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Fluid Flow in Chondritic Parent
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Compositions of Planetesimals
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Alteration of the Allende meteorite caused shifts in oxygen isotope ratios along
a single mass fractionation line. If alteration was caused by aqueous fluid, the
pattern of oxygen isotope fractionation can be explained only by flow of
reactive water down a temperature gradient. Down-temperature flow of aque-
ous fluid within planetesimals is sufficient to explain the mineralogical and
oxygen isotopic diversity among CV, CM, and Cl carbonaceous chondrites and
displacement of the terrestrial planets from the primordial slope 1.00 line on

the oxygen three-isotope plot.

Carbonaceous chondrites comprise seven dis-
tinct groups of primitive meteorites.  The
groups are distinguished on the basis of min-
eralogy, bulk elemental concentrations, and
size and proportions of constituents such as
chondrules and calcium-aluminum-rich in-
clusions (CAls) (/). Each group is character-
ized by distinctive oxygen isotope ratios (2).
The diversity in mineralogy and oxygen iso-
topic compositions is spanned by the CV,
CM, and CI groups (3) and has been attrib-
uted to interactions among different primor-
dial oxygen reservoirs on distinctive parent
bodies with different geological histories (4).
Here we show that reaction between rock and
flowing water inside a carbonaceous chon-

"Department of Earth Sciences, University of Oxford,
Parks Road, Oxford, OX1 3PR, UK. 2Geophysical Lab-
oratory, Carnegie Institution of Washington, 5251
Broad Branch Road NW, Washington DC, 20015, USA.

*To whom correspondence should be addressed. E-
mail: ed.young@earth.ox.ac.uk

www.sciencemag.org SCIENCE VOL 286 12 NOVEMBER 1999

drite parent body could have produced zones
that resemble CV, CM, and CI meteorites in
mineralogy and oxygen isotope ratios.
Studies of the Allende CV3 carbonaceous
chondrite using the ultraviolet laser micro-
probe show that increases in '"O/'°0O and
180/10 at constant A'’0 on an oxygen
three-isotope plot (5) (Fig. 1) are associated
with alteration. The alteration is identified by
localized enrichments in Fe, Cl, and Na and
by growth of secondary minerals (6). Alter-
ation occurred within several million years of
chondrule and CAI formation about 4.5 bil-
lion years ago (7) and has been attributed
either to reactions between vapor and solids
in the early solar nebula (8) or to reactions
between rock and liquid water at low temper-
atures within parent bodies that may have
resembled some present-day asteroids (9).
The preponderance of evidence is that
water had higher A0 values than did coex-
isting anhydrous silicates in the early solar
system (10). Laser ablation analyses showing

ScS, especially at large (>80°) distances when the
phase almost grazes the CMB. At shorter distances
however, only a small portion of the path is affected
by the basal low-velocity zone and so the travel time
perturbation is less significant. '
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that altered and unaltered components fall on
a single mass fractionation curve (Fig. 1)
suggest that the A70 of the aqueous fluid (or
any other reactant) responsible for the alter-
ation was changed from its original value to
the rock value by exchange of oxygen with
the rock.

The exchange of oxygen between rock
and a motionless aqueous fluid cannot ex-
plain the data in Fig. 1 because, when the
amount of fluid is sufficiently small that its
A'70 is controlled entirely by the rock, it has
too little oxygen to change rock 8'’O and
8180. This conundrum is quantified by means
of the commonly used expression for the
mass balance of oxygen between reacting
rock (r) and stagnant water (w)

N, (3,-8)
N, 50— (5, - A) M

In Eq. 1, N is the number of oxygens com-
posing the reacting water or rock; & is the
3180 or 8!70 for the indicated phase after
reaction; 8° is 80 or 8!70O for the indicated
phase before reaction; and A is the difference,
8, — 8, between rock and water at equilib-
rium. The left side of Eq. 1 is referred to as
the water-rock ratio. Because Eq. 1 applies to
both 870 and $!20, invariant rock A!'70O
during the exchange of oxygen between rock
and water with different initial A'7O values is
only possible in the limit, where the amount
of oxygen composing the water relative to the
amount of oxygen composing the rock is
effectively zero -

lim (3,—8) =0 )

(Nw/NQ) =0
Equations 1 and 2 show that reaction between
static water and rock could not have shifted

rock 8'%0 at fixed A'70 as indicated by the
data in Fig. 1 unless the water and rock had
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identical A'70O before exchange.

Equation 1 and the restrictions it imposes
on changes in rock 3'80 and A'70 no longer
apply if the aqueous fluid flowed during iso-
topic exchange. Instead, mass balance during
flow is satisfied by the expression

(8, — )

35,
(5)vr
were o is the equilibrium rock/fluid isotope
ratio fractionation factor (essentially 1), J”“’Q is
a time-integrated flux of oxygen composing
the fluid (as traced by 7O or '20), VT is the
gradient in temperature, and 8° represents the
initial 870 or §'80 for the rock at a given
position. Equation 3 describes the situation
where pore-filling fluid equilibrates with the
host rock at each position along a fluid flow
path. At every location, the fluid A'"O is con-
trolled by the rock as long as the rock’s capacity
for exchange persists (/7). Rock controls the
fluid A'7O because the pore volume is gener-
ally less than the volume of the host rock, and
so the bulk of the oxygen resides in the rock.
Despite rock-controlled A'’0O, Eq. 3 shows that
shifts in rock '"O/'%0 and '80/'°0 are still
possible when both J,,,, and VT are nonzero.
For water flowing through rock composed pri-
marily of silicate minerals, (83,/0T) is positive
and an increase in 8, requires flow in the direc-
tion of decreasing temperature (Eq. 3); for pos-
itive J, g, and (3, — 8?) the sign of VT must be
negative. The increase in 3 with alteration in
Allende (Fig. 1) means that if the alteration
occurred by reaction with liquid water, it did so
in a hydrological system in which flow was
from regions of higher temperature toward re-
gions of lower temperature. Expressions such
as Eq. 3 can lead to first-order constraints on the
nature of fluid flow in a meteorite parent body,
but they cannot capture the complexity that
arises where fluid flux and temperature change
with time along the flow path.

For this reason, we constructed finite dif-
ference models for the thermal, isotopic, and
mineralogical evolution of a generic carbona-
ceous chondrite parent body composed of
20% water ice, 10% void space, and 70%
silicate by volume (/2). For simplicity, the
silicate rock was assumed to be pure forster-
ite (Mg,Si0,). Carbon was included in the
calculations because the occurrence of car-
bonate minerals in veins constitutes clear ev-
idence for aqueous fluid flow, and because
modeling carbonate formation allows us to
compare our results with well-known differ-
ences in oxygen isotope ratios between car-
bonates and other minerals as a means of
validation.

The components required to simulate reac-
tions between magnesian silicate, water, and
carbon can be represented by MgO, SiO,, H,0,
and CO,. Aqueous alteration of carbonaceous
chondrites resulted in formation of phyllosili-
cate minerals, as evidenced most clearly by the

3

aJIHSO =-
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CI and CM groups (3). Prevalent among these
hydrous silicates is saponite, a trioctahedral
smectite. In the model system, we used talc
[Mg,Si,0,,(OH),] as the MgO-SiO,-H,0-
CO, analog for saponite and magnesite
(MgCO;,) as the carbonate phase. Among for-
sterite, talc, magnesite, and a mixed aqueous
fluid phase composed of H,0O and CO, there is
one independent reaction

4Mg,SiO, + 5CO,
+ H,0 = 5MgCO, + Mg,Si,0,i(OH),

The progress of this reaction serves as an
analog for the mineralogical effects of aque-
ous alteration in our calculations. The phyl-
losilicates in CM and CI rocks include ser-
pentine as well as saponite (/3). Because the
fractionation of oxygen isotopes between ser-
pentine and talc is large (12), we converted
our model talc isotopic compositions into
mixtures of 50% talc and 50% serpentine (on
an oxygen basis) using published fraction-
ation factors to compare our results with the
CI and CM data.

Results reported here are for a fictive parent

4)
8 B TR B P ERRD
6 o altered CAI phases 73
e unaltered CAI phases slope -1.00
4 | © altered chondrule phases Y&V =

® unaltered chondrule phases

| Fig. 1. Oxygen three-isotope

plot showing the relative posi-
tions of the terrestrial mass frac-
tionation curve (TMF), the slope
1.00 line (Y&R), and the Allende
mass fractionation curve (AMF)
defined by ultraviolet laser abla-
tion analyses of an Allende CAIl
and two chondrules. The two
lines for the AMF delimit physi-
cally plausible slopes between
0.51 and 0.53. Also shown are
the compositions of the Allende
whole rock (WR) (22) and bulk
matrix (M) (2). Chondrule and
CAl laser ablation analyses con-
taining identifiable ~ mineral
grains with distinct A'7O rela-
tive to the bulk of the object are
excluded for clarity.
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Fig. 2. Finite difference calculations portraying the temperature (in degrees kelvin), liquid flux
[cubic meters of H,O per square meter per second], mineralogical alteration (progress of Eq. 4, £,
in mole percent), and rock A'7O evolution of a carbonaceous chondrite parent body composed of
20% by volume water ice over a period of 470,000 years. The ordinate for each plot is time in
millions of years (My) after attainment of a temperature of 273 K at the core of the body.
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body with a spherical radius of 25 km. Al-
though we ignored Al in the chemical system as
a way of simplifying the thermodynamic calcu-
lations, 26Al was used as a heat source (12) with
an initial 2A1/2” Al consistent with formation of
the body about 3 million years after formation
of CAIs found in Allende (/4). The fictive
parent body was allowed to heat up from a
temperature of 170 K (imposed by radiative
heating from the sun) by decay of 2°Al. Melting
of water ice above 273 K caused down-temper-
ature flow of liquid water. Liquid was permitted
to pass through rock below 273 K to simulate
percolation of unfrozen water (15). The driving

Fig. 3. Comparison be-

tween the three-iso- 25
tope compositions of
mineral phases from 20

the model parent body
(black symbols); whole- 15
rock and mineral com-
positions from the Al-
lende CV, Murchison
CM, and Orgueil Cl car-
bonaceous  chondrite
meteorites (gray sym-
bols) (22); and laser ab-
lation analyses of Al- =K
lende (6). Meteorite
whole-rock composi-

T T T T T T

TMF

A\

initial

Winr /CI
ICB\
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force for the down-temperature flow in a mi-
crogravity environment (g = 0.01 N/kg in this
case) would likely be dominated by capillary
action rather than by body forces at tempera-
tures below the boiling point (/6). We made no
attempt to model the driving force in detail.
Instead we allowed the vapor pressure of H,O
relative to the vacuum of space to drive the
flow. The maximum water flux in the present
model is a factor of 10 less than maximum
cometary water fluxes at 1 astronomical unit
(17). Mineralogical and isotopic reactions be-
tween the flowing liquid water and the rock
were kinetically controlled (12).

X
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+ model phyllosilicates < 17 km |
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minerals by volume in this largely unaltered region. Mineral compositions were sampled at 500-m
intervals from the respective zones. The fluid mass fractionation curve is shown in gray. The Allende
mass fractionation curve (which is also the model rock fractionation curve), the terrestrial mass
fractionation curve, and the slope 1.00 line are in black. Cl magnetites are consistent with the initial

water ice used in the model (right-hand black star).
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We assumed that all condensed oxygen in
the early solar nebula lay on the primordial
slope 1.00 array on an oxygen three-isotope
plot (18). The initial '70/'%0 and '#0/'¢O for
the rock were taken as the intersection between
the slope 1.00 array and the Allende mass frac-
tionation curve defined by laser ablation mea-
surements of Allende. Initial 17O/!60 and 20/
160 for the water ice in our calculations were
defined by the intersection of the slope 1.00
array and the mass fractionation curve passing
through the hydrous phases of the Orgeuil CI
carbonaceous chondrite. Our choice of initial
water 170/1%0 and '80/®0 is consistent with
magnetite oxygen isotope ratios in Orgeuil and
other chondrites (19).

The initial CO, concentration of the water
ice melt is constrained by forward progress of
the reaction in Eq. 4. The reaction proceeds
from left to right when the mole fraction of CO,
in the fluid is greater than the equilibrium value
at the appropriate conditions in the model
chemical system (the equilibrium value is
<1 X 10™* in this case). The rate of reaction
was maximized by using a CO, mole fraction
of 0.2 in the calculations presented here. The
precise starting value for CO, concentration is
not crucial for what follows as long as it is
greater than the equilibrium value.

Flow of reactive aqueous fluid through the
fictive parent body produces two mineralog-
ically distinctive zones (Fig. 2). Toward the
center of the body, upstream in the radial flow
system, conversion of anhydrous silicate to hy-
drous silicate and carbonate is extensive.
Downstream toward the outer surface, there is
little or no alteration. The two regions are sep-
arated by a sharp discontinuity, or front, and by
a zone of maximum alteration adjacent to the
front (Fig. 2). Formation of zones separated by
a front and an alteration maximum were found
to be salient features of the solutions regardless
of the exact values for initial 2°Al/?’Al, poros-
ity, and ice content.

Carbonate and hydrous minerals constitute
<10% molar of the rocks even in the most
highly altered zone adjacent to the reaction
front in Fig. 2. The values for mole percent
alteration shown in Fig. 2 are averages for each
model volume element. In real bodies, hetero-
geneous flow of fluid could have concentrated
the <10% alteration into discrete, highly al-
tered areas separated by alteration-free areas.
Percentages of alteration minerals are in any
case restricted by the finite supply of moving
water when the volume of ice is comparable to
the volume of pore space available in carbona-
ceous chondrites (20). The implication is that
CI carbonaceous chondrites composed primar-
ily of phyllosilicates, oxides, and carbonates
must represent localized zones of aqueous al-
teration on the CI parent body (or bodies) and
that such alteration was concentrated near the
center of the body rather than near its surface.

The spatial pattern of isotopic alteration
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mimics the mineralogical pattern (Fig. 2).
Minerals upstream of the alteration front in
the interior of the model body have A'70
approaching that of the original water ice,
because the capacity of the rock to exchange

oxygen isotopes with the fluid has been ex- -

hausted. Minerals downstream in the outer
portion of the body retain the A'7O of the
. original rock.

The finite difference -calculations confirm
the first-order predictions from Eq. 3. Down-
stream of the alteration front in the outer part of
the fictive parent body, where VT is negative
and fluid flux is persistent (radii >17 km, Fig.
2), the range of anhydrous mineral oxygen iso-
tope ratios caused by exchange with water is
analogous to the data for Allende (Fig. 3). The
small volumes of new phyllosilicate and car-
bonate minerals (<1% by volume) produced in
the outer portion of the body have isotopic
compositions that are also on the rock mass
fractionation curve and have 8'80 values rang-
ing up to 40 per mil (not shown in Fig. 3).

Upstream of the front within the interior of
the model body (radii <17 km), hydrous sili-
cates and carbonates are abundant in compari-
son to the small amounts of these minerals
produced nearer to the surface. The 8!70 and
3180 values of these new minerals approach the

" mass fractionation curve defined by water ice
(Fig. 3). Forsterite is also driven toward the
fluid A0 in this region (not shown in Fig. 3)
but does not experience the shifts toward higher
3180 values along slope-1/2 lines as is the case
downstream, because V7T is small here. The
pattern of oxygen isotope variability within the
interior of our model parent body (radii <17
km) is similar to that defined by mineral sepa-
rates from the Murchison CM and Orgueil CI
carbonaceous chondrites (Fig. 3).

Figure 3 shows that the mineralogical and
oxygen isotopic variability among the CV,
CM, and CI groups of carbonaceous chon-
drites can be explained by a single process of
fluid-rock reaction in parent bodies. This re-
sult is relatively insensitive to the initial iso-
topic value of the water ice (27). All that is
required is one uniform oxygen reservoir for
the bulk rock (A!7O ~ —3 per mil) and one
uniform reservoir for the aqueous fluid
(A0 = 0.5 per mil).

Fluid-rock reactions within planetesimals
may have been an important process before the
final assembly of planets in the solar system.
The loss of isotopically light oxygen from rock
resulting from exchange with escaping water
would have led to an increase in planetesimal
3170 and 3'%0 values (Fig. 4). In the model
presented here, 25% of the water ice is lost
from the body. The increase in rock 8'%0 is
about 3 per mil, and the attendant increase in
3!70 results in a slight increase in A'7O of
several tenths per mil. Subtraction of compara-
ble effects from the bulk oxygen isotopic com-
positions of Earth and Mars (the martian mete-
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orites) places the oxygen composition of pro-
genitor planetesimals for the terrestrial planets
on or near the slope 1.00 array (Fig. 4), remov-
ing the necessity for distinct primordial oxygen
reservoirs other than the slope 1.00 array.
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Imaging of Humic Substance
Macromolecular Structures in
Water and Soils

S. C. B. Myneni,’3* J. T. Brown,? G. A. Martinez,* W. Meyer-Ilse?

Humic substances (HSs) are the natural organic polyelectrolytes formed from the
biochemical weathering of plant and animal remains. Their macromolecular struc-
_ture and chemistry determine their role in biogeochemical processes. In situ spec-
tromicroscopic evidence showed that the HS macromolecular structures (size and
shape) vary as a function of HS origin (soil versus fluvial), solution chemistry, and
the associated mineralogy. The HSs do not simply form coils in acidic or strong
electrolyte solutions and elongated structures in dilute alkaline solutions. The
macromolecular structural changes of HSs are likely to modify contaminant sol-
ubility, biotransformation, and the carbon cycle in soils and sediments.

Aqueous humic substances (HSs) exist primar-
ily as soluble ions at low concentration and
form colloids and precipitates at high concen-
tration and when they react with cations and
protons (/, 2). These changes can alter the HS
macromolecular structures and subsequently af-
fect the chemistry of HS coatings on mineral
and colloid surfaces, the stability of organomin-
eral aggregates, and the retention of pollutants
and C in soils and sediments (3-5). Hence,
direct information on the magnitude of changes
in HS macromolecular structures, as a function
of solution and substrate mineral chemistry, and
their origin-is critical for understanding the
geochemical reactions mediated by natural or-
" ganic molecules (6).

To test the influence of these parameters on
natural organic molecule configuration, we
conducted experiments on humic and fulvic
acids isolated from river water (Suwannee Riv-
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er, Georgia), peat (Belle Glade, Florida), and
soil (Mollic Epipedon, Illinois) samples. Fulvic
and humic acid samples were the HS fractions
isolated at alkaline and acidic pH, respectively,
by the International Humic Substance Society
and have been previously characterized (7, 8).
The solution compositions tested were pH (2 to
12, adjusted with HC1 or NaOH), ionic strength
(0.01 to 2 M NaCl or 0.01 to 2 M CaCl,), HS
concentration (0.03 to 10 g of C liter!), and
counterion composition (1 mM Cu?™* or Fe3™*).
The influence of substrate mineralogy was ex-
amined for goethite (a-FeOOH), -calcite
(CaCO0,), and clays (kaolinite and montmoril-
lonite), which are common to several soils and
sediments (9). To correlate the macromolecular
structures of isolated HSs with those of undis-
turbed natural samples, we also examined soil
organic molecules in their pristine stage (organ-
ic molecules not extracted from surrounding
soil matrix) for an Ultisol (Aquic Tropohumult,
Puerto Rico) and an Alfisol (Kesterson Reser-
voir, California). These soils formed under con-
trasting chemical conditions with pH values of
5 and 8.0, respectively, and an organic C con-
centration of 1.5 and 0.3%, respectively. The
macromolecular structures of HSs under these
chemical conditions were examined directly at

Clayton and T. K. Mayeda [Farth Planet. Sci. Lett. 67,
151 (1984)], results in no appreciable change in our
results downstream of the front, whereas the isotopic
compositions of the phyllosilicate and carbonate
minerals upstream of the front are similar to those in
Fig. 3 but are displaced by approximately +4 per mil
in 8'80 and +3 per mil in §'70, resulting in a
somewhat poorer fit to the CM and Cl data.
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the high-resolution spectromicroscopy facility
at the Advanced Light Source [Lawrence
Berkeley National Laboratory (LBNL)] (Z0).
The sample images were collected at the fol-
lowing x-ray photon energies: in the water win-
dow (516.6 V) and at the Fe L (697 and 706
eV) and Cu L (933 and 936 eV) absorption
edges. The contrast in images collected at the
water window is dominated by the mass ab-
sorption of C and N atoms in the sample and
helps in the determination of HS macromolec-
ular structures. The images at the Fe and Cu
edges, together with those obtained at the water
window, are useful for examining cation and
mineral association with HSs.

We examined the Suwannee River fulvic
acid isolates with an x-ray microscope and
found that they did not exhibit any measurable
structures below a HS concentration of 1.0 g of
C liter™!. As the concentration was increased
above 1.3 g of C liter™!, HSs formed aggre-
gates of different shapes and sizes (Fig. 1). In
dilute, acidic, high-ionic-strength NaCl solu-
tions, HSs predominantly formed globular ag-
gregates and ringlike structures (Fig. 1A). As
the fulvic acid concentration was incréased,
large sheetlike structures also formed and en-
closed these smaller structures. Visible coiling
was uncommon, and the HSs dispersed com-
pletely into aggregates of small size (<0.1 pwm)
in solutions of pH > 8.0 (Fig. 1B). Although
the addition of 1 M NaCl did not favor coiling
under these alkaline conditions, concentrated
HS solutions formed globular aggregates bound
together with thin films of HSs. Additions of di-
and trivalent cations to HS solutions promoted
their precipitation at low C concentration and
displayed macromolecular structures different
from those formed in the presence of monova-
lent ions. In dilute fulvic acid solutions of Ca®*,
Cu?*, or Fe**, the fulvic acids formed thin
thread- and netlike structures (Fig. 1, C and D).
As the fulvic acid and cation concentrations
increased, these structures grew larger and
formed rings and sheets (see Web Fig. 1, avail-
able at www.sciencemag.org/feature/data/
1043547 .shl).
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