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STOICHIOMETRIC REACTIONS DESCRIBING SERPENTINIZATION OF
ANHYDROUS PRIMARY SILICATES: A CRITICAL APPRAISAL,
WITH APPLICATION TO AQUEOUS ALTERATION OF CHONDRULE SILICATES
IN CM CARBONACEOUS CHONDRITES
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Abstract—A number of chemical reactions (mass-action expressions) have been proposed to describe
serpentinization of olivine in terrestrial serpentinites. Some have been applied to interpreting the formation
of serpentine-group minerals in CM carbonaceous chondrites. The widely used olivine + pyroxene —
serpentine (ol + px — srp) reaction is quantitatively inconsistent with observed ratios of olivine to
pyroxene and olivine to serpentine in CM carbonaceous chondrites. The reaction of 50l — 2srp is most
consistent with constraints from textural observations at the scale of individual partial and complete
pseudomorphs of serpentine after coarse olivine in CM chondrites, observed co-variations in modal
abundances of reactant and product minerals in CM chondrites, and experimental geochemical kinetics.
Furthermore, the 5ol — 2srp reaction provides insight into the mobility of solute species in the aqueous
alteration environment of CM carbonaceous chondrites.
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INTRODUCTION

Carbonaceous chondrites are meteorites with primi-
tive chemical compositions that are understood to come
from undifferentiated asteroids (e.g. Dodd, 1981;
Hutchison, 2004). Carbonaceous chondrites of the
compositionally primitive (solar composition) and rare
CI (Ivuna-like) group, the CR (Renazzo-like) group, and
the much more abundant (Grady, 2000) CM (Mighei-
like) group (Dodd, 1981; Hutchison, 2004) all contain
appreciable modal abundances of phyllosilicates; several
other varieties of carbonaceous chondrites contain little
or no phyllosilicate material. Because they are much
more abundant and exhibit variations in phyllosilicate
abundance and composition, this paper emphasizes CM2
carbonaceous chondrites (where the number refers to the
petrologic type). Current thinking is that petrologic type
3 was the ‘starting material’ and that petrologic types 2
and 1 may be products of increasing degrees of hydrous
alteration of type 3 starting material (McSween, 1979a;
Buseck and Hua, 1993). The CM chondrites are mostly
petrologic type 2 (CM2; Hutchison, 2004), and a variety
of subdivisions have been proposed to distinguish
different degrees of aqueous alteration within CMs of
petrologic type 2 (Zolensky et al., 1993, 1997; Browning
et al., 1996; Rubin et al., 2007; Chizmadia and Brearley,
2008; Howard et al., 2009), and from petrologic type 2
to type 1 in CM chondrites (Zolensky et al., 1997).
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Serpentine-group phyllosilicates dominate the CM
chondrites, constituting 67—88 vol.% of the CM
chondrites examined to date (Howard er al., 2009,
2011). Textural constituents of CM carbonaceous
chondrites can be classified as coarse constituents and
fine material. Coarse constituents (the “larger compo-
nents” of Zolensky and McSween, 1988) include
chondrules (the defining textural constituent of chon-
drites; generally spherical mm to sub-mm-sized silicate-
dominated solids that are solidified droplets formed by
flash heating and rapid cooling of precursor solids in the
early solar nebula; Lofgren, 1989, 1996; Lofgren and
Russell, 1986; Lofgren and Lanier, 1990; Hutchison,
2004), large mineral fragments, and refractory-element-
rich calcium aluminum inclusions, CAlIs (Hutchison,
2004). Fine materials in CM chondrites include matrix
(fine-grained) and fine-grained rims on coarse constitu-
ents (see review by Velbel and Palmer, 2011, and
references therein). Serpentine occurs in fine matrix and
rims, and in coarse constituents as partial or complete
pseudomorphs after (1) anhydrous phenocryst minerals
in chondrules (Figure 1), and (2) isolated coarse
anhydrous minerals. Matrix consisting predominantly
of serpentine constitutes 57—85% of CM chondrites
(McSween, 1979b). Because of their abundance and fine
particle size, matrix and rim materials are particularly
sensitive indicators of various alteration processes (e.g.
Brearley, 2003, 2006).

Matrix in CM chondrites is compositionally hetero-
geneous at the scale of defocused-beam electron micro-
probe analyses, suggesting mechanical mixing of
serpentines with diverse compositions, but mean and
modal serpentine compositions vary systematically with
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Figure 1. Pseudomorph of serpentine after altered chondrule-
hosted olivine in the CM2 chondrite Nogoya. The euhedral
outline of the precursor olivine is perfectly preserved. Mesos-
tasis (intercrystalline chondrule glass) surrounding olivine
crystals is altered before olivine in other CM2 chondrites. The
absence of radial or concentric fractures in the altered
mesostasis indicates that there was no volume change during
the olivine—serpentine reaction. [This image is a close-up of the
same region imaged by Velbel ef al. (2012, figure 4a); see that
paper for further discussion of this texture and phase assem-
blage.]

independent measures of aqueous alteration (McSween
et al., 1979b, 1987; Zolensky et al., 1993; Browning et
al., 1996). Observations by transmission electron micro-
scopy (TEM) show that ferroan serpentine-group miner-
als occur as solid solutions containing appreciable
components of ferroan endmembers (e.g. cronstedtite,
greenalite; Lauretta et al., 2000; Zega and Buseck, 2003;
Zega et al., 2004, 2006; Chizmadia and Brearley, 2008)
rather than as discrete endmember ferroan phyllo-
silicates. CM chondrite matrix, more Fe-rich than the
chondrules in less-altered CM chondrites, becomes
progressively enriched in more Mg-rich serpentine
(more chrysotile endmember) with increase in various
other measures of aqueous alteration in more altered CM
chondrites (McSween and Richardson, 1977; McSween,
1979b, 1987; Zolensky et al., 1993; Browning et al.,
1996; Howard et al., 2009, 2011).

Zolensky et al. (1993, figure 4) illustrated that
specimen-average Fe/(Fe+tMg) (wt.%) values vary from
0.4 to 0.9 in a suite of nine CM chondrites. Increasing
Mg/Fe (decreasing Fe/(Fe+Mg) (wt.%) (Zolensky et al.,
1993) and corresponding increasing Mg/(Fet+tMg)
(Wt.%)) in matrix phyllosilicates with increasing CM
chondrite alteration is generally (e.g. Zolensky et al.,
1993) attributed to differences in dissolution rates of
olivines of the different compositions that co-exist in
CM chondrites (e.g. Hanowski and Brearley, 2001;
Velbel et al., 2012). The formation of serpentine in
matrix is generally advanced even in CM chondrites in
which anhydrous coarse primary-mineral constituents
(e.g. olivine and pyroxene phenocrysts in chondrules;
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isolated olivine and pyroxene fragments hosted in
matrix) are unaltered. However, the increased
Mg/(Fe+Mg) of matrix and rim serpentines in more
altered CM chondrites suggests a shift from addition of
Fe to matrix by alteration of fast-reacting minerals
(especially ferroan olivine) in less-altered CM chon-
drites (forming Fe-rich serpentines), to increased con-
tributions of Mg from the destruction of slower-altering
forsteritic olivine at advanced-intermediate stages of
aqueous alteration resulting in the formation of Mg-rich
serpentines.

Matrix already exists and consists of serpentine even
in CM chondrites in which the coarse chondrule olivine
is unaltered, but becomes more magnesian in CM
chondrites containing more altered coarse olivine.
Hanowski and Brearley (2001) developed a four-stage
model for the successive alteration of progressively
more forsteritic olivine after the onset of the alteration of
coarse olivine in chondrules. Observations from an even
more altered CM chondrite were used by Velbel et al.
(2012) to extend the Hanowski and Brearley (2001)
model to Stage 5. Key attributes of the extended model
are summarized in Table 1, along with related measures
of aqueous alteration from the same CM chondrites on
which the extended model is based, and the resulting
relative abundances of mobile Fe and Mg in the
solutions to which the olivine alteration would be
contributing solutes at the various alteration stages.
The observations and the inferences from them are all
consistent with the long-expected relationship between
increasingly magnesian serpentines observed in the
matrices of more-altered CM chondrite and progres-
sively more extensive alteration of the proposed Mg-
source mineral, olivine (McSween and Richardson,
1977; McSween, 1979b, 1987; Zolensky et al., 1993;
Browning et al., 1996; Howard et al., 2009, 2011). The
reader is directed to Velbel and Palmer (2011) and
Velbel et al. (2012), for more detailed summaries of the
recent state of knowledge of serpentine formation and
compositional variation in fine-grained (matrix and rim)
serpentine, and in serpentine formed by pseudomorphous
replacement of coarse olivine (in chondrules and isolated
fragments), respectively.

Primary anhydrous silicate minerals (e.g. pyroxene,
olivine) in three groups of carbonaceous chondrites (CI,
CR, and CM) were subjected to aqueous alteration
(Brearley, 2003, 2006). Numerous workers (e.g. Bunch
and Chang, 1980; Barber, 1985; Browning et al., 2000;
Hanowski and Brearley, 2001; Velbel et al., 2012) have
noted that replacement textures of primary coarse-
grained olivines and pyroxenes in the abundant and
well studied CM chondrites resemble terrestrial aqueous-
alteration textures of ferromagnesian silicate minerals in
terrestrial mafic/ultramafic rocks. Such textures include
partial and complete pseudomorphic and alteromorphic
replacement (after euhedral and anhedral primary
minerals, respectively; Delvigne, 1998), meshwork
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serpentinization textures (Wicks and Whittaker, 1977),
and “centripetal replacement” in which entire grains or
fracture-bounded remnants are replaced from the margin
inward (e.g. Delvigne, 1998; Boudier et al., 2010).
Hanowski and Brearley (2001) and Velbel et al. (2012)
both reported textural observations from which they
inferred that pseudomorphous replacement of coarse
olivine by serpentine in chondrules and isolated coarse
olivine grains is isovolumetric. Such textures and
compositional observations constrain elemental redis-
tribution from primary anhydrous silicates (e.g. olivine)
to serpentine and to surrounding phases during serpenti-
nization (e.g. Velbel ef al., 2012).

Given the apparently important role of alteration of
coarse olivine in providing the Mg required to make
matrices in more-altered CM chondrites more magne-
sian, the present study examines a number of different
chemical reactions that have been proposed to describe
terrestrial serpentinization, and assesses their suitability
for the interpretation of serpentine pseudomorphs after
coarse olivine in light of textural and modal-abundance
data from CM2 carbonaceous chondrites. Note that
matrix already consists predominantly of serpentine
even before Stage 1 alteration (in the Hanowski and
Brearley, 2001, model) of coarse constituents in
chondrules begins. Furthermore, this paper distinguishes
between (early) formation of matrix and the ‘cronsted-
tite’ that dominates it, and (late) alteration of coarse-
grained/coarsely crystalline olivine. Discrete endmem-
ber cronstedtite (sensu stricto) does not occur in CM2
chondrites; cronstedtite occurs as one endmember in a
solid-solution series. There are two solid-solution trends
in the serpentine-group minerals of CM2 chondrites; one
between chrysotile and greenalite endmembers, the other
between chrysotile and cronstedtite. Discrete masses of
serpentine-structured material with abundant ferric and
tetrahedral iron (cronstedtite semsu lato) occur in the
fine-grained constituents (matrix and rims) of many
CM2 chondrites (Miiller et al., 1979; Lauretta et al.,
2000; Zega and Buseck, 2003; Zega et al., 2004, 2006;
Chizmadia and Brearley, 2008), but not among the
serpentine pseudomorphic after coarse anhydrous pri-
mary silicates that are the target of this study. The matter
of whether cronstedtite in rim and matrix might also be
produced by isovolumetric reactions remains to be
resolved by future work, but Miiller et al. (1979) argued
explicitly against this possibility. In summary, much of
the formation of Fe-rich serpentine-group minerals in
CM2 rim and matrix (e.g. abundant cronstedtite compon-
ent in the serpentine solid-solution) has occurred before
the phenomenon being investigated in the present study
has begun. After exploring the usefulness of different
serpentinization reactions, this paper also briefly
explores some implications of the choice of reaction
for interpretation of elemental mobility in the aqueous
solutions that drove serpentinization on the CM2
chondrite parent-body/ies.
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MASS-ACTION EXPRESSIONS AND ASSOCIATED
ELEMENTAL MASS-TRANSFER DURING
AQUEOUS ALTERATION OF OLIVINE TO

SERPENTINE

Olivine-serpentinization reactions

At the scale of meteorite-specimen bulk chemistry,
aqueous alteration of carbonaceous chondrites is iso-
chemical (DuFresne and Anders, 1962; Clayton and
Mayeda, 1999; Young et al., 2003; Brearley, 2003, 2006;
Rubin et al., 2007; Bland et al., 2009). However, every
individual reaction between anhydrous primary minerals
and hydrous alteration products requires and/or evolves
some elements or chemical species (at minimum, water)
other than those hosted entirely within the reactant and/
or product minerals. The elemental mobility required by
a variety of olivine-alteration and olivine-serpentiniza-
tion reactions that have been proposed for terrestrial
serpentinization and similar reactions in extraterrestrial
materials are explored here.

A number of stoichiometric mass-action expressions
for the serpentinization of olivine have been proposed.
For the purposes of illustration, Mg endmembers are
used here to introduce different variants of serpentiniza-
tion reactions. As already noted above, much of the
formation of ferroan serpentine-group minerals in matrix
(e.g. abundant cronstedtite component in the serpentine
solid-solution) has occurred before pseudomorphous
replacement of olivine by Mg-rich serpentine discussed
herein has begun (before Stage 1 of Table 1). After the
onset of Stage 1 olivine alteration (Hanowski and
Brearley, 2001), either cronstedtite-rich serpentines
reacted with Mg to form more magnesian serpentine
(e.g. Zega et al., 2006), or newly formed Mg-rich
serpentine diluted the previously formed matrix; in
either case, CM2 matrices are more Mg-rich with more
advanced progress through Stages 1 through 5 of
Table 1. Thus, formation of cronstedtite-rich matrix
serpentines falls outside the scope of this work, which
emphasizes pseudomorphism of coarse olivine after
most of the ferroan matrix material has already formed.
Also, because much terrestrial serpentinization of
olivine involves highly forsteritic olivine (Fo-gs5_9s),
Mg endmembers are used in most of the literature from
which the reactions are cited.

The most common (e.g. Martin and Fyfe, 1970;
Coleman, 1971; Hemley et al., 1977; Wegner and Ernst,
1983; O’Hanley, 1996; Viti and Mellini, 1998; Schulte
et al., 2006; Evans, 2008, reaction 1) is one in which
both Mg and Si are retained in mineral products at some
spatial scale, so that two formula units of olivine are
destroyed by reaction with water, forming one formula
unit each of serpentine and brucite (reaction 1).

2Mg,Si0, + 3H,0 — Mg;Si,05(OH), + Mg(OH), (1)

A reaction of the same form that conserves both Mg and
Si with the same proportions of phases (20l — srp + brc;
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Table 1. Textural criteria, ratios of hydrous/anhydrous-silicate modal abundances, and examples of meteorites showing
different extents of aqueous alteration in CM2 chondrules (adapted from Hanowski and Brearley, 2001).

Stage 1 2 3 4 S5*
(Hanowski and Brearley, 2001)
Ma?“" silicates | Fa in Type TIA Unaltered Incipient Advanced Nearly complete Nearly
entirely of ser- chondrules complete
pentine and me-| Fo in chondrules Unaltered Unaltered Incipient Moderate Advanced
sostasts comp.le— Me tal/_sulﬁde Small grains, Larger grains, Larger grains All grains, All grains,
tely altered; grains in chon- completely completely completely completely completely
alteration of: drules
Inferred Fe and Mg content in fluid Very high Fe High Fe High Mg Very high Mg Even
higher Mg
Phyllosilicate/anhydrous modal Murchison (3.10) 3.74 3.94 4.09
abundance ratio Murray (3.24)
(Howard et al., 2011)
Meteorite(s) (and Rubin et al., 2007 Murchison (CM2.5) Mighei (CM2.3)  LEW 90500 ALH 81002 Nogoya
petrologic sub-type) Murray (CM2.4/5) (CM2.2)

Qualitative criteria for stages 1—4 adapted from Hanowski and Brearley (2001).
* Extended to stage 5 by Velbel ef al. (2012). Additional data from Rubin et al. (2007) and Howard et al. (2011).

abbreviations from Kretz, 1983) but real rather than
endmember mineral compositions were used by Bach et
al. (2006). The volumetric relationships among the reactants
and products for reaction 1 were illustrated by O’Hanley
(1996) as follows.

88 cm® — 111 em® + 25 ecm® = 137 cm®

(1a)

The 53% volume increase (equation 1a) illustrates the
“Volume Problem” of serpentinization (see reviews by
Coleman, 1971, and O’Hanley, 1996), in which solid
volume must have increased as a consequence of
serpentinization, but for which field evidence consistent
with demonstrable structural volume increase was long
lacking (O’Hanley, 1992). Using molar volumes
(Table 2) for minerals from Smyth and Bish (1988),

the solid volume relationships before and after reaction
can be expressed as follows.

87.2 cm® — 107.3 cm® + 24.5 cm® = 131.8 cm® (1b)

This corresponds to a 51% volume increase (Table 3).

Several other stoichiometric reactions have been used
in support of chemical and/or isotopic modeling of
aqueous alteration in carbonaceous chondrites. In one
(originally written for terrestrial serpentinization by
Graham, 1917; Hostetler et al., 1966; Martin and Fyfe,
1970; Viti and Mellini, 1998; applied to aqueous
alteration of carbonaceous chondrites by Clayton and
Mayeda, 1999; Cohen and Coker, 2000; Guo and Eiler,
2007), one formula unit of olivine and one formula unit
of pyroxene react with water to form one formula unit of

Table 2. Molar volumes of minerals relevant to serpentinization and/or CM chondrites.

Mineral group Mg endmember

Fe endmember

Name Symbol Molar volume Name Symbol Molar volume
(ecm®/mol) (em*/mol)

Olivine Forsterite Fo 43.6 Fayalite Fa 46.3
Pyroxene Enstatite (ortho) En 62.7 Ferrosilite (ortho) Fs 65.9
Serpentine Lizardite Lz 107.3

Talc Tlc 136.6

Brucite Bre 24.5

Magnesite Mgs 28.0

Mineral symbols from Kretz (1983).
Molar volumes from Smyth and Bish (1988).

The actual formula for the Mg-rich lizardite for which Smyth and Bish (1988) determined the molar volume is

(Mg> 79Feg0aFe §10A1 0,07)(Si1 53Al0,17)05(OH)4.
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serpentine (ol + en — srp; abbreviations from Kretz,
1983) (reaction 2).

Mg,SiO4 + MgSiO; + 2H,0 — Mg;Si,05(0OH), )

Using molar volumes (Table 2) for forsterite, ensta-
tite, and serpentine from Smyth and Bish (1988), solid
volumes before and after reaction can be determined
(2a).

43.6 cm® + 63 cm® = 106.6 cm® — 107.3 cm’® (2a)

Like the classic serpentinization reaction 1, all Mg
and Si released by destruction of primary anhydrous
silicates is retained in solid products. Unlike the classic
reaction 1, solid volume is within 1% of isovolumetric
for this reaction (Table 3).

In another olivine alteration reaction applied to
modeling of aqueous alteration in carbonaceous chon-
drite parent bodies (Young et al., 1999), four formula
units of olivine react with water and carbon dioxide to
form one formula unit of talc and five formula units of
magnesite (4ol — tlc + Smgs; abbreviations from Kretz,
1983) (reaction 3):

4Mg2SIO4 + Hzo + 5C02 -
Mg3Si4010(OH)2 + SMgCO'g (3)

Using molar volumes (Table 2) for minerals from
Smyth and Bish (1988), solid volumes before and after
reaction can be calculated (3a).

174.4 cm? olivine — 136.6 cm’ talc + 140 cm’® magnesite
(4 x43.6 cm’/mol) (5 % 28.0 cm®/mol)
(3a)

In this reaction, the product mineral assemblage
invokes talc as a simplified proxy for smectite-group
phyllosilicate (which occurs in the more rare petrologic
type CI1 carbonaceous chondrites; Dodd, 1981;
Hutchison, 2004), and magnesite for the carbonate
minerals of carbonaceous chondrites (Young er al.,
1999). The 59% volume increase consequent upon this
reaction is similar to that of the classic olivine to
serpentine plus brucite reaction 1 (Table 3).

All the aforementioned previously used reactions
assume reaction with water (plus or minus carbon
dioxide), and invoke the assumption that all Mg and Si
released during alteration of primary anhydrous silicate
minerals is retained in their alteration products
(Table 3). Less restrictive reactions involving water
can be written, e.g. if all Mg released during destruction
of olivine is retained in serpentine but Si is not similarly
restricted, reaction 4 can be written.

3MnglO4 + H4Si04(aq) + 2H20 - 2Mg381205(OH)4 (4)

(30l — 2srp; modified from Graham, 1917; Hostetler
et al., 1966; Coleman, 1971; O’Hanley, 1996; Viti and
Mellini, 1998; see also Frost and Beard, 2007; applied to
CM chondrites by Howard ef al., 2009). Using molar
volumes (Table 2) for minerals from Smyth and Bish
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(1988), solid volumes before and after reaction can be
shown (4a).

130.8 cm® olivine — 214.6 cm® serpentine

(3x43.6 cm®*/mol) (2 x107.3 cm®/mol) (4a)

The 64% volume increase consequent upon this
reaction is similar to that of the classic olivine to
serpentine plus brucite reaction 1 (Table 3).

Alternatively, if all Si released during destruction of
olivine is retained in serpentine but Mg is not similarly
restricted, reaction 5 results.

2Mg,8i0, + 2H" + H,0 — Mg;Si,05(0H), + Mg®>™  (5)

A similar 20l — srp reaction with different descrip-
tions of the mobile solute species was used by Coleman
(1971). Using molar volumes (Table 2) for minerals
from Smyth and Bish (1988), solid volumes before and
after reaction can be calculated (5a).

87.2 cm? olivine — 107.3 cm?® serpentine

(2 x43.6 cm3/mol) (5a)

The 23% volume increase consequent upon this
reaction (20l — srp) is smaller than that of the classic
olivine to serpentine plus brucite reaction 1 (Table 3).
Condie and Madison (1969) invoked both importation of
Si (as in reaction 4, but unlike reaction 5) and export of
Mg (not a phenomenon of reaction 4, but common in
many other reactions including reaction 5) to explain
observed whole-rock bulk-compositional relationships of
serpentinized dunite, and also inferred volume expansion;
these relationships are consistent with both reactions (4)
and (5) for whole-rock-scale serpentinization.

An isovolumetric reaction for the hydration of
forsterite to serpentine + brucite was written by
O’Hanley (1996, p. 15) who noted that mobile products
included excess Mg and Si. The reaction was dismissed
by O’Hanley (1996) on the grounds that Mg and Si
metasomatism is not observed in the rocks surrounding
terrestrially serpentinized rock bodies. Other isovolu-
metric reactions (e.g. reactions not producing brucite)
have not yet been considered for application to
carbonaceous chondrites. Velbel and Barker (2008)
and Velbel et al. (2009) observed replacement textures
consistent with isovolumetric replacement by several
different phyllosilicates after several different primary
minerals (chain-silicates) during terrestrial weathering.
They also reported that unexpected elemental mobility
is required during early weathering for phyllosilicates
of the observed compositions to isovolumetrically
replace primary minerals of known composition.
According to Velbel and Barker (2008), Fe had to be
imported into the pseudomorphic-replacement micro-
environment in order to produce nontronitic smectite of
the observed composition from the weathering of
pyroxenes of the observed composition in the naturally
weathered terrestrial pyroxenite they studied. Similarly,
Al had to be imported into the partially pseudomorphic
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(Velbel et al., 2009) (septoalteromorphic, in the
terminology of Delvigne, 1998) microenvironment to
produce kaolin-group minerals from hornblende, and
Price et al. (2013) identified the external source mineral
of the required Al.

Following the approach of Velbel and Barker (2008)
and Velbel ef al. (2009), a reaction describing isovolu-
metric replacement of olivine by serpentine can be
written (reaction 6):

5Mg,SiO, + 8H' + 2H,0 —
2Mg;Sles(OH)4 + 41\/[ngr + H4Si04(aq) (6)

A similar 50l — 2srp isovolumetric reaction with
different descriptions of the mobile solute species was
used by Hostetler et al. (1966) and Thayer (1966). Using
molar volumes (Table 2) for minerals from Smyth and
Bish (1988), solid volumes before and after reaction are
expressed as follows (6a):

218.0 cm? Forsterite — 214.6 cm® Serpentine

(5 x43.6 cm*/mol) (2 x 107.3 cm®/mol) (6a)

This reaction (50l — 2srp) is nearly isovolumetric,
with a decrease in volume of <2% (Table 3). This
reaction explicitly embodies the hydrolysis and hydra-
tion aspects of serpentinization reactions discussed by
Evans (2008).

The discussion of Pliimper et al. (2012) on isovolu-
metric replacement of olivine by serpentine during
terrestrial serpentinization is for the most part superb.
However, their reaction 8 is based on oversimplifications
(by rounding) of the molar volumes of olivine and
serpentine. The molar volume of forsterite was over-
estimated by Pliimper et al. (2012) (they used 50 cm®/mol
instead of the actual value of 43.6 cm’/mol) and under-
estimated the molar volume of serpentines (they used
100 cm®/mol instead of the actual value of
107.3 cm®/mol). This results in some misleading con-
sequences for the resulting mass-action expression,
specifically the ratios of olivine to serpentine formula
units and the stoichiometric coefficients of the mobile
solutes. Using oversimplified molar volumes resulted in a
2:1 olivine:serpentine ratio instead of the correct value of
5:2 (reaction 6 in the present study). The 2:1 ol:srp
reaction of Plimper et al. (2012) does not produce mobile
Si as isovolumetric serpentinization of olivine by
serpentine should when written in the volumetrically
correct form of Hostetler ef al. (1966), Thayer (1966), and
reaction 6 above. As Plimper et al. (2012) were not
concerned with and, therefore, did not discuss Si mobility,
their sound qualitative conclusions about Mg mobility are
not affected by this approximation, but this is an example
of how seemingly inconsequential simplifications useful
in one context can have negative consequences in other
contexts.

The six reactions examined above are not an
exhaustive survey of all possibilities (for some other
reactions, see also Hostetler et al., 1966; Schulte et al.,


https://doi.org/10.1346/CCMN.2014.0620205

132

2006; and Frost and Beard, 2007). They do, however,
include several that have been applied previously to
carbonaceous chondrites, and they illustrate several
important aspects of choosing appropriate reactions for
interpreting the geochemical/cosmochemical conditions
under which aqueous alteration occurred:

(1) All describe aqueous alteration of olivine, but to
different phyllosilicate products; most reactions apply to
production of serpentine, but reaction 3 invokes talc as a
proxy for smectite-group minerals known from a small
number of chondrites.

(2) Some reactions produce ancillary non-phyllosili-
cate products (brucite, magnesite) and may not be
appropriate to situations lacking the required abundances
of such products within pseudomorphs/alteromorphs
after olivine. For example, note that direct application
of reaction 1 would be appropriate for systems in which
serpentine and brucite were formed in equimolar
abundances. Brucite is documented from Nogoya
(Bunch and Chang, 1980), and the brucite-like hydroxide
layer in discrete tochilinite and interstratified tochilinite-
serpentine common in CM chondrites (Mackinnon and
Zolensky, 1984; Tomeoka et al., 1989; Buseck and Hua,
1993) also occurs in Nogoya (Zolensky et al., 1993) and
may serve as a brucite-like sink for Mg not taken up in
other alteration products. Recent whole-sample quanti-
tative X-ray diffraction analyses detected but could not
quantify abundances of tochilinite or tochilinite-serpen-
tine intergrowths (Howard et al., 2009, 2011).
Furthermore, all previously documented occurrences of
tochilinite or interstratified serpentine-tochilinite have
been in matrix and rims; the fact that these brucite-like
layers occur ‘outside’ the pseudomorphs/alteromorphs
after olivine means that brucite-like layers are not
among the products the volume of which must be
considered ‘within’ the pseudomorphs/alteromorphs
described by the proposed reactions.

(3) The ratio of olivine destroyed to serpentine
formed varies among serpentine-forming reactions,
from 1.5 (reaction 4) to 2.5 (reaction 6), even if no
other reactants (e.g. pyroxene; reaction 2) are involved
(Table 3). Consequently, the mere coexistence of olivine
and serpentine (or olivine and serpentine and brucite, or
olivine and serpentine and interstratified tochilinite-
serpentine) in a phase assemblage is not sufficient to
identify the reaction responsible. Instead, quantitative
modal analysis (e.g. Howard et al., 2009, 2011) is
required, and must be of sufficient sensitivity to
discriminate among the different co-variations of olivine
and serpentine expected from the different reactions.

Assessing the suitability of different serpentinization
reactions for application to CM chondrites

Generally, the material immediately surrounding
pseudomorphs/alteromorphs after individual coarse oli-
vine crystals/grains in carbonaceous chondrites contains
no systematic evidence (e.g. demonstrably pre-terrestrial,
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indigenous radial or concentric fractures) of volume
change (Hanowski and Brearley, 2001; Velbel et al.,
2012). Within porphyritic olivine chondrules, mesostasis
is usually the first chondrule silicate phase to alter to
phyllosilicates (Fuchs ef al., 1973) while ferroan olivine is
still unaltered (Hanowski and Brearley, 2001, their
Stage 1). The commonly observed perfect pseudomorph-
ism of serpentine after olivine (e.g. figure 4b of Velbel ef
al., 2012) combined with the absence of radial or
concentric fractures within the pseudomorphs, between
them and their surroundings, and in the surrounding
previously altered mesostasis (Figure 1), all suggest
negligible volume change during serpentinization of
single olivine crystals. Therefore, at the scale of the
individual coarse primary olivine grains and their
alteration products in CM chondrites, partial and complete
replacement of olivine by serpentine in CM2 chondrites
was isovolumetric (e.g. Hanowski and Brearley, 2001).
On this basis, reactions 1, 3, 4, and 5 can be dismissed;
they are not accurate descriptions of ‘mineral-scale’
alteration in CM2 chondrites (although they may still be
applicable to ‘larger-than-grain-scale’ alteration such as
that reported by Lee ef al. (2012), which is beyond the
scope of this paper).

Reactions 2 and 6 are both isovolumetric within a few
volume percent. However, they are not equally consistent
with the ensemble of available observations. Olivine
alteration in CM chondrites can and must proceed with
mass-action expressions other than reaction 2 (ol + px —
srp). The mole-for-mole stoichiometric coupling of
olivine and pyroxene destruction required by reaction 2
is inconsistent with a number of observations. These
include: (1) The generally unequal abundances of olivines
and pyroxenes in CM chondrites (e.g. Rosenberg et al.,
2001; Bland et al. 2004; Howard et al., 2009, 2011);
(2) the observed depletion ratios of CM olivine and
pyroxene during aqueous alteration (data from Howard et
al., 2011); (3) the observed ratios of CM olivine decrease
to CM serpentine increase during aqueous alteration (data
from Howard et al., 2011); (4) the known unequal
mineral-solution reaction rates of these minerals over
the temperature range of interest (e.g. Goldich, 1938;
Velbel, 1993; Brantley, 2005, 2008).

The next several paragraphs elaborate on several of
these points.

Some CM and CM-like primitive chondrites
(Murchison, Cold Bokkeveld, Nawapali, Cochabamba,
Acfer 094, El-Quss Abu Said) contain abundant fine-
grained pyroxene along with olivine in their matrices
(Barber, 1981; Greshake, 1997; Nakamura et al., 2008),
which may have reacted simultaneously with matrix
olivine consistent with reaction 2, but this is only
relevant to the alteration of coarse-grained olivine if
coarse or matrix pyroxene were available in abundances
sufficient for reaction 2 (ol + px — srp) to both proceed
in matrix olivine and continue in coarse olivine (as
observed by Hanowski and Brearley, 2001, and Velbel et
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al., 2012) before the matrix pyroxene was exhausted.
The paucity of primitive (petrologic type 3) CM
chondrites presently limits the ability to quantitatively
test such modal-abundance relationships. However,
some CM chondrites reach high levels of olivine
depletion even after pyroxene has been completely
depleted (Howard et al., 2011). This could be taken to
mean that the pyroxene was depleted in a coupled ol +
px — srp reaction, that olivine occurred in excess of
pyroxene, that olivine reacted more slowly, and, there-
fore, that the olivine was not completely altered.
Alternatively, this could indicate that olivine alteration
can continue even in the absence of simultaneous
pyroxene alteration. In the absence of better quantitative
evidence for high pre-alteration pyroxene abundances in
what are now petrologic type 2 CM chondrites, the case
for applying reaction 2 to pseudomorphic replacement of
coarse olivine is weak.

From the least altered to the most altered CM2
chondrites examined by quantitative X-ray diffraction
(XRD), the modal volume percentage sum of anhydrous
silicates (olivine and pyroxene) decreases by almost
exactly same amount as the modal volume percentages
of serpentine-group phyllosilicates increase (Howard et
al., 2011: table 1, figure 5). Within uncertainties (~20%
relative), these measurements appear consistent with
replacement reaction 2 in which the volume of serpentine
produced equals the volume of olivine and pyroxene
destroyed. More detailed examination of the ‘molar’ ratios
associated with the aforementioned modal proportions
reveals the failure of reaction 2 to conform to observa-
tions, however. From the least altered to the most altered
CM2 chondrites examined by quantitative XRD, modal
volume percentages of olivine decrease from 23.1% to
4.0% (a difference of 19.1% modal) while pyroxene
decreases from 9.8% to 0% (a difference of 9.8% modal)
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Figure 2. Modal percentages of olivine and pyroxene in CM
chondrite falls and finds QUE 97990, Y 791198, Murchison,
Murray, Mighei, ALHA81002, Nogoya, Essebi, Cold Bokke-
veld, QUE 93005, ALH 83100, MET 01070, MET 01070 (2), and
SCO 06043, (from highest to lowest modal olivine abundance)
with linear regression. (Data from Howard et al., 2011, table 1.)
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(Figure 2, data from Howard et al., 2011). In other words,
Aol(modal) ~ 2 x Apx(modal); ~2 modal % olivine is
consumed by the actual alteration reaction for every
1 modal % pyroxene consumed. Because the molar
volumes of olivine and pyroxene differ substantially
(reaction 2a), the ‘molar’ proportion of olivine/pyroxene
consumed is substantially different (7).

(19.1 cm3/9.8 em3,) x
(63 em3, mol,,//43.6 cmd; molg') = 2.82 moly/mol,,  (7)

Observed modal-abundance depletions of olivine and
pyroxene (Figure 2; Howard ef al., 2011) thus show that
Aol(molar) ~ 3 x Apx(molar); nearly three moles of
olivine are depleted by aqueous alteration reactions for
cach mole of pyroxene depleted. These ‘observed’
proportions (Aol(molar) # Apx(molar) by nearly a
factor of three) are incompatible with the equimolar
consumption of olivine and pyroxene (Aol(molar) =
Apx(molar)) as required by widely used reaction 2.

Finally, the observed value of the ratio of molar
olivine depleted to molar serpentine produced in CM2
chondrites (determined from the ranges of modal
depletion of olivine and modal increase of serpentine
as measured by Howard et al., 2011, as shown in
equation 8) is 2.9.

(19.1 em3/16.2 cmi;,) x
(107.3 em3;, molsp/43.6 cmg; moly,') =
2.90 moly/molg,,  (8)

This demonstrates that reaction 6 (50l — 2srp), which
yields the highest ol:srp ratio (2.5) of any reaction
considered here (Table 3), conforms most closely to the
observed co-variations between olivine depletion and
serpentine enrichment in altered CM carbonaceous
chondrites.

The several lines of reasoning summarized in the
previous paragraphs demonstrate that reaction 2 (ol + px
— srp) is not a satisfactory description of serpentinization
phenomena in CM chondrites. In contrast, the isovolu-
metric 50l — 2srp reaction 6 as written is appropriate for
replacement of anhydrous silicates ‘at the grain scale’, as
water in the products was not initially present within the
volume of the anhydrous reactant-mineral grain that was
replaced, and was instead added to the volume within
which replacement of the initially parent-mineral
occurred. Volumes computed for all the reactions
summarized above are for silicate and hydroxide (and in
one case, carbonate) mineral phases only. If the water
involved in the reactions was initially present as ice,
initial (reactant) solid volumes would have to include the
volume of reactant ice. This can be an important concern
at the whole-rock scale (e.g. Clayton and Mayeda, 1999;
Cohen and Coker, 2000; Bland et al., 2009; Lee et al.,
2012). The reactions written above apply without such
modification, however, in the case of ‘grain-scale’
replacement (isovolumetric or otherwise) of initially
anhydrous silicates (e.g. olivine). Any water incorporated
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into a pseudomorph or alteromorph after an anhydrous
reactant silicate (and that may or may not result in product
volume being different from reactant volume) originated
from outside the anhydrous reactant mineral, would not be
part of the pre-alteration volume of the reactant mineral
grain, and would have been added to the pseudomorph or
alteromorph from outside its initial volume.

There exists a hierarchy of spatial scales in rocks
subjected to aqueous alteration, including individual
pseudomorphs (each of which must generally be a small
open geochemical alteration microsystem, sensu Nahon,
1991 and Delvigne, 1998) and the whole rock. At the
bulk-sample scale, hydration of CM2 chondrites appears
isochemical (except for the O and H of water), with little
evidence for metasomatic element mobility beyond the
whole-rock scale (DuFresne and Anders, 1962; Clayton
and Mayeda, 1999; Young et al., 2003; Brearley, 2003,
2006; Rubin et al., 2007; Bland et al., 2009). On the
basis of the preceding examination of reactions 1—6,
however, isovolumetric replacement of coarse olivine by
serpentine as described by reaction 6 (50l — 2srp)
satisfies presently understood textural, modal-abun-
dance, and kinetic constraints for replacement of olivine
by serpentine at the scale of an individual pseudomorph.
At the scale of an individual pseudomorph, reaction 6
requires open-system behavior — several mobile species
must be added to (H", H,O) or removed from (Mg*",
H4S104(,q), and in real, non-endmember solid solutions,
Fe) the pseudomorphic/alteromorphic replacement
volume, by elemental mass transfer between the
pseudomorphed volume and its surroundings. Each
such individual volume described by reaction 6 (or a
similar reaction for other primary-secondary mineral
pairs) is only a small fraction of the whole rock.

Alteration may be isochemical at the whole-rock
scale if smaller contained ‘importing’ and ‘exporting’
volumes experienced compensating mass transfers
resulting in whole-rock scale mass balance (i.o.w., the
large closed system consists of small local open
systems). The import-export (open system) behavior of
the volumes that are pseudomorphic after olivine as
described by reaction 6 can be used to gain additional
insight about elemental mass transfer among different
volumes within an altered CM2 chondrite from compo-
sitional data on olivines and the serpentines that replace
them (e.g. Hanowski and Brearley, 2001; Velbel et al.,
2012), as will be demonstrated for H, H,O, Mg>",
H4SiO4(aq), and Fe in the next contribution in this series.

CONCLUSIONS

A number of chemical reactions (mass-action expres-
sions) have been proposed to describe serpentinization of
olivine in terrestrial serpentinites. Among those serpenti-
nization reactions that have been proposed to explain
replacement of olivine by serpentine in CM2 carbonac-
eous chondrites, the isovolumetric 501 — 2srp reaction
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best satisfies presently understood textural, modal-abun-
dance, and kinetic constraints. This isovolumetric repla-
cement of olivine by serpentine requires that several
solute and/or solvent chemical species be added to or
removed from the pseudomorphic/alteromorphic replace-
ment volume. Isochemical whole-rock-scale aqueous
alteration of CM2 chondrites may be a consequence of
element exchange between smaller (e.g. individual-
pseudomorph-scale) volumes with ‘importing’ and
‘exporting’ (open system) behavior for different elements,
that sum over all microsystem volumes to whole-rock-
scale mass balance and bulk-sample isochemical altera-
tion because of compensating mass transfers among the
smaller-scale internal alteration microsystems.
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