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OXYGEN ISOTOPE CHANGES DURING MICA ALTERATION
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Abstract—Oxygen isotope analyses (60'®) of micas that were artificially depleted in K* indicate little or
no isotope exchange during the transformation. The oxidation of iron in K-depleted, iron-rich micas by
H,0, treatment resulted in 1.6 to 4.6%o decrease in 60!¢ due to the fact that the equilibrium fractionation
factor is less than the initial difference between the starting §0'¢ of the fluid and micas. The oxygen isotope
ratio of a saponite formed by the weathering of phlogopite showed a 9.7%o increase in §0'® due to authigenic
recrystallization. These results suggest that oxygen isotope ratios can be used to determine the nature of
chemical transformation during the weathering of mica to vermiculite and/or smectite.
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INTRODUCTION

Oxygen and hydrogen isotope compositions of ocean
sediments (Savin and Epstein, 1970) and Quaternary
soils (Lawrence and Taylor, 1971) that consist largely
of authigenic minerals are in isotopic equilibrium with
the coexisting waters. According to Savin and Epstein
(1970) detrital clays, however, show no major oxygen
isotope exchange with the coexisting waters, but these
authors were unable to make a definitive statement
about hydrogen isotope exchange of detrital clays in
sea water. Unweathered minerals in soil profiles de-
veloped on igneous and sedimentary rocks also undergo
no appreciable oxygen or hydrogen isotope exchange
with meteoric water in the weathering environment
(Lawrence and Taylor, 1972). Thus, O!®/O'¢ ratios may
be used to distinguish authigenic minerals from detrital
components because detrital minerals originating from
igneous and metamorphic rocks have lower Q'8/0'¢
ratios than most minerals formed at low temperatures
(Hoefs, 1980). The above statement, however, may not
be applicable to assemblages found at high latitudes
and high altitudes where meteoric waters are depleted
in O'¥ (8. M. Savin, Case-Western Reserve University,
Cleveland, Ohio, personal communication, 1984).

Quaternary soils commonly contain appreciable
quantities of detrital micas and their transformation
products, as well as varying amounts of authigenic min-
erals. Detrital micas transform to vermiculite and then
to minerals of the smectite group (Jackson ef al., 1952).
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These mineralogical changes result in the replacement
of K* from micas by hydrated cations, with concurrent
decrease in layer charge. The decrease in layer charge
results from compositional changes such as the oxi-
dation of iron, the ejection of structural cations such
as Mg?*, Fe?* and AI** (Veith and Jackson, 1974), and
the incorporation of Si in the layers (Sridhar and Jack-
son, 1974), The clays formed from the alteration of
micas swell in water (Sridhar ef al, 1972) and com-
monly have aluminous and/or ferruginous coatings
(Roth ef al., 1969). Although the changes in chemical
composition during the above transformations have
been studied by many workers, the extent of isotope
exchange between the aluminosilicate framework and
the associated waters has received little or no study.
The objective of the present study is to determine the
extent of oxygen isotope exchange in various structural
layers during the weathering of micas to expanding
layer silicates, both in nature and in the laboratory.

EXPERIMENTAL
Materials

Phlogopite and saponite were separated from the
Hills Pond peridotite, Woodson County, Kansas. Here,
phlogopite in the parent peridotite has weathered in
part to saponite through a vermiculite intermediate
(Jackson and Sridhar, 1974). Phlogopite of igneous or
metamorphic origin from near Perth, Lanark County,
Ontario, was obtained as large sheets from Ward’s Nat-
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ural Science Establishment, Rochester, New York. Bio-
tite from Bancroft, Ontario, Canada (<50 um size,
courtesy, A. D. Scott), biotite from an unknown locality
(20-250 um), and an iron-rich mica, lepidomelane (20—
250 um) were also obtained as large sheets from Ward’s
Natural Science Establishment. Muscovite mica (5~
10 um) from Norway was also used.

Sample preparation

Phlogopite flakes (> 500 um) were isolated from the
Kansas peridotite by wet sieving and hand picking and
then washed with water to remove the adhering fine
particles. The saponite (<0.2 um) was separated from
the peridotite by dispersing the sample in water and
centrifuging the dispersion. The clay-size fraction was
treated with pH 5 N NaOAc, H,0,, and citrate-bicar-
bonate-dithionate to remove calcite, organic matter,
and free iron oxides, respectively (Jackson, 1956), as
described below. The purity of this material was tested
by X-ray powder diffraction (XRD) and quantitative
mineralogical analysis (Jackson and Sridhar, 1974).
Samples of phlogopite (Ontario), biotite (Ward’s), lep-
idomelane, and muscovite (Norway) were wet ground
in a blender and the respective size fractions obtained
by sedimentation and centrifugation (Jackson, 1956).
Biotite (Bancroft) was ground dry and screened into
different size fractions.

Deferration. Saponite and the iron-rich biotite micas
were treated to remove iron oxide and oxyhydroxide
coatings (i.e., deferration) using sodium dithionate
(Na,S,0,) as a reducing agent, sodium bicarbonate as
a buffer, and sodium citrate as a chelating or com-
plexing agent for ferrous and ferric iron (Jackson, 1956).
After the treatment, the samples were washed free of
all salts.

NaOAc and H,O, treatments. To eliminate carbonates
and organic matter in the <0.2-um fraction of saponite,
the sample was washed with 1 N NaOAc at pH § and
digested in 30% H,O,. The Kansas phlogopite (>500
wm) and the various mica samples were not treated
this way because carbonates and organic matter were
not apparent in these samples under the light micro-
scope.

K-depletion of micas. To simulate natural vermiculi-
tization, the various micas were treated with sodium
tetraphenylboron (NaTPB) in 1 N NaCl solution (Scott
and Smith, 1966). This process lowers the K+ activity
in the suspending liquid by the precipitation of potas-
sium tetraphenyl boron. Muscovite mica was heated
to 550°C prior to the NaTPB treatment to enhance the
K-depletion process (Scott ef al., 1972). Heating mus-
covite at 550°C should not affect its isotope exchange
properties because this temperature is well below its
dehydroxylation temperature (Jackson, 1956). The
NaTPB treatment results in a Nat-saturated vermic-
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ulite with H,O in the interlayers. The NaTPB treat-
ment was carried out to determine the extent of isotope
exchange with water which entered the interlayers. The
artificial K+-depletion process also resulted in the par-
tial oxidation of iron in iron-rich micas (Sridhar and
Jackson, 1974).

Fe?t-oxidation treatment. The iron-rich micas, biotites
and lepidomelane, after K*-depletion, were digested
with 30% H,O, at ~90°C for 6 hr to oxidize most of
the structural Fe?* present (Jackson, 1956). The exact
amount of iron oxidized by the H,O, treatment, how-
ever, was not determined.

Oxygen isotope determination. Oxygen from the micas
and their weathering products was extracted by react-
ing 10 to 20 mg of solid with BrF; at 550°C in nickel
reaction vessels for 12—-14 hr (Clayton and Mayeda,
1963). The evolved O, was then converted to CO, for
mass spectrometric analysis by combustion with
graphite (Taylor and Epstein, 1962). Analyses of CO,
for oxygen isotopes were made using an isotope-ratio
mass spectrometer. The isotopic data are reported as
60"'® values in per mil (%o), where §O'2 is defined as:

5018 = O13/0Q1% sample _
O'3/0Q'6 standard

with Standard Mean Ocean Water (SMOW) (Craig,
1961) as a reference.

RESULTS AND DISCUSSION

The oxygen isotope ratios of various micas and their
transformation products are presented in Table 1. Sim-
ple exchange of interlayer K* by Na* in the artificially
weathered phlogopite and muscovite caused no sig-
nificant change in the oxygen isotope composition. In
two iron-rich micas (Bancroft biotite and Ward’s lep-
idomelane), the 60'® value decreased significantly after
K+-depletion. This decrease in iron-rich micas may
have been related to the partial iron oxidation that took
place (Table 1) during K+*-depletion as found by Sri-
dhar and Jackson (1974). The effect of iron oxidation
on the oxygen isotope (60!'®) ratio was investigated
further by treating the samples with H,O, (Table 1).
Oxidation of structural iron should have increased with
the H,O, treatment, but the exact amount was not
determined. The H,O, treatment resulted in a large
60'8 decrease in iron-rich micas. This decrease in 608
accompanying Fe?* oxidation by H,O, treatment may
reflect oxygen isotopic exchange between the clay and
the interlayer water which was introduced during K*-
depletion; however, there is no clear cut correlation
between the Fe?* contents of these micas (as reported
by Sridhar and Jackson, 1974) and the decrease in 60*2
by Fe?* oxidation. The distilled water used in the K-de-
pletion experiments had a 60'8 value of —8 to — 12%e.
The oxidation of iron results in the ejection of Fe3*
and/or Mg?* cations from octahedral sites in order to

1] % 1000,
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balance the charge (Veith and Jackson, 1974). Deu-
teration experiments have suggested that the hydroxyls
become exchangeable even at room temperature (un-
published results). The extent of exchange of hydroxyls
with interlayer water is not known. A substantial hy-
droxyl exchange with the low O'® water might have led
to a lower §0'% value after oxidation.

A second explanation for the lower 60'® value after
K-depletion is related to the hydrolysis of iron ejected
from the octahedral sites. The ejected iron could have
hydrolyzed with the interlayer water, resulting in low
601 phases in the interlayer positions and hence an
overall lower §0!® value for the depleted mica. In an
equilibrium system, this decrease in 6O'® for the mica
transformation product results only if the equilibrium
fractionation factor is less than the initial difference
between the starting 08 of the fluid and solid. The
fact that the iron-rich micas were originally rich in O'8
suggests some low-temperature interaction prior to
treatment. Because the starting micas were already en-
riched in O'!, some depletion took place during the
K+*-replacement. If these micas were originally deplet-
ed in O'® (as expected for an igneous or metamorphic
source), significant enrichment could have resulted. The
effect of H,O, treatment on the §0'® of K-depleted,
iron-poor phlogopite and muscovite needs to be in-
vestigated before the effect of iron oxidation on §O'#
can be confirmed.

The lack of oxygen isotope exchange during the sim-
ple mineral transformation involving Na* and water
exchange with K+ for the iron-poor micas, phlogopite,
and muscovite suggests that the oxygen isotope ratio
can be an indicator of partial authigenic recrystalli-
zation, i.e., breakdown of framework metal-oxygen
bonds leading to the removal and incorporation of cat-
ions in transformation products. Authigenic recrystal-
lization by the removal of tetrahedral Fe and Al and
the incorporation of Si has been proposed (Sridhar and
Jackson, 1974) as the mechanism for the decrease in
layer charge in the natural transformation of phlogopite
to saponite. If the layer-charge decrease during this
natural transformation was indeed caused by the re-
moval and incorporation of structural ions with the
breakdown of framework metal-oxygen bonds, this
transformation might have led to oxygen isotope ex-
change. To test this possibility, the oxygen isotope ra-
tios of phlogopite and its natural weathering product,
saponite, were determined (Table 1). Phlogopite from
Kansas has a 60'® value of 6.7%c which indicates its
high-temperature (igneous) origin. On the other hand,
the saponite transformation product of this phlogopite
has a significantly higher 608 value of 16.4%c. This
drastic increase (9.7%0) of 60!® in saponite compared
to the parent phlogopite indicates extensive oxygen
isotope exchange during weathering. Because this
phlogopite contains little iron and because no deuteric
alteration appears to have taken place, the change in
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Table 1. Oxygen isotope abundance of micas and their trans-
formation products.

Isotopic Fe*+
composition  oxidized,
8O (%) mmole/
Sample SMOW 100 g
Micas and artificially weathered micas
Phlogopite, Ontario 16.7 NA!
Phlogopite, Ontario, K+*-depleted 17.2 NA!
Muscovite, Norway 11.3 NA'
Muscovite, Norway, K+-depleted
after heating to 550°C 11.42 NA!
Biotite, Bancroft, Ontario? 11.12 NA!
Biotite, Bancroft, Ontario,
K+-depleted 10.2 31
Biotite, Bancroft, Ontario,
K*-depleted and Fe oxidized
with H,0, 9.5 ND!
Biotite, Ward’s Natural Science
Establishment? 12.0 NA!
Biotite, Ward’s Natural Science
Establishment, K*-depleted 11.8 17
Biotite, Ward’s Natural Science
Establishment, K*-depleted
and Fe oxidized with H,O, 7.7 ND!
Lepidomelane, Ward’s Natural
Science Establishment® 11.5 NA!
Lepidomelane, Ward’s Natural
Science Establishment 10.1 56
Lepidomelane, Ward’s Natural
Science Establishment,?
K*-depleted and Fe oxidized
with H,0, 6.9 ND!
Phlogopite and its natural weathering product
Phlogopite, Woodson County,
Kansas 6.7% NA!
Saponite formed from phlogopite,
Woodson County, Kansas* 16.42 NA!

! NA = not applicable; ND = not determined; the values
for Fe?* oxidation were taken from Sridhar and Jackson (1974).

2 Average of duplicates.

3 Treated with citrate-bicarbonate-dithionate.

4 Treated with H,O,, pH 5 N NaOAc and citrate-bicarbon-
ate-dithionate.

860" from phlogopite to saponite could be due to oxy-
gen isotope exchange resulting from the breakdown of
framework metal-oxygen bonds. Thus, these oxygen
isotope data support the Sridhar and Jackson’s (1974)
“ypothesis of authigenic recrystallization by the re-
n.oval of tetrahedral Fe** (and Al**) and incorporation
of Si** during the transformation of phlogopite to sa-
ponite. The chemical process of phlogopite transfor-
mation to saponite with the accompanying oxygen iso-
topic change can be summarized as follows:

Phlogopite + Si**

Oxygen isotope exchange
—_—

Saponite + Fe**(Al**) + K+

The removal of Fe3* or AIP* and the incorporation
of Si in the tetrahedral sheets of this mica led to a
breakdown in framework metal-oxygen bonds, and this
breakdown facilitated oxygen isotopic exchange.
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CONCLUSIONS

Little or no oxygen isotope exchange occurred in
vermiculite by artificial K*-depletion. The oxidation
of iron in Fe-rich micas by H,0, treatment led to a
decrease in the 60'® value probably due to oxygen iso-
tope exchange with the water introduced into the in-
terlayers and/or by forming low-O*# oxide phases by
the hydrolysis of ejected iron in the interlayers. This
depletion of 602 in mica transformation products was
likely due to the fact that the equilibrium fractionation
factor was less than the initial difference between the
starting 60'® of the fluid and mica. Authigenic recrys-
tallization during the mineral transformation of phlog-
opite to saponite was supported by an increase in the
60!'8 ratio.
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Pestome—Vzoronusit ananus xuciaopona (80'%) B obpasuax cionsl, cogepxanue K* B KOoTOpbIX GbLIO
HCKYCTBEHHO YMEHbIIEHO, YKa3bIBAIOT Ha HE3HAYMTENbHBIA NIIM HyJIEBOH M30TOMHbINA OGMEH BO BpeMs Ipe-
spalueHus. PesynbraToM oxucieHus xene3a B K-obeaHeHHbIX, OGOTAIIEHHBIX XKEI€30M CIICAAX, NIPH NO-
Mol 006paGoTKH mepekuchio 6plU1o yMeHbieHHe 60'® Ha 1,6 mo 4,6%c. D10 OBLIO BHI3BAHO TEM, HTO
BEJIMYHMHA PaBHOBECHOTO KO3(hGHUUMEHTa pasfeicHusi OblIa MeHbIIIe, YeM Pa3HULla HAYaJIbHHIX 3HAUYCHHH
608 ona Teur m cynopn. OTHOLIEHHE H30TOIIOB KHUCIOPOAa IJIsA CalloHUTa, 06pa30BaHHOTO MyTEM BhIBETDH-
paHus (horomuTa NoKasano 9,7%o yenuuenue 3HaueHus 608, BpI3BAaHHOE AYTOT€HHOMN PeKPUCTaJITH3alueH.
DTH pe3yAbTAThl YKAa3hIBAIOT Ha TO, YTO OTHOLIEHHS H30TONOB KHCIOPOAA MOTYT GbITh HCTIONb30BAHBI 1A
ONpEAC/IEHUS TIPHPOABI XUMUYECKOIO MPEBPAINEHHS BO BPEMsi BHIBETPUBAHHS CIIOLbI U (HOPMHUDOBAHHS

BEPMUKYJIHTA W/ uin cMexTuTa. (E.G.]
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Resiimee —Sauerstoffisotopen-Analysen (60!%) von Glimmern, denen K* kiinstlich entzogen wurde, zeigen
geringen oder gar keinen Isotopenaustausch wihrend der Umwandlung. Die Oxidation von Eisen in K*-
verarmten, Eisen-reichen Glimmern durch H,O,-Behandlung flihrte zu einer Abnahme von 1,6 bis 4,6%0
bei 601, aufgrund der Tatsache, da3 der Gleichgewichtsfraktionierungsfaktor kleiner ist als der urspriin-
gliche Unterschied zwischen dem Ausgangswert 60'® der Fliissigkeit und dem der Glimmer. Das Sauer-
stoffisotopenverhiltnis eines Saponits, der durch Verwitterung von Phlogopit gebildet wurde, zeigte eine
Zunahme von 9,7%o des 60*%-Wertes aufgrund autigener Rekristallisation. Diese Ergebnisse deuten darauf
hin, daf3 die Sauerstoffisotopenverhiltnisse dazu verwendet werden kénnen, die Art der chemischen
Umwandlung widhrend der Verwitterung von Glimmer zu Vermiculit und/oder Smektit zu bestimmen.
[U.W.]

Reésumé— Des analyses d’isotope oxygéne (50'%) de micas dont on a artificiellement retiré K* ont indiqué
peu ou pas d’échange d’isotopes pendant la transformation. L’oxidation du fer dans des micas riches en
fer, privés de K par traitement H,O a resulté en une diminution d’1,6 4 4,6%0 de §0'® 4 cause du fait que
le facteur de fractionation d’équilibre est plus petit que la différence initiale entre le 6O'8 de départ du
fluide et des micas. La proportion d’isotope oxygéne d’une saponite formée par 1’altération d’une phlo-
gopite a montré une augmentation de 9,7%o de 80'® a cause de la recristallisation authigénique. Ces
résultats suggerent que les proportions d’isotope oxygéne peuvent étre utilisées pour déterminer la nature
de la transformation chimique pendant I'altération du mica en vermiculite et/ou en smectite. [D.J.]
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