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Under what conditions?
Eor how long?
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" PRIMORDIAL WATER IN EARLY.
SOLAR'SYSTEM MATERIALS

o] rriofcliel wertar weis yyiclaly civealllzigfe el
::L; SElaIFSySteEn and aurng accretion of

o :,_bord off Interaction with water Is present

Bt almost all primitive chondrites.

F,-E::‘ “Alteration started early and water was

—  avallable for extended periods of time
(=10 Ma).
Conditions of alteration were variable and
reflects thermal structure of asteroids.




Interactions of water with
an anhydrous protolith

Has perturbed original

mineralogy and
chemistry of nebular
materials

Study of meteorites
altered by water
provides insights into the
role of water in early.
solar system processes




“Need to understand effects to:

a) understand nebular processes

). determine role and importance of water in
evolution of chondritic materials




Alteratlon below ~200-300°C, resulting In the

Sermation of hydrous phases (phyllosnlcates)

= R isted metamorphism

Fhermal metamorphism in the presence of
agueous fluid above —300°C

Metasomatism

Change in bulk chemistry of meteorite as a
resultoof Interaction with aqueous fluids
~300°C




VAPDENGCE FOR INTERACITION
= WITH WATERs

CEINENLOIPIHINANAIERUIAIZRIEASES 1)/
onlelelgeligiciilogyoideltdicy

| o» temperature alteration commonly.
rcated Py development of hydrous phases
= rpentrnes smectites).

=sz-=- Secondary carbonates, sulfates, oxides, sulfides,

|r-"_

E1c.

“Anhydrous silicates also formed by alteration
Uunder higher T regimes (fayalite, etc) — fluid
assisted metamorphism/metasomatism.

Alteration variable from complete to incipient,
sometimes cryptic.




S\IDENCE FOR LOW T,
AGUEOUS ALTERATION™

or)errr ogic type 1 chondarrtes. .
WY EtEoNites exhibiting very extensive evidence

or Iteraction with agueous fluids — e.g.

_Ilosnlcates carbonates, sulfates, etc.

" ' Af[Sprimary anhydrous phases have been
' Teplaced — only rare, anhydrous phases
femain as relicts.

Cl — most completely altered (petrologic type 1) —
only rare anhydrous phases

CM — some CM chondrites are completely altered.
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— Priviigsiliceitas =
(Saponite/smectite)

— Carboenate (calcite,
dolomite, breunnerite)

— Sulfates (possibly

terrestrial)
— Magnetite
— Ferrinydrite
® Veins of sulfate
probably of terrestrial

LR Ein e origin
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'I"dme ka and
Buseck (1988)

Coarse and fine-grained interlayered serpentine and saponite
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replacement of
chondrules

-

® Mineralogy.

— Serpentine
Magnetite

Carbonates (calcite
and dolomite)

Chlorite
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EVIBENCE FOR LOW T, AQUEGUS ..

ACTERATION

P r)r\rrr 0aIC type 2 onarites.

L MVIBEIREI chiondrites:
'_'nificant BUL not complete alteration.

= F matrlx fitlly altered and chondrules partially to
extenswely altered.

~CM2s exhibit wide degree of alteration — petrologic
-~ types 2 and 1.

Most CR chondrites:

matrix fully hydrated and chondrules partially
replaced. But generally less altered than CM2s.
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SErpentine
(cronstedite/Mg-Fe
serpentine)

® Olivine/pyroxene —
Mg-Fe serpentine

e Metal — tochilinite-
cronstedtite
Intergrowths.
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- Amorphous silicate
material

— Serpentines
(cronstedite and Mg-
Fe serpentine)

Tochilinite and
tochilinite-cronstedtite
Intergrowths (formerly
PCP).

Sulfides — pentlandite,
pyrrhotite

Carbonates — mainly

1 A 81002C|\/|”2 calcite, minor dolomite
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Courtesy Kazu Tomeoka




5 (Fe, Mg) (OH)2

B8 (Fe,Ni,Cu)S

it |

D

5 (Fe, Mg) (OH)2

5 (Fe, Mg) (OH)2

8 (Fe,Ni,Cu) s

5 (Fe, Mg) (OH)3

1.87 (Fe, Mg)3 (S1205) (OH)4

Fig. 3.4.7. Muodels for tochilinite phases. (a) Model of tochilinite, indicating sulfide and hydrox-
ide layers. (b) Model of coherently interstratified tochilinite-serpentine, indicating the relative
stacking of the sullide, hydroxide and serpentine layers. Figure from Mackinnon and Zolensky
(1984), rcprinted by permission.
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nerRoe -
SErpentines and saponites
(matrix and chondrules)
Magnetite
Pyrrhotite and pentlandite
Carbonate (calcite)

Chondrules show variable
alteration from weak to
extensive replacement of
chondrule mesostasis.
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DENCE FOR LOW!T, AQUEOUST.

CR'= some CR chondrites show very mild localized
alteration effects in matrix and chondrules.

UOC — matrix altered in lowest petrologic type.
Unigue chondrites — e.g. LEW 85332 for example.




alteration

Phyllosilicates in Mokoia matrix - saponite

Tomeoka (1990) GCA
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-_COmmon I exidized (Bali-like and Allende-
EEYRCVEchondrites and CO chondrites.

2 '_, -_f'i‘d'ence of fluid interaction is cryptic — i.e.
jpTOdUCtS are anhydrous.

Isotepic evidence of fluid-mineral interaction Is
Aot always present.

Alteration textures are complex.
Mineralogy of replacement phases is diverse.




Field of view ~ 2.5 cms
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FAYALITIC OLIVINE OVERGROWTHS FAYALITIC OLIVINE REPLACING
ON FORSTERITE LOW-Ca PYROXENE




ALLENDE (oxidized CV3)
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ﬁf ange Mas occurred between different
PIPCRENLS.

e e

= AVetasomatism in CV. chondrites has
= mOdIerd bulk chemistry (Reduced vs
~ oxidized chondrites).

Modification of oxygen isotopic

composition by agueous fluids (heavy
ISetope enrichment.







Bulk elemental ratios
for C_!VL.ehondrltes —
VS Mlneraloglcal Alteration

Index




OXYCEN 150 TOPICICOMPOSITIONIOF Cl. CM and CO. CHONDRIFES




SROERESSIVE ALTERATION.OF IV
SHRONDRITES
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MAI (Browning et al. 1996) — measure of degree of alteration of CM chondrites




~ Oxygen Ts’o@re composition of bulk CM2 chondrites

S|
3
1
1

>
- U
©
-
S
>
O
7e)

| | |
8 10 12 14 16
5180(%00 rel. SMOW)

Enrichment in heavy isotopes generally correlates with MAI of Browning et al. (1996)




OXYCENTEOIOPIC COMPOSITION OF CR CHONDRITES




B CHEMISTRY OF CV
SHONDRITES

| CV {oxidized)
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= Alteratlon In small ephemeral protoplanetary
poedies

Parent pody (In situ) alteration

None are mutually exclusive

Challenge Is discriminating between alteration
In different environments.




® Interaction of gaseous H,O with nebular solids.
e May be kineticallyanphibited (e.g. Fegley and
10)Y/

Prinn) butysiEWRsEREIigenced
solar nelsBIEN(ESER=IREI2.0 05

— Doesnt readlly explam Iocal mass transport observed
-in altered chiondrites. -~

HoweVver; some hydrated phyllosilicates have
peen a source for water in chondritic parent

nodies




~CDE
MODEL

o Aligratdn ofVerots enorlel e conmooEnir o
SRIlEI NP ErEN T edy acCreton (e:g- Vetzier et alt
@B BIschofi, 1998).

r\IL;? cliondrites represent mixture of
meterials altered to different degrees in different

2 ; U dles
ey

S Alteration occurred in ephemeral protoplanetary
ledies which were disrupted by impacts.

Altered components mixed with unaltered

nebular materials prior to accretion in asteroidal
parent bodies.

Propoesed for some CM and CR chondrites




_-':Ufnaltered chondrule glass
= preontract with hydrated
fine=grained rnms.

Unaltered fracture
surfaces of olivine In
chondrules In contact
withi hydrated fine-
grained rims.

rim




Apparently unaltered
chondrule glass In
contact with hydrated
fine-grained rims

Lack of alteration of
olivine on fracture

su rfaceawacf with™
hydrated fine-grained




Qc;:' tact With' ydrous phases inconsistent

-
—

- _',|th parent body alteration.
" Indicates mixing of altered and unaltered
materials prior to accretion.

Norsubseguent alteration (parent body)
occurred after accretion.
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S Eyide CE o) reaccretlonary alteration Is
PIESENHINNEIECITIESWIICAFAISO NaVE™
‘;itive evidence of parent body
alteratdg):

= Q e geochemical arguments can be put
-Drward 10 explain observations.

s Some lines of evidence (e.g. unaltered
chondrule glass) are very rare and poorly
documented (i.e. no probe data for glass).
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PARENT BODY ALTERATION
MODEL :

Aqueous alteration followed accret aq o:r firzl peUEal 'i
body alteration. . o GO

Water ice accreted with chondr e; 'mru g CAlS.

Asteroidal heatlng (26AI7) Caus ad rr.JeerJ gigice in

asteroid interior. 0% _v& Y

Fluid from' astea’ﬁd ILERo :,{mjgfa[ed s ards
(driveniby préss :zg'ﬁfnu)

All components j, el to JEMEIPUNder same general

conditions of tem Tllrl}r_n giEessure and 10.,.

~ ) |

Process Is comple}o PecalBEystarting assemblage IS
complex mlxture of J gglilibrated materials.
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Evidence for asteroidal alteration

* Multiple lines of evidence 3.

g

v
~ Elemental exchange betweent pJomrImJe\ and
matrix. - A (’ .'

i

— Presence of Fe rlch aureo 'rlfOJde mEtal
grains ., " 9, |

- COHSLS’teﬂt dégr ol alterEBNeIPd i fferent
component§1 r e SEendrites.

— Presence.of *’._f';f ONWEINE in CM chondrites
(rare).

— Note: veins of sm razas In Cl chondrites are
probably terrest.r alPin origin.




Sodium X-ray map
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fine-graimed ims
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Ca (wt% element)
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(Hanowski and Brearley, 2000)




ROSSTEUNING VEIN! INIMOKOIA

F

3

Krot et al. (1998)




:-peratures (—200°C, e.g., MAC88107, Krot et
5 2002). Hydrous + anhydrous phases

‘F|UId assisted metamorphism or metasomatism
(300-500°C) (Allende-like CV3s, some CO3s):

Alteration dominated by anhydrous phases, with
minoer phyllosilicates

CO chondrites, Allende-like CV3 chondrites, probably
metamorphosed ordinary chondrites
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= ;;_'__, BActeration proceeds, pH becomes

d

= progressively more alkaline — pH 12.

Consistent with precipitation of calcite.
BUt based on assumption of equilibrium.

Eor complex disequilibrium assemblages,
behavior Is more complex.




pT—l IRrchondrules was more acidic than matrix.

2recipitation of soluble elements controlled by
ecalized variations in pH.

Ppssible explanation of isochemical alteration in
CM chondrites, even if fluid flow occurred.




ENVIRC

e Differertll zlterztion aof alivire drl ifigrior Vs axidriorfre;
olivines
BReIViReE R nterior of chondrules altered preferentially to those in
ORI T mAHiX
WSEENCE OF calcite replacing Ca-bearing mesestasis In
Jﬁ ndrules (teo acidic)

= IeC|p|tat|on of calcite outside chondrules in matrix
,__‘ _*' S(more alkaline)

Precipitation of Ca-phosphates at interface between
chondrules and fine-grained rims
Ca-phosphate insoluble under acidic conditions
Precipitation at pH boundary ‘metasomatic reaction front’.

Fe-rich aureoles in CM chondrites
Precipitation of insoluble Fe3* oxides at reaction front.
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Alreration behavior of FeO-
r*w chondruleselivine®

o
o
1

JL: OlIEvA o) ollvme IS
SUGNONUINCLIoN! off pH.

2

log rate, mol/cm™/sec

'-_
Bl

SRV EIERECIdIC solutions
?’avor fere rapid

_::___ - d 1 S S O I u tl O n ll*“orstlerite‘ dissolutilon

1

—_

-
1

i _-.

= sHfower pH in interior

off chondrules? 25 C, Blum & Lasaga (1988)

25 C, Wogelius & Walther (1991)
65 C, Wogelius & Walther (1992)
65 C, this study

Chen and Brantley 2000
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"§‘I“E'Clpltate at
~ —_ pH-front —
- more alkaline
In fine-
grained rims




Hydroxyapatite







Higher pH in rims may be result of rapid
nydrolysis reactions that consumed
orotons.

— e.g. geochemical modeling indicates evolution of
fluids to alkaline compositions (e.g. Zolensky et al.,
1993).

e Why was pH lower in chondrule interiors?
= — Acidic in interior of chondrules — hydrolysis of Si-

rich glass, producing H,SIO,?
— Alteration of sulfide in interior of type IIA
chondrules?
® These small scale variations in pH may
have prevented extensive mobilization and
transport of soluble elements such as Ca.







HERMAIYODELS FOR PARENT

gases etc.
Reguires knowledge of numerous different
parameters

€.9. porosity, permeability, thermal conductivity,
reaction kinetic.




——
AL CONDITIONS,

| Heatlng causes melting of ice Initial in asteroid
~ Interior.

Lguid water interacts with primary nebular materials
to form hydrous phases.

Hydration occurs by model reactions.
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Eyalation| reactions are strongly: exethermic.
SOIRVO) N ENIECHONRCINCER=A0IS S ORIMESIES
IEINIEALISHEIEASE DY MY dration"asiis
recjul Edrteormelt allfice.

JF 1) dratlon ieactions are rapid (—10% years)
(aE sestiieat pulse within asteroid.

e ® Czlijgels rapld rise In temperature.

Effects Of heat pulse are mitigated If convection
= (Grmm and McSween, 1989) or fluid flow
= (Yoeung et al., 1999) occur.

Unless _venting of gases occurs catastrophic
disruption of asteroid will occur due to pressure
pulldupr (Wilsen et al., 1999).




ERMAIVIODELSFOR CM .
SHONDRITES; . il

SE/P7A| = 1.2 % 105 wrinl =1z 1ue

P

CM parent body (ice fraction = 0.2) Cl parent body (ice fraction = 0.4)
Grimm and McSween (1989)
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— ofF CAl formation)

Low. TF (<100°C) alteration extended for
tp to =10 Ma.
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Radiogenic >3Cr in Cl carbonates
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- Radiogenic >°Cr in Y791198
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Brearley and Hutcheon (2002)
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?ﬁ{-mproving chironology of alteration using short-lived

& [20[0]/SOePES
‘Improved understanding of mass transfer
dung alteration —

why: IS alteration usually isochemical?
Better integration of mineralogical data with
thermall models of asteroids.

Static or fluid flow?




