor,
a between acid-liberated CGand carbonate at 25 to 72°C is given by the following equations

1000IMP™S-, corussie= 5.13 (£0.15)+ 4.79 (+0.15) X 10%/T?
1000IN™™S-, ¢ nimsonte= 3.96 (£0.21) + 6.69 (0.22) X 10°/T?

with temperatureT in kelvin. A comparison with published equations of the form 10661}?5502_Carb0nate

= A + B X 10°/T? for other divalent metal carbonates shows that the faBaslowly-reacting carbonates

from the rhombohedral calcite group (magnesite, siderite, smithsonite and rhodochrosite) are very similar (6.7
+ 0.2) and distinct from those of fast-reacting minerals witherite, cerussite, and strontianite of the ortho-
rhombic aragonite group (4.5 0.3) and calcite (5.6 0.1). These differences indicate a crystallographic
control on the temperature dependence of the kinetic oxygen isotope fractionation between phosphoric acid
liberated CQ and carbonate. Copyright © 2003 Elsevier Ltd

1. INTRODUCTION relating oxygen isotope analyses of carbonates to those of
water, silicates or oxides. The carbon dioxide used for mass
spectrometric analysis is usually generated by reaction of car-
bonate minerals with anhydrous phosphoric acid (McCrea,
1950). This reaction involves a significant intramolecular ki-
netic oxygen isotope fractionation, 6f10%. at 25°C, between
the acid-liberated carbon dioxide and the carbonate mineral.
The phosphoric acid fractionation factor defined as

Stable isotope compositions of carbonate minerals typically
occurring in oxidation zones of sulfide ore deposits, such as
azurite, malachite, cerussite, or smithsonite, may yield valuable
information on the conditions of oxidation, especially on tem-
peratures and types of fluids (e.g., Melchiorre et al., 1999,
2000, 2001; Boni et al., 2003). They are thus not only useful for
research on ore genesis but also for paleoclimatic studies,
recording conditions during weathering. Because of the re- @M% arbonae=
cently increasing interest in the genesis of oxidized Zn-Pb-
deposits, new studies related to stable isotope compositions of (1000+ 8" Opnosphoric acid-iiberated /(1000 + 8**Ocarponard (1)

smithsonite (ZnC@ and cerussite (PbCare highly desir- ) . . . -
able (e.g., Melchiorre et al., 2001; Boni et al., 2003). varies mainly as a function of cation composition of the car-

bonate (Sharma and Clayton, 1965; Rosenbaum and Sheppard,
1986) and reaction temperature (e.g., Sharma and Sharma,
1969a). Several studies have indicated that values of

1000Imph"scoz_ca,bonaleshow a linear dependence withT#/

A prerequisite for the application of stable isotope geochem-
istry to interpretations of this type, however, is (1) knowledge
of the isotope fractionation factors between minerals and water
as a function of temperature and (2) accurate determination of - ) A :
the isotopic composition of the carbonate. Significant progress the slopes being different for various minerals (Sharma and
has been made in recent years with respect to the first problemSharma’. 1969a; Rosenbaum and Sheppard, 1986; Swart et al.,
with new experimental (Melchiorre et al., 1999, 2000, 2001) 1991; Buatcher, 1996; Das Sharma ej[ aI.,_ 2002): Thgs, the
and semitheoretical calibrations (Zheng, 1999) of oxygen iso- [€mperature dependence of phosphoric acid fractionation fac-
tope fractionation between carbonate minerals and water. The ©0rS has to be determined for every mineral individually tBo

second problem is less obvious, but becomes important when fcher, 1996). . ) .
Sharma and Clayton (1965) determined the phosphoric acid

fractionation factors for a variety of divalent metal carbonates
* Author to Whom Correspondence Sh0u|d be addressed at 25°C InC|UdIng SmlthSOﬂIte and CerUSSIte The 1%&3"
(albert.gilg@geo.tum.de). ues corrected later by R.N. Clayton (in Friedman and O’Neil,
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Table 1. Results of total oxygen isotope analyses of smithsonite SMG and cerussite CET including thermal decarbonatization (step 1) and
subsequent fluorination of the residues (step 11). The runs SMG-L and CET-L include laser fluorination of the residue (average of 2 to 4 analyses).

Step | (CO,) Step 11 (O,) Total
Yield 580, quow 83Cypon Yied 520, quow Yidd 5180, svow
Run (mol/mg) (%o0) (%o) (mmol/mg) (%o0) (mmol/mg) (%o0)
Smithsonite
SMG
SMG-1 7.73 32.19 -1.94 3.88 1372 11.61 26.02
SMG-2* 7.74 31.58 -2.12 343 15.42 11.17 26.62
SMG-3* 8.12 32.09 -1.86 3.15 14.33 11.27 27.13
SMG-4* 7.70 31.61 -2.08 2.65 15.44 10.35 27.47
SMG-L 8.15 27.18 —2.04 4.43 23.87 12.58 26.01
SMG avg* (n = 2) -1.99 26.01
Cerussite CET
CET-1 3.26 23.52 -19.98 1.80 243 5.77 16.03
CET-2 3.25 2270 —-19.97 1.65 2.52 5.58 1597
CET-L 4.09 18.82 —20.27 144 10.08 5.53 15.91
CET avg. (n = 3) -20.07 = 0.17 15.97 + 0.06

avg. = average value, standard deviation =10 avg.* = average value excluding samples marked with *. The theoretical CO, yieldsfor smithsonite
are 7.97 uwmol/mg (step 1), 3.99 umol/mg (step 1), and 11.96 umol/mg (total), and for cerussite 3.74 umol/mg (step 1), 1.87 wmol/mg (step 11), and

5.61 wmol/mg (total).

1977) are 11.24 for a smithsonite of unknown origin and 10.08
for a synthetic cerussite (“laboratory reagent”). We note that
Kim and O’'Neil (1997) detected differences in the phosphoric
acid fractionation factor of > 2%. between commercial and
laboratory synthesized otavite (CdCOs). Their new determina-
tions of ™S for calcite, aragonite and witherite showed sig-
nificant deviations from the values reported by Sharma and
Clayton (1965). No data have been reported so far for the
phosphoric acid fractionation of smithsonite and cerussite at
temperatures > 25°C. High reaction temperatures of 50 to
150°C are usualy required for complete decarbonatization of
some rhombohedral carbonates, such as magnesite, siderite,
rhodochrosite, and smithsonite, that react slowly with phospho-
ric acid. At these elevated temperatures shorter reaction periods
are required and they are also often employed in automated
systems for isotope analysis of carbonates. Our preliminary
investigations (Gilg et a., 2001) indicated that the acid decar-
bonatization reaction of natural smithsonite is very sluggish at
25°C and incomplete reaction yields result in alow precision of
measured oxygen isotope compositions.

We, therefore, determined the temperature dependence of the
phosphoric acid fractionation factors for natural smithsonite
and cerrusite between 25 and 72°C. Both a conventional off-
line preparation system (McCrea, 1950) in combination with a
dua-inlet mass spectrometer, as well as a new automated
on-line system with a mass spectrometer operating in the con-
tinuous flow mode were used in this study.

2. SAMPLES AND EXPERIMENTAL METHODS

The smithsonite SMG was sampled from a 3-cm-thick and 10 X 30
cm colloform crust of grayish white smithsonite on limestone from
Minas de Gabilan, Asturias, Spain. The cerussite CET isa 2 cm large
clear colorless crystal from the Tsumeb mine, Namibia. Both mineral
specimens were provided by Dr. G. Grundmann from the mineral
collection at Technische Universitdt Minchen. The samples were
crushed with an agate mortar to a grain size of < 200 um. No phases
other than smithsonite or cerussite, respectively, were detected in our
samples using X-ray diffraction analysis. The chemical composition of
SMG based on ICP-AES analyses (ISA- Jobin Yvon JY 38) indicates

amost pure smithsonite (Zng goF€s03C8.04MJo,0sCO5) With minor
amounts (<5 mol.%) of siderite, calcite, and magnesite componentsin
solid solution. We detected traces of Ba (540 ppm), Sr (290 ppm), Pb
(55 ppm) and Mn (40 ppm) in smithsonite SMG. The cerussite CET is
high purity PbCO; with only traces of Sr (20 ppm), Ba (10 ppm), Ca
(6 ppm) and Fe (6 ppm).

Total oxygen isotope compositions of carbonates were determined
using a conventiona silicate extraction line at the University of Tu-
bingen, according to a technique similar to that first described by
Sharma and Clayton (1965). After a preheating of the Ni reaction
vessels under vaccuum at 550°C, 15 to 20 mg of the sample were
loaded into the reaction vessels at room temperature and subsequently
evacuated at 150°C for severa hours. The samples were then heated
with aresistance furnace to 550°C in isolated vessels and the thermally
liberated CO, was collected after 12 h of reaction. Reaction yields and
isotopic composition of CO, were measured (step |). The residua of the
thermal decarbonatization reaction (mostly ZnO or PbO) left in the
vessels were then reacted with BrF at 550°C overnight to produce O,,
which was converted to CO, by reaction with graphite, heated by a
Pt-coil (step I1). After measurement of the oxygen yield, the isotopic
composition was measured with a Finnigan MAT 252 mass spectrom-
eter. Because of poor reproducibility for the total oxygen isotope
composition of smithsonite and a correlation between low oxygen
yield, particularly for the fluorination step of ZnO, and 80 value
(Table 1), an alternative method, adapted after Rosenbaum and Shep-
pard (1986), was also used. The same method was also used for
cerrusite. For this method, a weighed amount of carbonate was placed
in a molybdenum foil capsule within a silica glass tube and evacuated
for 12 h at 100°C. Thereafter, the smithsonite was slowly heated to
750°C while collecting the CO, in aliquid-nitrogen cooled U-trap. For
smithsonite, most of the CO, was released at temperatures between 350
and 450°C, while for cerrusite, the CO, release was between 250 and
400°C and the sample was heated to amaximum of 550°C asvisible Pb
condensed on the glass reaction tube when the sample was heated to
temperatures > 550°C. After CO, extraction, the residual oxide sample
was weighed and the weight-loss used to determine the yield of CO.,.
Theresidual oxide was subsequently analyzed using alaser fluorination
line with fluorine gas as reagent and a Pt sample tray (e.g., Sharp, 1990;
Kasemann et a., 2001).

The conventiona off-line preparation system for carbonates at Tech-
nische Universitat Miinchen and Universitat Tubingen involved reac-
tion of ~10 mg of the sample with 10 mL anhydrous phosphoric acid
in an evacuated Y -shaped reaction vessel similar to that first described
by McCrea (1950), or following the sealed vessel method of Swart et
al. (1991). The reaction temperatures were controlled in a temperature
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Table 2. Results from decarbonatization reactions of cerussite CET using phosphoric acid.
Temp. Time Yield 8°Cypog 580y smow
Extr. no. (°C) (h) (pmol/mg) n (%) (%) e 1000Ina
TUM-3287 25 15 44 1 -19.98 26.86 1.01072 10.66
TUM-3288 25 15 51 1 -20.15 26.59 1.01045 10.40
TUM-3289 25 15 34 1 —20.05 26.69 1.01055 10.49
TUM-3290 25 15 34 1 —20.01 26.79 1.01065 10.60
TUM-3291 25 15 4.7 1 —20.00 26.79 1.01065 10.59
TUM-3292 25 15 34 1 —20.08 26.80 1.01066 10.60
TUM-3293 25 15 45 1 —20.03 26.73 1.01059 10.53
TUM-3294 25 15 33 1 —20.12 26.69 1.01055 10.49
TUM-3295 25 15 33 1 —20.05 26.72 1.01058 10.52
TUM-3296 25 15 35 1 —19.99 26.83 1.01068 10.63
TUM-CET 25 15 37 1 —19.95 26.83 1.01069 10.63
Average 25 11 —20.04 26.75 1.01061 10.56
Std. dev. 25 11 +0.06 +0.08 +0.00008 +0.08
TUB-CETa 50 5 4.0 1 -19.92 25.98 1.00985 9.81
TU B-CETb 50 5 39 1 -19.92 25.81 1.00968 9.64
TUB-CETc 50 5 4.0 1 -19.92 25.89 1.00976 9.72
Average 50 3 -19.91 25.89 1.00977 9.72
Std. dev. 50 3 +0.00 +0.09 +0.00009 +0.08
TUB-CETd 70 2 4.2 1 -19.91 25.47 1.00935 9.31
U-CET-1 72 15 1 -19.93 25.23 1.00912 9.08
U-CET-2 72 15 1 -19.97 25.13 1.00902 8.98
U-CET-3 72 15 1 —20.05 25.09 1.00898 8.94
U-CET-4 72 15 1 -19.88 25.34 1.00922 9.18
U-CET-5 72 15 1 —20.01 25.26 1.00915 9.11
U-CET-6 72 15 1 -19.93 25.28 1.00916 9.12
Average 72 6 —19.96 2522 1.00911 9.12
Std. dev. 72 6 +0.06 +0.09 +0.00009 +0.09

controlled water bath at 25 or 50°C (+1°C). Reaction times varied
from overnight to 2 weeks. Acid-liberated CO, was purified using an
ethanol-liquid nitrogen mixture (—100°C) and a liquid nitrogen trap
(—196°C). Following manometric measurement of the CO, yield, the
gas was isolated into 6-mm (0.d.) glass tubes and transferred to the
Finnigan MAT 251 (Minchen) or MAT 252 (Tubingen) dual-inlet
mass spectrometer for isotopic measurements calibrated using the
international standards NBS-18 and NBS-19, and V-SMOW.

Stable isotope analyses at the isotope laboratory of the Bayerische
Staatssammlung fr Paldontologie were performed with an automated
Thermo/Finnigan online preparation device “Gas Bench 11" connected
to a Thermo/Finnigan Delta plus IRMS using a continuous flow mode
(Révész and Landwehr, 2002). Samples (~100 wg) were treated with
a few milliliters of anhydrous phosphoric acid in a helium (>99.996
vol.%) atmosphere in individual reaction tubes sealed with a septum.
The reaction temperature was kept constant at 72°C. Reaction times
varied between 90 and 210 min.

Theisotopic compositions are reported as §-valuesin per mil relative
to V-SMOW for oxygen and V-PDB for carbon.

3. RESULTS

3.1. Cerussite

Total oxygen isotope determinations of cerussite CET using
the conventional oxygen isotope line and the laser-based ex-
traction system yielded consistent results with a §*®0,,,, of
15.97 = 0.06%0 (1o, n = 3) (Table 1). The decarbonatization
reaction of cerussite with phosphoric acid at 25°C was com-
plete after few hours. The acid-liberated CO, of natural cerus-
site CET gave a 680 value of 26.75 = 0.08%o (10, n = 11) at
25°C (Table 2). A 1000Ina®™ value of 10.56 was calculated
for cerussite at 25°C. Our new value is higher than that deter-
mined by Sharma and Clayton (1965) on laboratory reagent
PbCOj; (10.08). Decarbonatization experiments using phospho-

ric acid performed at 50 and 72°C yielded 1000Ina®™s values
of 9.72 and 9.12, respectively (Table 2). A single determination
at 70°C gave a 1000Ina®™s values of 9.31. The errors of the
1000Ina®™s values are estimated at =0.2. Previous studies
(Rosenbaum and Sheppard, 1986; Bottcher, 1996; Das Sharma
et al., 2002) suggested that 1000InaP"® values of carbonates
vary linearly as a function of 1/T%

1000INa™™ o, carponate = A + B X 10%T2 2
Fitting 21 individual 1000Ina"°° values for cerussite that were
calculated from each experiment given in Table 2 to such a
function, the following equation is obtained for the temperature
range between 25 and 72°C with temperature T in Kelvin:

1000IN0™*S, e = 5.13 (+0.15) + 4.79 (£0.15) X 109/T2.
(3)

3.2. Smithsonite

The results of four total oxygen isotope determinations of
SMG using the conventional oxygen extraction line are given
in Table 1. The data display significant scatter in both total
carbon dioxide yields (10.35-11.61 uwmol/mg) and total 6§20
values (26.02—27.47%o). The theoretical total CO, yield for
smithsonite is 11.96 umol/mg. There is an inverse correlation
(r = —0.85) between total CO, yields and total deltavaluesin
our data suggesting that either incomplete reaction or variable
contamination with an oxygen-poor phase isresponsible for the
high 880 values. The following observations have to be con-
sidered. No phases other than smithsonite were detected in the
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Table 3. Results from decarbonatization reactions of smithsonite SMG using phosphoric acid.
Temp. Time Yield 83Cypop 580y smow
Extr. no. (°C) (h) (pmol/mg) n (%) (%o0) a 1000Ina
TUM-3111a? 25 15 0.3 1 2472 34.522
TUM-3112% 25 120 20 1 -2.572 36.15%
TUM-3237 25 120 1.6 1 —2.08 37.88 1.01157 11.50
TUM-3238 25 120 15 1 -2.08 37.98 1.01167 11.60
TUM-3239 25 120 1.6 1 —2.07 37.71 1.01140 11.34
TUM-3240 25 120 15 1 —-2.17 37.83 1.01152 11.45
TUM-3113 25 120 1.8 1 —2.25 37.50 1.01120 11.14
TUM-3111b 25 120 15 1 -2.19 37.87 1.01156 11.49
TUM-3160% 25 330 20 1 -3.26% 33.63%
Average 25 9 -2.35 36.79
Std. dev. 25 9 +0.38 +1.65
Average® 25 6 -2.14 37.80 1.01149 11.42
Std. dev.® 25 6 +0.07 +0.17 +0.00016 +0.16
TUB-SMGa 50 5 6.0 1 -2.11 36.71 1.01043 10.37
TUB-SMGb 50 5 6.2 1 —-2.13 36.91 1.01062 10.57
TUM-3104 50 15 3.0 1 212 36.80 1.01052 10.46
TUM-3105 50 15 23 1 —2.21 36.84 1.01056 10.50
TUM-3106 50 15 31 1 -2.11 36.77 1.01049 10.43
TUM-3108 50 15 29 1 -2.18 36.71 1.01043 10.37
TUM-3120 50 120 6.9 1 -2.03 36.55 1.01027 10.22
TUM-3121 50 120 6.1 1 —-2.14 36.99 1.01070 10.64
TUM-3122 50 120 6.9 1 212 36.91 1.01062 10.57
Average 50 9 —-2.13 36.80 1.01052 10.46
Std. dev. 50 9 +0.05 +0.13 +0.00013 +0.13
U-SMG-1a 72 15 1 —2.43 35.90 1.00964 9.59
U-SMG-1b 72 15 1 -2.13 35.99 1.00973 9.68
U-SMG-1c 72 15 1 —-2.14 35.85 1.00959 9.54
U-SMG-1d 72 15 1 -2.16 35.82 1.00956 9.52
U-SMG-1e 72 15 1 —2.33 35.75 1.00949 9.45
U-SMG-1f 72 15 1 -2.16 35.72 1.00946 9.42
U-SMG-2a 72 15 1 —2.08 35.85 1.00959 9.54
U-SMG-2b 72 15 1 -2.01 35.94 1.00968 9.63
U-SMG-2c 72 15 1 —2.34 35.97 1.00971 9.66
U-SMG-3a 72 25 1 -2.14 35.92 1.00966 9.61
U-SMG-3b 72 25 1 —2.34 35.81 1.00955 9.51
U-SMG-3c 72 25 1 -2.50 35.74 1.00948 9.44
U-SMG-4a 72 35 1 —-2.13 35.72 1.00946 9.42
U-SMG-4b 72 35 1 -2.11 35.84 1.00958 9.54
U-SMG-4c 72 35 1 —2.29 35.81 1.00955 9.51
Average 72 15 -2.22 35.84 1.00958 9.54
Std. dev. 72 15 +0.14 +0.09 +0.00009 +0.09

2Values excluded as outliers; average values and standard deviations (std. dev.) excluding marked outliers.

sample by XRD analysis. The CO, yields from the thermal
decarbonatization step | (7.70—8.12 wmol/mg) are consistent
with the theoretical decarbonatization yield of 7.97 wmol/mg
for smithsonite and both §*3C and 680 values of CO, from
step | have only relatively minor scatter (+0.3%o). In contrast,
880 values of the fluorination step Il are highly variable
(£0.85%0) and low oxygen yields areindicated for experiments
with high 680 values. Johnson et al. (1990) reported sluggish
reaction of natural zincite (ZnO) with BrFg even at 650°C.
However, in their samples they did not detect a correlation
between oxygen isotope composition and yield, suggesting that
no significant isotope fractionation took place as a result of
partial reactions. Nonetheless, we suspect that incomplete flu-
orination of the thermal decarbonatization residues (step I1) is
responsible for the high total %0 values relative to the runs
with higher yields. The oxygen isotope determination using the
laser extraction system (SMG-L) gave a much better reproduc-
ibility of 8'%0 values of the decarbonatization residue ZnO
(£0.26%0, n = 4) than with the conventional extraction system

(£0.85%0, N = 4). We are aware of the high oxygen yields
measured for ZnO using the former method. However, as the
yields were consistent for four replicates, the amounts of sam-
ples used very small (1.5-1.8 mg) and the balance used for the
samples not accurate to better than 0.2 mg with long stabiliza-
tion times for such small masses, we believe that these high
yields are a function of the lack of accuracy for the calibration
used for yield measurements in that system. The total §'0
value of SMG-L (26.01%o) is very similar to the experiment
with the highest yield using the conventional extraction line
(SMG-1). Hence, we use the average total oxygen isotope value
of the two experiments SMG-L and SMG-1 (8**Ogithsonite sma
= 26.01%o0) with an estimated error of *0.2%. for calculation
of aP"s values.

Decarbonatization reactions of smithsonite using anhydrous
phosphoric acid have been conducted at temperatures between
25 and 72°C with reaction times ranging from 1.5 h to 2 weeks
(Table 3). The reaction of natural smithsonite and acid is very
sluggish at 25°C. Even after 2 weeks reaction yields do not
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Table 4. Equations for temperature dependence of phosphoric acid fractionation factors for various carbonate minerals. The cation radius and mass

(Golyshev et al., 1981) are shown for comparison.

Cation Cation Temperature
Mineral radius mass Phosphoric acid fractionation factor range (°C) Reference
Calcite group (rhombohedral)
Magnesite (MgCO5) 0.65 24 1000InaP"s = 4.23 + 6.84 X 10%T2  50-100  Das Sharma et al. (2002)
Smithsonite (ZnCO,) 0.70 65  1000InaP™*s = 3.96 + 6.69 X 10°/T? 25-72 This study
Siderite (FeCO,) 0.79 56  1000InaP™s = 3.85 + 6.84 X 10%T2  25-150  Rosenbaum and Sheppard (1986)
Rhodochrosite (MnCO5) 0.80 55  1000InaP™*s = 2.29 + 6.91 X 10%/T? 20-90 Bottcher (1996)
Calcite (CaCOy) 1.02 40 1000InaP™®s = 4,55 + 5.04 X 10%T? 25-62 Sharma and Sharma (1969a)

1000IneP™s = 3,95 + 5,53 X 10%T2 2590
1000InaP™®s = 3.77 + 5.72 X 10°%/T? 25-90
1000IneP™s = 3.89 + 5.61 X 10%T? 25-95

Aragonite group (orthorhombic)

Strontianite (SrCO5) 135 88
Cerussite (PbCO,) 141 207
Witherite (BaCOy,) 155 137

1000IneP™s = 530 + 4.59 X 10%T? 2562
1000InaP™®s = 5,13 + 4.79 X 10°%/T? 25-72
1000InaP™s = 576 + 4.58 X 10%T? 20-90
1000InaP™®s = 6.26 + 4.12 X 10°/T? 25-62

Swart et al. (1991) recalculated
Bottcher (1996)
Das Sharma et a. (2002)

Sharma and Sharma (1969a)
This study

Bottcher (1996)

Sharma and Sharma (1969a)

exceed 25% of the theoretical CO, yield for smithsonite (7.97
wmol/mg). We find, however, considerable scatter in the oxy-
gen isotope values of acid-liberated CO, (*+1.65%o, 10 n = 9)
and, to a lesser degree, in the 8*3C values (+0.38%o, 10 N =
9). Much of the scatter is related to three extractions after 15,
120 and 330 h of reaction (TUM-3111a, TUM-3112, TUM-
3160) with §*3C values showing large deviations (>0.3%o)
from the average 6*3C value of SMG obtained from thermal
decarbonatization and higher temperature reactions with the
acid (—2.15 =0.15%o). Similar effects of low reaction yieldson
isotopic compositions of acid-liberated CO, from various car-
bonates have been described by Fritz and Fontes (1966),
Walters et a. (1972), and Rosenbaum and Sheppard (1986).
Thus, excluding the three outliers (TUM-3111a, TUM-3112,
TUM-3160), we derive an average 80 value of acid-liberated
CO,, from smithsonite SMG at 25°C of 37.80 = 0.17%. and an
average 6*3C value of —2.14 + 0.07%.. Combining this aver-
age value with the total oxygen determination, a phosphoric
acid fractionation expressed as 1000InaP"s of 11.42 is ob-
tained for smithsonite. Thisvalueisin close agreement with the
result of 11.24 from Sharma and Clayton (1965).

Reaction times with phosphoric acid at 50°C were varied
between 5 h and 3 d. The CO, yields ranged from ~30 to 90%
and both §'3C (—2.13 + 0.05%0) and 880 values (36.80 *
0.13%o) reproduce well, irrespective of reaction time and yield.
The 1000Ina®™* value at 50°C is calculated as 10.46. Simi-
larly, the phosphoric acid reaction at 72°C using the on-line
preparation system was rapid and reproducibilities of isotopic
compositions were better than +0.15%.. Variation of reaction
time from 1.5 to 3.5 h had no significant influence on measured
isotopic compositions. The 1000Ina®™S value at 72°C is 9.54.
The standard deviation of repeated measurements of 820
values of CO,, from phosphoric acid extractions at 50 and 72°C
(<*0.15%o0) is dightly smaller than the estimated error of the
total oxygen isotope determinations (*0.2%o0). Therefore, un-
certaintiesin our phosphoric acid fractionation factors of smith-
sonite are estimated at +0.3%o.

The temperature dependence of phosphoric acid fraction-
ation factors of smithsonite between 25 and 72°C can be
described as

1000IN0P™S0,_criheonice = 3.96 (£0.21) + 6.69 (£0.22)
X 10%T? (4)

with temperature T in Kelvin. The slope, intercept and standard
errors of the linear regression are based on 30 1000InaP™°s
values calculated from each experiment given in Table 3.

4. COMPARISON WITH OTHER STUDIES

In Table 4 we compare our new equations for the tempera-
ture dependence of the phosphoric acid fractionation for smith-
sonite and cerussite with those calculated for other carbonate
mineras of the calcite group including siderite (Rosenbaum
and Sheppard, 1986; Carothers et a., 1988), magnesite (Das
Sharma et al., 2002), rhodochrosite (Bottcher, 1996), and cal-
cite (Sharma and Sharma, 1969a; Swart et a., 1991; Bottcher,
1996; Das Sharmaet a., 2002), aswell asthose of the aragonite
group, such as witherite (Sharma and Sharma, 1969a; Bottcher,
1996) and strontianite (Sharma and Sharma, 1969a). We note
that the equations presented by Sharma and Sharma (1969a),
Swart et al. (1991) and Bottcher (1996) were based on the
phosphoric acid fractionation factors at 25°C of Sharma and
Clayton (1965). Somewhat different phosphoric acid fraction-
ation factors have been suggested for magnesite (Perry and
Tan, 1972; Cornides and Kusakabe, 1977) and strontianite
(Bottcher, 1996), but these were generally based on a smaller
set of analyses compared to those given in Table 4. The datafor
the calcite group minerals are summarized in Figure 1. The
1000InaP™s values for smithsonite are significantly distinct
from those of calcite, i.e., they differ by > 1%. between 25 and
72°C, emphasizing the importance of our new determinations.
The acid fractionation factors of smithsonite are aimost iden-
tical to those of siderite.

The temperature dependence of 1000Ina®™°S values, and thus
slope B in Eqgn. 2, isvery similar for slowly reacting carbonates
of the rhombohedral calcite group, i.e., magnesite, siderite,
rhodochrosite, and smithsonite, while the intercepts A in Egn.
2, are distinct for the minerals. There is no simple relationship
between the A value of the various carbonates and cationic
mass as suggested by Sharma and Sharma (1969b), nor cationic
radius.
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Fig. 1. Plot of 1000Ina®™ values vs. 10°/T2 for different carbonate
minerals of the calcite group. Mg = magnesite (Das Sharma et a.,
2002), Fe = siderite (Rosenbaum and Sheppard, 1986), Zn = smith-
sonite (this study), Mn = rhodochrosite (Bottcher, 1996), Ca = calcite
(Swart et al., 1991).

Minerals of the orthorhombic aragonite group that react
fast with phosphoric acid at 25°C (cerussite, strontianite, and
witherite) also have similar slopes B in Egn. 2, (~4.5 = 0.3)
that contrast with those of the slowly reacting calcite group
minerals (~6.7 = 0.2). The factor B for calcite, which reacts
rapidly with phosphoric acid at 25°C, is intermediate to
these (~5.6 = 0.1; Swart et al., 1991; Bottcher, 1996; Das
Sharma et al., 2002). The A values (intercepts) of the ara-
gonite group minerals witherite, cerussite and strontianite,
however, are similar considering the uncertainty in the
1000InaP"°s value for witherite at 25°C (Kim and O’ Neil,
1997). Whereas a single determination of 1000Ina®™S, ., erite
at 25°C by Sharma and Clayton (1965) gave avalue of 10.91
that was used by Sharma and Sharma (1969a) and Bottcher
(1996) to derive their equations (Table 4), Kim and O’ Neil
(1997) determined an average value of 10.57 = 0.16 (1o0)
from six experiments. Our new 1000InaP"s value at 25°C
for cerussite (10.58) is within an estimated error of +0.2
identical to that of strontianite (10.43; Sharma and Clayton,
1965) and witherite (10.57 £0.16, n = 6; Kim and O’ Neil,
1997). The published 1000Ina®"s value at 25°C for arago-
nite varies between 10.29 (Sharma and Clayton, 1965) and
11.01 (Kim and O'Neil, 1997), but could be very similar to
that of the other aragonite group minerals and calcite (10.44
+ 0.10, n = 8; Kim and O’Neil, 1997). Thus, as suspected
by O’Neil (1986, pp. 17-18), carbonate minerals that react
quickly with phosphoric acid at 25°C seem to have a similar
phosphoric acid fractionation factor 1000Ina®"™s of ~10.5 +
0.1. We note, however, that the B factor, or slope in Egn. 2,
is variable and related to both crystallographic structure and
reaction rate.

5. CONCLUSIONS

1. The reaction of natural smithsonite with anhydrous phos-
phoric acid at 25°C is very slow and reaction yields as low
as 25% even after 2 weeks of reaction result in an unac-
ceptably low precision for oxygen (#1.65%o, 1o, n = 9) and
carbon (*£0.38%0, 1o, n = 9) isotope measurements. The
precision of measurements of the isotopic compositions of
acid-liberated CO, from smithsonite can be improved to
+0.15%0 by raising the reaction temperature to 50°C with a
reaction time of at least 12 h, or to 72°C with areaction time
of 1.5 h. In contrast, natural cerussite reacts rapidly with
phosphoric acid at 25°C and reproducibility of oxygen and
carbon isotope values is better than 0.1%o.

2. Our best estimate for the intramolecular kinetic oxygen
isotope fractionation factor between phosphoric acid liber-
ated CO, and smithsonite (a”"*%) at 25°C is 1.01149 in
agreement with a previous determination by Sharma and
Clayton (1965). The o”™ values at 50 and 72°C are
1.01052 and 1.00958, respectively. The determination of
o for cerussite is 1.01061 at 25°C, 1.00977 at 50°C and
1.00911 at 72°C. Our value of oS for cerussite at 25°C is
noteably distinct from the value for calcite (1.01024) that
was used by Melchiorre et al. (2001) to calibrate their
cerussite oxygen isotope thermometer.

3. The phosphoric acid fractionations show a linear depen-
dencein aplot of 1000InaP"°Svs. 10%/T2, with similar slopes
(6.7 = 0.2) for slowly reacting carbonates of the rhombo-
hedral calcite group (magnesite, siderite, smithsonite and
rhodochrosite). The slopesfor fast reacting carbonates of the
orthorhombic aragonite group (witherite, strontianite, cerus-
site) are significantly smaller (4.5 = 0.3) than those of the
calcite group, but distinct from the slope of fast reacting
calcite (5.6 £ 0.1), indicating a crystallographic control on
the temperature dependent acid-liberated CO,-carbonate
fractionation.

Acknowl edgments—We appreciate the help of Ginter Grundmann for
providing the mineral specimens used in this study, Lisa Bock for
| CP-AES measurements and Gabi Stoschek for assistance in the Stable
Isotope Laboratory at Tubingen. The very careful and constructive
reviews by Stan Halas, Minoru Kusakabe, Peter Swart, Bruce Taylor,
and an anonymous referee significantly improved our manuscript and
are greatly acknowledged.

Associate editor: M. Kusakabe

REFERENCES

Boni M., Gilg H. A., Aversa G., and Balassone G. (2003) The “ca
lamine” of SW Sardinia. Geology, mineralogy and stable isotope
geochemistry of a supergene Zn-mineralization. Econ. Geol 98,
731-748.

Bottcher M. E. (1996) *80/**0 and *°C/**C fractionation during the
reaction of carbonates with phosphoric acid: effects of cationic
substitution and reaction temperature. sotopes Environ. Health Sud.
(Isotopenpraxis) 32, 299-305.

Carothers W. W., Adami L. H., and Rosenbauer R. J. (1988) Experi-
mental oxygen isotope fractionation between siderite-water and
phosphoric acid liberated CO,-siderite. Geochim. Cosmochim. Acta
52, 2445-2450.

Cornides |. and Kusakabe M. (1977) Preparation of carbon dioxide
from magnesite for isotopic analysis. Fresenius Z. Anal. Chem. 287,
310-311.



Phosphoric acid fractionation for smithsonite and cerussite 4055

Das Sharma S., Patil D. J, and Gopalan K. (2002) Temperature
dependence of oxygen isotope fractionation of CO, from magnesite-
phosphoric acid reaction. Geochim. Cosmochim. Acta 66, 589-593.

Friedman |. and O'Neil J. R (1977) Compilation of stable isotope
fractionation factors of geochemical interest. USGS Prof. Paper,
440-KK.

Fritz P. and Fontes J.-C. (1966) Fractionnement isotopique pendant
I’ attaque acide des carbonates naturels. Role de la granulométrie.
C. R Acad. &i. Paris Sr. D 263, 1345-1348.

Gilg H. A., Aversa G., and Boni M. (2001) A stable isotope study of
smithsonite with application to Pb-Zn deposits of SW Sardinia
[abstract]. J. Conf. Abstr. (Proc. EUG XI, Strasbourg, 8-12.4, 2001),
6/1, 592.

Golyshev S. |, Padalko N. L., and Pechekin S. A. (1981) Fractionation
of stable oxygen and carbon isotopes in carbonate systems.
Geokhimiya 10, 1427-1441.

Johnson C. A., Rye D. M., and Skinner B. J. (1990) Petrology and
stable isotope geochemistry of the metamorphosed zinc-iron-man-
ganese deposit at Sterling Hill, New Jersey. Econ. Geol. 85, 1133~
1161.

Kasemann S., Meixner A., Rocholl A., Vennemann T., Schmitt A., and
Wiedenbeck M. (2001) Boron and oxygen isotope composition of
certified reference materials NIST SRM 610/612, and reference
materials JB-2G and JR-2G. Geostand. Newsletter 25, 405-416.

Kim S.-T. and O'Neil J. R. (1997) Equilibrium and nonequilibrium
oxygen isotope effects in synthetic carbonates. Geochim. Cosmo-
chim. Acta 61, 3461-3475.

McCrea J. M. (1950) On the isotope chemistry of carbonates and a
paleotemperature scale. J. Chem. Phys. 18, 849-857.

Melchiorre E. B., Criss R. E., and Rose T. P. (1999) Oxygen and
carbon isotope study of natural and synthetic malachite. Econ. Geol.
94, 245-260.

Melchiorre E. B., Criss R. E., and Rose T. P. (2000) Oxygen and
carbon isotope study of natural and synthetic azurite. Econ. Geol. 95,
621-628.

Melchiorre E. B., Wiliams P. A., and Bevins R. E. (2001) A low
temperature oxygen isotope thermometer for cerussite, with appli-
cation at Broken Hill, New South Wales, Australia. Geochim. Cos-
mochim. Acta 65, 2527-2533.

O'Neil J. R. (1986) Theoretical and experimental aspects of isotopic
fractionation. In Stable Isotopes in High Temperature Geological
Processes (eds. J. W. Vadlley, H. P. Taylor, Jr., and J. R. O'Neil),
Rev. Mineral. 16, 1-40. Mineralogical Society of America, Wash-
ington, DC.

Perry E. C. and Tan F. C. (1972) Significance of oxygen and carbon
isotope variations in early Precambrian cherts and carbonate rocks.
Geol. Soc. Am. Bull. 83, 647—664.

Révész K. M. and Landwehr J. M. (2002) 6%°C and 60 isotopic
composition of CaCO; measured by continuous flow isotope ratio
mass spectrometry: Statistical evaluation and verification by appli-
cation to Devils Hole DH-11 calcite. Rapid Commun. Mass Spec-
trom. 16, 2102-2114.

Rosenbaum J. and Sheppard S. M. F. (1986) An isotope study of
siderites, dolomites and ankerites at high temperature. Geochim.
Cosmochim. Acta 50, 1147-1150.

Sharma T. and Clayton R. N. (1965) Measurement of O*8/O® ratios of
total oxygen of carbonates. Geochim. Cosmochim. Acta 29, 1347—
1353.

Sharma S. K. and Sharma T. (1969a) Oxygen isotope fractionation
between CO, and CO,%". Int. J. Mass Spectrom. lon Phys. 2,
367-371.

Sharma S. K. and Sharma T. (1969b) Intramolecular kinetic isotope
effect in the acid decomposition of carbonates. Int. J. Mass Spec-
trom. lon Phys. 2, 485-493.

Sharp Z. D. (1990) A laser-based microanalytical method for thein-situ
determination of oxygen isotope ratios of silicates and oxides.
Geochim. Cosmochim. Acta 54, 1353-1357.

Swart P. K., Burns S. J,, and Leder J. J. (1991) Fractionation of the
stable isotopes of oxygen and carbon during reaction of calcite with
phosphoric acid as a function of temperature and method. Chem.
Geol. 86, 89-96.

Walters L. J., Claypool G. E., and Choquette P. W. (1972) Reaction
rates for the carbonate-phosphoric acid preparation method.
Geochim. Cosmochim. Acta 36, 129—140.

Zheng Y .-F. (1999) Oxygen isotope fractionation in carbonate and
sulfate minerals. Geochem. J. 33, 109-126.



	Phosphoric acid fractionation factors for smithsonite and cerussite between 25 and 72°C
	INTRODUCTION
	SAMPLES AND EXPERIMENTAL METHODS
	RESULTS
	Cerussite
	Smithsonite

	COMPARISON WITH OTHER STUDIES
	CONCLUSIONS
	REFERENCES


