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Introduction.  Quantitative physical models [1-6] 

of the large-scale fluid systems attending aqueous al-
teration of carbonaceous chondrites differ significantly 
in the assumed mode of fluid transport, or whether 
fluid flow occurred at all.  I argue here that fluid flow 
must have taken place, that the reaction heat of altera-
tion can be readily dissipated by hydrothermal circula-
tion, and that nearly all parts of the hydrothermal sys-
tem satisfy pore-volume constraints. 

Isotopic Constraints.  Oxygen isotope systematics 
[7] provided the fundamental motivation and con-
straints for the first models of the hydrothermal evolu-
tion of carbonaceous chondrite parent bodies [1].  Peak 
temperatures are restricted to <25ºC for CM and 
<150ºC for CI.  Furthermore, molar oxygen water:rock 
(w/r) ratios of 0.6–0.9 for CM and 3.56 for CI [7] im-
ply volumetric w/r 0.8–1.2 and 4.9, respectively.  If 
this water was accommodated statically, porosities of 
44–56% and 83% are required for CM and CI, respec-
tively. Revised molar oxygen w/r of 0.46–0.53 for CM 
[8] imply equivalent porosities of  39–42% (note that 
an arithemetical error in [8] incorrectly leads to a 
lower porosity of 25%). An alternative isotopic model 
for CI [9] argues for peak temperatures <50ºC and 
equivalent water-saturated porosity of 48% (from mo-
lar oxygen w/r = 0.68).  These results depend on dif-
ferent assumptions about the composition of precursor 
materials and different fractionation models. 

Measured porosities of CI and CM meteorites av-
erage only 11–12% [18].  However, reaction products 
exceed the volume of silicate reactants, so pre-
alteration porosities were higher.  The model reaction 
1 Fo + 1 En + 2H2O → 1 Ant [4,8] increases silicate 
volume by ~50% (using densities of 3.3 and 2.5 for the 
reactants and product, respectively).  Therefore origi-
nal porosities would be ~26% for CM (50% altered) 
and ~40% for CI (100% altered). It is thus conceivable 
at first glance that original porosities could have con-
tained all the water necessary to explain the oxygen-
isotope systematics of CM [7,8] and for an alternative 
interpretation of CI [9].  Static pore water would be 
consistent with isochemical alteration [10]. In detail, 
however, the minimum shortfall of 8–13% porosity 
implies that at least 38-82% more water is required to 
satisfy the oxygen-isotope systematics (i.e., 1.4–1.8 
pore volumes).  At the maximum w/r inferred from the 
isotopic constraints, 3.6–7.3 pore volumes of water are 
necessary.  Because substantially more than one pore 
volume of water is required in all cases, fluid flow 

must have taken place.  For reference, terrestrial hy-
drothermally altered rocks usually have molar oxygen 
w/r < 1 [11], comparable to CM chondrites. 

Thermodynamic Constraints on Hydrothermal 
Circulation.  The model serpentinization reaction 
[4,8] used in the previous section releases H ≈ 200 
kJ/kg [12].  The temperature increase ∆T = fa(1-
φ)H/cpr, where fa is the silicate fraction altered, φ is the 
porosity and cpr is the rock heat capacity.  Predicted 
temperature increases of 150–250 K are not consistent 
with carbonaceous chondrite alteration [1,4] but have 
been associated with terrestrial seafloor serpentiniza-
tion [13].  Hydrothermal fluid flow can dissipate reac-
tion heat if the energy transferred by the former is fast 
compared to the latter.  The total alteration heat is fa(1-
φ)ρrH.  The pore volume can instantaneously accom-
modate heat of φρwcpw∆T, where ρw and cpw are the 
density and heat capacity of water, respectively, and 
now ∆T is the maximum allowed temperature differ-
ence.  The minimum number of pore volumes n that 
must circulate through the altered volume is then just 
the ratio of the heat of alteration to that transferrable to 
water.  Now consider that the hydrothermal pore ve-
locity v = ρwgαwk∆T/φηw, where g is the gravitational 
acceleration, k is the permeability, and αw and ηw are 
the thermal expansion coefficient and dynamic viscos-
ity of water, respectively [14].  The gravity is taken to 
be the mean value within a sphere. The hydrothermal 
circulation time tc = γL/v, where L is the height of the 
cell (comparable to parent-body radius) and γ is a 
geometric factor = 4 for equant cells and 2 for thin 
vertical cells.  Using numerical simulations [6] as a 
guide, γ ≈ 3. The alteration heat is effectively removed 
when tc = ta/n, where ta is the duration of the alteration 
reaction. 

These equations may be solved to show the re-
quirements on permeability on alteration time (Fig. 1).  
Allowable peak temperatures [7] and alteration frac-
tions distinguish CM and CI. Permeability must vary 
inversely with alteration time in order to balance reac-
tion power generation vs. hydrothermal power dissipa-
tion. A nominal reciprocal rate constant for low-
temperature, low-pressure serpentinization is 104 yr 
[15].  Permeabilities ~10-10 to 10-8 m2—high but rea-
sonable values for Earth's crust—follow for ta = 104 yr.  
The upper limit ~10-7 m2 to observed permeability on 
Earth [16] can accommodate ta as short as 100 yr.  
Note these are macropermeabilities associated with the 
entire parent body and not smaller micropermeability 
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that might be inferred at hand-sample scale [cf. 17]. 
Macropermeability includes large-scale fractures and 
voids, perhaps on asteroids including those that have 
large macroporosity [18]. 

A further implication of these calculations is that a 
minimum of 4–11 pore volumes must be circulated 
through the altered rocks to dissipate reaction heat. 
Recall that isotope systematics call for several pore 
volumes. A typical cumulative flux over the lifetime of 
model carbonaceous chondrite parent body hydro-
thermal systems is 100 pore volumes [6].  Therefore 
almost all parts of the parent body are subjected to 
more than enough fluid flow to satisfy thermal and 
isotopic constraints.  Conversely, heterogeneity meas-
ured in hundreds of pore volumes does not by itself  
imply that one parent body "could be the source of 
chemically diverse meteorites" [6] because these fluc-
tuations are well above the modest differences (just 
several pore volumes) between CI and CM chondrites. 

Alternative "Exhalation" Flow.  A novel concept 
[3] for carbonaceous chondrites links thermal, chemi-
cal, and isotopic models. Several aspects of this theory 
can be strongly questioned, however. First, fluids flow 
outward without recirculation ("exhalation") under the 
assumption that vapor pressure is the driving force. 
However, subcritical gas and fluid will tend to de-
couple, as each establishes its own interconnected 
permeability pathway to the free surface [1,2,4].  The 
exhalation mechanism is therefore ad hoc. Second, the 
model is contrived so that aqueous alteration reaction 
progress (<10%) is only a small fraction of that ob-
served in carbonaceous chondrites (50-100%).  This 
implies that the exhalation model will suffer from run-
away alteration heating as do static models [1,4].  
Third, the model reaction used to obtain isotopic bal-
ance is dominated by CO2 in much greater quantities 
(5x molar abundance of water) than has been inferred 
for carbonaceous chondrite parent bodies.  Finally, the 
oxygen-isotope mass-fractionation line used as a con-
straint in [3] has been alternatively interpreted as a 
mixing line [8]. 

Conclusion. At present there is no fully self-
consistent explanation of the thermal, stoichiometric, 
and isotopic constraints on carbonaceous chondrite 
aqueous alteration.  Hydrothermally convective interi-
ors [1,6] are consistent with gross isotopic w/r ratios, 
relatively uniform compositions of carbonaceous chon-
drites, and heat-loss constraints.  The "exhalation" 
model [3] precisely matches isotopic constraints but as 
presently formulated relies on an ad hoc driving physi-
cal mechanism and is thermally inconsistent with ob-
served alteration. Isochemical models can match nei-
ther isotopic nor thermal constraints. The next genera-
tion of quantitative models of carbonaceous chondrite 

parent body processes must jointly account for tem-
perature, stoichiometric, and isotopic constraints while 
incorporating reaction heating and a variety of fluid-
flow mechanisms in a spatially heterogenous environ-
ment. 
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Fig 1.  Minimum permeability required to expel altera-
tion heat while maintaining temperature bounds de-
rived from oxygen-isotope fractionation.  Upper limit 
of permeability for Earth is ~10-7 m2 [16], but could be 
higher for highly fractured asteroids [18]. 
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