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ABSTRACT

While several lines of evidence strongly hint at the biological importance of impactinduced hydrothermal systems during the impact cataclysm at ~3.9 Ga, these systems are
not well understood. There is unambiguous evidence of hydrothermal activity at many
terrestrial craters, but the available samples represent a very limited number of crater
diameters and locations within the crater. Therefore, computer models are crucial for
learning how impact-induced hydrothermal systems work, how long they last, and
whether they provide suitable environments for thermophilic microorganisms. This
dissertation presents detailed simulations of hydrothermal activity at the terrestrial craters
Chicxulub and Sudbury, as well as at range of crater sizes on early Mars. A wellestablished computer code HYDROTHERM was used. The models for terrestrial craters
were constrained by seismic, magnetic, and gravity surveys, as well as petrological,
mineralogical, and chemical analyses of samples (by others).
Sudbury crater is ~180 km in diameter, and 1.85 Ga. Simulation results indicate that a
hydrothermal system at Sudbury crater remained active for several hundred thousand to
several million years, depending on assumed permeability, and produced habitable
volumes of up to ~20,000 km3.
Chicxulub crater is also ~180-km in diameter, but only 65 Ma. The lifetime of the
hydrothermal system ranges from 1.5 Ma to 2.3 Ma depending on assumed permeability.
The temperatures and fluxes observed in the model are consistent with alteration patterns
observed by others in borehole samples.
Another set of simulations modeled post-impact cooling of hypothetical craters with
diameters of 30, 100, and 180 km in an early Martian environment. System lifetimes,
averaged for all permeability cases examined, were 67,000 years for the 30-km crater,
290,000 years for the 100-km crater, and 380,000 for the 180-km crater. Also, an approximation of the thermal evolution of a Hellas-sized basin (~2000 km) suggests poten-
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tial for hydrothermal activity for ~10 Myr after the impact. The habitable volume reached
a maximum of ~6,000 km3 in the 180-km crater model.
Possible morphological and mineralogical signs of hydrothermal activity in Martian
craters were observed, both in this work and by others. These observations, while by no
means definitive, are generally consistent with model predictions.
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CHAPTER 1
Introduction

1.1

What are Impact-Induced Hydrothermal Systems?

A hypervelocity impact of a large bolide into a planetary crust delivers a vast amount of
energy, some of which is converted into heat. If water or ice is present in the crust, the
resulting temperature increase provides a thermal driver for the circulation of water and
the emission of steam (and other volatiles such as CO2), initiating a hydrothermal system.
In particular, several long-term heat sources are created by a large impact event: shockdeposited heat, a melt sheet, and a central uplift. In any hypervelocity impact, a shock
wave compresses the target material, depositing large amounts of internal energy, and a
subsequent decompression by rarefaction waves results in waste heat, which increases the
temperature of the rocks (e.g., Ahrens and O’Keefe, 1972). In large impacts, sufficient
heat is deposited by the shock wave to induce phase changes and the melting and vaporization of target rocks. If enough melt is produced, it pools in the topographically lowest
regions of the crater basin, forming a melt sheet. The final heat source is the central
uplift, or material that has been uplifted from warmer regions of the crust during the
crater formation process. The importance of the melt sheet and the central uplift relative
to shock-emplaced heat increases with crater diameter. Small, simple craters, such as the
~1 km in diameter Barringer Meteorite Crater (a.k.a. Meteor Crater) in Arizona, produce
negligible amounts of melt and uplift, while in large, complex craters, such as the ~180
km in diameter Chicxulub, the melt sheet and central uplift dominate the system. Melt
sheets generally contribute significantly more energy than central uplifts (Daubar and
Kring, 2001; Thorsos et al., 2001).
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1.2

Evidence of Impact-Induced Hydrothermal Activity

Mineralogical evidence of hydrothermal activity has been identified at a wide variety of
terrestrial impact craters (Naumov, 2002). Examples of mineralogical alteration include,
in order of increasing diameter, the 4-km Kärdla crater (Versh et al., 2003; 2005), the
~24-km Haughton crater (Osinski et al., 2001), the ~35-km Manson crater (e.g., McCarville and Crossey, 1996), the ~80-km Puchezh-Katunki crater (e.g., Naumov, 1993;
2002), the ~180-km Chicxulub crater (~180 km in diameter) (Kring and Boynton, 1992;
Ames et al., 2004; Hecht et al., 2004; Zurcher and Kring, 2004) and the 150- to 250-km
Sudbury crater (e.g., Farrow and Watkinson, 1992; Ames et al., 1998). Most hydrothermal alteration has been found in the permeable breccias on top of melt sheets and in
central peaks. In general, larger craters show more extensive hydrothermal alteration.
Small, simple craters, such as the 1.2 km Meteor Crater in Arizona, typically have no
evidence of hydrothermal activity.
The observations at the craters listed above reveal three important features of impactgenerated hydrothermal systems. First, the volume affected by hydrothermal activity is
very large, often extending laterally across the entire diameter of a crater and to depths of
several kilometers (e.g., Naumov, 2002). Second, these systems have the capacity to
significantly redistribute chemical elements and create chemical gradients throughout
equally large volumes of the Earth’s crust. Third, these systems have the same biogeochemical features as volcanically driven hydrothermal systems and, thus, may have
influenced the biological evolution of Earth (Section 1.3.1).
Impact-induced hydrothermal activity has been suggested for Martian craters as well
(Newsom, 1980; Allen et al., 1982; Newsom et al., 1996). While definitive mineralogical
or morphological signatures of impact-induced hydrothermal activity on Mars have yet to
be uncovered, some potential candidates are discussed in Chapter 7.
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1.3

Motivation for this Study

1.3.1

Impact Cataclysm and its Biological Implications

While there are no known active impact-induced hydrothermal systems today, their
presence may have been dramatically greater at ~3.9 Ga. Several lines of evidence
indicate that the inner solar system was subjected to a sharp increase in the number of
impacts at that time. Analyses of lunar crust samples (e.g., Turner et al., 1973; Tera et al.,
1974) and impact melts (e.g., Turner et al., 1973; Dalrymple and Ryder, 1993; 1996;
Cohen et al., 2000) returned by the Apollo and Luna missions, as well as meteorites,
indicate that the rocks in the lunar crust were either thermally metamorphosed or melted
at ~3.9 Ga. This is interpreted by some workers as a consequence of a dramatic increase
in the number of impacts over a relatively brief time span of 20 to 200 Ma (e.g., Tera et
al., 1974; Ryder, 2000). This cataclysm was not limited to the Earth-Moon system as
meteorites from multiple bodies in the asteroid belt, as well as the only sample of the
ancient Martian crust (meteorite ALH 84001), show effects of impact-induced metamorphism at ~3.9 Ga (Bogard, 1995; Kring and Cohen, 2002).
Additionally, a recent study by Trail et al. (2006) may have detected terrestrial
evidence of the impact cataclysm in four pre-4.0 Ga zircons from the Jack Hills and Mt.
Narryer metasedimentary belts of the Archean Narryer Gneiss Complex (NGC) in
Western Australia. These workers discovered common ~3.94 - 3.97 Ga discordant
overgrowths directly over the original igneous cores in all zircons. While these overgrowths may represent thermal events endogenous to the crust, their ages coincide
remarkably with estimates of peak bombardment. Strikingly, characteristic Pb loss
spectra of the ~3.94 - 3.97 Ga domains suggest intense events capable of disturbing Pb
systematics in zircon. If the data indeed represent thermal events of the impact cataclysm
recorded as zircon overgrowths, it would be the first time such a signal has been found on
Earth.
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Several possible mechanisms for this bombardment have been proposed: Levison et
al. (2001) suggested that the formation of Uranus and Neptune was delayed until about
3.9 Ga, at which time they accreted rapidly (in 10 to 20 Myr), scattering neighboring icy
planetessimals throughout the Solar System, and resulting in the observed bombardment.
However, recent geochemical evidence (Kring and Cohen, 2002; Tagle, 2005) and lunar
crater distribution studies (Strom et al., 2005) point to the asteroid belt as the primary
source of impactors. This apparent inconsistency can be easily reconciled, as the models
of Levison et al. (2001) show that the dynamic transport of planetessimals would have
caused Jupiter and Saturn to migrate, destabilizing the asteroid belt, which then in
principle could have dominated the bombardment. The latest theory, set within a selfconsistent framework of Solar System evolution, describes a rapid migration of giant
planets, which strongly perturbed both the asteroid belt and the icy planetessimal disk
outside their initial orbits (Gomes et al., 2005). For a complete list of impact cataclysm
models, please refer to Kring and Cohen (2002) and references therein.
Estimates of material accreted by Earth during the impact cataclysm range from ~1020
kg to ~1021 kg (e.g., Zahnle and Sleep, 1997; Hartmann et al., 2000; Levison et al., 2001),
and the heat delivered by these impact events may have exceeded that generated by
volcanic activity (Kring, 2000). During this time at least 1700 craters >~20 km diameter
were produced on the Moon (e.g., Wilhelms, 1987), which scales by at least an order of
magnitude for the Earth, implying >10,000 large impact events (Kring, 2000). These
impacts would have resurfaced most of the Earth, and may have vaporized the Earth’s
oceans (e.g., Zahnle and Sleep, 1997), making the surface extremely inhospitable to life
and thus virtually eliminating surface habitats. At the same time, an abundance of subsurface habitats may have been created by impact-induced hydrothermal activity (e.g.,
Zahnle and Sleep, 1997). If any life had existed prior to the impact cataclysm, it likely
would have been exterminated except for organisms able to thrive in the hot subsurface
hydrothermal fluids (Maher and Stevenson, 1988; Chyba, 1993), in a scenario sometimes
referred to as the “impact bottleneck.” Alternatively, life may have originated during the

19

impact cataclysm. These possibilities are supported by two lines of evidence described
below.

1.3.2

Earliest Evidence of Terrestrial Life

Isotopic analyses of carbon inclusions within apatite in ~3.85 billion year old rocks from
Akilia Island in Western Greenland indicate an enrichment in 12C over 13C (Mojzsis et al.,
1996; Rosing, 1999; Mojzsis and Harrison, 2000). This enrichment is generally recognized as a signature of biological activity, because organisms preferentially incorporate
12

C. Thus, this finding suggests that life originated by ~3.85 Ga, and was likely affected

by the impact cataclysm.

1.3.3

Phylogenies and the Last Common Ancestor

Phylogenies constructed from rRNA sequences suggest that all terrestrial life (the domains of Archaea, Bacteria, and Eukarya) descended from a common ancestral population comparable to present-day thermophilic or hyperthermophilic microorganisms (e.g.,
Pace, 1997). This implies that perhaps the Earth’s nascent biosphere had been exterminated by the impact cataclysm, except for organisms that were able to adapt to hydrothermal conditions. Alternatively, these systems may have provided a site for life’s
origin. In either case, evidence suggests that impact events (some of exceptional magnitude), and the hydrothermal systems they initiated, may have played an important role in
the evolution of life on early Earth.

1.4

Outline of Present Work

The idea that the impact cataclysm might have influenced the origin and/or evolution of
early life on Earth (and perhaps Mars as well) has profound implications and deserves
further study. Although the lines of evidence described above strongly hint at the biological importance of impact-induced hydrothermal systems during the impact cataclysm,
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these systems are not well understood. Therefore, the overarching goal of this dissertation
is to characterize impact-induced hydrothermal systems on Earth and early Mars through
numerical modeling, by focusing on their durations, mechanics, and biological potential.
Stated slightly differently, this work seeks to improve the understanding of impact crater
cooling, which up to now has been modeled mainly by heat conduction. For example, the
lifetimes of hydrothermal systems in craters 20 to 200 km in diameter have been estimated at 103 to 106 years if purely conductive cooling is assumed (Daubar and Kring,
2001; Turtle et al., 2003; Ivanov, 2004). This work aims to evaluate the additional effects
of heat transport by water and steam.
Chapter 2 focuses on generating post-impact temperature distributions, an important
starting condition, by analytical means. Although this method provides weaker fidelity to
observations at impact craters than hydrocode-generated temperature distributions used
for most models in this dissertation, it can yield valuable insights on the relative importance of heat sources that drive hydrothermal activity. Also, in some cases when hydrocode-generated temperature distributions are not available, analytical estimates can
provide a viable alternative. A numerical computer code HYDROTHERM, the primary
tool used in this research, is described in Chapter 3.
Chapters 4-6 describe numerical simulations of hydrothermal activity at terrestrial
craters Sudbury and Chicxulub, as well as a range of impact craters on early Mars, and
form the core of this dissertation. The general idea was to first apply the model to Sudbury crater, where hydrothermal alteration is exposed on the surface and mineralogical
data indicative of temperatures and flow rates was available to verify the model. Once
confidence in the model was established, it was applied to craters on early Mars.
Although early Mars was likely warmer and wetter (e.g., Williams and Phillips,
2001; Craddock and Howard, 2002; Squyres et al., 2004), at least intermittently, and thus
more hospitable to life, impact-induced hydrothermal activity on present-day Mars may
still play a biological role. In addition, observations at Martian impact craters can be used
to verify and augment the models. Thus, it is important to identify hydrothermal features
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at Martian craters, and Chapter 7 describes some possible candidates. Chapter 8 summarizes the findings and suggests some directions for future work.
A large portion of the work presented in this dissertation has been published in
Abramov and Kring (2004a) (Chapter 4), Abramov and Kring (2005) (Chapter 6) and
submitted for publication in Abramov and Kring (2006) (Chapter 5).
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CHAPTER 2
Generating Post-Impact Temperature Distributions by Analytical Methods

2.1

Introduction

A vital starting condition for modeling post-impact hydrothermal activity is the distribution of subsurface temperatures immediately after the impact. These temperature distributions have to take into account the heat sources described in Section 1.1: shock-emplaced
heat, central uplift, and impact melt. Temperature distributions can be generated by
hydrocode simulations (e.g., Ivanov and Deutsch, 1999; Ivanov, 2004; Pierazzo et al.,
2004) or the analytical methods described below. The advantage of using hydrocodes is
that they allow tracking of movements of hot material during the crater’s modification
stage, something which is difficult to model analytically. However, using hydrocodegenerated temperature distributions would limit modeling to craters for which hydrocode
simulations have been published. On the other hand, the advantage of using analytical
methods is the ability to rapidly generate a temperature distribution for a crater of any
arbitrary diameter. Therefore, an effort was made to generate realistic temperature
distributions by analytical means, which is described in this chapter.

2.2

2.2.1

Models of Waste Heat Deposition

Gault-Heitowit Model

The Gault-Heitowit model (Gault and Heitowit, 1963) describes peak shock pressure
decay and deposition of waste heat during an impact event. A useful summary of this
model is presented in Melosh (1989, p. 64-65). The irreversible energy loss per kilogram
of the target is given by
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∆E w =

1 2
u t {1 − 2[ξ − ξ 2 ln(1 + 1 / ξ )]}
2

(1)

where ξ is a dimensionless function of the particle velocity in the target (ut):

ξ = C / Su t

(2)

where C and S are constants whose value depends on surface composition, with C=2600
m/s and S=1.62 for basalt (Melosh, 1989, p. 232). An approximation of ut, used by
Rathbun and Squyres (2002), can be written as
v R pr 1.87
u t = ( )(
)
2 r

(3)

where v is impactor velocity, Rpr is the mean radius of the impactor, and r is the distance
from the point of impact, which is generally assumed to be located at a depth equivalent
to the diameter of the impactor. Thus, using these expressions, the shock-deposited heat
can be calculated for any distance r from the impact point. To obtain the final temperature increase, specific waste heat ∆Ew is divided by the heat capacity, which is ~800 J kg1

K-1 for basalt (Mellon, 2001). A more rigorous numerical procedure for calculating

deposited waste heat, which does not invoke the approximation of Equation (3), is also
described in Melosh (1989, p. 65).

2.2.2

Murnaghan Equation of State

A post-impact temperature distribution can also be analytically computed using an
expression for specific waste heat ( ∆Ew ) derived from the Murnaghan equation of state
by Kieffer and Simonds (1980):
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2 K 0V0
1
∆E w =
PV0 −
2
n

−1 / n

Pn
1−
+1
K0

K 0V0
Pn
+
1−
+1
n(1 − n)
K0

1− (1 / n )

(4)

where P is the peak shock pressure, K0 is the adiabatic bulk modulus at zero pressure, n is
the pressure derivative of the bulk modulus, and V0 is the specific uncompressed volume
(1/ 0). For basalt, the uncompressed density

0

is 2600 kg/m3, K0 is 19.3 GPa, and n is 5.5

(Gault and Heitowit, 1963). Shock pressure P drops off with distance r from the impact
point according to the power law
−N

r
P=A
R pr

(5)

where Rpr is the radius of the projectile, N is the decay exponent, and A is pressure at
r=Rpr (e.g., Pierazzo and Melosh, 2000). For a 90° impact, the decay exponent N was
estimated at 2.016 ± 0.215 by Pierazzo and Melosh (2000) using hydrocode simulations.
A can be estimated by
A = ρ 0 [C + S u 0 ]u 0

(6)

where C and S are constants, with C=2600 m/s and S=1.62 for basalt (Melosh, 1989, p.
232). Assuming that the density of the projectile is roughly equivalent to that of the
target, the initial particle velocity u0 can be calculated by

u0 =

1 2
v
2

(7)

where v is the impactor velocity (Melosh, 1989, p. 65). As before, the final temperature
increase is calculated by dividing the specific waste heat ∆Ew by the heat capacity, which
is ~800 J kg-1 K-1 for basalt (Mellon, 2001).
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2.3

Amount of Uplift

As described in Section 1.1, central uplifts are important heat sources in complex craters,
which become proportionally more important, compared to shock-emplaced heat, with
increasing crater diameter. The heat contributed by the central uplift can be estimated
from the vertical distance of the uplift and the thermal gradient. The height of the stratigraphic uplift, based on observations at terrestrial craters, is estimated by:
hsu = 0.06 D1.1

(8)

where D is the crater diameter in kilometers (Grieve et al., 1981). A revised version of
this expression, yielding slightly different uplift heights, was published by Grieve and
Pilkington (1996) but not used in this study because the author was not aware of it. The
shape and diameter of the uplift can is modeled from the morphometry of lunar craters,
summarized in Table 1.

2.4

Amount of Melt

Several analytical expressions have been developed to estimate the volume of melt
produced during the formation of an impact crater of a given diameter. Perhaps the
simplest expression was published by Cintala and Grieve (1998), based on a combination
of modeling and observations at lunar craters:
Vmelt = cDtcd

(9)

where Vmelt is the volume of melt in km3, Dtc is the transient crater diameter in km, and c
and d are empirically determined dimensionless constants. Cintala and Grieve (1998)
estimate that d is 3.85 and c ranges from ~1 × 104 to ~2 × 104 depending on the velocity
of the impactor.
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Table 1. Parameters used for reconstruction of the original topography of Sudbury crater
and some modeled craters on early Mars. Diameter D is 180 km for Sudbury, and 100
and 180 km for early Mars craters. The variable r is the distance from the center of the
crater. All parameters were obtained from morphometric studies of lunar craters. These
parameters describe the topography of the Sudbury crater before an additional 1 km of
breccia was added above the melt. After Melosh (1989).
________________________________________________________________________
Parameter

Dependence on Rim-toSource
Rim Diameter (D, km)
________________________________________________________________________
Crater Depth
1.044 D0.301
Pike (1977)
Crater Floor Diameter
0.19 D1.25
Pike (1977)
Peak Ring Diameter
0.5 D
Wood and Head (1976)
Peak Ring Height
3
Hale and Grieve (1982)
Peak Ring Thickness
0.11 D
Pike (1985)
0.399
3 3
Rim Height
(0.236 D
)((0.5D) /r )
Pike (1977), Melosh (1989)
________________________________________________________________________
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The volume of melt can perhaps be more accurately estimated using a new analytical
expression derived by Wong et al. (2005), which takes into account variables such as
impact angle and planetary gravity. This expression is used in Chapter 6 for the modeling
of early Martian craters and is further discussed in Section 6.5.3.1.

2.5

Results

2.5.1 7-km Crater
The temperature distribution calculated for a 7-km Martian impact crater is shown in
Figure 1. This calculation was performed to reproduce the temperature distribution in
Rathbun and Squyres (2002) and subsequently their results for hydrothermal activity at
this crater (Section 3.5.2). Following Rathbun and Squyres (2002), the Gault-Heitowit
model (2.2.1) was used to calculate the deposited waste heat and the resulting temperature increase. Model parameters included an impactor with a radius of 500 m impacting
at 5 km/s. Target properties were assumed to be that of basalt and are given in Section
2.2.1. The temperature distribution obtained for this crater closely matches that generated
by Rathbun and Squyres (2002).

2.5.2 29-km Crater
The temperature distribution for a 29-km Martian impact crater, generated using the
Murnaghan equation of state (Section 2.2.2), is shown in Figure 2. This calculation was
performed in preparation for potential modeling of hydrothermal activity at a fresh 29-km
crater on Mars (Figure 22). Also, it was done to test whether analytically generated
temperature distributions can compete with hydrocodes, by comparing this temperature
distribution to a hydrocode-generated one for a similarly sized 30-km crater (Pierazzo et
al. 2004). Initially, the Gault-Heitowit model (Section 2.2.1) was used to model postimpact temperatures at this crater. However, it was found that the temperature as a
function of distance from the point of impact decreased faster than was reasonable based
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Figure 1. Post-impact temperature distribution in a 7-km crater on Mars calculated using
the Gault-Heitowit model. Black lines are isotherms, labeled in degrees Celsius. Isotherms in the center of the crater are drawn every 10 degrees.

29

Figure 2. Post-impact temperature distribution in a 29-km crater on Mars calculated
using the Murnaghan equation of state. Black lines are isotherms, labeled in degrees
Celsius. In addition to shock-deposited heat, heat from the central uplift and the geothermal gradient is included.
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on observations at terrestrial craters and hydrocode modeling. Therefore, the Murnaghan
equation of state was used for this calculation.
The impactor in this model is a spherical body with radius of 1 km and an impact
velocity of 8 km/s, as in Pierazzo et al. (2004). A 90° impact was assumed. Target
properties were assumed to be that of basalt and are given in Section 2.2.2. Crater topography was based on MOLA altimetry data of the fresh 29-km crater, shown in Figure 22,
and agreed fairly well with the hydrocode results of Pierazzo et al. (2004).

2.5.3 2000-km Impact Basin
Temperature distribution for a Hellas-sized impact basin was calculated using the Murnaghan equation of state (Section 2.2.2) as part of the early Mars work (Chapter 6) and is
shown in Figure 31a. The impactor and target parameters used in the generation of this
temperature distribution are discussed in Section 6.5.2.4.

2.5.4 Energy Contribution of Melt Sheets and Central Uplifts
The primary heat sources driving a hydrothermal system associated with a complex
impact crater are the central uplift and the melt sheet. In a preliminary study, Daubar and
Kring (2001) calculated that the impact melt sheet contributes ~10 to 100 times more
energy than the central uplift in craters 20 to 200 km in diameter. However, the energy
contributed by the central uplift was likely underestimated for two reasons. One is that
only the energy contributed by a central peak (which is just a surface expression of a
central uplift) was included in the calculation. The second reason is the assumption that
the amount of stratigraphic uplift does not exceed 3 km, although it generally continues
to increase as a function of crater diameter (Section 2.3). In addition, the energy contributed by the melt sheet may have been overestimated by the preliminary study because
estimates of melt volume may have been too high.
As a result, while the general conclusion of the preliminary study that the melt sheet
contributes more energy than the central uplift is almost certainly correct, the difference
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between the two heat sources is likely not as dramatic. For example, in the Sudbury
hydrocode simulation by Ivanov and Deutsch (1999) (Section 4.5.2), the energy in the
upper 10 km (heat emplaced below this depth is unlikely to affect hydrothermal activity)
of the central uplift is ~1.7 × 1022 J, while the energy in the calculated 8000 km3 melt
sheet is ~3.9 × 1022 J. In this case, the energy contributed by the melt sheet is only 2.3
times that contributed by the central uplift.

2.6

Discussion

Comparing the analytical temperature distribution for the 29-km Mars crater (Figure 2) to
a hydrocode-generated one (Figure 24) generated with similar parameters (asteroid 2 km
in diameter impacting at 8 km/s into a basaltic target), several differences become apparent. The analytical temperature distribution does not take into account large quantities of
material that are displaced and relocated during the modification phase of crater formation. For example, the analytical distribution underestimates radial movement of hot
material away from the center of the crater during the formation of the central peak. Also,
the downward deflection of temperature contours in the modification zone as a result of
transient cavity collapse is not modeled. This problem becomes more severe for large,
peak-ring craters, where an even larger proportion of material is relocated during the
crater’s modification.
This modification process makes accurate analytical estimation of temperature fields
very difficult. Consequently, although analytical approximations are attractive because
they can quickly provide initial post-impact temperature distributions for craters of any
size, our analysis suggests they must be used cautiously. For most of the models of postimpact hydrothermal activity presented in this dissertation, we chose instead to use
hydrocode simulations of Ivanov and Deutsch (1999), Ivanov (2004), and Pierazzo et al.
(2004) to provide initial thermal conditions. The only exception is the temperature
distribution for Hellas basin (Section 6.6.2.4), for which hydrocode simulations have not
yet been conducted, and it was modeled using analytical techniques described in this

32

chapter. The analytical techniques presented here can also be useful in the future for
modeling of the thermal state of the Earth’s lithosphere during the impact cataclysm
(Section 8.6.1), for which fine-scale accuracy is not required.
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CHAPTER 3
Computer Code HYDROTHERM

3.1

Introduction

After deriving an approximate initial post-impact thermal distribution (Chapter 2), it is
then possible to model the thermal evolution of the crater. A modified version of the
publicly available program HYDROTHERM (version 2.2) was used for all simulations of
hydrothermal activity and heat conduction in this dissertation. HYDROTHERM is a
three-dimensional, finite-difference numerical code developed by the U.S. Geological
Survey to simulate water and heat transport in a porous medium (Hayba and Ingebritsen,
1994). HYDROTHERM models both heat transport by circulating water and conductive
heat flow through the rock matrix. Its operating range is 0 to 1200° C and 0.5 to 1000
bars; however, in this work the upper temperature limit has been extended to 1700 °C for
the modeling of impact melt sheets. It was not necessary to extend the thermodynamic
properties of water to 1700 °C because at those temperatures the melt is completely
impermeable and has no water circulating through it. All modifications to the code are
described in Appendix A.
HYDROTHERM has previously been used to model a variety of hydrothermal
systems; in particular, it was applied to the cooling of magmatic intrusions on Earth (e.g.,
Hayba and Ingebritsen, 1997) and Mars (Gulick, 2001; Harrison and Grimm, 2002), as
well as hydrothermal systems at Martian impact craters (Rathbun and Squyres, 2002).

3.2

Theory

HYDROTHERM’s mode of operation can be outlined as follows. User inputs are used to
calculate the initial pressure and enthalpy of water at every mesh element or “block.”
Pressure and enthalpy were chosen as the dependent variables in HYDROTHERM’s
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governing equations because they uniquely describe the thermodynamic state of the fluid
under both single and two-phase conditions. A lookup table is interrogated by a bicubic
interpolation routine (Press et al., 1986) to obtain water density, viscosity, and temperature values, as well as the gradients of those values for each pressure-enthalpy pair. The
code then solves the mass and energy conservation equations for every mesh element and
time step, calculating water flux vectors and temperature distribution in the medium.
Spatial derivatives in these equations are discretized by a finite-difference algorithm. The
mass and energy conservation equations, respectively, can be written as follows:
∂[Φ S w ρ w + Φ S s ρ s ] / ∂t − ∇ • [kk rs ρ s / µ s • (∇P − ρ s g∇D )]
− ∇ • [kk rw ρ w / µ w • (∇P − ρ w g∇D )] − Rm = 0

(10)

and
∂[Φ S w ρ w H w + Φ S s ρ s H s + (1 − Φ ) ρ R H R ] / ∂t
− ∇ • [kk rs ρ s H s / µ s • (∇P − ρ s g∇D )]
− ∇ • [kk rw ρ w H w / µ w • (∇P − ρ w g∇D )]

(11)

− ∇ • ( K m ∇T ) − R H = 0

where

is porosity, S is volumetric saturation (Sw + Ss = 1), ρ is density, t is time, k is

intrinsic permeability, kr is relative permeability (0



kr



1),



is dynamic viscosity, P is

pressure, g is acceleration due to gravity, D is depth, H is enthalpy, Km is the thermal
conductivity of the medium, T is temperature, Rm and RH are mass and energy source/sink
flow rate terms, respectively, and the subscripts w, s, and R refer to liquid water, steam,
and the rock matrix, respectively. The dependent variables in Equations (10) and (11) are
the pressure and enthalpy of the fluid. These strongly coupled and highly nonlinear
equations are treated using the Newton-Raphson iteration, leading to a system of linear
equations that are solved for each mesh element and time step. This approach was
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pioneered by Faust and Mercer (1977, 1979a, 1979b) and refined by Hayba and Ingebritsen (1994).

3.3

Assumptions

Despite HYDROTHERM’s general suitability for modeling impact-induced hydrothermal systems, there are several assumptions implicit to the code. First, the program
assumes that the fluid is pure water, while hydrothermal fluids generally contain some
other substances in solution. Both terrestrial craters modeled in this dissertation, Sudbury
and Chicxulub, formed in the proximity of a shoreline at the time of impact, and there are
stratigraphic indicators of a subsequent marine incursion into the crater basin. Thus, the
primary circulating fluid was likely seawater. The thermodynamic properties of terrestrial
seawater at subcritical temperatures are sufficiently close to those of pure water for the
purposes of this model, and the properties at supercritical temperatures are mostly
irrelevant due to extremely low permeabilities (Hayba and Ingebritsen, 1997). In other
words, the differences in thermodynamic properties due to the presence of solutes in
water become important mainly at the supercritical temperatures (>374 °C), at which
there is little flow. This approximation has also been invoked previously for the modeling
of deep-sea hydrothermal systems (e.g., Travis et al., 1991).
A similar approximation was made for the early Mars models presented in this work.
Several studies point to the existence and composition of Martian brines. These include
laboratory simulations of brine formation based on the mineralogy of the SNC meteorites
(Bullock et al., 2004) and a compositional analysis of the Nakhla meteorite (Sawyer et
al., 2000), which suggests that it has been in contact with a seawater-like brine or a
hydrothermal fluid. System parameters, like the boiling point, depend on the concentration of these solutes, which in turn depends on a variety of factors such as the amount of
water available, surface and subsurface temperatures, erosion rates, atmospheric pressure
and composition, etc., which are not well quantified for early Mars. If we assume the
bulk composition of water on early Mars was similar to terrestrial seawater, then, as
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outlined in the previous paragraph, its thermodynamic properties at subcritical temperatures are sufficiently close to that of pure water for the purposes of this model. For
example, terrestrial seawater contains about 3.5% by weight dissolved solids, which
results in a modest boiling point elevation of less than 1 °C, and minor variations in
density, viscosity, specific heat, and other variables.
Another important assumption made by HYDROTHERM is local thermal equilibrium between the rock and water, which holds true if the fluid flow is relatively slow and
steady, and breaks down for rapid transients. For this breakdown to occur, however,
water would need to pass through 250 to 500 meters of rock (the vertical resolution of the
models in this dissertation) without reaching equilibrium, which is unlikely except
perhaps in the very early stages of the system.
A more important assumption made by HYDROTHERM is that the ground remains
fully saturated throughout the simulation, meaning that all pore spaces remain filled by
water, steam, or a combination of the two. In the models presented here, the surface of
the water filling the crater represents the level of the water table, and the ground below
that datum is expected to be fully saturated (Section 3.4.5). Alternatively, in the absence
of a crater lake, the ground below the floor of the crater is assumed to be saturated.

3.4

Parameters Common to All Simulations

3.4.1 Boundary Conditions
Taking advantage of an impact crater’s radial symmetry, we examine a vertical cross
section from the center of the crater to beyond the outer rim. The upper boundary of the
model represents a layer of cooled breccia, with pressure and temperature held constant at
surface values. The thickness of the breccia layer is equal to the vertical resolution of the
model. It is effectively an infinite source or sink of the fluid, donating or accepting water
depending on underlying hydrologic conditions. It also functions as a heat sink, so when
the thermal energy reaches the upper boundary, it is permanently removed from the
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system. This construct is reasonable in a rapidly convecting crater lake situation (which is
the case for almost all models presented here), where heat is rapidly removed from the
upper surface layer, and water is freely exchanged.
The bottom boundary is impermeable, with a constant basal heat flux matching the
average geothermal gradient. The left-hand boundary of the model is the axis of symmetry and is thus impermeable and insulating. The right-hand boundary is permeable for
both fluid and heat and is located sufficiently far away from the center of the crater that
the temperatures are close to an average geothermal gradient.

3.4.2 Latent Heat of Fusion
The latent heat of fusion is included in the models using the approximation of Jaeger
(1968), as used by Onorato et al. (1978) in a study of the Manicouagan impact melt sheet,
replacing the heat capacity Cp in the temperature range between the liquidus (TL) and the
solidus (TS) with
C p ' = C p + L /(TL − TS )

(12)

Here, L is the latent heat of fusion of diopside (421 kJ kg-1). This provides a good approximation for basaltic and granitic lithologies and is used by Onorato et al. (1978).

3.4.3 Porosity and Permeability as a Function of Depth and Temperature

The porosity in all models decreases exponentially with depth, accounting for the closing
of pore spaces by lithostatic pressure, following the approach suggested by Binder and
Lange (1980) for the lunar crust:
Φ( z ) = Φ 0 exp(− z / K )

(13)
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where

0

is surface porosity and K is the decay constant. The depth z is measured with

respect to local topography, not the pre-impact surface level. Since the bulk density of the
lunar crust is comparable to that of the Earth, the inferred value of the lunar porosity
decay constant K (~6.5 km) can be gravitationally scaled to get the corresponding value
for Earth (Clifford, 1993):

KEarth = 6.5 km (gMoon / gEarth )

(14)

= 1.07 km
where gMoon (1.62 m s-2) and gEarth (9.81 m s-2) are the gravitational accelerations at the
surface of the Moon and Mars, respectively. Similarly, K can be scaled to 2.80 km for
Mars (Clifford, 1993).
The fracture density underneath an impact crater is expected to decrease with depth
(e.g., Nordyke, 1964) and, thus, permeability of all models decreases exponentially with
depth in the same way as porosity. For early Mars models, the depth to the base of the
fractures is ~2.5 times greater than on Earth due to lower gravity, and permeability
decreases more gradually with depth. Permeability is also a function of temperature, due
to the brittle/ductile transition at about 360 ºC in silicic rocks (Fournier, 1991), and, it is
assumed, in basaltic rocks as well, at approximately the same temperature (e.g., Harrison
and Grimm, 2002). This effect is modeled by log-linearly decreasing permeability
between 360 and 500 ºC, following the approach of Hayba and Ingebritsen (1997):

k(z) = k0 exp( – z / K )
log k ( z ) + 11
log k ( z , T ) =
(500 − T ) − 11
500 − 360

T < 360 ºC

k = 10-11 darcies

T > 500 ºC

360



T



500 ºC

(15)
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Surface permeability k0 and surface porosity

0

vary for different model craters and

are further explained in corresponding chapters.

3.4.4 Model depth
The depth of the models is very similar, with 14.5 km for Sudbury (Chapter 4), Chicxulub (Chapter 5), and the 180-km early Mars crater, 15 km for the 100-km crater early
Mars crater, and 10 km for the 30-km crater (Chapter 6). It was found by trial and error
that further extending the depth had no appreciable effect on hydrothermal activity. This
can also be shown analytically using an expression for the thermal conductive timescale:

t=

z 2 ρC p
k

(16)

where z is depth and , Cp and k are density, heat capacity, and thermal conductivity,
respectively. This expression indicates that the time required for the heat to conductively
propagate to the surface from a depth of 10 km is close to 3 million years, well over the
duration of hydrothermal activity.

3.4.5 Crater Lakes and Unsaturated Zones
The basins of almost all model craters in this dissertation are partially or completely filled
with water, for reasons explained in subsequent chapters. The surfaces of these crater
lakes represent the water table, and the ground below that datum is fully saturated.
Alternatively, in the one model that lacks a crater lake (Section 6.6.2), the ground below
the floor of the crater is assumed to be saturated. While the water table beyond the crater
rim may have been higher, it would not have significantly affected hydrothermal circulation due to the relatively low temperatures in that area. The permeability and porosity of
rocks which are above the water table are set to near-zero to approximately simulate an
unsaturated elevated surface. These “unsaturated zones” are generally located in the
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region of a crater’s rim, and, in the case of the partially flooded Chicxulub crater (Chapter 5), in the upper portion of the peak ring.
Approximating unsaturated zones as “no-flow” areas is not perfect because some
water flow can occur in an unsaturated zone through mechanisms such as capillary
action, but only small regions of the crater, most notably the upper portion of Chicxulub’s
peak ring, would have been affected. Water fluxes through these zones can also occur due
to atmospheric precipitation, but they are highly uncertain. Generally, they would have
been significantly lower than hydrothermal fluxes, and are thus not included in the
models.

3.5

Code Verification

3.5.1 Hydrothermal Activity at Cooling Plutons
Scientific programmers often do not have the opportunity to extensively test the code for
every possible compiler and operating environment. Therefore, prior to applying HYDROTHERM to impact-induced hydrothermal systems, the code was used to model
groundwater flow near plutons. This problem is ideal for code testing and verification
because it is fairly well understood and has been extensively modeled. The goal of this
exercise was to reproduce results published in Hayba and Ingebritsen (1997) and thus
verify that the code was working properly.
Hayba and Ingebritsen (1997) used HYDROTHERM’s 2-D (not radial) mode to
model multiphase hydrothermal activity near a granitic pluton. The dimensions of the
model were 10 km by 4 km, and contained a 2 km tall pluton with a half-width of 0.5 km,
emplaced at a depth of 2 km. The initial temperature of the pluton was 900 °C. Permeability varies with temperature as described in Section 3.4.3, but does not vary with
depth. Other model parameters, such as grid spacing, boundary conditions, and physical
rock parameters were also taken directly from Hayba and Ingebritsen (1997).
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The results of this simulation, shown in Figure 3, are very similar to those published
by Hayba and Ingebritsen (1997). The location and magnitude of water and stream
velocity vectors are essentially identical, as are the temperature contours. The magnitudes
of water velocity vectors either match exactly or are reasonably close (within ~10%) .
Any small discrepancies can be explained by the fact that Hayba and Ingebritsen (1997)
used an older version of the code, likely HYDROTHERM 2.1, while HYDROTHERM
2.2 is used in the present study. Improvement in HYDROTHERM 2.2 included a revised
convergence criteria for governing equations (Section 3.2), which can lead to small
discrepancies in fluid velocities.

3.5.2 Hydrothermal Activity at a 7-km Martian Impact Crater
After the results of Hayba and Ingebritsen (1997) were successfully reproduced, the code
was further tested by applying it to a 7-km Martian crater previously modeled by Rathbun
and Squyres (2002). The temperature distribution for the 7-km crater was calculated
using the Gault-Heitowit model (Section 2.2.1) as described in Section 2.5.1. Following
Rathbun and Squyres (2002), HYDROTHERM’s radial mode is used, with model
dimensions of 7 km in radius and 6 km vertically at a resolution of 200 on both axes.
Permeability varies with both depth and temperature as described in Section 3.4.3, and is
10-3 darcies at the surface. Physical rock parameters appropriate for basalt were taken
directly from Rathbun and Squyres (2002), as were crater topography and boundary
conditions.
The results of this simulation are shown in Figure 4. The first two plots, representing
the state of the system at 250 and 5,000 after the impact, are almost identical to
corresponding figures in Rathbun and Squyres (2002) in terms of the distribution of water
flux vectors and locations of temperature contours. In the last four plots, Rathbun and
Squyres (2002) simplified the problem by removing the crater’s rim (and all other
material above the floor of the crater) after it was estimated to have drained of water.
However, the crater’s rim was not removed in the same way in the last four plots of
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Figure 3. Numerical simulation of hydrothermal activity near a cooling granitic pluton,
reproducing the results of Hayba and Ingebritsen (1997). The pluton is located in the
bottom left corner of the figures. Permeability is uniform at 10-3 darcies. Black lines are
isotherms, labeled in degrees Celsius, and blue and red arrows represent water and steam
velocity vectors, respectively. The length of arrows scales logarithmically with velocity,
and the maximum velocity changes with each plot. a) 3,000 years, max. water velocity =
13.0 m/yr, max. steam velocity = 5.34 m/yr b) 20,000 years, max. water velocity = 10.5
m/yr, max. steam velocity = 24.6 m/yr c) 200,000 years, max. water velocity = 11.7
m/yr, max. steam velocity = 40.3 m/yr.
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Figure 4. Results of a numerical simulation of hydrothermal activity at a 7-km Martian
impact crater, previously modeled by Rathbun and Squyres (2002). Surface permeability
k0 is 10-3 darcies. Black lines are isotherms, labeled in degrees Celsius, and arrows
represent water fluxes. The length of the arrows scales logarithmically with the flux
magnitude, and the maximum value of the flux changes with each plot. The maximum
water flux is 3.35 × 10-2 kg s-1 m-2 in the first two plots, and 1.39 × 10-2 kg s-1 m-2 in the
last two plots.
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Figure 4, and so the match was not as good as in the first two plots.
Strikingly, the magnitudes of water fluxes are on the order of 10-2 kg s-1 m-2 in this
work, and 10-6 to 10-11 kg s-1 m-2 in Rathbun and Squyres (2002). It was subsequently
discovered that this discrepancy is the result of serious bug in HYDROTHERM’s radial
mode (Section 3.6.3). While mass and energy balances were calculated correctly by the
code’s engine, the final step in the calculation of flux magnitudes did not take radial
geometry into account. This resulted in several consequences. First, the arbitrary number
for y-spacing in the input file, normally meaningless in radial mode (which uses only xand z-coordinates) was actually used in calculating fluxes, leading to results that were not
only incorrect but also irreproducible without the original input file. Second, this bug led
to artificially inflated fluxes far away from the crater center, and artificially reduced
fluxes near the center. This effect is illustrated in Rathbun and Squyres (2002) when the
crater’s rim is removed (as in the last four plots in Figure 4) and maximum fluxes are
now in the center of the crater instead of the rim. This results in a sudden decrease in
fluxes by 4 orders of magnitude.
After the bug described above was fixed, HYDROTHERM was applied to other
impact craters described in this dissertation.

3.6

Code Modification

3.6.1 High-Temperature Extension
As mentioned in Section 3.1, HYDROTHERM has an upper temperature limit of 1200°
C. However, this is insufficient for the modeling of impact melt sheets. Impact melt is
initially superheated to temperatures as high as 2200 °C, but quickly drops to ~1700 °C
or lower (depending on crater diameter) due to thermal equilibration between superheated
melt and entrained cold clasts. (Please refer to Section 5.5.3.1 for discussion and references.)
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Therefore, the code was modified to handle temperatures as high as 1700 °C. It was
not necessary to extend the lookup tables for water properties to 1700 °C, because
permeability at these high temperatures is essentially zero (Section 3.4.3), and purely
conductive cooling for the temperatures between 1200° and 1700 °C was assumed. The
specific changes to the code for the high-temperature extension are listed in Appendix A.

3.6.2 Low-Pressure Extension
As described in Section 3.4.5, areas of the crater that were not saturated with water, such
as crater rims, were approximated as “no-flow” zones of near-zero porosity and permeability. Placing these zones of extremely low permeability directly over highly permeable
blocks presented a challenge for the code, as it set up a situation in which water was
draining faster than the upper boundary was able to re-supply it. This in turn resulted in
water pressures dipping below HYDROTHERM’s lower limit of 0.5 bars and the termination of a run.
To correct this problem, the code was modified to reset the pressure to 0.5 bars every
time it dipped below that limit in the simulated unsaturated zone. This was justified
because (i) only small parts of the crater were affected (generally, just the rims), (ii) the
affected parts of the crater had virtually no water flow, making fluid pressures irrelevant
and (iii) the dipping below 0.5 bars is a transient condition, and normal, steady-state
pressures are re-established after a few thousand years, which is relatively small compared to the average durations of these systems.
To further ensure that this change did not affect the system at large, the code was
modified to output a warning every time a pressure reset was triggered. In each instance,
the output was carefully monitored to make sure that only the crater’s unsaturated zones
were affected and that pressure resets only occurred early in the system’s lifetime.
Of the craters presented in this study, this code modification was used for 180-km
Chicxulub crater (Chapter 5), as well as the 30- and 100-km early Mars craters (Chapter
6). The changes made to the code are enumerated in Appendix A.
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3.6.3 Flux Values Bugfix
After running some preliminary models, it was discovered that water and steam fluxes
were not correctly calculated in HYDROTHERM’s radial mode. Fortunately, this error
was not in the code’s central mass-energy balance engine (which was thoroughly tested),
but rather in the very last step of flux magnitude calculation. As a reminder, flux is
defined as flow rate (kg/s in SI units) per unit area (m2 in SI units). The horizontal and
vertical components of the flow rate were correctly calculated for each interblock region,
but were then divided by an incorrect area to arrive at an erroneous flux. This area, which
represents the size of a block’s side, was incorrectly calculated because radial geometry
was not taken into account. For example, the area used for calculating the horizontal flux
component was simply y z, where y is the block’s thickness (a meaningless number in
radial geometry) and

z is the block’s height. However, the correct expression for this

area in radial mode is 2 r2 z, where r2 is the distance of the block’s outer side from the


center. Likewise, the correct expression for the area of a radial block’s bottom side (used
in calculating the vertical flux component) is



r22 − r12 , where r1 is the distance of the


block’s inner side from the center, not y x as given in the code.
This bug was fixed as described above, and all changes made to the code are listed in
Appendix A. All simulations presented in this dissertation, with the exception of Figure
4, which was instrumental in discovering this bug, were performed with the fixed version
of HYDROTHERM.
It should be noted that this fix is not meant to be definitive, as only the minimum
number of changes were made to successfully complete this work. Other model geometries, particularly non-constant x-spacing of blocks, can still result in incorrectly calculated fluxes. Further changes and testing needs to be conducted to ensure that fluxes are
properly calculated under all possible scenarios.
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3.7

Discussion and Summary

HYDROTHERM is perhaps the best tool available today for the modeling of impactinduced hydrothermal systems. Before applying it to the craters described in this dissertation, the code was extensively tested by reproducing previously modeled problems,
which revealed a serious bug in the code. After the bug was fixed, the code was further
improved to allow better modeling of impact craters.
Despite some initial problems with the bug described above and other, more minor
bugs, HYDROTHERM has proven to be robust and versatile. For example, it can vary
permeability as both a function of temperature and a function of depth. It also allows the
inclusion of incoming groundwater, geothermal heat, latent heat of fusion, and crater
lakes in the models. However, as described in Section 3.3, HYDROTHERM relies on
several assumptions, some of which should be addressed in future versions of the code to
improve its fidelity and widen its spectrum of possible applications. For example, the
code could be modified to enable modeling of fluids other than pure water, an unsaturated subsurface, low temperature and pressure conditions such as those on present-day
Mars, etc. Potential future improvements to the code are further discussed in Section
8.6.1.
Better-constrained input parameters can also enhance the fidelity of the code. In
particular, permeability remains a critical unconstrained parameter. Better understanding
of fracturing and permeability at impact sites, especially how they vary with depth, may
be obtained from further study of terrestrial impact structures. Farther in the future,
perhaps in situ studies of lunar craters, which are unaltered by hydrothermal activity and
thus represent a pristine post-impact state, may be conducted.
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CHAPTER 4
Impact-Induced Hydrothermal System at the Sudbury Crater

4.1

Introduction

While the origin of the 15,000 km2 Sudbury structure in Ontario, Canada, was controversial for several decades, it is now largely accepted to be a remnant of a large impact crater
(e.g. Grieve et al., 1991). Uranium-lead zircon dating by Krogh et al. (1984) places the
formation of the Sudbury crater at 1.850 Ga. The Sudbury crater was chosen for hydrothermal modeling because it has extensive hydrothermal alteration exposed on the surface
(Section 4.3), which can be used to verify the model.

4.2

Geology and Morphology of Sudbury Crater

The Sudbury structure is located on the Canadian Shield, at the present boundary of the
Proterozoic Southern Province and the Archaean Superior Province. The Proterozoic
supracrustal rocks belong to the Huronian Supergroup and have been dated to 2.5-2.4 Ga
(Krogh et al., 1984), while the Archaean rocks are mainly gneisses that are about 2.7 Ga
old (Krogh et al., 1984). The Sudbury structure consists of the Sudbury Igneous Complex
(SIC), now widely interpreted as a crystallized impact melt sheet (Brockmeyer, 1990;
Grieve et al., 1991), the footwall breccias underlying the melt sheet, and the Onaping
breccias and post-impact sediments in the Sudbury Basin (Dressler, 1984a; Giblin, 1984)
(Figure 5). The SIC occurs in the center of the Sudbury structure, and at present is a
deformed elliptical body, ~60 km by 27 km, and 2.5 to 3.0 km thick, with an estimated
volume of ~8,000 to ~14,000 km3 (Grieve, 1994). The three lithological layers within the
SIC are, from bottom to top, norite, quartz gabbro, and granophyre (e.g., Dressler et al.,
1992), which has been interpreted as evidence of melt sheet differentiation by fractional
crystallization (e.g., Therriault et al., 2002). Brecciated basement rocks, including a zone
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Figure 5. Schematic cross section of the Sudbury impact crater. The present level of
erosion is indicated by a dashed line. Post-impact activity has masked much of these
original relationships, replacing them with exposures of subsurface lithologies that were
deformed by subsequent tectonic activity. From Grieve et al. (1991).
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of thermally metamorphosed heterolithic footwall breccia (e.g. Dressler, 1984b, Dressler
et al., 1992), are located directly below the SIC. Also, discontinuous, kilometer-sized
bodies of the contact sublayer occur at the base of the SIC (e.g., Naldrett et al., 1984).
This sublayer is mostly heterogeneous and characterized by abundant xenoliths and CuNi sulfide mineralization (e.g., Prevec et al., 2000). Most of the SIC is covered by up to 3
km of impact breccias and post-impact sedimentary deposits (Pye et al., 1984; Grieve et
al., 1991). These impact breccias and post-impact sediments overlying the SIC in the
Sudbury Basin belong to the Whitewater Group, which consists of four formations, from
oldest to youngest, the Onaping, Vermilion, Onwatin, and Chelmsford (Pye et al., 1984).
The Onaping formation is a 1.4-km-thick sequence of fragmental and minor intrusive
rocks, which are thought to represent fallback and washback breccia (French, 1967, 1968;
Peredery and Morrison, 1984; Dressler et al., 1996). The Vermilion (5 to 50 m thick),
Onwatin (600 to 1,100 m thick), and Chelmsford (600 to 850 m thick) formations are
interpreted as post-impact sediments, with Vermilion being composed of carbonate, gray
argillite, and chert, Onwatin of conductive, carbonaceous, and sulfidic argillite, and
Chelmsford of greywacke and minor siltstone (Rousell, 1984b; Ames et al., 2002).
Post-impact tectonic activity has deformed the Sudbury crater, giving it its present
elliptical surface appearance. Seismic reflection studies by Milkereit and Green (1992)
suggest that the deep geometry of the Sudbury structure is markedly asymmetric as well,
which the authors interpreted to be the result of the 1.83 to 1.89 Ga Penokean orogeny or
the 1.63 to 1.80 Central Plains orogeny. The timing of the deformation was further
constrained by Wu et al. (1994) using high-resolution seismic reflection. This study
found a lack of faults in the Chelmsford turbidites, indicating that the Chelmsford sediments postdate the latest major deformation of the Sudbury structure, constraining it to
the Penokean orogeny. The original Sudbury crater has also been heavily eroded, resulting in the removal of the rim, the peak ring, and part of the melt sheet and the overlying
breccias, in effect providing a horizontal cross-section of the crater interior. The extent of
erosion is indicated by a dashed line in Figure 5.
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Estimates of the original rim-to-rim diameter of Sudbury crater, based primarily on
the radial position of shock metamorphic effects, range from 150 to 250 km. Lakomy
(1990) estimated the crater diameter at 180 to 200 km, while Wichman and Schultz
(1993) estimated the original crater was at least ~180 km. Grieve et al. (1991) placed the
original rim-to-rim diameter at 150 to 200 km, although a more recent compilation
suggests it may have been as large as ~250 km (Grieve et al., 1995). Please refer to Turtle
et al. (2005) for a complete summary of crater diameters reported for Sudbury. For the
purposes of the model presented in this chapter, the original rim-to-rim diameter of the
Sudbury crater has been conservatively estimated to be 180 km, which agrees well with
hydrocode simulations of the Sudbury impact by Ivanov and Deutsch (1999).

4.3

Hydrothermal Alteration at Sudbury Crater

The Sudbury crater is also the site of the most extensive hydrothermal alteration known
in a terrestrial impact crater (Farrow and Watkinson, 1992; Ames et al., 1998, 2002),
although similarly large hydrothermal systems may have existed in other large terrestrial
craters such as the Chicxulub crater in Mexico (e.g., Zurcher and Kring, 2004). However,
hydrothermal alteration at Sudbury is exposed at the surface due to erosion, while at
Chicxulub it is buried beneath up to a kilometer of Tertiary sediments.
The most prominent examples of hydrothermal alteration are found in the Onaping
Formation, which overlies the melt sheet (e.g., Ames and Gibson, 1995). The Onaping
formation is subdivided into 3 members. The ~150 m thick Basal Member is the lowest
layer; it is discontinuous and composed of a variety of monolithic and heterolithic
breccias. The 200 to 700 m thick Gray Member overlies the Basal Member, and consists
of breccias and devitrified and recrystallized glasses. The uppermost layer is the 800 to
1200 m thick Black Member, which is composed of breccias similar to the Gray Member
but also has chloritized shard-like fragments and carbonaceous material in its matrix
(Muir and Peredery, 1984).

52

Specific examples of hydrothermal alteration within the Onaping formation include,
from base to top, basin-wide, semi-conformable zones of silicification, albitization,
chloritization, calcitization, and complex feldspathization. Silicification occurs primarily
in the Basal Member and is characterized by a higher temperature quartz-epidoteclinopyroxene-pyrrhotite-chalcopyrite-sphalerite assemblage (Ames et al., 2002). The
~300 m thick albitization zone is located mainly in the Gray Member, with the intensity
of alteration locally increasing toward aphanitic dikes, fluidal breccia complexes, and
crater floor fractures (Ames et al., 2002). Carbonate alteration affects the upper 800 to
1,000 m of the Onaping formation (mainly the Black Member), and is characterized by
the replacement of vitric shards by calcite and chlorite (Ames et al., 1998; Ames et al.,
2002).
The alteration patterns in the Onaping formation, and also in the overlying sediments
of the Vermilion formation, are similar to those found at subseafloor hydrothermal
systems (Ames et al., 1998; Ames et al., 2002). This implies that the Sudbury crater was
at least partly submerged shortly after its formation, and the circulating fluids may have
included seawater and deep formational brines (Farrow and Watkinson, 1997; Ames et
al., 1997). The Sudbury structure is the host of world-class Ni-Cu-PGE ores, which occur
in offset dikes of the melt sheet, embayments in the contact sublayer, and in the basement
rocks. The hydrothermal system generated by the Sudbury impact remobilized some of
the metals and redeposited them in breccias and fractures, and may have contributed to
the formation of Cu-precious metal-enriched ore bodies in the footwall (e.g., Farrow and
Watkinson, 1997; Molnár et al., 1999). Hydrothermal alteration is restricted to the units
comprising the Sudbury Structure, precluding the possibility of it being a more regional
phenomenon. In addition, uranium-lead dating of hydrothermal titanites by Ames et al.
(1998) produces an age similar to that of the SIC, indicating that the heat sources of the
hydrothermal system were created by the Sudbury impact event.
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4.4

Model Resolution and Boundary Conditions

The area studied extends to 150 km in radius and 16.5 km vertically, and includes the
central melt sheet, peak ring, melt in the annular trough, crater rim, and part of the ejecta
blanket. This is represented on a 75 × 33 grid, with a total of 2,475 blocks, resulting in a
horizontal resolution of 2 km and vertical resolution of 0.5 km.
The upper boundary of the model represents a layer of cold breccia 500 m thick, with
pressure and temperature held constant at 1 atm and 20 ºC. To account for the unusually
thick breccia overburden (~1.4 km) over the Sudbury melt sheet, an additional 1 km of
breccia with an elevated initial temperature (250 ºC) has been placed over the central
melt sheet and the annular trough (Figure 6). The bottom boundary has a constant basal
heat flux of 42.5 mW/m2 to match the average continental geothermal gradient of 25
ºC/km (Sclater et al., 1980).

4.5

Input Parameters

4.5.1 Topography
Topography, both above and below the breccia lens, has a strong effect on fluid flow and
it is included in the model. The Sudbury crater in its current state is extensively modified
by erosional, tectonic, and depositional processes, making it difficult to reconstruct its
initial topography. Seismic and gravity studies of a similarly-sized ~180 km Chicxulub
crater have shown a peak-ring structure (e.g., Morgan et al., 1997; Hildebrand et al.,
1998), as was chosen for this model. While the horizontal positions of features such as
the peak ring and the crater rim have been fairly well constrained at Chicxulub by seismic
and gravity studies, the topographic highs would have been subject to erosion after the
formation of the crater, thus reducing vertical topography (Morgan et al., 1997). This
holds true for other complex terrestrial impact craters, none of which are topographically
pristine.

54

Figure 6. Sudbury model cross-section shortly after the formation of the final crater,
illustrating the draining of the rim. Surface permeability k0 is 10-2 darcies. Solid arrows
and dotted arrows indicate the water and steam fluxes, respectively. Solid lines are
isotherms, labeled in degrees Celsius. The length of the arrows scales logarithmically
with the flux magnitude. The maximum fluxes observed here are 7.16 × 10-5 kg s-1 m-2 for
water and 5.21 × 10-5 kg s-1 m-2 for steam.
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Fortunately, good topography data is available for large samples of lunar (e.g., Pike,
1977) and Martian (Garvin et al., 2002) craters. The recent data on large craters on Mars,
acquired by the MOLA instrument on the Mars Global Surveyor spacecraft, are of very
high quality but not readily applicable to fresh terrestrial craters, since craters on Mars
have been degraded in various degrees by erosional and depositional processes. Therefore, the Sudbury topographic model is based on the morphometry of lunar craters,
summarized in Table 1. The chosen topographic parameters also correspond well to the
hydrocode simulations of Chicxulub crater collapse by Collins et al. (2002).

4.5.2 Temperature Distribution
As described in Section 1.1, part of the kinetic energy of an impacting body is converted
into thermal energy of the target material by the process of shock heating. This process
raises the temperature of the target material, and, for a large crater such as Sudbury, melts
a fraction of it. A fraction of the energy of the impactor is also converted into kinetic
energy of the target material, resulting partly in the structural uplift of hot material from
the lower crust to near-surface depths.
These two processes were successfully modeled by a hydrocode simulation of the
Sudbury impact event (Ivanov and Deutsch, 1999). The impactor was modeled as a stony
spherical body 14 km in diameter traveling perpendicularly to the ground with a velocity
of 20 km s-1. These parameters were chosen to fit the melt volume of 8,000 km3, as
estimated by Grieve and Cintala (1992) for Sudbury crater. The post-impact temperature
distribution generated by this hydrocode simulation is used as one of the starting conditions for hydrothermal modeling.
As previously mentioned, the geothermal gradient chosen for Sudbury simulations is
25 ºC/km, which is the current average continental geothermal gradient on Earth (Sclater
et al., 1980), plus ~10% to account for a higher geothermal gradient at 1.85 Ga. At that
time, the geothermal gradient was ~10% higher than present-day due to higher concentrations of radioisotopes (Ganguly et al., 1995).
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4.5.3 Melt Sheet Properties
The melt sheet volume of 8,000 km3 was chosen for consistency with the Ivanov and
Deutsch (1999) temperature distribution and impactor properties. This value also corresponds well to the melt sheet volume of 104 km3 estimated by Wu et al. (1995). The
geometry of the central melt sheet was chosen to fill a bowl-shaped cavity formed within
the peak ring during crater collapse (e.g., Melosh, 1989), and the initial temperature was
set to 1700 ºC, following the estimate of Ivanov and Deutsch (1999). In peak-ring craters,
substantial melt has also been observed between the peak ring and the final crater rim (as
seen at Chicxulub) (Kring and Boynton, 1992). Consequently, we have placed a small
amount of melt (~1.9 km3, consistent with Chicxulub observations), which we refer to as
the small melt sheet, in the annular trough between the peak ring and the crater rim. The
melt sheet volume of 8,000 km3 includes the melt in the annular trough as well as the
central melt sheet.
The issue of possible melt sheet convection was examined. In order for a true convection cell to form, an independent heat source needs to be present below or within the
convecting material, which is not the case for impact melt sheets. Thus, the main process
for long-term mixing of the melt sheet is slow overturn, where denser material from the
near-surface layers sinks and is replaced by warmer material from below. The fact that
Sudbury’s melt sheet is differentiated (Therriault et al., 2002) indicates that at least some
overturn has occurred. This process is unlikely to have significantly contributed to the
cooling of the Sudbury melt sheet due to substantial viscous damping (Onorato et al.,
1978) and the presence of a 1.4 km layer of insulating breccia, and is not modeled here.
The liquidus and solidus temperatures of 1,450 K (1177 ºC) and 1,270 K (997 ºC),
respectively, have been estimated for the Sudbury melt sheet by Ariskin et al. (1999) and
used by Ivanov and Deutsch (1999) for thermal modeling of the Sudbury crater. The
liquidus temperature of 1177 ºC agrees well with a liquidus temperature range of 1,115 to
1,125 ºC calculated by Ames et al. (2002).
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4.5.4 Rock Parameters
The target rocks of the Sudbury impact were geologically complex (Figure 5), consisting
of metasedimentary and metavolcanic rocks of the Huronian supergroup, and Archaean
granite-greenstone and gneissic lithologies (Rousell, 1984a; Grieve et al., 1991). The
original depth and position of these layers within the Sudbury crater is not fully constrained (Wu et al., 1995) and the layers are not radially symmetric, making them difficult to model. Thus, the model crater has been approximated as being petrologically
homogenous, with rock density, heat capacity, and thermal conductivity listed in Table 2
being good approximations to the Sudbury lithologies.
Porosity and permeability in all models decreases exponentially with depth, accounting for the closing of pore and fracture spaces by lithostatic pressure (Section 3.4.3). The
surface porosity

0

used in this model is 20%, consistent with measured porosities of

lunar impact breccias (Warren and Rasmussen, 1987).
The surface permeability k0 of crystalline rocks such as those present at the Sudbury
site varies widely, depending on fracture frequency and width. Brace (1980, 1984)
conducted in situ measurements of crystalline rocks, describing a large-scale permeability
that ranges from 10-1 to 10-6 darcies, with an average value of ~10-3 darcies for the
Earth’s crust. This value agrees well with the average permeability value derived from
earthquake migration and other large-scale crustal phenomena. However, as inferred from
negative gravity anomalies and low seismic velocities (e.g., Kahle 1969; Hildebrand et
al., 1998), rocks beneath terrestrial impact craters are fractured to a higher degree than
the surrounding crust, resulting in higher permeability. Hanson (1995) estimates a midrange value for fractured crystalline rocks at ~10-1 darcies. To account for possible
fracture closing due to hydrothermal mineralization in an approximate way, we use a
value of 10-2 darcies in the Sudbury model, which is a log average between the mean
crustal permeability and midrange permeability in broken crystalline rocks. However,
since this parameter has important effects on the dynamics and duration of a hydrothermal system, several values of k0 were investigated in this study, including 10-3 darcies
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Table 2. Rock parameters used in the Sudbury crater model.
________________________________________________________________________
Parameter
Value
Units
________________________________________________________________________
Porosity
f(z), 20% at the surface
unitless
Permeability
f(z,T), 10-2 at the surface*
darcies
Thermal conductivity
1.7
W m-1 K-1
Heat capacity
1050
J kg-1 K-1
Density
2700
kg m-3
________________________________________________________________________
*

Unless otherwise indicated
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(mean crustal permeability) and 10-1 darcies (midrange permeability of broken crystalline
rocks).
The porosity and permeability of the 1.5-km-thick upper layer of breccia are assumed
to be constant at

0

and k0, respectively. Rock density, thermal conductivity, and heat

capacity were taken directly from the Sudbury impact simulations by Ivanov and Deutsch
(1999) and remain constant throughout the simulations. All rock parameters used in this
chapter are summarized in Table 2.

4.5.5 Crater Lake
A cross-section of the Sudbury complex shortly after the formation of the final crater is
shown in Figure 6. The rim of the crater is essentially an overturned near-surface region,
and is assumed to be initially saturated with water. Water in the rim is seen rapidly
draining into the crater basin shortly after the formation of the crater. The subsequent
water flux through the rim due to rainfall is insignificant compared to the fluxes in an
active hydrothermal system, and thus the rim is made impermeable for the duration of the
simulation. The groundwater table is assumed to be roughly at the depth of the original
surface, at a vertical distance of 14.5 km in the model. In the absence of a marine incursion, groundwater would slowly seep into the depression created by the Sudbury impact,
eventually filling it with water approximately to the level of the pre-impact water table.
However, there is physical evidence indicating that the Sudbury crater contained
water for a large part of its history and that the crater was filled shortly after the impact.
This evidence includes extensive sediments overlying the crater floor, comprising the
Vermilion and the Onwatin Formations (Rousell, 1984b). The Vermilion formation,
which has Cu-Pb-Zn mineralization, appears to have been deposited while the hydrothermal system was still active (Rousell, 1984c; Ames, 2002), indicating early flooding
of the crater basin. In addition, the Sudbury impact occurred in a coastal or shallow
marine environment, and the crater may have been flooded almost immediately by
impact-generated tsunami waves, producing the well developed bedding seen in the
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Black member of the Onaping formation (Peredery 1972; Peredery and Morrison, 1984).
An early incursion into the crater from the surrounding sea would have dramatically
enhanced the fill rate from groundwater flow. While the actual process of filling the
crater basin with water to a final depth of ~3 km may have taken thousands of years, this
time period was likely small in comparison with the overall hydrothermal system lifetime. Consequently, a crater lake has been incorporated into the Sudbury model immediately after crater formation. The crater lake is set to a constant temperature (20 °C),
which is reasonable considering that the lake would be in a state of rapid convection due
to heating from below.

4.6

Results

4.6.1 Hydrothermal System Mechanics and Lifetimes
The results of a numerical simulation of the hydrothermal system at Sudbury crater are
shown in Figure 7. At 4,000 years, changes in the thermal state of the system since crater
formation (Figure 6) are most apparent at the small melt sheet, which has reached its
liquidus temperature and is undergoing crystallization. The temperature of the outer edge
of the peak ring has decreased sufficiently to allow water to flow through it, and it is the
site of a convective cell. The highest fluxes are observed in this region. Colder fluid
enters near the base of the peak ring and is subsequently heated and transported upward.
A similar effect is also seen at the far wall of the crater, but results in smaller fluxes as a
result of lower temperatures. Another convective cell is driven by the small melt sheet
and results in water discharge through the breccias above it. There is also some water
flow underneath the melt sheet towards the peak ring to feed the vigorous outflow located
there. Relatively large quantities of steam are also seen emanating from the upper part of
the peak ring, originating near the critical point of water at 374 ºC. Crystallization of the
melt and, thus, this stage, may have occurred more quickly, but would not significantly
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Figure 7. Results of a numerical simulation of the hydrothermal system at Sudbury
crater. Surface permeability k0 is 10-2 darcies. The left panel shows color-coded temperature fields, and the right panel displays fluid flux vectors. Black lines are isotherms,
labeled in degrees Celsius, and blue and red arrows represent water and steam flux
vectors, respectively. The length of the arrows scales logarithmically with the flux
magnitude, and the maximum value of the flux changes with each plot. a) 4,000 years,
max. water flux = 1.41 × 10-5 kg s-1 m-2, max. steam flux = 3.78 × 10-8 kg s-1 m-2 b)
20,000 years, max. water flux = 1.15 × 10-5 kg s-1 m-2, max. steam flux = 4.31 × 10-7 kg s1
m-2 c) 200,000 years, max. water flux = 1.13 × 10-5 kg s-1 m-2, max. steam flux = 1.26
× 10-12 kg s-1 m-2 d) 2 × 106 years, max. water flux = 4.16 × 10-6 kg s-1 m-2.
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affect the overall lifetime of the hydrothermal system because it is dominated by the
thermal input of the central melt sheet.
At 20,000 years, there are apparent changes in the temperature contours due to the
upward flow of warmer fluids and downward flow of colder fluids. The small melt sheet
has completely solidified, but a remnant (and still impermeable) hotspot with a mean
temperature of 430 ºC remains and drives a prominent upwelling approximately 8 km
across in this area. Downward flow is observed on either side of the former melt sheet,
feeding the upwelling. Another prominent change from the earlier timestep is the temperature of the peak ring, which has decreased sufficiently to allow water flow through
most of the structure. There is some supercritical steam being produced within the peak
ring at the critical temperature of water, but it condenses before reaching the surface. The
high temperatures within the peak ring are driving an upward flow, which is being
concentrated at the tip of the ring. The largest fluxes in the current timestep are seen in
this area. High water fluxes in this area are observed in subsequent timesteps, however,
the nature of this flow might be different if the peak ring is not fully submerged. The
upward water flow along the wall of the crater continues as before and changes only in
magnitude, not character, in subsequent timesteps. This flow would likely migrate
upwards along the faults in the modification zone of the crater. The central melt sheet has
undergone some cooling but remains largely molten and completely impermeable.
However, there is some circulation through the permeable breccias above it.
At 200,000 years the small melt sheet has completely cooled, but the two upward
flows it drove remain active. This is because these flows are self-sustaining – they
transport heat closer to the surface, maintaining a warm area that continues to drive the
flow. The upwelling at the peak ring continues as before. The central melt sheet has fully
crystallized and is partly permeable, allowing several convection cells to form in its upper
region. The magnitudes of water fluxes continue to decrease, with the largest flux observed here being ~20% smaller than those observed early in the system (4,000 years).
At 2 million years temperatures have returned close to the geothermal gradient. The
central melt sheet has cooled completely, and only a hint of the temperature increase due
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to the central uplift remains. There are still several “fossil” flows still active, most
notably at the former central melt sheet and the peak ring, but the largest flux here is 3.5
times smaller than those present early in the system at 4,000 years. However, it is possible that the fluxes would be even smaller as a result of fracture closing due to hydrothermal mineralization, so perhaps the corresponding 2 Ma timestep in Figure 8, where the
permeability is 10-3 darcies, is a better representation of the system at this stage. Due to
the low volumes of water in these trickles and the thickness of colder rocks they must
traverse, in most cases water would be expected to cool off completely before reaching
the surface.

4.6.2 Effects of Permeability
In addition to the main simulation with a surface permeability k0 of 10-2 darcies, values of
10-3 darcies and 10-1 darcies were tested, corresponding to the average crustal permeability and a mid-range value for fractured crystalline rocks, respectively. Figure 8 illustrates
the differences in flow characteristics and thermal evolution of Sudbury crater with a k0
value of 10-3 darcies.
At 4,000 years, the overall temperatures are noticeably higher, particularly near the
small melt sheet. The overall water flow characteristics are similar, but the fluxes involved are over an order of magnitude smaller. The two main differences are the absence
of upwelling at the right of the small melt sheet and a virtual lack of flow through the
breccias above the small melt sheet. The latter is explained by higher temperatures
cutting off permeability, and the former by a proportionally greater water flow underneath the small melt sheet towards the base of the peak ring to feed the strong upwelling
there. At 20,000 years, the hotspot remaining at the site of the small melt sheet has a
central temperature of over 600 ºC and is hotter than before, resulting in a larger impermeable volume. A more notable difference is in the shape of temperature contours, which
here are virtually unchanged by long-lived vertical water flows. The peak ring is significantly hotter, and, as before, large quantities of steam are internally generated. The
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Figure 8. Numerical simulation of the hydrothermal system at Sudbury crater with a
lower permeability (k0 set to 10-3 darcies). Solid lines are isotherms, labeled in degrees
Celsius, and solid and dotted arrows represent water and steam flux vectors, respectively.
The length of the arrows scales logarithmically with the flux magnitude, and the maximum value of the flux changes with each plot. a) 4,000 years, max. water flux = 8.48 ×
10-7 kg s-1 m-2, max. steam flux = 1.52 × 10-7 kg s-1 m-2 b) 20,000 years, max. water flux
= 1.95 × 10-6 s-1 m-2, max. steam flux = 6.05 × 10-8 kg s-1 m-2 c) 200,000 years, max.
water flux = 2.26 × 10-6 kg s-1 m-2, max. steam flux = 3.35 × 10-11 kg s-1 m-2 d) 2 × 106
years, max. water flux = 6.82 × 10-7 kg s-1 m-2.
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breccias above the central melt sheet are still largely too hot to permit flow. At 200,000
years, the main difference is the lack of convection above the hotspot in the central part
of the crater. This is due to significantly higher temperatures that do not permit flow,
except in the near-surface region. The convection cells in that area do eventually develop
when temperatures decrease to acceptable levels. Another difference is that the number of
active convection cells is significantly smaller. At 2 million years, the temperatures have
returned to near-geothermal levels, but are still significantly higher near the center of the
crater. This was to be expected since less heat was removed by circulating water than in
the case of higher permeability. Perhaps more noticeably, the shapes of the temperature
contours are virtually unaffected by vertical water movement, except near the center of
the crater, where active convection still continues. Elsewhere in the model, some water
circulation continues, but the flux magnitudes are essentially negligible. As mentioned
before, this may be a better representation of the system at this stage, accounting for
possible fracture closing due to hydrothermal mineralization.
As expected, a system with a surface permeability k0 of 10-1 darcies cools significantly faster, and the shape of temperature contours is dramatically altered by long-lived
vertical water flows. Figure 9 shows the state of this high-permeability hydrothermal
system at 20,000 years. Note that unlike the lower-permeability cases previously examined, the remnant hotspot from the small melt sheet is no longer in existence, and overall
the system is significantly cooler. Three large upwellings are present; one at the site of
the former small melt sheet and one at the peak ring, and one in the modification zone,
with maximum water fluxes ~5 times greater than those for the k0 of 10-2 darcies. Fluid
convection in the breccias overlying the central melt sheet also starts sooner than in the
lower permeability runs.
Defining the “lifetime” of a hydrothermal system is somewhat subjective, as there is
no clear transition between an active and inactive system. We conservatively define the
lifetime as the time it takes for the system to cool below 90 ºC (200% of the geothermal
level) within 1 km of the surface everywhere in the model. Figure 10a shows the dependence of system lifetime on surface permeability k0, with estimated lifetimes of 0.22 Ma
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Figure 9. Numerical simulation of the hydrothermal system at Sudbury crater with a
higher permeability (k0 set to 10-1 darcies). The 20,000-year timestep is shown. Solid
lines are isotherms, labeled in degrees Celsius, and solid and dotted arrows represent
water and steam flux vectors, respectively. The length of the arrows scales logarithmically with the flux magnitude, and the maximum value of the flux changes with each plot.
The maximum fluxes observed here are 5.87 × 10-5 kg s-1 m-2 for water and 3.33 × 10-8 kg
s-1 m-2 for steam.
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Figure 10. Effects of permeability on the lifetime of the Sudbury hydrothermal system. k0
denotes surface permeability. The dotted line indicates system lifetime in the absence of
water flow. a) 1,500 m thick breccia layer b) 500 m thick breccia layer.
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for a k0 of 10-1 darcies, 0.90 Ma for a k0 of 10-2 darcies, and 3.2 Ma for a k0 of 10-3
darcies. These values are within the range of inferred durations of terrestrial hydrothermal systems of volcanic origin, such as the ones at Round Mountain, Nevada (~0.1 Ma)
(Henry et al., 1997), Yellowstone, Wyoming (~0.6 Ma, still active) (Fournier, 1989),
Geysers, California (~1.4 Ma, still active) (Donnelly-Nolan et al., 1993), and Bingham,
Utah (~2.1 Ma) (Warnaars et al., 1978). However, the area of hydrothermal activity at
Sudbury crater (~25,000 km2) would have been far greater than that of any known
hydrothermal system of volcanic origin on Earth. For example, the area of the Yellowstone caldera is only ~2,500 km2. At the interval examined (10-3 to 10-1 darcies) the
lifetime decreases with the log of k0, implying that the degree of convective cooling
increases as more water is circulated through the system. However, note that the system
lifetime in the absence of fluid flow (see Section 4.6.4), indicated by a dashed line, is
significantly less than that for the k0 of 10-3 darcies. This indicates that at lower
permeabilities, water flow can actually increase system lifetime by transporting heat from
the interior to the near-surface regions. At higher permeabilities, however, this effect is
negated by the overall rapid cooling of the system.

4.6.3 Effects of Breccia Thickness
The non-linearity of the lifetime/permeability curve seen in Figure 10a is due mainly to
the unusually thick breccia layer (1,500 m) overlying the melt sheet. To illustrate this
point, a simulation with a reduced breccia thickness of 500 m was performed (Figure
10b). The thicker breccia sheet provides additional insulation, and the crater cools slower
by pure conduction as seen by comparing the location of the dashed line in Figure 10a
and Figure 10b. However, the thick breccia layer has a greater importance, due to its role
as a highly permeable matrix for fluid circulation. At low permeability (10-3 darcies) the
crater cools slowly while some of the internal heat is transported by water to the nearsurface in several parts of the model, resulting in a very long lifetime. At mid-range and
high permeabilities (10-2 and 10-1 darcies), on the other hand, large amounts of water
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circulating through the thick sheet of highly permeable breccia quickly cool the nearsurface regions, lowering system lifetimes.

4.6.4 Heat Transport in the Absence of Fluid Flow
By setting permeability and porosity to zero, HYDROTHERM can be used to model
post-impact cooling with purely conductive heat transport. Figure 11 shows numerical
modeling results of the thermal evolution of Sudbury impact crater in the absence of fluid
flow. Not surprisingly, it is most similar to the low-permeability case of k0=10-3 darcies,
because there is no water flow to alter the temperature contours. The overall system
cooling rate is the slowest of all cases examined, however, some near-surface regions are
warmer in the low permeability case due to the upward transport of heat by water. The
central melt sheet completely crystallizes by 130,000 years, which is similar to 97,000
years calculated by a thermal model of Prevec and Cawthorn (2002). The longer time to
crystallization in the model presented in this dissertation can be explained by the inclusion of the heat from the central uplift. The overall results of this simulation are similar to
those of an analytical solution for conductive cooling of a generic crater of the same size
(Daubar and Kring, 2001) and a numerical model of conductive cooling of a similarly
sized Vredefort impact crater by Turtle et al. (2003).

4.6.5 Heat Removed by Hydrothermal Processes
The relative importance of hydrothermal processes in the cooling of Sudbury crater can
be illustrated by comparing the rate of heat loss in a wet crater to that in a dry crater
(Figure 12). Although hydrothermal activity can remove up to an order of magnitude
more energy than pure conduction (during a short period of time in the higher permeability case), in most instances the difference is not dramatic. This can be explained by
several factors. First, most circulation is limited to the near-surface because permeability
decreases exponentially with depth. Second, the hotter parts of the model are imperme-
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Figure 11. Thermal evolution of Sudbury crater without the presence of water (conductive cooling only). Black lines represent isotherms, which are labeled in degrees Celsius.
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Figure 12. Rate of energy loss through the upper boundary of the Sudbury model. The xaxis represents time after crater formation, and red, green, and blue curves (in order from
top to bottom) represent total energy loss at higher permeability (surface permeability k0
of 10-1 darcies), baseline permeability (k0 of 10-2 darcies), and lower permeability (k0 of
10-3 darcies), respectively. The black curve (bottommost) represents energy loss in the
absence of water.
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able due to the brittle/ductile transition at about 360 ºC. Thus, conduction remains the
dominant form of heat transport in much of the model.

4.6.6 Effects of Model Depth
The optimal depth of the model was an issue of some concern, requiring a balance of
computational considerations, such as longer run times due to an increased number of
blocks, and the need to include additional heat from the central uplift found deeper in the
model. It was found by trial and error that extending the depth of the model beyond 14.5
km has no appreciable effect on near-surface temperatures, water circulation, and the
lifetime of the system as we define it.

4.7

Discussion

The hydrothermal system modeled in this chapter can produce the wide variety of mineral assemblages observed at Sudbury crater. The initial temperatures within much of the
basin, in particular, near the small melt sheet, the peak ring, and the central melt sheet,
are more than sufficient for high-temperature alteration processes to occur. For example,
rocks of the lower Onaping formation (the lower 300-500 m of the breccia overburden)
show evidence of widespread silicification and Ca-Na ion exchange (albitization) (Ames
et al., 1998). Model hydrothermal temperatures in these alteration zones reach a maximum of 300-400 °C, which corresponds well with the observed mineral assemblages.
Meanwhile, rocks of the upper Onaping formation, which is the upper 1000 m of the
breccia overburden, have undergone chloritization, calcitization, and feldspathization
(Ames et al., 1998), which are generally associated with lower temperatures. Our model
indicates that hydrothermal temperatures in most of the upper Onaping formation did not
exceed 300 °C, which again corresponds well with the mineralogical data.
Another noteworthy feature seen in our simulations is the upwelling of water in the
region along the outer wall of the crater. In large terrestrial impact craters this region
contains numerous extensional faults caused by the post-impact slumping of the crater
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wall, which can serve as conduits for water flow. The venting of water and steam through
these faults has been observed at the 24 km Haughton crater in the arctic Canada and is
described by Osinski et al. (2001).
One of the primary motivations for the study of impact-induced hydrothermal systems is the evaluation of their ability to support long-lived ecosystems. Of particular
interest is the temperature range of 50 to 100 °C, which represents a habitable zone for
thermophilic organisms commonly found in hydrothermal systems. The evolution of rock
volume in this temperature range within the crater bowl is shown in Figure 13. Initially
after the impact, the environment within the crater bowl is too hot for thermophilic
organisms to flourish, but at the same time, temperatures are increased in the periphery of
the crater, creating a large rock volume between 50 and 100 °C. There is, however, little
water flow through that volume after the initial draining of the rim. As the interior of the
crater bowl cools, the volume of rock within the temperature range of interest increases.
When circulating water is present, the crater bowl cools more quickly, and the rock
volume within the thermophile habitable zone increases faster. Perhaps of greater interest
is the volume of rock between 50 and 100 °C that has water flow through it, defined here
as more than 1% of the maximum flux seen in the system throughout its lifetime. This
represents an active hydrothermal environment, which reaches a maximum volume of
20,170 km3 at 0.17 Ma for the k0 of 10-2 darcies. The total rock volume at 50 to 100 °C
before the impact was ~50,000 km3, but that volume was several kilometers below the
surface and had essentially no water flow through it.
An important property of long-lived hydrothermal systems not modeled in this
chapter is the decrease of permeability and porosity over time due to the deposition of
hydrothermal minerals in the rock matrix. This effect been observed at terrestrial hydrothermal systems such as the one at Yellowstone, Wyoming (e.g., Dobson et al., 2003),
and in some instances can lead to a total self-sealing of the system. The mechanism for
this is not well understood and can depend significantly on the mineralogy of the host
rock. One possible way of constraining the importance of this parameter in the future is
through further analysis of core samples from the Chicxulub Scientific Drilling Project
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Figure 13. Rock volume between 50 and 100 °C within the crater bowl of Sudbury crater.
The pre-impact rock volume within this temperature range is ~50,000 km3. “Convective
cooling” refers to a hydrothermal model, and “conductive-only cooling” refers to a model
without water. “Water flow” through a block is defined as a flux of more than 1% of the
maximum flux found in the system throughout its lifetime. The surface permeability, k0,
is 10-2 darcies.
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(Dressler et al., 2003), which can shed light on the relationship between flow duration
(and thus hydrothermal alteration) and permeability in an impact-induced hydrothermal
system.

4.8

Conclusions

Numerical modeling results suggest the evolution of a post-impact hydrothermal system
at the Sudbury crater proceeded as follows. The first step was gravity-driven rapid
draining of the rim and the flooding of the crater cavity. The water fluxes seen at this
stage were generally an order of magnitude greater than those encountered in the later
stages of the hydrothermal system. The interaction between the incoming water and the
hot interior of the crater would have produced large quantities of steam, although we did
not model the detailed venting of this steam. Eventually, a crater lake should have formed
in the bowl of the crater, changing the flow of water from a gravity-driven to a hotspotdriven state. Over time, long-lived upwellings would have developed, most notably at the
site of the crystallized small melt sheet and at the peak ring. Because the boiling point of
water increases rapidly with pressure, steam production was probably limited to nearsurface regions, except for production of supercritical fluid deep below the surface.
Therefore, once the near-surface cooled there was probably no steam emission from the
ground in that region. The crater was cooling from the outside inward, due to a centrally
located melt sheet (Sudbury Igneous Complex) and central uplift heat sources. The
volume of rock between 50 and 100 °C, which represented a possible habitable zone for
thermophilic organisms, increased over the lifetime of the crater’s hydrothermal system.
However, the rock volume in this temperature range that has water flowing through it
reached a maximum at 170,000 years.
In more general terms, the simulations presented in this chapter show that a hydrothermal system at a large impact crater can remain active from several hundred thousand
to several millions of years, depending on permeability. These long lifetimes are partly
explained by the most vigorous circulation taking place near the surface and the hotter
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parts of the model being impermeable due to the brittle/ductile transition at about 360 ºC.
Thus, conduction remains the dominant form of heat transport in much of the model, and
hydrothermal activity generally does not result in a dramatically higher heat removal.
Another important consideration is the vertical heat transport by flowing water, which
can increase the temperature of near-surface regions and prolong the lifetime of the
system. The results allow for long-lived near-surface ecosystems of thermophiles to be
established when an impact event increases temperatures near the surface and provides a
heat source to drive the circulating water. Overall, the simulations suggest that an impactinduced hydrothermal system can remain active for sufficiently long periods of time to be
biologically significant, supporting the idea that impact events may have played an
important biological role, especially early in Earth’s history. Thus, impact cratering may
be creating new habitats, while at the same time destroying others.
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CHAPTER 5
Impact-Induced Hydrothermal System at Chicxulub Crater

5.1

Introduction

The Chicxulub impact crater, located on the northern edge of the Yucatán Peninsula, also
provides a good analogue of ancient impact-induced hydrothermal systems (Section 1.3)
and can be used to constrain computer models of hydrothermal circulation with geological data. This crater has been extensively studied through the recent Chicxulub Scientific
Drilling Project and analyses of previously collected samples, as well as extensive
seismic, magnetic, and gravity surveys, allowing for the construction of a better-defined
and -constrained computer model. Starting conditions, such as topography, permeability,
and melt distribution are either very well known or can be adjusted to match the rockwater ratios, temperatures, and degrees of alteration deduced from Chicxulub drill cores.

5.2

Geology and Morphology of Chicxulub Crater

Of the three largest terrestrial impact craters (Vredefort, Sudbury, and Chicxulub), the 65
Ma Chicxulub crater, linked to the K/T boundary mass extinction event, is by far the
youngest and best preserved. Its original rim-to-rim diameter remains somewhat controversial, with estimates ranging from 130 to 300 km (see Kring (2005a) or Turtle et al.
(2005) for a review). A favored estimate of ~180 km (ranging from 170 to 200 km) is
used in the model presented in this chapter. The Chicxulub impact occurred into partially
submerged Cretaceous sediments underlain by a crystalline silicate basement, and has
since been buried by up to 1 km of Tertiary carbonate rocks. Geophysical constraints
indicate that Chicxulub is a peak-ring crater or a multi-ring basin. Seismic data (e.g.,
Morgan et al, 1997; 2000) indicate the presence of a very pronounced peak ring, and less
pronounced features that have been interpreted as outer ring structures in the periphery of
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the crater. Other structural characteristics detected at the Chicxulub crater are a central
uplift, a large central melt sheet, a far smaller amount of melt in the annular trough
between the peak ring and the rim, and a modification zone in the same region, where
blocks of Cretaceous sedimentary rocks slid down into the crater basin along a series of
normal faults, forming tilted structural blocks. In addition to seismic, magnetic, and
gravity surveys, the Chicxulub crater has been explored with drilling. Of the four drill
holes inside the crater, three (Yucatán-6 (Y6), Chicxulub-1 (C1), and Sacapuc-1 (S1))
were oil prospecting boreholes, drilled by Petróleos Mexicanos. The fourth one, Yaxcopoil-1 (Yax-1), was a scientific borehole, drilled by the Chicxulub Scientific Drilling
Project. The location of these boreholes and the main structural features of Chicxulub
crater are shown in Figure 14.

5.3

Hydrothermal Alteration at Chicxulub Crater

The first evidence of hydrothermal activity at the Chicxulub crater, mainly the form of
anhydrite and quartz veins, was observed in the melt rocks and overlying polymict
breccias recovered from the Y6 borehole (Hildebrand et al., 1991; Kring and Boynton,
1992; Schuraytz et al., 1994). A host of alteration products, including albitized plagioclase, secondary K-feldspar, quartz, epidote, chlorite, and pyrite and chalcopyrite traces,
was subsequently identified in C1-N10, the only sample recovered from the central melt
sheet (Schuraytz et al., 1994; Zurcher et al., 2005b). Unfortunately, the C1 and Y6
boreholes were not continuously cored and only provide fragmentary records.
Yaxcopoil-1, however, produced a continuous core throughout the impactite sequence
and greatly expanded the spatial fidelity of hydrothermal activity at the crater. Petrographic, electron microprobe, and RAMAN spectrometry analyses of the impact melt and
overlying breccias recovered from Yax-1 show unambiguous evidence of extensive
hydrothermal alteration shortly after the impact (Zurcher and Kring, 2004; Ames et al.,
2004; Hecht et al., 2004), indicating that hydrothermal activity extended at least as far out
as the annular trough.
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Figure 14. Schematic cross-section of the Chicxulub crater, derived mainly from seismic
data, illustrating the major structural elements used in the model. Modified from Morgan
et al. (2002).
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Although hydrothermal activity clearly occurred, the peak temperature and the
duration of peak temperature vs. retrograde temperatures is more uncertain. Assemblages
of diopside-hedenbergite (thermal metamorphic salitic pyroxene) after primary augite and
widespread Na-K for Ca metasomatic alkali exchange (in the form of discrete veins with
halos) suggest that, after an initial low-temperature phase, the temperatures in this
hydrothermal system increased, perhaps to > 300 °C (Zurcher and Kring 2004). Lowertemperature (< 300 °C) alteration then followed, in the form of diffuse K-feldspar replacement fronts, abundant calcite veins and open-space fillings, chlorite, and widespread
smectite mainly after mafic minerals and clasts, as well as probable primary glass
(Zurcher and Kring, 2004). On the other hand, Ames et al. (2004) argue that the alteration
mineral assemblages observed in samples from Yax-1 formed at relatively low temperatures (< 150 °C). However, subsequent fluid inclusion (Lüders et al., 2003; Lüders and
Rickers, 2004) and isotopic studies (Zurcher et al., 2005a) show that hydrothermal fluid
temperatures ranged from 100 °C (based on fluid inclusions in late calcite) to 270 °C
(based on fluid inclusions in hydrothermal quartz veins).
The source of water for the hydrothermal system is also uncertain. Zurcher et al.
(2005a) argue that, based on stable isotope results as well as mineralogical and compositional data, a basinal oil-field saline brine was in all probability the main source for the
hydrothermal solutions. On the other hand, Ames et al. (2004) suggest the observed
mineral assemblages point to a seawater incursion.
The amount of water that circulated through the impact breccias recovered from Yax1 was modest but not necessarily dissimilar to that measured in other hydrothermal
systems. Oxygen isotope data on silicate fractions estimate water/rock ratios of up to 2
for a closed system (Zurcher et al., 2005a), which is indicative of the minimum amount of
water that migrated through the rock. These water/rock ratios imply that the Yax-1 site
was not submerged at the time of hydrothermal activity. This is further supported by the
lack of basal Tertiary foraminifera, suggesting that the Yax-1 site, which is ~300 m above
the basin floor, was not submerged by foraminifera-bearing waters until at least ~300,000
years after the impact (Kring, 2005b). Since it appears likely that the Yax-1 site was
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initially elevated above the water table and unsaturated, the observed water/rock ratios
are not necessarily representative of the permeability in the rest of the system, which was
submerged and saturated.

5.4

Model Resolution and Boundary Conditions

Taking advantage of an impact crater’s radial symmetry, we examine a vertical cross
section from the center of the Chicxulub crater to beyond its outer rim. The model is
represented on a 150 × 66 grid, with a total of 9,900 blocks, corresponding to a horizontal
resolution of 1 km and vertical resolution of 250 m. The model’s upper boundary represents a thin layer of cooled breccia, with pressure and temperature held constant at 1 atm
and 25 °C. The thickness of this breccia layer is equal to the model’s vertical resolution
of 250 m. It functions as an infinite source or sink of the fluid, donating or accepting
water depending on underlying hydrologic conditions, except in cases where it is located
above the water table. It also functions as a heat sink; so when the thermal energy reaches
the upper boundary, it is permanently removed from the system to simulate heat loss to
the atmosphere. The bottom boundary is impermeable, and subjected to a constant basal
heat flux of 32.2 mW/m2 to match a geothermal gradient of 13 °C km-1 (as described
further below). The left boundary of the model is the crater’s axis of symmetry and is
therefore impermeable and insulating. The right boundary is permeable for both fluid and
heat. It is located sufficiently far away from the point of impact that the temperatures are
close to an average geothermal gradient.

5.5

Input Parameters

5.5.1 Topography
Because the Chicxulub crater is buried under a thick layer of Tertiary sediments, seismic
sounding provides the best means of determining its original topography (Although
several boreholes have been drilled, they are not yet sufficient to define many details of
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the topography). Seismic reflection data indicate that the peak ring has an average radius
of 40 km, measured to the highest point (e.g., Morgan et al., 1997), and a lateral thickness
of ~10 km (e.g., Morgan et al. 2002). The height of the peak ring observed in the seismic
reflection data is up to 600 m above the crater floor (e.g., Morgan et al., 1997), but the
model peak ring height was rounded up to 750 m to take probable erosion into account.
The depth of the crater below the pre-impact surface has been estimated to be 860 m, and
the height of the rim at 540 m, by Bell et al. (2004) based on the scaling laws of Grieve
and Pesonen (1992) and Pike (1977). Due to the resolution of the model, these numbers
were rounded to 750 m for crater depth and 500 m for rim height.

5.5.2 Temperature Distribution
The shock-deposited energy attenuates rapidly from the point of impact in a predictable
way (e.g., Robertson and Grieve, 1977), but large quantities of material are subsequently
displaced and relocated during the modification phase of crater formation, making
analytical estimation of temperature fields very difficult (Section 2.6). Therefore, hydrocodes are usually used to generate post-impact temperature distributions. The temperature
distribution used in this model was generated with the SALE-B hydrocode calculation
specifically for Chicxulub crater by Ivanov (2004, personal communication). This
temperature distribution is an updated version, slightly different from that described in
Ivanov (2004). The impactor was modeled as an ANEOS granite asteroid 14 km in
diameter impacting at a velocity of 12 km/s. Although it is still unclear if the Chicxulub
crater was produced by an asteroid or a comet, as appropriate transient crater diameters
can be produced by both types of objects (Pierazzo et al., 1998), the Ivanov (2004) model
produces a final crater diameter of ~180 km, which is consistent with geophysical imaging of the subsurface structure.
The geothermal gradient in the model by Ivanov (2004) is rather low (13 °C/km)
compared to heat flows of 65-80 mW/m2 (and implied gradients in the crust of 26 to 32
°C/km) observed at Chicxulub by Wilhelm et al. (2004). Therefore it should be treated as
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conservative temperature estimate, possibly leading to an underestimation of the duration
of hydrothermal activity. The exact effect of the lower geothermal gradient on the system’s lifetime is difficult to quantify without a new SALE-B hydrocode run and HYDROTHERM simulation.
While the climate of the mid-Cretaceous was significantly warmer than today – with
estimated global mean temperatures about 6 to 12 °C higher than in the present (e.g.,
Barron, 1983) – toward the end of Cretaceous Period the temperatures cooled by as much
as 8 to 10 °C. This is supported by several lines of evidence, including oxygen isotopes
and foliar physiognomy (e.g., Frakes, 1979). Estimates of average equatorial sea surface
temperatures in the late Cretaceous generally fall between 20 and 30 °C (e.g., Huber et
al., 1995; Kolodny and Raab, 1988). The estimates of average tropical air temperatures
during that time period fall within the same range (e.g. Upchurch and Wolfe, 1987).
Therefore a surface temperature of 25 °C is used in the Chicxulub model.

5.5.3 Melt Properties

5.5.3.1 Central Melt Sheet
The SALE-B hydrocode model by Ivanov (2004) does not explicitly include a nearsurface melt sheet, but it was incorporated into our model based on observations. Threedimensional seismic tomography suggests that the Chicxulub central melt sheet has a
maximum thickness of 3.5 km in the center of the crater (Morgan et al., 2000). This
approximation is also supported by the gravity modeling of Ebbing et al. (2001), who
estimate a central melt thickness of ~3 km, which is consistent with previous scaling
approximations (Kring, 1995). However, Christeson et al. (2001) interpret the seismic
and gravity data as suggestive of a melt sheet that is only 1 km thick. The model presented in this chapter assumes a melt sheet with a central thickness of 3 km and thinning
radially.
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The lateral extent of the central melt sheet is not as well defined. Pilkington et al.
(1994) and Ebbing et al. (2001) suggested that the central melt body has a diameter of 90
km based on gravity and magnetic data, implying a continuous melt sheet beneath the
peak ring, the highest point of which has a radius of ~40 km. However, analysis of
seismic data by Morgan et al. (2000, 2002) indicates that there is a zone of lowered
velocity directly beneath the topographic peak ring, with velocities too low to represent
pure melt rocks. It was therefore suggested that the melt sheet terminates at the inner
edge of the peak ring, and a separate melt sheet is present in the annular trough between
the peak ring and the crater rim (Figure 14). This is consistent with several boreholes
drilled on either side of the peak ring (e.g., Fig. 8 of Kring et al., 2004).
Impact melt is initially superheated (e.g., Hörz, 1965; El Goresy, 1965; Carstens,
1975; Grieve et al., 1977) to temperatures as high as 2200 °C (and possibly higher), but
the effective starting temperature of an impact melt sheet is highly dependent on the
volume proportion of cold clasts incorporated into it (e.g., Onorato et al., 1978). This
proportion is not well established for Chicxulub, as the only sample from the central melt
sheet (C1-N10) does not contain any relict target clasts (e.g., Sharpton et al., 1992).
However, it can be assumed the proportion of clasts in the melt decreases with the
increasing size of the impact event (e.g., Prevec and Cawthorn, 2002) because larger
transient craters have a higher proportion of melt (Melosh, 1989, pp. 122-123). For large
impact craters like Sudbury (Prevec and Cawthorn, 2002) and Chicxulub, the proportion
of clasts in the melt may have been lower than in smaller craters like the ~100 km
diameter Manicouagan crater (Onorato et al., 1978). Therefore, the initial temperature of
the central melt sheet in our model is conservatively estimated to have been 1700 °C,
allowing for at least 500 °C of cooling due to the initial thermal equilibration between
superheated melt and entrained cold clasts. At Chicxulub, this initial estimate is supported by peak temperature of melt fragments in the suevitic units recovered from the
Yax-1 drillcore, which exceeded 1700 °C based on the decomposition of zircon (Wittmann et al., 2005). Also, the melt in the impact melt dikes observed in the Yax-1 borehole quickly impregnated a dolomitic host rock, suggesting a low viscosity and, thus,
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high initial temperatures (Wittmann et al., 2004). The initial temperature of the model’s
central melt sheet is uniform, as petrologic studies of impact melt-derived rocks at a
variety of terrestrial impact craters show that clasts of diverse provenance tend to be
evenly mixed throughout the sheet, probably due to turbulent mixing during melt aggregation (Phinney and Simonds, 1977). Although melt sheet margins are rapidly cooled
during the final stages of crater formation, as indicated by an abundance of undigested
clasts within a few meters of the basal contact (e.g., Simonds et al., 1976), the temperature of the interior is expected to be largely homogeneous as a result of this turbulent
mixing. Post-impact convection in the central melt sheet is unlikely to have significantly
contributed to the cooling of the melt due to substantial viscous damping in systems like
Chicxulub that occur in siliceous continental crust (Onorato et al., 1978), and is not
modeled here.

5.5.3.2 Melt in the Annular Trough
It is not clear whether the melt in the annular trough forms a continuous layer between
the peak ring and the outer wall or whether there are discontinuous melt pools in the
crater’s modification zone (Kring, 2005a). For the purposes of this chapter we assume a
continuous pool between the radii of 45 and 58 km as suggested by Morgan et al. (2002)
based on seismic data (Figure 14). The depth of the melt in the model annular trough
ranges from 250 to 500 m, based the thickness of the melt unit in the Y6 borehole (380
m), which bottomed in 6 to 8 m of anhydrite. This might be a conservative estimate
because the anhydrite may be a large clast within the melt unit, in which case the melt
thickness in Y6 is greater than 380 m (Kring et al., 2004). The melt is underlain by
Cretaceous sediments, based on a tentative detection in Y6 and a definite detection in
Yax-1. The melt thins radially until its thickness is below the resolution of the model, so
it is zero at the position of the Yax-1 borehole, where the actual melt thickness is ~24-34
meters.
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The initial temperature of melt in the annular trough was probably lower than that of
the central melt sheet. There are indications of rapid cooling, likely due to a high clast
content and relatively cooler bounding lithologies. For example, a melt sample from the
annular trough (Y6-N17) has smaller crystals than a melt sample from the central melt
sheet (C1-N10), suggesting faster cooling (Schuraytz et al., 1994; Kring, 1995). Also,
melt rocks from the Yax-1 borehole appear to have been quenched to below 600 °C fast
enough for relict zircons to survive (Wittmann et al., 2005). It should be noted, however,
that the melt sampled in Yax-1 is either from the extreme outer edge of the melt sheet in
the annular trough or from a small and shallow melt pool, so its initial temperature is
expected to be significantly lower than that in the central portion of the annular melt
sheet. Finally, a sample (Y6-N17) from a thicker portion of the impact melt was found to
contain undigested clast abundances from 2% (Kring and Boynton, 1992) to 35%
(Schuraytz et al., 1994), with at least 44% of the initial clast volume digested (Kring,
1995). This indicates that melt in the annular trough was initially at a high temperature,
but dipped below the liquidus through thermal equilibration before all clasts were fully
digested. Therefore, the temperature of this melt was set to 1087 ºC, a midpoint between
the liquidus and solidus temperatures.

5.5.3.3 Physical Parameters of the Melt
The total volume of melt in the central melt sheet and the annular trough of the model
crater is estimated to be 12,000 km3. As described in the previous sections, this number is
generated from constraints imposed by crater geometry, seismic, gravity, and magnetic
data, and four boreholes. This estimate does not include melt in overlying breccias, melt
in dikes, and melt ejected out of the crater, so the total melt generated by the impact was
significantly higher. For example, the breccias recovered from the Yax-1 borehole are
composed of up to 85% melt fragments (Kring et al., 2004) and ~25% of the total melt
was previously estimated to have been ejected (Kring, 1995).
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The liquidus and solidus temperatures of 1,450 K (1177 ºC) and 1,270 K (997 ºC),
respectively, have been estimated by Ariskin et al. (1999) for the melt sheet of the
Sudbury crater, which also formed on a continental crust and has a composition similar to
that of Chicxulub (Kring, 1995). The liquidus temperature agrees well with the value of
1150 ºC estimated for the Chicxulub melt sheet by Warren et al. (1996) using the MELTS
computer program.

5.5.4 Rock Properties

5.5.4.1 General Physical Parameters
Porosity and permeability in all models decreases exponentially with depth, accounting
for the closing of pore and fracture spaces by lithostatic pressure (Section 3.4.3). Mayr et
al. (2005) estimated that the porosity of polymict breccias recovered from the Yax-1
borehole averages about 0.25, which we use as the surface porosity value ( Φ 0 ) in the
model.
Based on the degree of alteration and the modest water/rock ratios estimated for the
Yax-1 samples (Zurcher et al., 2005a), the surface permeability k0 used in this model is
10-3 darcies, which is an order of magnitude smaller than the surface permeability used in
our previous model for Sudbury crater (Chapter 4). This is consistent with the estimate by
Mayr et al. (2005) that the permeability of the most permeable polymict breccias at Yax1 is less than 10-2 darcies, with the caveat that in situ permeability must be dominated by
macroscopic fractures. Permeability has important effects on the dynamics and duration
of a hydrothermal system, and is one of the most difficult variables to constrain in the
model. Therefore, the effects of surface permeabilities an order of magnitude smaller and
larger than 10-3 darcies were also investigated in this study. In addition, zones of doubled
permeability, extending to a depth of 6 km, with a thickness of two model cells (2 km),
and a dip of 45º, were introduced to simulate faults in the crater’s modification zone. Due
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to model resolution, these faults were incorporated as overlapping 1-km vertical segments.

5.5.4.2 Physical Parameters of Cretaceous Sedimentary Rocks
Before the Chicxulub impact, Cretaceous sediments formed a 3-km-thick sedimentary
sequence overlying the crystalline basement. During the impact, almost all sediments that
were within the transient crater (roughly within the peak ring) were vaporized or ejected
out of the crater. This is supported by both seismic data (e.g., Morgan et al., 1997) and
hydrocode modeling (Ivanov, 2004). The sedimentary layers outside of the peak ring, on
the other hand, remained relatively intact but collapsed into the crater during the modification stage, forming a terrace zone illustrated in Figure 14.
The Cretaceous sedimentary succession includes limestone, dolomite, marl, and
anhydrite. For the purposes of this model, pure limestone sediments were assumed, and
their physical properties are summarized in Table 3. The physical properties used are
those of Cretaceous limestones recovered from Yax-1 (Mayr et al., 2005), as well as
Tertiary limestones from the same borehole (Popov et al., 2004), which have been more
thoroughly analyzed at the time of writing.
While the thermal conductivity of sediments is often less than that of crystalline
rocks, the thermal conductivity of Cretaceous sediments in the model is set to the same
value as that of basement rocks (2.5 W m-1 K-1), for consistency with the hydrocode
model of Ivanov (2004), which generated the initial temperature distribution used here.
This value also agrees with the average value for limestone of 2.56 W m-1 K-1 from Clark
(1966), and physical measurements on limestones from the Yax-1 borehole (Mayr et al.,
2005), which give an average value of ~2.5 W m-1 K-1.

5.5.4.3 Physical Parameters of Basement Rocks
Chicxulub basement rocks were originally covered by 3 km of sediments, but the impact
delivered them to the surface (in both solid and liquid state) in the region within the peak
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Table 3. Rock parameters used in the Chicxulub crater model.
____________________________________________________________________________________
Parameter
Value
Units
____________________________________________________________________________________
Porosity
f(z), 25% at the surface
unitless
Permeability
f(z,T), 10-3 at the surface*
darcies
Thermal conductivity (basement, melt, breccia)
2.5
W m-1 K-1
Heat capacity (basement, melt, breccia)
1000
J kg-1 K-1
Density (basement, melt, breccia)
2700
kg m-3
Thermal conductivity (sediments)
2.5
W m-1 K-1
Heat capacity (sediments)
730
J kg-1 K-1
Density (sediments)
2300
kg m-3
____________________________________________________________________________________
*

Unless otherwise indicated
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ring (e.g., Morgan et al., 2000; Collins et al., 2002; Ivanov, 2004). Crystalline clasts
found in impact breccias suggest that the basement is composed of a wide spectrum of
lithologies, including granites, granitic gneisses, quartzites, quartz-mica schists, and
amphibolites (Kring et al., 1991; Hildebrand et al., 1991; Kring and Boynton, 1992;
Sharpton et al., 1992, 1996; Kettrup and Deutsch, 2003). Physical properties (density,
thermal conductivity, and heat capacity) typical of the continental crust were used to
represent these diverse lithologies and are summarized in Table 3. Also, the physical
properties of the melt are assumed to be the same, because the melt is derived primarily
from the basement rocks (e.g., Kring and Boynton, 1992; Pierazzo et al., 1998).

5.5.4.4 Physical Parameters of Breccias
Polymict impact breccias rich in impact melt fragments have been observed directly
above the impact melt in all drillcores within the final crater rim. The thickness of these
suevites ranges from ~450 m in the S1 borehole (Hildebrand et al., 1991) above the
central melt sheet to ~66 m in the Yax-1 borehole (Dressler et al., 2003) in the modification zone. The breccia thickness in the model ranges from 250 to 500 m, with the greatest
thickness over the central melt sheet and in the region of the peak ring, to account for the
zone of low seismic velocity observed there by Morgan et al. (2000, 2002). The suevites
are composed primarily of melt fragments and crystalline clasts (e.g., Kring et al., 2004;
Stöffler et al., 2004), hence their physical properties have been set to those of impact melt
and crystalline basement. The polymict breccias at Chicxulub appear to have been
deposited at relatively low temperatures of no more than a few hundred degrees Celsius
(or very quickly quenched to these temperatures), because the carbonate-rich matrix did
not form a carbonatite-like melt, and micritic carbonate clasts in the carbonate-rich
matrix were not resorbed (Kring et al., 2004). Several excavation, transportation, and
depositional processes were likely involved. This contrasts with the fallout suevites at the
~25 km Ries crater, which appear to have been deposited at much higher temperatures of
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680-750 ºC (von Engelhardt et al., 1995). The initial temperature of the breccias in the
model was set to 250 ºC, as a conservative estimate based on observations at Chicxulub.
Beyond the final crater rim there are two other types of polymict breccias, one being
similar to the Ries fallout suevite and the other being similar to the Ries Bunte Breccia
(e.g., Kring, 2005a). Based on previous modeling experience, these were not included in
the current model because they were unlikely to have significantly affected hydrothermal
circulation.

5.6

Results

5.6.1 Hydrothermal System Mechanics and Duration
The overall setup of the model is illustrated in Figure 15, showing the temperature
distribution immediately after the impact, major features of the model, and the area of
interest. Almost all hydrothermal activity in the model occurs in the area within the
dashed rectangle, and all subsequent figures focus on this area.
The baseline simulation of hydrothermal activity at the Chicxulub crater is presented
in Figure 16. The first timestep is at 4,000 years (Figure 16a), where some thermal
changes can already be observed, compared to the temperature distribution immediately
after crater formation (Figure 15). The melt in the annular trough, for instance, has long
reached its solidus temperature, but is still sufficiently warm to be impermeable to fluids.
This melt has completely crystallized in only ~600 years, but the outlying regions would
have crystallized much quicker, which is consistent with fine crystals observed in the Y6N17 sample from near the top of the melt. Some cooling can be observed in the central
melt sheet, too, and, although some of its peripheral regions have crystallized, the bulk
still remains well above the liquidus. The thermal energy of the central melt sheet raised
the temperature of a small portion of the central uplift above 1200 °C, suggesting some
melting in that region after the impact. In terms of fluid circulation, there is significant
circulation through the breccias above the central melt sheet. By this time, partial flood-
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Figure 15. Chicxulub model geometry and initial temperature distribution. The former is
derived from geophysical constraints described in Section 5.5, and the latter is based on
work by Ivanov (2004). Major structural features are indicated. Subsequent figures are
limited to the area of interest inside the dashed rectangle.
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Figure 16. Results of a numerical simulation of the hydrothermal system at Chicxulub
crater. Surface permeability k0 is 10-3 darcies. Black lines are isotherms, labeled in
degrees Celsius, and blue and red arrows represent water and steam flux vectors, respectively. The lack of arrows indicates that fluxes are at least 2 orders of magnitude smaller
than the maximum flux. The length of the arrows scales logarithmically with the flux
magnitude, and the maximum value of the flux changes with each plot. Large grey arrows
indicate upward water flow through a fault zone in the crater’s modification zone.
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ing of the deepest portions of the crater cavity by groundwater and/or seawater likely
occurred (e.g., Goto et al., 2004). This water quickly infiltrated the permeable breccias
over the melt, resulting in a short-lived period of intense steam emission lasting ~2,000
years (not shown), followed by the circulation of water through these breccias as seen in
this timestep. The downward flow of water is not shown in Figure 16a, because the
permeable breccia layer is only one cell thick and immediately below the upper boundary, which automatically donates the replacement fluid. A large amount of steam is being
generated beneath the peak ring, mostly originating near the critical point of water (374
°C). Convection cells have formed on either side of the peak ring and at the far side of the
melt in the annular trough, with some water flow underneath the melt toward the peak
ring.
At 20,000 years (Figure 16b), the system is significantly cooler, and circulation is a
bit weaker, with maximum fluxes about a factor of 2 smaller than those seen at 4,000
years. There are noticeable deflections in the temperature contours due to the upward
flow of warmer water and downward flow of colder water. The central melt sheet has
cooled significantly but still remains partly molten, and water continues to circulate
through the permeable breccias above it. Some steam is beginning to be produced as the
upper portion of the melt sheet is beginning to become permeable to fluids. The two
convection cells on either side of the peak ring are still active, and some steam continues
to be generated below the peak ring, albeit at a significantly reduced rate and generally at
a greater depth. The melt in the annular trough has completely cooled and is now permeable to water, and the region is now a site of a convection cell with significant fluxes. On
the far right of the figure, minor amounts of groundwater can be seen flowing toward the
crater and moving up in the vicinity of one of the faults in the crater’s modification zone,
driven by the increased temperatures in the area.
By 200,000 years (Figure 16c), the central melt sheet has fully crystallized. Most of
the hydrothermal activity in this timestep takes place above the central uplift, where
numerous convection cells have formed. The water flux magnitudes are similar to those
observed at 20,000 years. A significant amount of steam is being generated over the
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central uplift. There is a significant upwelling below the peak ring, fed by a downwelling
in the annular trough. Groundwater continues to seep upward near a fault in the modification zone.
Finally, at 2 million years (Figure 16d), water flux magnitudes have decreased by a
factor of about 20 from the previous timestep. The central uplift has cooled and is now
fully permeable, driving a large central convection cell. There is still a long-lived upwelling below the peak ring. Given the low volumes of circulating water and the distances
they must pass through, water probably cooled off almost completely before reaching the
surface. It should also be noted that these fluxes may be smaller or nonexistent due to the
closing of fractures by mineralization and clay deposition, processes that can clog hydrothermal systems over long periods of time (see Section 5.7). Figure 16d also provides a
good overview of the circulation patterns in the crater’s modification zone present but not
immediately apparent in Figure 16a-c. Note a downward water flow along a fault at a
radius of ~77 km, as well as an upward flow in the region of a fault at ~69 km, indicated
by a grey arrow and also seen in Figure 16b and Figure 16c.

5.6.2 Borehole Model Temperatures
The model allows tracking of temperatures at the locations of boreholes, permitting a
comparison of temperatures and thermal histories to those inferred from the samples.
Figure 17a-c shows the temperature history of the upper 250 m of impact melt sampled
by the C1, S1, and Y6 boreholes. For comparison, melt sample C1-N10 was recovered
~140 m below the top of the melt sheet, and samples Y6-17 and Y6-N19 were recovered
~50 and ~130 m, respectively, below the top of the melt. The model melt in C1 and S1
starts out at an initial temperature of 1700 °C and reaches the liquidus, represented by the
first kink in the curve, at ~1,000 years, and the solidus, represented by the second kink in
the curve, at ~3,500 years. In both cases, the melt cools to 500 °C by ~25,000 years, with
the C1 melt cooling slightly slower due to its location closer to the center of the melt
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Figure 17. Temperature history of the melt in the four boreholes within the Chicxulub
crater basin: a) C1 (17 km from the center), b) S1 (25 km), c) Y6 (49 km), and d) Yax-1
(62 km). For the first three boreholes, the curves are not smooth because of the effects of
latent heat and convective cooling, and represent the average temperature of the upper
250 m of melt. The melt in the Yax-1 borehole is below the resolution of the main model
and has been modeled separately. The curve for Yax-1 represents the average temperature of the central 8 m of melt.
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sheet. The melt in Y6, which is in the annular trough, starts out at 1087 °C, reaches the
solidus in ~500 years and drops to 500 °C in ~3,000 years.
The melt unit in Yax-1 is only ~24-34 m thick and thus below the resolution of the
model. To correct for this, a simple heat conduction model of the nearby region was
constructed (further described in Section 5.7 and schematically illustrated in Figure 21).
Figure 17d shows the temperature history of the center of the 24 m thick melt unit in
Yax-1 derived from this local model. The melt in Yax-1 cools quickly from an initial
temperature of 760 °C, reaching 500 °C in ~5 years and 50 °C in ~500 years.

5.6.3 Effects of Permeability

5.6.3.1 Higher-Permeability Case
Figure 18 shows the evolution of the hydrothermal system with the surface permeability
k0 set an order of magnitude higher, or to 10-2 darcies. While the overall system dynamics
are generally similar, there are several differences that are immediately apparent: water
and steam fluxes are about a factor of 10 higher, temperature contours are more strongly
deflected by upwellings and downwellings, and the system cools more rapidly. At 4,000
years, the convection cells on both sides of the peak ring have a greater vertical extent. At
20,000 years, the top 250 m of the central melt sheet has cooled a little quicker, and is
being permeated by water. There are also more convection cells in the annular trough
region. Another obvious difference is at the 200,000-year timestep, where the convection
cells above the central uplift are significantly higher in number and larger in the vertical
dimension. Also, the temperatures beneath the peak ring are considerably lower. At the
2,000,000-year timestep, the system is significantly cooler: the 300 °C contour is entirely
absent. An additional dissimilarity here is the presence of three convection cells in the
central region of the crater, as opposed to a single central upwelling.
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Figure 18. A higher-permeability simulation of the hydrothermal system at Chicxulub
crater. Surface permeability k0 is 10-2 darcies. Black lines are isotherms, labeled in
degrees Celsius, and blue and red arrows represent water and steam flux vectors, respectively. The lack of arrows indicates that fluxes are at least 2 orders of magnitude smaller
than the maximum flux. The length of the arrows scales logarithmically with the flux
magnitude, and the maximum value of the flux changes with each plot.
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5.6.3.2 Lower-Permeability Case
The circulation patterns in the model with a surface permeability k0 of 10-4 darcies (not
shown) are similar to those in the baseline simulation (k0 of 10-3 darcies). Moreover, this
model does not have sufficient water fluxes to remove significant amounts of heat. As a
result, the thermal evolution of this model is essentially identical to that of purely conductive one (next section).

5.6.3.3 Zero-Permeability Case
To further understand the effects of hydrothermal circulation, it is instructive to use a
purely conductive model as a control. Conductive cooling of impact craters is wellunderstood and has been modeled by a number of authors (e.g., Onorato et al., 1978;
Daubar and Kring, 2001; Turtle et al., 2003; Ivanov, 2004). HYDROTHERM can be used
to model purely conductive heat transport by setting permeability and porosity to nearzero. Figure 19 shows how the Chicxulub crater would have cooled in the complete
absence of water. Note that despite wet models being generally cooler, vertical heat
transport by water can locally increase temperature. This is illustrated by comparing this
2-million-year timestep (Figure 19d) to that in the higher-permeability model (Figure
18d), where the 50 and 100 °C contours are closer to the surface in the center of the
crater.

5.6.3.4 System Lifetime
Previously, we defined system lifetime as the time to cool below 90 °C within 1 km of
the surface, with 90 °C representing a doubling of the geothermal temperature at a depth
of 1 km in the Sudbury crater model (Section 4.6.2). Although the higher resolution of
this model of Chicxulub allows for a measurement closer to the surface, we still use the
same definition of system lifetime for easy comparisons with previous models of Sudbury
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Figure 19. Thermal evolution of the Chicxulub crater in the absence of water (conductive
cooling only). Black lines are isotherms, labeled in degrees Celsius.
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(Chapter 4) and Martian craters (Chapter 6). Figure 20 illustrates how surface permeability k0 affects the lifetime, with estimated lifetimes of 1.5 Ma, 1.7 Ma, and 2.3 Ma for
permeabilities of 10-4, 10-3, and 10-2 darcies, respectively. For comparison, the lifetime of
the purely conductive case is 1.5 Ma, same as that for a low-permeability system. This
type of dependence is similar to that seen for a 30-km Martian crater (Figure 32a), and
part of a general pattern observed during the modeling of a wide range of craters (Figure
32d). At low permeabilities, little heat is transported by flowing water to the near-surface,
resulting in lifetimes similar to the purely conductive case. As permeability increases,
significant amounts of heat are delivered to the near-surface, increasing the lifetime of the
system, as is seen here. However, as permeability is increased further, this effect is
negated by the overall rapid cooling of the system, causing lifetimes to eventually decrease below those for a purely conductive case. The latter effect is not observed in the
Chicxulub models due to the lower permeabilities used, but is illustrated in models of
other impact craters in Chapter 4 (Figure 10) and Chapter 6 (Figure 32b-c).

5.7

Discussion

A number of features seen in the model simulations are consistent with those observed at
other terrestrial craters. For example, the vigorous circulation in the central region of the
crater and beneath the peak ring, seen in Figure 16 and Figure 18, is consistent with
results from drilling into the central uplift of the ~40 km Puchezh-Katunki crater in
Siberia, which show significant hydrothermal alteration all the way to the bottom of a 5km borehole (e.g., Naumov, 2002).
The model also reveals upward fluid movement in the fault-rich modification zone
(Figure 16 and Figure 18), similar to that described at the 24-km-diameter Haughton
crater (Osinski et al., 2001). However, it should be noted that water flow does not always
follow the entire length of the normal faults (subtending ~7º clockwise from vertical in
the vertically exaggerated Figure 16 and Figure 18) incorporated into the model, but
sometimes flows only through the upper (vertical) section of the fault. This is best
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Figure 20. Effects of permeability on the lifetime of the hydrothermal system at Chicxulub crater. As before, k0 denotes surface permeability. The dashed line indicates system
lifetime in the absence of water flow.
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illustrated by a fault at a radius of ~69 km in Figure 16d. This behavior may be an artifact
of the model, because the faults, which are narrow conduits of extremely high permeability, are difficult to simulate with the model’s relatively coarse resolution. More likely,
this suggests that upper sections of faults have higher water fluxes because (i) the permeability of surrounding rocks is higher at shallower depths and (ii) they are physically
closer to the source of the incoming groundwater. Similar vertical flow was observed in
models of 100-km (Section 6.6.1.2) and 180-km (Section 6.6.1.3) diameter craters on
early Mars that did not incorporate faults. This implies that the flow is driven by thermal
gradients and topography, and would partly occur even without the localized channels of
high permeability provided by faults in the modification zones of craters. However, if
faults are present in the modification zone, they will provide conduits for fluid flow and
will record alteration assemblages representative of the flow.
The model’s consistency with observations can also be tested by a comparison to the
data derived from analysis of hydrothermally altered samples from the Yax-1 borehole.
The model resolution, however, is too coarse for detailed comparison with observations
in Yax-1, where melt is only ~24-34 m thick. We therefore constructed a simple heat
conduction cooling model for the local region (Figure 21a), assuming, as above, that the
Yax-1 site was not immediately submerged and remained relatively dry. The initial
temperatures of the impact melt and overlying breccia were taken directly from a model
by Zurcher and Kring (2004), and the temperature below the melt was obtained from the
model above for the entire crater. The thickness of the melt unit was conservatively set to
24 m, also following the Zurcher and Kring (2004) model. The maximum temperature at
a point 30 m above the melt, located in the highly altered breccia unit 3, reached 135 °C
in the local model. This is significantly less than the temperatures suggested by the
alteration mineral assemblages at unit 3, which may have reached or exceeded 300 °C
(Zurcher and Kring, 2004). Even if we assume higher initial temperatures and a larger
volume of nearby melt (Figure 21b), maximum temperatures in the breccia only reach
220 °C. However, peak conductive temperatures could have been augmented by a localized hydrothermal upwelling and/or horizontal flow, possibly in the form of a rapid,
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Figure 21. Temperature profiles in the breccia 30 m above the melt in the Yax-1 borehole, based on a separate thermal conduction model. The left panel shows the initial
model setup, and the right panel shows the thermal history at the point marked “Temperature Measurement.” a) most likely scenario, b) “extreme” scenario, with elevated breccia
and melt temperatures, as well as a rapidly thickening melt immediately to the left of the
borehole.
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short-lived transient event that was not in equilibrium with the rocks. This is consistent
with observations of preferential flow through localized zones in the Yax-1 core and
temperatures of ~270 °C independently derived from fluid inclusions in hydrothermal
quartz veins (Lüders et al., 2003; Lüders and Rickers, 2004). In addition, the Yax-1 site
may have been warmer than indicated in the model, because (i) the melt unit could have
been up to ~10 m thicker than modeled, and (ii) localized melt pools that are seen in the
modification zones of craters (Kring, 2005a), may have increased the temperature of this
region, but are not explicitly modeled here.
The shape of the thermal evolution plot of the Yax-1 breccia in the local model
(Figure 21) is also consistent with alteration observed at the Chicxulub crater. The
temperature profile shows an initial low-temperature phase, a rapid increase in temperature due to the nearby melt, a brief period of peak temperatures, and a subsequent period
of slower cooling, all of which is consistent with the description of Zurcher and Kring
(2004) based on observed alteration patterns.
On the scale of the entire impact structure, there is obvious lateral heterogeneity in
temperatures at any given timestep. The central regions of the model crater have a much
higher initial temperature and remain hot for a far longer period of time, which is consistent the zonation patterns observed during a study of melt samples from the central melt
sheet (C1-N10) and two regions of the annular trough (Y6-N19 and Yax-1_863.51)
(Zurcher et al., 2005b). A comparison of alteration products from these three boreholes
reveals decreasing K-feldspar-quartz to phyllosilicate contents from C1 to Y6 to Yax-1,
implying a gradient from higher temperature at C1, to intermediate temperature at Y6, to
lower temperature at Yax-1 (Zurcher et al., 2005b). Finally, the duration of hydrothermal
activity presented here is consistent with an estimate of “significantly longer than 300 ka”
(Rowe et al., 2004), which is derived from the stratigraphic distribution of geochemical
anomalies in early Tertiary sediments attributable to hydrothermal plume fallout.
The long duration of the hydrothermal system at Chicxulub, coupled with its large
volume, makes it likely that it was colonized by thermophilic (optimal growth temperatures ~50-70 °C) and/or hyperthermophilic (optimal growth temperatures ~70-100 °C)
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microorganisms. For comparison, the maximum surface area of hydrothermal activity
within Chicxulub crater was over 10,000 km2, while the area of the Yellowstone caldera
is smaller, at ~2,500 km2, with continuous hydrothermal activity for only the last ~0.6 Ma
(Fournier, 1989). Nonetheless, the Yellowstone hydrothermal system is host to a wide
variety of microorganisms, and it is therefore likely that Chicxulub was similarly inhabited. In order for these microorganisms to be active, some amount of water flow is needed
to bring nutrients and remove waste products. However, the required water flux varies
greatly depending on the type of organism, its chemosynthetic pathway, and the chemical
composition of the hydrothermal fluid. Nonetheless, a general habitable zone for (hyper)thermophiles can be estimated from Figure 16, by examining the rock volume
between 50 and 100 °C that has some water flow. As the system evolved, the periphery
of the crater cooled fairly quickly, and the habitable zone migrated from the outside
inward. Habitable conditions persisted in the central regions of the crater for a far longer
time, on the order of hundreds of thousands of years. Thus, a search for prospective
biomarkers is most likely to be fruitful in samples from the center of the crater, particularly the polymict breccias overlying the central melt sheet.
To show the variability of hydrothermal systems at craters of similar sizes, it is useful
to compare the results of this model of Chicxulub to the model of hydrothermal activity
at Sudbury crater (Chapter 4). The initial temperature distribution for Sudbury (Figure 6)
and Chicxulub (Figure 15) is not significantly different. The Chicxulub model has a
larger melt sheet, with a central thickness of 3.5 km, vs. 2.5 km for Sudbury (e.g., Grieve,
1994; Pope et al., 2004). However, this is partly compensated for by the fact the outer
regions of the crater are cooler than those at Sudbury. The melt temperature in the
annular trough is set to 1087 ºC, versus 1700 ºC. Comparing the baseline model (surface
permeability of 10-3 darcies) in this chapter to the Sudbury model of analogous permeability (Figure 8), we note that the fluxes are generally higher for Sudbury, partly due to
the 1.5 km of permeable breccias above the melt. The thickness of breccias at Sudbury is
greater than that estimated for Chicxulub based on drill cores and geophysical data,
which affects both hydrothermal circulation and thermal evolution. The Sudbury model is
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cooling more slowly than that of Chicxulub, partly due to the lower thermal conductivity
used, and partly due to the insulating effects of the additional breccia overburden. For the
same breccia thickness (500 m), the lifetime of the 10-3 darcy model in this chapter (1.7
Ma, Figure 20) is slightly less than the lifetime in the Sudbury model of the same permeability (1.9 Ma, Figure 10b). However, for the higher-permeability model (surface
permeability of 10-2 darcies), the system lifetime is significantly higher for Chicxulub
than for Sudbury: 2.3 Ma vs. 1.1 Ma. This is mainly due to system dynamics; towards the
end of the system there are many central convection cells in the Sudbury model, but for
Chicxulub there are only a couple, and a strong central upwelling concentrates heat in the
center of the crater. The higher initial temperatures in the center of the Chicxulub crater
also contribute to longer lifetimes.
Some of the differences are artifacts of modeling. Specifically, an increase in the
spatial resolution of simulations appears to increase the number of convection cells above
the central uplift in the later stages of cooling, particularly for the higher-permeability
case. The number of convection cells is also a function of permeability, with a higher
number of cells in higher-permeability models.
An important process affecting hydrothermal systems is self-sealing as a result of
alteration and mineral deposition, which has been observed in drillcores from the Yellowstone geothermal system (Keith et al., 1978). Although it is possible to incorporate
this process into the model in an approximate way, for example, as a linear or exponential
decrease with time, this approach may not adequately represent physical reality. A recent
study by Dobson et al. (2003) of self-sealing at the Yellowstone geothermal system
suggests that, although it can decrease the permeability and porosity of the rock matrix, it
focuses fluid flow along fractures, where multiple episodes of fluid flow and self-sealing
have occurred. Because impact craters have a high fracture density, permeability of an
impact crater must be dominated by macroscopic fractures (e.g., Mayr et al., 2005), and
therefore fluid flow is more likely to occur in cyclical episodes described by Dobson et
al. (2003) rather than decrease smoothly with time. A typical cycle begins with an
explosive release of fluid overpressure, which forms transient, high-flow conduits, and
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the subsequent fluid flow results in mineral precipitation and eventual self-sealing,
leading to another cycle of the process (Dobson et al., 2003). The simulations presented
in this dissertation thus represent an average fluid flow.

5.8

Conclusions

The modeling results presented in this chapter suggest the following sequence of hydrothermal activity at Chicxulub crater: Shortly after the impact, a partial flooding of the
deepest portions of the crater infiltrated the permeable breccias overlying the melt,
resulting in rapid steam emission for ~2,000 years, followed by the circulation of water
through these breccias. The melt in the annular trough has crystallized in less than ~600
years, but the region remained hot and impermeable for thousands of years thereafter.
Initial hydrothermal activity was not limited to breccias, however, as convection cells
quickly formed at the edges of both the central melt sheet and the melt in the annular
trough, with some water flow underneath the latter. In addition, faults in the crater’s
modification zone provided conduits for an upward flow of water. As the system evolved,
flux magnitudes generally decreased and hydrothermal activity moved from the outside
of the crater inward. Temperature contours were vertically deflected by the upward flow
of warmer water and downward flow of colder water, and long-lived upwellings, such as
the one beneath the peak ring, were established. As the impact melt cooled, it gradually
became brittle and fractured, becoming permeable to water. The melt in the annular
trough became permeable quickly, in ~5,000 years, while it took the central melt sheet
several hundred thousand years to become fully permeable. In the later stages of the
hydrothermal system, numerous convection cells formed above the central uplift, resulting in significant circulation of water and steam through the solidified central melt sheet.
In the final stages of activity, warm temperatures were maintained in the center of the
crater by a single central upwelling, which delivered heat from the deep interior to the
near-surface.
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The temperatures and fluxes observed in the model are consistent with alteration
patterns observed in the samples from Chicxulub crater. The central regions of the model
crater have a much higher initial temperature and remain hot for a far longer period of
time, which is consistent the zonation patterns suggesting a gradient from higher temperatures at the center to lower temperatures at the periphery. A separate thermal submodel put together for the Yax-1 borehole shows an initial low-temperature phase in the
polymict breccia, a rapid increase in temperature due to the nearby melt, a brief period of
peak temperatures, and a subsequent period of slower cooling, which is consistent with
mineralogical signatures observed in the samples. Although a maximum temperature of
just 220 °C was reached in this test, higher temperatures could have been reached through
a localized hydrothermal upwelling, horizontal flow, permeability variations, and other
mechanisms.
The lifetime of the hydrothermal system ranges from 1.5 Ma to 2.3 Ma depending on
assumed permeability. To first order, these values agree with an estimate derived from
geochemical anomalies in the early Tertiary sediments. These lifetimes are longer than
those obtained from a model of a similarly-sized Sudbury crater, partly due to a larger
central melt sheet at Chicxulub (central thickness of 3.5 km, vs. 2.5 km for Sudbury). The
relatively long duration of hydrothermal activity presented here is explained by several
factors. First, permeability decreases exponentially with depth and large parts of the
crater are impermeable due to high temperatures, relegating most hydrothermal cooling to
near-surface regions while the bulk of the crater is dominated by conduction. Second,
significant amounts of heat are delivered to the near-surface by hydrothermal upwellings,
increasing the lifetime of the system. Finally, the permeability range used here is too low
to overcome this effect and allow a rapid convective cooling of the crater.
The long duration of the hydrothermal system at Chicxulub provided ample time for
colonization by thermophiles and/or hyperthermophiles. The habitable zone for these
microorganisms migrated from the outside inward as the crater cooled. Because habitable
conditions persisted in the central regions of the crater for a far longer time than the
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periphery, a search for prospective biomarkers is most likely to be fruitful in samples
from that region.
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CHAPTER 6
Impact-Induced Hydrothermal Activity on Early Mars

6.1

Introduction

The sites of ancient hydrothermal systems are very promising places to search for biomarkers indicative of past biological activity on Mars. Of the two types of hydrothermal
systems – volcanogenic and impact-induced – the latter may have been more important
early in Mars’s history, because old (Noachian-age) terrains are dominated by impact
cratering processes and show little evidence of volcanism (Carr, 1996). This implies that
impact cratering removed volcanic landforms that may have been produced during this
period of high heat flow, and was therefore the dominant process for some time. Also,
while volcanic process on Mars have produced positive topographic features, such as the
Tharsis shield volcanoes, impact events formed basins that could have filled with water to
form crater lakes (e.g., Newsom et al., 1996; Cabrol et al., 2001), enhancing their biological potential. Finally, during the impact cataclysm at ~3.9 Ga (Section 1.3.1), the heat
delivered by impact events may have exceeded that generated by volcanic activity
(Kring, 2000).
Ancient valley networks, some of which are interpreted as surface runoff (e.g.,
Williams and Phillips, 2001; Craddock and Howard, 2002), as well as chemical, mineralogical, and structural data from the Opportunity rover (Squyres et al., 2004), indicate
that liquid water was present and stable on the surface (at least episodically) in the
Noachian epoch, during which the impact cataclysm took place. The cataclysm may have
resurfaced Mars, forming most of the craters observed in the Martian highlands (Kring
and Cohen, 2002), and likely would have resulted in cycles of vaporization of any surface
water or ice following very large impacts (forming craters at least ~600 km in diameter)
(Segura et al., 2002), eliminating any life that may have existed at the surface. At the
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same time, new subsurface habitats were created (Zahnle and Sleep, 1997) in the form of
impact-induced hydrothermal systems, which may have provided sanctuary to existing
life or even have been a site of its origin. There are several lines of evidence suggesting
that may have been the case on Earth. For example, phylogenies of terrestrial organisms
constructed from rRNA sequences imply a thermophilic or hyperthermophilic common
ancestor (Section 1.3.3), which, along with the earliest isotopic evidence of life at ~3.85
Ga (Section 1.3.2), coinciding with the cataclysm, suggest that impact-induced hydrothermal systems played an important role in the origin and evolution of early life on
Earth. The same may be true for Mars. It is also important to note, however, that impactgenerated hydrothermal systems were not limited to early Mars. Present-day subsurface
ice has been inferred at high latitudes (poleward of 60°) based on the detection of hydrogen by the Gamma Ray Spectrometer (GRS) onboard Mars Odyssey (Boynton et al.,
2002), and indirectly by the presence of fresh craters with fluidized ejecta blankets (e.g.,
Mouginis-Mark, 1987; Squyres et al., 1992; Barlow and Perez, 2003) and rootless cones
(Lanagan et al., 2001) at lower latitudes. Thus, a present-day impact may still generate
hydrothermal activity.
Unlike Earth, many ancient Martian craters are well preserved and presumably
contain mineralogical records of hydrothermal activity. Future remote sensing missions,
such as the upcoming Mars Reconnaissance Orbiter (MRO), will have spectrometers with
high spatial resolution, potentially capable of detecting localized outcrops of hydrothermally altered lithologies (Section 8.6.3). In anticipation of these missions, it is vital to
model the spatial distribution of the alteration in Martian craters, predict mineral assemblages indicative of hydrothermal activity, and outline a search strategy.

6.2

Goals

One of the goals of the work in this chapter is to constrain the lifetimes of impact-induced
hydrothermal systems on early Mars. The duration of hydrothermal activity can affect the
magnitude of chemical and mineralogical alteration of the Martian crust and is a strong
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factor in determining the potential biological importance of these systems. As discussed
qualitatively by Newsom et al. (2001), the system lifetime depends on the size and initial
temperature of the heat source, physical and thermal parameters of host rocks (such as
permeability, heat capacity, and thermal conductivity), availability of liquid water, and
other factors, such as self-sealing due to mineral precipitation. Crater cooling models
suggest that the lifetimes of hydrothermal systems in craters 20 to 200 km in diameter are
~103 to 106 years if purely conductive cooling is assumed (e.g., Daubar and Kring, 2001;
Turtle et al., 2003; Ivanov, 2004). In order to better constrain the expected lifetimes of
these systems we are using a finite-difference computer simulation to evaluate the
additional effects of heat transport by water and steam.
Another goal is to further understand the mechanics of post-impact hydrothermal
circulation, with a focus on the locations of near-surface activity. This, in turn, can aid in
spectroscopic and visual identification of hydrothermal vents and hydrothermally altered
minerals at Martian craters.
Finally, we are seeking to understand the biological potential of these systems in
terms of their habitable volume, or the rock volume within which there are temperatures
and fluid flow suitable for thermophilic microorganisms. The evolution of habitable
volume as a function of time can place important constraints on the long-term habitability
of these systems.
The present work aims to achieve these goals by numerically modeling hydrothermal
activity in craters of 30, 100, and 180 km diameter in an early Martian environment. In
addition, a conductive cooling timescale for a Hellas-size impact basin is estimated.

6.3

Improvements over Previous Work

This chapter presents several specific improvements on Rathbun and Squyres (2002).
While the earlier simulations were limited to 50,000-100,000 years, hydrothermal activity
is simulated for up to several million years in this work, allowing estimates of system
lifetimes for larger craters. Crater lakes and the latent heat of fusion are now explicitly
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included in the model. The crater topography has been improved based on observations
of lunar craters, and is preserved throughout the simulation, rather than being removed
shortly after crater formation. In addition, the post-impact temperature distributions that
serve as starting conditions have been generated by hydrocode simulations either specifically for Mars or were adapted for Mars with consideration of the different kinetic energy
requirements for the formation of Martian craters.

6.4

Resolution and Boundary Conditions of the Models

The 100- and 180-km crater models are represented on a 75 × 33 grid, for a total of 2,475
blocks, and 30-km crater is represented on a 100 × 33 grid, for a total 3,300 blocks. The
30-km crater model extends to a radius 20 km (only the first 16.5 km are shown in the
figures), the 100-km crater to a radius of 75 km, and the 180-km crater to a radius of 150
km. The upper boundaries of the models represent a layer of cooled breccia, with pressure and temperature held constant at 0.5 bars and 5 °C. The thickness of the breccia
layer is equal to the vertical resolution of the model, which is 333 m for the 30-km crater
and 500 m for the 100- and 180-km craters. The horizontal resolution is 200 m for the 30km crater, 1 km for the 100-km crater, and 2 km for the 180-km crater. The bottom
boundary is impermeable with a constant basal heat flux of 32.2 mW/m2 to match an
average estimated geothermal gradient of 13 °C km-1 (Babeyko and Zharkov, 2000).

6.5

Input Parameters

6.5.1 Topography

6.5.1.1 30-km Crater
The topography for the 30-km model crater was obtained directly from the Mars Orbiter
Laser Altimeter (MOLA) data for a 29-km fresh Martian crater located at 23° N, 207° E
(Figure 22). This crater has been characterized as very young by Mouginis-Mark et al.
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Figure 22. Tooting, a fresh 29-km Martian crater that provided topography for the 30-km
early Mars crater model. a) A Viking mosaic of the crater, which is located at 23° N,
207° E, just west of Tharsis. b) An elevation profile of the crater (running north to south),
which was provided topography for the model. Derived from a global MOLA digital
elevation model gridded at 128 pixels per degree.
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(2003), based on the presence of ejecta rays, extensive secondary craters, high thermal
inertia, lack of superimposed small impact craters, large depth/diameter ratio, and other
geomorphic indicators. In addition, the rim height of this crater is ~680 m and the central
peak height is ~820 m, which is significantly higher than 340 m and 220 m, respectively,
predicted by Garvin et al. (2003) based on topography analysis of a large sample of
Martian craters. In fact, topography derived from lunar craters (Table 1), which predicts
the rim and central peak heights of 920 m and 490 m, respectively, provides a better fit.
This is likely an indication of an advanced degree of degradation of most Martian craters.

6.5.1.2 100-km crater
While the recent MOLA data on the topography of large Martian craters is of very high
quality, it is likely not representative of the state of the craters immediately after their
formation, since the analyzed craters been degraded in various degrees by erosional and
depositional processes. It is also noteworthy that the topography of the 29-km fresh crater
is better approximated by lunar morphometry than by MOLA-derived predictions.
Therefore, our topography model for the 100-km crater is based on the morphometry of
lunar craters, summarized in Table 1.

6.5.1.3 180-km crater
The topography model for the 180-km crater is also based on the morphometry of lunar
craters (Table 1) for reasons explained above.

6.5.2 Temperature Distribution

6.5.2.1 30-km Crater
The temperature distribution for the 30-km crater model was generated by a hydrocode
simulation of crater formation on Mars (Pierazzo et al., 2004). The simulation modeled a
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90° impact of an asteroid 2 km in diameter at a velocity of 8 km/s. A hydrocode simulation for a cometary impact, which produced higher temperatures, was also available, but
was not used because asteroid impacts are far more prevalent. Since the geothermal
gradient chosen for our models (13 °C/km) matched the geothermal gradient in the
Pierazzo et al. (2004) simulation, no further changes to the temperature distribution were
made.

6.5.2.2 100-km crater
The temperature distribution for the 100-km crater model was obtained from a hydrocode
simulation of the impact that formed Popigai crater on Earth (Ivanov, 2004), and adapted
for Mars. An important factor that was considered was that the kinetic energy of the
projectile needed to form a 100-km crater on Mars is lower compared to Earth (Figure
23). The main reasons for this are the lower gravity on Mars, which allows more material
to be ejected, and the lower average impact velocity for Mars, which requires a larger
projectile to generate the same kinetic energy if the density stays constant. Figure 23
indicates that the kinetic energy needed to form a crater of a given diameter is ~50 % less
for Mars than for Earth. Since the amount of shock heating and uplift is approximately
proportional to the kinetic energy of the projectile, this implies that immediately after an
impact a 100-km crater on Mars would be ~50 % cooler than a 100-km crater on Earth.
Consequently, the net temperature increase ( T) in the Popigai crater temperature distribution was reduced by 50 %.

6.5.2.3 180-km crater
Similarly, the temperature distribution for our 180-km crater model was obtained from a
hydrocode simulation of Sudbury crater formation (Ivanov and Deutsch, 1999) and
adapted for early Mars using the methods outlined in the previous section.
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Figure 23. Final crater diameter as a function of projectile kinetic energy for Mars and
Earth. Calculated from the Pi-group scaling laws (e.g., Holsapple and Schmidt, 1982),
assuming a stony impactor with a density of 3,000 kg/m3, a target density of 2,600 kg/m3,
and a competent rock or saturated soil target type. Impact velocities typical for asteroid
impacts are used: 7 km/s for Mars and 17 km/s for Earth.
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6.5.2.4 Hellas Basin (2000 km)
Hydrocode simulations for the formation of the Hellas Basin have not yet been conducted. Consequently, the temperature distribution for a Hellas-sized impact basin
(~2,000 km in diameter) was computed analytically using an expression for specific
waste heat ( ∆Ew ) derived from the Murnaghan equation of state (Section 2.2.2). Parameters were chosen assuming a basaltic surface composition and are described in Section
2.2.2 as well as listed in Table 4. Projectile radius Rpr was estimated at 91,500 m using
Pi-group scaling laws (e.g., Holsapple and Schmidt, 1982), assuming a vertical asteroid
impact with a velocity typical for Mars (~7,000 m/s) into competent rock.
The temperature at the base of the lithosphere is estimated at ~1300 °C (Schubert et
al., 2001), which gives a lithospheric thickness of 100 km with a 13 °C/km temperature
gradient. The temperature gradient in the mantle is taken to be 0.1 °C/km (Schubert et
al., 2001). The final temperature distribution obtained using this method agrees well with
a hydrocode-generated temperature distribution for a hypothetical impact of a 200-km
body on the Earth (Ivanov, 2004).

6.5.3 Melt Sheet Properties

6.5.3.1 Analytical Estimation of Melt Volumes
The volumes of melt sheets in the 100- and 180-km craters were estimated using an
analytical expression derived by Wong et al. (2005):
Vmelt = 1.23 × 10 −8

where

p

ρ p 0.18 0.83 2.35 1.63 1.63
g Dtc D pr v sin θ
ρt

is the density of the projectile (~3,000 kg/m3),
3

(17)

is the density of the target

t
2

(2600 kg/m ), g is the acceleration due to gravity (3.72 m/s ), Dtc is the transient crater
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Table 4. Parameters used for calculating the post-impact temperature distribution of
Hellas basin.
________________________________________________________________________
Parameter
Value
Units
________________________________________________________________________
Adiabatic bulk modulus at zero pressure (K0)
19.3
GPa
Pressure derivative of the bulk modulus (n)
5.5
unitless
Impact angle
90
degrees
Shock decay exponent (N)
2.016
unitless
Basin diameter (D)
2,000
km
Impact velocity (v)
7,000
m/s
Projectile Radius (Rpr)
91,500
m
Projectile Density
2,600
kg/m3
Linear shock–particle velocity EOS parameter S
1.62
unitless
Linear shock–particle velocity EOS parameter C
2,600
m/s
________________________________________________________________________
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diameter as measured at the pre-impact surface, Dpr is the projectile diameter, v is the
impact velocity (7,000 m/s), and is the impact angle (90°).
Several expressions for relating the final crater diameter and the transient crater
diameter have been put forward. Croft (1985) suggested the following relationship based
on the terrace widths and central peak diameters of lunar craters:

D=

Dtr1.18
DQ0.18

(18)

where D is the rim-to-rim diameter of the final crater, Dtr is the rim-to-rim diameter of
the transient crater, and DQ is the simple-to-complex transition diameter. DQ is estimated
to be ~8,400 m for early Mars assuming inverse scaling with gravity and density
(Holsapple, 1993):

DQ =

g Moon ρ Moon DQMoon
gρ t

(19)

Kring (1995) derived a different expression for the transient/final crater relation based on
the morphology of ejecta blankets (in SI units):
D = 0.82 Dtr1.07

(20)

Croft (1985) and Kring (1995) expressions eventually intersect at large diameters but
strongly disagree at small diameters (Dtr



DQ) at which the relationship should be close

to the simple crater relation D = 1.19Dtr (Melosh, 1989). Thus, for small complex
craters, the Croft (1985) expression underestimates the final crater diameter D while the
Kring (1995) expression overestimates it. For that reason, we use a geometric mean of the
two expressions:

124

Dtr1.125
D = 0.91 0.09
DQ

(21)

which also agrees with the proportionality D ∝ Dtr1.13 proposed by McKinnon and Schenk
(1985), who estimated the degree of collapse based on the ratio of ejecta blanket diameter
to the crater diameter. Equation (21) yields transient diameters of 62,000 m and 105,000
m for the 100-km crater, and the 180-km crater, respectively.
However, Equation (17) requires the transient crater diameter measured at the original
surface (Dtc, also called the apparent diameter), while Equation (21) yields the rim-to-rim
diameter Dtr of the transient crater. Pike (1977) determined the ratio of the rim-to-rim
diameter to the apparent diameter for 164 lunar craters, finding that it decreases with
increasing crater diameter, ranging from 1.20 for craters less than 0.4 km to 1.11 for
craters greater than 100 km. Since there is little collapse in very small craters, we assume
that the ratio Dtr/Dtc is close to 1.20, which agrees with hydrocode simulations of transient crater formation by Shuvalov (2002). It is also close to the average of the ratios
suggested by Holsapple (1993) (1.30) and Grieve and Garvin (1984) (1.13). The apparent
transient craters diameters are then 52,000 m and 88,000 m for the 100- and 180-km
craters, respectively.
The projectile diameter Dpr is calculated using the Pi-group scaling laws (e.g.,
Holsapple and Schmidt, 1982), resulting in diameters of 8,500 m for the 100-km crater
and 16,500 m for the 180-km crater. This then yields total melt volumes of 460 km3 and
3,400 km3 for the 100- and 180-km craters, respectively. However, a substantial fraction
of the melt is ejected from the crater. For lunar craters in the 100 to 180-km diameter
range, the fraction of melt ejected is estimated at ~0.5 (Cintala and Grieve, 1998). The
fraction of melt ejected scales with gravity and is estimated at ~0.24 for the terrestrial
crater Chicxulub (Kring, 1995). However, this value is not well defined and strongly
depends on the assumed value of z in the z-model of Maxwell (1977). Therefore, using a
conservative approach, we assume a lunar value of ~1/2 melt ejected. The remaining melt
volumes of 230 km3 and 1700 km3 are distributed in central melt sheets and small melt
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sheets, the latter of which are located between the peak rings and rims in the annular
trough of the craters.

6.5.3.2 Physical Parameters of the Melt
The initial temperature of the melt was conservatively estimated at 1700 °C based on
temperature estimates in excess of 1700 °C for melt sheets of terrestrial impact craters
(e.g., Grieve et al., 1977; Ostermann et al., 1996). The melt/clast ratio in the melt sheet
increases with crater diameter and is expected to be high for the 180-km crater. However,
for the 100-km crater, the volume proportion of cold clasts becomes an important factor
in determining the initial volume and temperature of the melt sheet (Section 5.5.3.1). The
proportion of clasts in the melt sheet of a similarly sized Popigai crater on Earth is ~50%
(Masaitis et al., 1998). Thus, the corresponding volume of clasts was added to the melt
sheet of the 100-km Martian crater, doubling its volume to 460 km3 and lowering its
temperature to 1125 °C after thermal equilibration.
The liquidus and solidus temperatures of 1280 ºC and 1070 ºC, respectively, were
chosen based on those of gabbro (Ernst, 1976), a coarse-grained equivalent of basalt,
because the surface of Mars appears to be dominated by basaltic lithologies (Bandfield et
al., 2000).
An important question pertaining to the melt sheets is how much convection occurs
during the cooling process. There is no heat source below the melt sheet, since the
underlying rocks have a cooler temperature and act as a heat sink. Thus, cooling occurs at
both the top and bottom of the melt sheet, and the former may generate some convective
overturn in the form of cold downwelling plumes below the stagnant lid. This mechanism
has been observed at the Makaopuhi lava lake in Hawaii but for various reasons is not
active at other lava lakes (Davaille and Jaupart, 1993). Convection is not expected to
occur in the melt sheet of the 100-km crater, since its initial temperature is well below the
liquidus, a temperature at which convection in top-cooled magma reservoirs typically
ceases (e.g., Brandeis and Marsh, 1989). While some convection may have occurred in
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the melt sheet of the 180-km crater, potentially cooling it faster, it was not included in the
model due to its uncertain extent and duration and the limitations of the code.

6.5.4 Rock Parameters
As elaborated in Section 3.4.3, porosity and permeability in the models decreases exponentially with depth, accounting for the closing of pore and fracture spaces by lithostatic
pressure. For early Mars simulations, surface porosity

0

is 20 %, which is similar to that

of lunar breccias (Warren and Rasmussen, 1987).
Since permeability has important effects on the dynamics and duration of a hydrothermal system, and is not well constrained, several values of k0 were investigated in this
study. It was also recognized that lower permeabilities may become more appropriate due
to mineralization as the system ages. Rock density, thermal conductivity, and heat
capacity were assumed to be that of basalt (Mellon, 2001) and are summarized in Table
5. Additionally, the physical properties of the mantle for the Hellas basin simulation were
taken from Schubert et al. (2001).

6.5.5 Crater Lakes
Lakes may have commonly formed in impact craters on early Mars: one survey, conducted by Cabrol and Grin (1999) suggested paleolakes occurred in at least 179 craters.
Whether these crater lakes can form shortly after crater formation on a timescale significantly less than the lifetime of the hydrothermal system depends on hydrologic conditions
and the amount of atmospheric precipitation. A crater lake would certainly form rapidly
if the impact occurred into an area that had abundant surface water, such as that inferred
for an ancestral stage of the Meridiani Planum region based on observations by MER
Opportunity (Squyres et al., 2004). A crater lake can also form through groundwater
drainage from an underground aquifer, as observed at Meteor Crater on Earth (Shoemaker and Kieffer, 1974) and suggested for the 150-km Gusev crater on Mars (Grin and
Cabrol, 1997). In addition, Newsom et al. (1996) suggested that crater lakes may form in
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Table 5. Rock parameters used in the early Mars crater models.
________________________________________________________________________
Parameter
Value
Units
________________________________________________________________________
Porosity
f(z), 20% at the surface
unitless
Permeability
f(z,T), 10-2 at the surface*
darcies
Thermal conductivity (crust)
2.5
W m-1 K-1
Heat capacity (crust)
800
J kg-1 K-1
Density (crust)
2600
kg m-3
Thermal conductivity (mantle)
3.3
W m-1 K-1
Heat capacity (mantle)
1250
J kg-1 K-1
Density (mantle)
3300
kg m-3
________________________________________________________________________
*

Unless otherwise indicated
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large craters (> 65 km in diameter) shortly after an impact and persist even under current
climatic conditions. Consequently, crater lakes may be a common phenomena, particularly on early Mars, and were incorporated into the models presented in this chapter.
However, one model was also run without a crater lake to define its role in hydrothermal
activity.

6.6

Results

6.6.1 Hydrothermal Mechanics and Lifetimes

6.6.1.1 30-km Crater
Results of the numerical simulation of a hydrothermal system in a 30-km crater are
shown in Figure 24. Overall, this system is driven by a central hotspot, which heats up
water and causes it to rise, generating a single large upwelling that persists throughout the
system’s lifetime. At 25 years the system is primarily characterized by a large region
within the crater’s central peak where temperatures and pressures are compatible with
water’s gaseous phase. This results in emission of large quantities of steam up to three
kilometers (horizontally) from the center of the crater. Water is drawn towards the
crater’s center to replenish the escaping steam. While not modeled explicitly due to the
limitations of the code, this phase transition would have left behind minerals and caused a
degree of clogging in this region. However, subsequent flow of hot water through the
central peak may have redissolved these minerals. The source and sink of the water is the
crater lake; virtually no water is drawn from the permeable right boundary after the
formation of the crater lake.
By 1,000 years, the steam emission from the central peak has essentially ceased.
While there are still small quantities of steam being generated within the central peak, it
condenses before reaching the surface. The temperatures within the central peak are now
noticeably cooler, having decreased by more than 100 °C. Due to this smaller thermal
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Figure 24. Results of a numerical simulation of the hydrothermal system at a 30-km
crater on early Mars. The central peak of the crater is on the left side of each figure.
Surface permeability k0 is 10-2 darcies. Solid arrows and dotted arrows indicate the water
and steam fluxes, respectively. The lack of arrows in some regions indicates that fluxes
are less than 2 orders of magnitude smaller than the maximum flux. Solid lines are
isotherms, labeled in degrees Celsius. The length of the arrows scales logarithmically
with the flux magnitude, and the maximum value changes with each plot. a) 25 years,
max. water flux = 6.66 × 10-5 kg s-1 m-2, max. steam flux = 1.84 × 10-5 kg s-1 m-2 b)
1,000 years, max. water flux = 1.50 × 10-5 kg s-1 m-2, max. steam flux = 2.33 × 10-7 kg s-1
m-2 c) 10,000 years, max. water flux = 6.01 × 10-6 kg s-1 m-2 d) 100,000 years, max.
water flux = 8.49 × 10-7 kg s-1 m-2.
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driver, the water fluxes are about 5 times smaller than they were at 25 years. However,
the system on the whole still remains quite hot, with temperatures of over 100 °C observed in the near-surface up to 6 km away from the crater’s center.
At 10,000 years, steam generation has completely stopped, and temperatures and
water fluxes have further decreased. The center of the single giant convection cell that
makes up the system has started moving downwards, a trend that continues in subsequent
timesteps. This allows water to re-circulate without entering the lake. Finally, at 100,000
years, a small amount of circulation continues, but the water fluxes are 2 orders of
magnitude lower than they were early in the system.

6.6.1.2 100-km crater
Evolution of an impact-induced hydrothermal system in a 100-km crater is shown in
Figure 25. Unlike the 30-km crater model, this crater is large enough to possess a hightemperature and impermeable melt sheet and temperatures high enough to render parts of
the subsurface impermeable. One similarity to the 30-km crater, which had steam emission from the central peak, is that the steam is being generated and emitted from the peak
ring early in the system, and is being replenished by water flowing in on both sides of the
peak ring (not shown). However, this activity ceases by 500 years due to the rapid
cooling of the peak ring, and is replaced by a strong upwelling of water within the peak
ring, where cold water enters near the base and is subsequently heated and transported
upward. The highest fluxes of the 500-year timestep are observed in this region. At this
time in the simulation, most of the melt in the annular trough has crystallized, although it
is not yet permeable to fluid flow. Some steam is being generated in the crater’s modification zone on its outer wall, and there are some strong but somewhat chaotic water
fluxes in this area as well, that are probably venting through the faults that separate
blocks of crust in the modification zone. The flow of water through these faults likely reorganized into conduits by the precipitation of silica, phyllosilicates, and other minerals
and subsequent self-sealing, a phenomena observed at mid-ocean ridge black smokers
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Figure 25. Results of a numerical simulation of the hydrothermal system at a 100-km
crater on early Mars. The center of the crater is on the left side of each figure. Surface
permeability k0 is 10-2 darcies. Solid arrows and dotted arrows indicate the water and
steam fluxes, respectively. The lack of arrows indicates that fluxes are less than 2 orders
of magnitude smaller than the maximum flux. Solid lines are isotherms, labeled in
degrees Celsius. The length of the arrows scales logarithmically with the flux magnitude,
and the maximum value changes with each plot. a) 500 years, max. water flux = 1.01 ×
10-5 kg s-1 m-2, max. steam flux = 1.35 × 10-6 kg s-1 m-2 b) 4,000 years, max. water flux
= 1.88 × 10-5 kg s-1 m-2, max. steam flux = 3.46 × 10-6 kg s-1 m-2 c) 20,000 years, max.
water flux = 1.63 × 10-5 kg s-1 m-2, max. steam flux = 1.00 × 10-5 kg s-1 m-2 d) 200,000
years, max. water flux = 1.70 × 10-5 kg s-1 m-2.
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(e.g., Sleep, 1991) and most subaerial hydrothermal systems. If the temperature drops
below the freezing point, formation of ice can have the same effect. Unlike the 30-km
crater model, a small fraction of the circulating water is supplied by the permeable right
boundary and not the crater lake. However, these fluxes about 2 orders of magnitude
smaller than those seen elsewhere in the system.
At 4,000 years, the small melt sheet has completely crystallized and cooled. Several
convection cells have developed in the annular trough and the modification zone, and
there are several obvious deflections of the temperature contours due to the upward flow
of warmer water and downward flow of colder water. The central melt sheet has fully
crystallized, but remains completely impermeable due to high temperatures. The strong
upwelling in the peak ring continues to be very active. Also, relatively large steam fluxes
are seen within the peak ring. Surprisingly, the overall flux magnitudes are now higher
than they were at 500 years, probably due to a smaller impermeable rock volume that was
previously impeding flow.
At 20,000 years, most of the central melt sheet has cooled below 360 °C and is now
permeable to water. There is now vigorous activity near the right edge of the former
central melt sheet with a couple of prominent convection cells. The upwelling in the peak
ring continues as before, and a small upward flow in the modification zone on the far
wall of the crater becomes noticeable as well.
By 200,000 years, the character of the system has changed. The convection cells at
the site of the central melt sheet have merged into two strong upwellings, which are the
dominant feature of this timestep. Far smaller upwellings continue to trickle inside the
peak ring and along the far wall. However, they are essentially insignificant, and the
overall character of the system is now close to that of the 30-km crater: a strong central
upward flow driven by a central hotspot. The central upwelling continues until the end of
the system when temperatures become too low to sustain it.
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6.6.1.3 180-km crater
Figure 26 shows the evolution of a hydrothermal system in 180-km crater. The main
structural features here are similar to those of the 100-km crater, with larger central and
annular melt sheets, higher topography, and higher temperatures in the central region. At
4,000 the central melt sheet has reached its liquidus temperature and is undergoing
crystallization, while the small melt sheet has fully solidified. The peak ring again plays
host to a prominent upwelling that continues throughout the lifetime of the system.
Another long-lived but relatively weak upwelling develops at the outer wall in the
crater’s modification zone, and is being resupplied by water both from the lake and the
permeable right boundary. There is some steam generation deep within the crater below
the right edge of the central melt sheet, with steam originating near the critical point of
water at 374 °C.
At 20,000 years, the small melt sheet has completely crystallized, but a remnant
hotspot remains and drives an upwelling in this area. The central melt sheet has completely crystallized and is partly permeable, allowing water to start circulating above it.
There is also some supercritical steam being produced below the central melt sheet.
At 200,000 years, the central melt sheet has cooled and is fully permeable, allowing
several large convection cells to develop in this region. This is a major difference from
the 100-km crater model, where these convection cells at this timestep were replaced by a
single central upwelling. The convection cells continue to operate until the end of the
system. The upwellings within the peak ring and the outer wall continue as before, but
with reduced fluxes. The overall magnitude of the fluxes continues to decrease, with the
largest flux observed here being ~2 times smaller than those seen early in the system.
At 2 million years the system has long ceased operating and temperatures have
returned close to a geothermal gradient. Only a hint of higher temperatures remains in the
center of the crater. There are a couple of “fossil” flows still active, most notably in the
modification zone, but the fluxes are ~20 times smaller than those seen earlier in the
system. This weak circulation, driven mainly by surface relief, may persist for a long
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Figure 26. Results of a numerical simulation of the hydrothermal system at a 180-km
crater on early Mars. The center of the crater is on the left side of each figure. Surface
permeability k0 is 10-2 darcies. Solid arrows and dotted arrows indicate the water and
steam fluxes, respectively. The lack of arrows indicates that fluxes are less than 2 orders
of magnitude smaller than the maximum flux. Solid lines are isotherms, labeled in
degrees Celsius. The length of the arrows scales logarithmically with the flux magnitude,
and the maximum value changes with each plot. a) 4,000 years, max. water flux = 1.66 ×
10-5 kg s-1 m-2, max. steam flux = 1.50 × 10-6 kg s-1 m-2 b) 20,000 years, max. water flux
= 1.34 × 10-5 kg s-1 m-2, max. steam flux = 9.38 × 10-8 kg s-1 m-2 c) 200,000 years, max.
water flux = 8.66 × 10-6 kg s-1 m-2 d) 2,000,000 years, max. water flux = 1.01 × 10-6 kg
s-1 m-2.
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time. It should also be noted, however, that these fluxes may be even smaller or entirely
nonexistent due to fracture closing by hydrothermal mineralization and clay deposition,
processes that generally operate on timescales smaller than those required for the cooling
of this large crater. Given the low volumes of circulating water and the volume of rocks
they must traverse, water would be expected to cool off completely before reaching the
surface.

6.6.2 Effects of Crater Lake
For the purposes of comparison, a simulation was run without a crater lake present in the
crater basin, but with saturated ground below the floor of the crater. Figure 27 shows the
results of this simulation for a 100-km crater. The major differences seen in this run are
due to the lack of pressure exerted by the crater lake, which results in water being drawn
from the permeable right boundary rather than being re-supplied from the lake. This
causes the fluxes early in the system to be lower than before, and thus less heat is removed from the system. Unlike the previous model, there is no flow through the central
peak and by 20,000 years most of the activity is concentrated in the center of the crater,
which eventually develops into a single vigorous upwelling in the center of the crater by
200,000 years. This long-lived upwelling, coupled with the overall lower fluxes seen in
this run, results in a longer system lifetime (700,000 vs. 430,000 years) for this simulation compared to a case with the crater lake present.

6.6.3 Heat Transport in the Absence of Fluid Flow

6.6.3.1 30-, 100-, and 180-km Craters
To understand the effects of water on crater cooling it is helpful to compare and contrast
the simulations described above to identical scenarios but without water. HYDROTHERM can be used to model crater cooling using purely conductive heat transport in
the rock matrix by setting permeability and porosity to near zero. Figure 28, Figure 29,
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Figure 27. Results of a numerical simulation of the hydrothermal system at a 100-km
crater on early Mars, without a crater lake. The center of the crater is on the left side of
each figure. Surface permeability k0 is 10-2 darcies. Solid arrows and dotted arrows
indicate the water and steam fluxes, respectively. The lack of arrows indicates that fluxes
are less than 2 orders of magnitude smaller than the maximum flux. Solid lines are
isotherms, labeled in degrees Celsius. The length of the arrows scales logarithmically
with the flux magnitude, and the maximum value changes with each plot. a) 500 years,
max. water flux = 7.74 × 10-6 kg s-1 m-2, max. steam flux = 4.12 × 10-6 kg s-1 m-2 b)
4,000 years, max. water flux = 4.15 × 10-6 kg s-1 m-2, max. steam flux = 3.14 × 10-6 kg s-1
m-2 c) 20,000 years, max. water flux = 6.95 × 10-6 kg s-1 m-2, max. steam flux = 3.26 ×
10-6 kg s-1 m-2 d) 200,000 years, max. water flux = 1.67 × 10-5 kg s-1 m-2, max. steam
flux = 2.01 × 10-7 kg s-1 m-2.
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Figure 28. Cooling progress of a 30-km crater on early Mars in the absence of water. The
center of the crater is on the left side of each figure. Solid lines are isotherms, labeled in
degrees Celsius.
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Figure 29. Cooling progress of a 100-km crater on early Mars in the absence of water.
The center of the crater is on the left side of each figure. Solid lines are isotherms, labeled
in degrees Celsius.
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and Figure 30 show cooling of the 30-, 100-, and 180-km craters, respectively, in the
absence of water. In the 30-km crater model, the temperatures in the 1,000 and 10,000
timesteps are significantly higher due to the lack of heat removal by water. However, in
the 100,000 year timestep of the wet model, temperatures are actually higher in the
crater’s central region due to the heat deposited by a long-lived upwelling of warm water.
These vertical upwellings also result in the time required to return to geothermal gradient
being longer for the wet model compared to the dry model.
In the 100-km and 180-km crater models, a similar trend can be observed. While the
dry model is on the whole hotter, there are regions in the wet model, such as the peak
ring, where long-lived hot water upwellings have significantly increased the temperature.
Conversely, there are numerous downwellings of cold water that led to a localized
temperature decrease. These deflections in the temperature contours are entirely absent in
the dry model due to a lack of flowing water.

6.6.3.2 Hellas Basin (2000 km)
The thermal evolution of a Hellas-sized impact basin is shown in Figure 31. While the
vertical resolution of the model (30 km) for this immense structure is too coarse to show
hydrothermal activity in the upper 10 km of the surface, this activity is not expected to
have a significant effect on the cooling of the system of this magnitude. Thus, only
cooling by conduction is modeled. However, most of the hotspot is located in the mantle,
but neither mantle convection nor convection in the melt produced by the impact is
included in this model, which should be treated as a rough approximation. The model
results indicate that the lifetime of the hydrothermal system produced by an impact of this
magnitude would be on the order of 10 Ma, which is the time it takes for the upper 1 km
of the surface to cool below 90 °C (see next section for an explanation).
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Figure 30. Cooling progress of a 180-km crater on early Mars in the absence of water.
The center of the crater is on the left side of each figure. Solid lines are isotherms, labeled
in degrees Celsius.
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Figure 31. Thermal evolution of a Hellas-sized impact basin (2,000 kilometers in diameter). Purely conductive cooling is assumed. The center of the basin in on the left side of
each figure. Solid lines are isotherms, labeled in degrees Celsius.
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6.6.3.3 Effects of Permeability on System Lifetime
Permeability is arguably the single most important parameter affecting the nature and
duration of an impact-induced hydrothermal system. In addition to the main simulation
set with a surface permeability of 10-2 darcies, values of 10-3 and 10-1 darcies were also
tested, corresponding to the average permeability of the Earth’s crust and midrange
permeability of crystalline rocks, respectively. Qualitatively, observed fluxes, vertical
extent of convection cells, and total heat removed from the system increase with higher
permeabilities, thus affecting the lifetime of the systems.
Defining the “system lifetime” is somewhat subjective as there is no clear transition
between an active and inactive hydrothermal system. There are three general ways to
define system lifetime:
1) The time it takes for the temperatures within a specified distance to the surface to
drop below a specified limit. This measures how long it takes for the near-surface to cool
and for surface manifestations of hydrothermal activity, such as venting, geysers, and hot
springs, to cease.
2) The time it takes for the maximum temperature difference (between observed
temperature and geothermal temperature) to drop below a specified limit. This is how
crater cooling time is usually measured. However, since the maximum temperature
difference is typically at high depths where there is no water flow, this is not applicable
to hydrothermal systems. In other words, high temperatures may persist deep under the
crater long after all hydrothermal activity has ceased.
3) The time it takes for the rock volume between X and Y degrees (~50 and 100 °C
for thermophiles) that has water flow through it to reach 0.
Of the above, we use the first definition for "system lifetime," which we conservatively define as the time it takes for the system to cool below 90 °C within 1 km of the
surface everywhere in the model (following Section 4.6.2). Definition (3) is used to
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define "conditions suitable for thermophilic organisms," which is closely related to
system lifetime and discussed in Section 6.7.
Figure 32a shows the effects of permeability on the lifetime of the hydrothermal
system in the 30-km crater. Estimated lifetimes are 40,000 years, 50,000 years, and
110,000 years for surface permeabilities of 10-3, 10-2, and 10-1 darcies, respectively. The
trend for this is for lifetimes to increase with permeability; however, further increasing
permeability would cause the system to cool quickly and would decrease lifetimes.
The effects of permeability on the lifetime of the hydrothermal system in the 100-km
crater are shown in Figure 32b, with estimated lifetimes of 320,000 years, 430,000 years,
and 120,000 years for surface permeabilities of 10-3, 10-2, and 10-1 darcies, respectively.
This plot shows an increase in lifetimes with increasing permeabilities followed by a
decrease in lifetimes, illustrating a previously made point of a drop in lifetimes at higher
permeabilities due to rapid heat removal. A similarly shaped plot is shown in Figure 32c
for the 180-km crater, with estimated lifetimes of 230,000 years, 700,000 years, and
210,000 years for surface permeabilities of 10-3, 10-2, and 10-1 darcies, respectively.
Figure 32d summarizes the general pattern: at low permeabilities, little heat is transported by flowing water to heat up the near-surface, resulting in lifetimes similar to those
for a purely conductive case. At mid-range permeabilities, large amounts of heat are
transported from the deep interior to the near-surface, significantly increasing its temperature and prolonging the lifetime. At high permeabilities, the same process takes place
but is negated by the overall rapid cooling of the system, causing lifetimes to drop again.
Interestingly, for the low-permeability case, system lifetime for the 180-km crater is
actually lower than that for the 100-km crater. The relatively short lifetime of the 180-km
crater at this permeability is due to the formation of multiple convection cells that rapidly
cool the near-surface, dropping temperatures below 90 °C. In the 100-km crater, on the
other hand, water is drawn towards the hottest area in the center of the crater in a single
upwelling, concentrating the heat there.
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Figure 32. Lifetimes of hydrothermal systems at a range of early Martian craters plotted
as a function of log k0, where k0 is the ground permeability at the surface. The dashed line
indicates the lifetime in the absence of water (pure conductive case). a) 30-km crater, b)
100-km crater, c) 180-km crater and d) general dependence of lifetime on permeability.
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6.7

Discussion

Several noteworthy features seen in our simulations correspond well to observations at
terrestrial impact craters. One such feature, seen in the 180-km crater model, and, to a
lesser extent, in the 100-km crater model, is the upwelling of water in the crater’s modification zone along its outer wall. In terrestrial craters this region contains numerous
extensional faults caused by the slumping of crater walls during a crater’s modification
stage. These faults can serve as conduits for the venting of water and steam, which has
been observed at the 24-km Haughton crater in arctic Canada by Osinski et al. (2001).
Also of note is the extensive fluid flow through the central peak of the 30-km crater (and
through peak rings of larger craters) and the vertical extent of the circulation, with
significant fluxes extending to depths of over 6 km. Scientific drilling into the central
peak of the Puchezh-Katunki crater in Siberia (rim-to-rim diameter ~40 km) found
significant hydrothermal alteration all the way down to the bottom of the Vorotilovskaya
borehole at the depth of 5 km (Naumov, 2002).
The hydrothermal systems modeled in this chapter remain active for long periods of
time, span a wide range of temperatures, and would have produced a variety of minerals
which might be detectable on the surface of Mars. Experimental studies of hydrothermal
alteration in analog Martian basalts by Baker et al. (2000) suggested numerous alteration
products, including opal-CT, quartz, carbonates, and hematite. However, most of these
minerals were also generated in lower-temperature (23 and 75°C) experimental runs and
thus may be indistinguishable from minerals formed by fluvial and lacustrine activity.
Nonetheless, several minerals – vesuvianite, sepiolite, richterite, and biotite – formed
only during high-temperature (200 and 400°C) runs and could be diagnostic of an impactinduced hydrothermal system. Geochemical model calculations of the hydrothermal
alteration of Martian crust (Griffith and Shock, 1997) also suggest numerous alteration
products, including a production of magnetite in high-temperature models. Additionally,
the fluid used in the experimental study was simply CO2-saturated water, while proposed
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Martian brines (e.g., Brass, 1980) would further chemically interact with the basalts in a
high-temperature environment. The chemical evolution of these systems should be
explored further to better predict the mineral assemblages that are possible.
One of the goals of this study was to attempt to quantify the capacity of impactinduced hydrothermal systems to support long-lived ecosystems of thermophilic organisms. Here we focus on the temperature range of 50 °C to 100 °C, which is a habitable
zone for most terrestrial thermophiles. Another important part of the equation is water
flow, which is needed to bring nutrients and remove waste products. However, the
amount of flow required by thermophilic organisms to thrive varies greatly depending of
the type of organism, its chemosynthetic pathway, and the composition of the hydrothermal fluid. In this study, we define “water flow” as more than 1% of the maximum flux
observed in the system throughout its lifetime. Under this definition, habitable conditions
persist for roughly the lifetime of the system. However, a liquid water lake can be maintained for an even longer period of time.
Figure 33 shows the habitable rock volume in the 180-km crater as a function of
time. Shortly after the impact, the environment in most of the crater is too hot for thermophilic organisms. However, the periphery of the crater cools rapidly, sharply increasing the habitable volume. As the crater continues to cool, habitable volume reaches a
maximum of 6,000 km3 at 8,500 years and decreases from there as the crater cools.
Gusev crater, where MER Spirit landed, is only marginally smaller (150 km vs. 180 km)
and would have also supported a similar habitable volume.
There are several ways in which the models presented in this chapter can be improved
in the future. Better understanding of the physical properties of the Martian crust, in
particular with regard to large-scale permeability, can help constrain the models. Improved knowledge of hydrologic conditions on early Mars, such as the duration of “warm
and wet” periods, amount of atmospheric precipitation, and the existence and duration of
stable surface reservoirs is important for better model accuracy. The continuing improvement in computational resources will allow higher resolutions and finer detail, such
as explicit characterization of fluid flow along faults in a crater’s modification zone.
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Figure 33. Rock volume in the 180-km crater on early Mars with conditions suitable for
thermophilic organisms: water flow and temperature between 50 ºC and 100 ºC. “Water
flow” is defined as a flux of at least 1% of the maximum flux encountered in the system
throughout its lifetime. Surface permeability k0 is 10-2 darcies.
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Finally, hydrothermal mineralization, which can lead to a decrease in permeability and
porosity due to the deposition of hydrothermal minerals in the rock matrix, should be
included in future models. This process can also result in a cyclic variation of permeability, as described in Section 5.7. However, this process depends significantly on the
mineralogy of the host rocks and the composition of the circulating fluid, which are not
well known for Mars and may vary in different craters.

6.8

Conclusions

The hydrothermal systems at the three modeled craters have several features in common.
In all cases, a strong, long-lived upwelling developed in either the central peak (30-km
crater) or the peak ring (100- and 180-km craters). All cases had substantial steam
emission, initially from the surface, but as the near-surface cooled steam production
ceased except for supercritical fluid at high temperatures and pressures. Fluid fluxes in
the early stages of all models were comparable, although fluxes in the model lacking a
crater lake were significantly lower. While the absence of a crater lake decreases the
amount of circulating water and increases the system lifetime, it does not dramatically
change the character of the system as long as the ground remains saturated with water.
System lifetimes, averaged for all permeability cases examined, were 67,000 years for
the 30-km crater, 290,000 years for the 100-km crater, and 380,000 for the 180-km crater.
The volume habitable by thermophilic organisms reached a maximum of 6,000 km3 at
8,500 years in the 180-km crater model. Also, an approximation of the thermal evolution
of a Hellas-sized basin suggests potential for hydrothermal activity for ~10 Ma after the
impact.
The relatively long lifetimes given above are explained by several circumstances.
During the cooling of a large impact crater (100- and 180-km models), hotter parts of the
crater are dominated by conduction because they are impermeable to fluids. Also, vertical
heat transport by water increases the temperature of localized near-surface regions and
prolongs system lifetimes, which are defined by near-surface temperatures. The lifetimes
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presented in this chapter should provide ample time for colonization of impact-induced
hydrothermal systems by thermophilic organisms, provided they existed on early Mars.
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CHAPTER 7
Observations of Possible Hydrothermal Features at Martian Craters

7.1

Introduction

Modeling of hydrothermal activity at Martian impact craters, described in Chapter 6,
focused on early Mars, because it was likely warmer and wetter (at least intermittently),
and thus more hospitable to life. However, as described in Section 6.1, impact-induced
hydrothermal activity was certainly not limited to early Mars, as there are several lines of
evidence indicating that the present-day Martian subsurface contains significant quantities of water ice, and, in all likelihood, liquid water. This conclusion is based on the
detection of hydrogen by the Gamma Ray Spectrometer (GRS) on Mars Odyssey, as well
as morphological features such as fluidized ejecta blankets and rootless cones. Subsurface
ice was not detected by the GRS, which can only probe the upper 1 m of the surface, at
latitudes lower than ~60°, likely because it is buried deeper in the subsurface. Still, as
evidenced by many craters with fluidized ejecta blankets at low latitudes, such as the one
discussed in Section 7.4.1, many impacts can penetrate through to the permafrost layer.
Also, during periods of high obliquity, such as the one experienced by Mars a few million
years ago, ice may have been present at or near the surface even in the equatorial regions
(e.g., Forget et al., 2006). Indeed, the presence of recent surface or near-surface ice in the
mid- and low latitudes has been inferred from polygonal terrain and features interpreted
as pingos (Burr et al., 2005), rootless cones (Lanagan et al., 2001), and evidence of recent
glacial activity (e.g., Head at al., 2006; Milkovich et al., 2006). Thus, the likelihood of
post-impact hydrothermal activity at impact craters was even higher during periods of
high obliquity.
It has been widely speculated that liquid water is present in the Martian subsurface at
depths where temperatures are sufficiently warm, due to the geothermal gradient, to melt
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ice. This aquifer may be tapped for feeding hydrothermal activity if the impact melts or
displaces the overlying ice, which is estimated to be 2 km thick at the equator and 6 km
thick at the poles (Clifford, 1993). Clifford (1993) suggested that Mars has a global,
interconnected aquifer in the deep, porous megaregolith, which can potentially supply
water to the hydrothermal system for an extended period of time.
Uncovering evidence of hydrothermal activity at Martian craters is important for
several reasons. For example, impact-induced hydrothermal activity at impact craters
may have played a biological role, making such sites tempting astrobiological targets for
future missions. In addition, observations at Martian impact craters can be used to verify
and augment the models. Potential hydrothermal features may be in the form of minerals
indicative of hydrothermal alteration, and morphological structures such as vents, flows,
channels, degassing pits, possibly including central pits in craters (Wood et al., 1978), or
landforms formed by localized precipitation of hydrothermally generated steam (Williams et al., 2004; 2005). Although definitive mineralogical and morphological signatures
of impact-induced hydrothermal activity on Mars have yet to be uncovered, an overview
of potential candidates is presented in this chapter.

7.2

Summary of Fresh Impact Craters on Mars

Fresh impact craters are perhaps the best places to look for signs of hydrothermal activity, because small-scale features such as flows and vents may still be preserved. Impacts
forming small, simple craters (e.g., Figure 1) deposit very little heat, so complex craters
(> ~10 km in diameter), which have sufficient heat to drive high-temperature (> 100 °C)
hydrothermal activity, are of particular interest. One potential candidate is the fresh ~10km Zunil crater (McEwen et al., 2005) that formed in the young lava flows of Cerberus
Plains. Another fresh structure is the 23-km McMurdo impact crater, located in the South
Polar Layered Deposits (e.g., Schaller et al., 2003). Perhaps the best candidate, however,
is a larger (29-km) fresh crater named Tooting (Section 7.4.1), that is located just west of
Tharsis and has a well-defined fluidized ejecta blanket (Figure 22; Figure 34), which
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Figure 34. Tooting, a fresh 29-km Martian crater just west of Tharsis (23° N, 207° E)
with potential signs of hydrothermal activity. Image obtained from Mars Digital Image
Model (MDIM), which contains Viking Orbiter imaging data with a resolution of 231
m/pixel. Green rectangle indicates the location of MOC image shown in Figure 35.

153

suggests the presence of subsurface ice at the time of the impact (e.g., Mouginis-Mark,
1987; Squyres et al., 1992; Barlow and Perez, 2003).

7.3

Instrument Description

This chapter will focus primarily on the morphological indicators of hydrothermal
activity at Martian impact craters. The primary instrument used for this study is the Mars
Orbiter Camera (MOC) onboard the Mars Global Surveyor spacecraft. MOC can achieve
spatial resolution of under 1 m (in one direction) in its high-resolution, panchromatic
mode, and at the time of study was the best instrument to detect small-scale features at
Martian craters. Context images for MOC were obtained from the Mars Digital Image
Model (MDIM) of the Martian surface, constructed by the Planetary Data System (PDS)
at the Jet Propulsion Laboratory (JPL) and the U.S. Geological Survey (USGS) from
processed and mosaicked images taken by the Viking Orbiter spacecraft. The MDIM data
are stored as digital maps at a resolution of 231 m/pixel.
This chapter also describes potential impact-induced hydrothermal features detected
by others using the instruments on the Mars Exploration Rover Spirit (Section 7.4.2), and
the High Resolution Stereo Camera (HRSC) onboard Mars Express (Section 7.4.4),
which has 4 bandpass filters and a spatial resolution in color mode of up to 10 m/pixel.

7.4

Craters with Possible Hydrothermal Features

7.4.1 Tooting crater
Note: This section is based substantially on unpublished work by Corey Young and
David A. Kring (2003).

Tooting is a 29-km impact crater located at 23° N, 207° E, just west of Tharsis. This
fresh, complex crater has a sharply defined rim, modification zone, and central peak, and
no obvious superimposed impact craters (Figure 34). Other indications of the crater’s
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young age are ejecta rays, extensive secondary craters, high thermal inertia, large
depth/diameter ratio, and a very high central peak of almost 1 km (Section 6.5.1.1). The
multilayered lobate ejecta is fresh and extensive, extending one crater diameter to the
southwest and two crater diameters to the northeast. The crater is late Amazonian in age
and is superimposed on a relatively crater-free Amazonian terrain.
To examine Tooting crater at high resolution, we used MOC image e0500856 (Figure
35), which runs roughly north-south from rim to rim in the western region of the crater,
encompassing the western third of the central peak (please refer to Figure 34 for context).
Starting from the top of the image (Figure 35a), the inside walls of the north crater rim
contain possible gully features and abundant dark streaks, which may be caused by
ongoing seepage of liquid water (e.g. Miyamoto et al., 2004) or dust avalanches (e.g.,
Sullivan et al., 2001). The modification zone, seen in the center of Figure 35a, is characterized by material that slumped into the crater basin during the modification stage, and
extends to ~5 km south of the rim. Continuing southward, Figure 35b shows the relatively flat, heavily pitted crater floor that stretches from the northern modification zone
south to the central peak at the bottom of the figure. South of the central peak, the crater
floor is marked by a region of polygonal patterned ground, seen in Figure 35c, which
extends to the southern modification zone in Figure 35d.
The hydrothermal system at Tooting crater likely developed along one of the two
possible scenarios: (i) vented water was lost to the atmosphere, and may have been
replaced from the groundwater table or (ii) circulation was preserved by a crater lake
beneath an insulating ice sheet. If a crater lake indeed formed, as suggested by Newsom
et al. (1996), then hydrothermal modeling results for the 30-km early Mars crater, described in Section 6.6.1.1, are immediately applicable to Tooting crater, suggesting
system lifetime of ~50,000 years. However, there is no evidence of lacustrine deposits in
Tooting crater. If the crater lake did not form, the system lifetime was likely shorter,
because the crater would have eventually exhausted its supply of volatiles, unless they
were re-supplied by groundwater throughout the system’s lifetime.
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Figure 35. Possible hydrothermal features in a fresh 29-km Martian crater. MOC image
e0500856, with a resolution of 4.9 m/pixel, has been subdivided into panels (a), (b), (c),
and (d), with the top of panel (a) starting at the north rim of the crater. Boxes B, F, M,
and N contain aligned knobs (examples indicated by red arrows), boxes A, C, E, H, J, K,
S, T, R, and U contain unaligned knobs with pits (examples indicated by red arrows),
boxes F, G, Q, V, and X contain fluvial features, box P shows pits, box O shows polygonal terrain, and boxes D, I, and L contain isolated pits or pools (example indicated by red
arrows). Modified from Corey Young and David A. Kring (2003, unpublished work).
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7.4.1.1 Knobs
The modification zone of the crater and an area around the central peak contain knob-like
features. Some of these knobs are aligned in straight lines, while others contain central
pits. Feature M, located in a faulted region southwest of the central peak, provides a good
example of aligned knobs, perhaps along faults. These knobs are possible remnants of
hydrothermal vents or fumaroles, which often occur along faults and fissures. Aligned
knobs range in size from ~10 m across and ~5 m high to ~40 m across and ~20 m high,
based on shadow measurements. Aligned knobs also occur in an arc on top of a flow lobe
in the southern modification zone (Feature F), potentially due to the outgassing of a
volatile-rich flow. Another knob variation is feature B, also in the southern modification
zone, which has two knobs, about 20 m in diameter and 15 m in height, on top of a ~160
m long raised elliptical structure.
The knobs with central pits occur in the northern and southern modification zones and
in the pitted area north of the central peak. The pits may represent the openings of
hydrothermal vents. Intriguingly, in some cases the central pits appear to have breached a
side of the knob, forming horseshoe shaped structures and further suggesting outflow.
The most striking of these is feature H, which is ~40 m long and ~35 m wide, with a pit
of ~10 m in diameter.

7.4.1.2 Fluvial Features
There are indications of possible water flow within the crater. These include possible
gully-like features on the rim (Feature X), and the ridge of the central peak (Feature V).
The most striking features, however, are massive flow lobes in the southern modification
zone, such as Feature G. These flows are often over a kilometer long and at least 10 m
high, indicating high fluid viscosity and suggesting glacial or mudflow-like origin. It is
possible that these flows formed shortly after crater formation, when the subsurface ice
was melted by the impact. An impact melt origin also cannot be excluded. However,
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there is evidence of at least four separate flows, one on top of another, suggesting episodic activity. It is possible that the formation of these flows was associated with water
and steam discharged by hydrothermal activity.

7.4.1.3 Pits
As shown in Figure 35, pitted terrain occurs mainly between the northern modification
zone and the central peak. Pits range in size from over 200 m to smaller than 10 m in
diameter. These features are potentially degassing pits, such as those observed at the
Valley of 10,000 smokes, Alaska, where hot ashflow tuff fell on top of preexisting
glaciers (Keith 1984). An unusually large pit (Feature D), ~45 m across, is located in the
southern modification zone, with no other pits nearby. It may be a large vent or an impact
crater.

7.4.1.4 Polygonal Terrain
Polygonal terrain is observed in a localized region south of the central peak. In
terrestrial environments, polygonal terrain is often the result of desiccation of wet sediments, such as dry lakebeds. Also, observations in the Dry Valleys of Antarctica (Sletten
et al., 2003) suggest that polygonal terrain may be formed by fractures created by thermoelastic stresses in the permafrost. In either case, polygonal terrain suggests that nearsurface water or ice was likely present in the crater shortly after the impact, strengthening
the case for possible hydrothermal activity. Although it is possible that water was added
long after the formation of the crater, it is unlikely because this type of terrain is not seen
in any MOC images outside of the crater, suggesting that these features are impactrelated.
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7.4.2 Gusev Crater
This Section addresses the possibility of impact-generated hydrothermal activity and
associated mineral signatures in Gusev crater, the landing site of the Spirit Mars Exploration Rover (MER). The MER mission is part of the “follow the water” Mars exploration
initiative. Gusev crater is ~150 km in diameter and ~1 km in depth, and the Spirit landing
site is located 6 to 8 km south of the center of the crater (Figure 36). However, the
crater’s original rim-to-rim diameter might have differed from the present due to postimpact erosion and partial crater rim collapse. Estimates for the age of the crater place it
in the early to mid-Noachian, and there are indications of hydrogeologic activity in the
crater up until ~0.7 Ga (Cabrol et al., 1998). The crater basin is largely filled with postimpact material including lacustrine, fluvial, volcanic, and aeolian deposits, ejecta from
nearby impacts, and collapsed material from the crater wall (e.g., Cabrol et al., 2002;
Newsom et al., 2002; Greeley et al., 2005). Based on the crater’s relatively low depth and
the lack of a visible peak ring, the thickness of the crater fill is likely a kilometer or more,
completely obscuring the original floor of the crater (Figure 37).
The combined thermal energy of the Gusev crater melt sheet and central uplift was
~1.4 × 1023 Joules (Newsom et al., 2002), which is 56 times the amount of heat released
at Yellowstone over a 15,000 year period. Initial temperatures, based on hydrocode
modeling by Ivanov and Deutsch (1999) for a similarly sized Sudbury crater (Chapter 4),
were ~1700°C in the central melt sheet, ~400 to 500°C in the peak ring, and ~100°C in
the crater rim. If there was water in the subsurface at the time of the impact, the heat
would have caused fluid circulation, initiating a hydrothermal system. Craters with
fluidized ejecta blankets in the vicinity of Gusev crater suggest that subsurface water or
ice was present in the region during a substantial part of its history.
Temperatures in the resulting hydrothermal system would have ranged from ~360°C
early in its evolution to near ambient towards the end, potentially producing a wide
variety of minerals via hydrothermal alteration of Martian basalts. Some of potential
alteration products are discussed in Section 6.7. Our model simulations and observations
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a.

b.

Figure 36. Gusev crater, the landing site of the Spirit rover. a) Location of the Spirit
landing site in a Viking image mosaic of Gusev crater. b) A MOLA topography map of
Gusev crater, with a cross-section shown below.
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Figure 37. Suggested schematic cross-section of Gusev crater, with the Spirit landing site
shown. Vertical exaggeration is about a factor of 10.
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at terrestrial impact sites suggest hydrothermal alteration would have occurred in the
breccias overlying the melt, the peak ring, and in the modification zone where fluid flow
is further facilitated by faults.
There are three basic mechanisms for delivering hydrothermally altered material to
the Spirit landing site:
(i) Ejection of material from Gusev’s modification zone by impacts. Hydrothermal
alteration in the modification zone and original rim of Gusev may still be exposed,
particularly in the eastern half of the crater. As shown in Figure 38, large impact events
into this part of the Gusev crater could have launched debris towards the center of the
Gusev basin where Spirit is located.
(ii) Excavation of material from the peak ring by impacts. While Gusev’s peak ring is
currently not exposed, samples of that hydrothermally altered material may have been
excavated by impact events. The excavation depth can be conservatively estimated as
Hexc



(1/20)D, where D is the final crater diameter (Melosh, 1989). There are only two

visible craters in the basin that are large enough to potentially excavate peak ring material
to the surface (Figure 38). The larger crater is ~23 km in diameter, and would be expected to excavate ~1.2 km, while the smaller crater is ~6 km in diameter and can only
excavate ~300 m. However, it is located directly over the expected location of the peak
ring.
(iii) Deposition by Ma’adim Vallis. Ma’adim Vallis, spilling into Gusev from the
south, eroded portions of the rim sequence and carried that material towards the Spirit
landing site. However, whether any of that material is currently exposed on the surface is
uncertain. It is also important to note that the temperature of the hydrothermal system in
the vicinity of the rim was probably never above 100 °C and, thus, any hydrothermal
alteration in rim lithologies would be associated with relatively low temperatures.
The Spirit rover is well equipped to detect minerals associated with hydrothermal
activity. Pancam can detect unusual coloration associated with hydrothermal alteration,
Mini-TES can detect a wide range of hydrothermal deposits, and the Mössbauer Spectrometer can detect iron-bearing minerals associated with hydrothermal environments.
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Figure 38. Impacts capable of delivering hydrothermally altered lithologies to the Spirit
landing site. Red circles indicate large craters that may have deposited hydrothermally
altered material from the modification zone near the rim into the crater basin. Blue
squares indicate craters that may have excavated hydrothermally altered material from
the peak ring.
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Also, the Microscopic Imager might be able to detect mineral veins within individual
rocks indicating water circulation. At the time of writing, potential hydrothermal alteration has been observed by Spirit in the Columbia Hills region of Gusev crater, primarily
in “Wooly Patch” (e.g., Wang et al., 2006) and “Watchtower” (Squyres et al., 2006) class
rocks. It is, however, unclear whether this alteration is due to impact-induced hydrothermal activity or hydrologic activity long after the impact.

7.4.3 Mojave crater
Mojave impact crater is ~60 km in diameter, and located at 7.6° N, 33.0° W, on a Late
Hesperian-age terrain in Xanthe Terra. The crater is relatively fresh, with a multi-lobate
ejecta blanket, terraced crater walls, and little evidence of substantial erosion or infilling.
However, the crater is not as young as the 29-km Tooting crater discussed in Section
7.4.1, as it has some small craters (< 200 m in diameter) superimposed over it (Williams
et al., 2004). Mojave crater contains remarkable features in the form of fan-shaped
landforms, observed associated with massifs in the modification zone (Figure 39). These
fans, described by Williams et al. (2004; 2005), share many morphologic attributes in
common with terrestrial alluvial fans, including a semi-conical form, branching tributary
network, distributary channels and incised channels, and have been interpreted as surface
runoff of liquid water.
However, this presents a potential paradox, because Mojave crater formed in the
largely desiccating climate of Late Hesperian or Amazonian. Williams et al. (2004; 2005)
argue that the best explanation for these features is atmospheric precipitation of volatiles
liberated at the moment of impact and/or precipitation of hydrothermally-generated
steam. The former scenario appears less likely because water vapor produced during the
impact would have been distributed over a large area, but observed fluvial features are
localized to the crater’s modification zone. On the other hand, the models presented in
this dissertation, particularly those for the 30-km and 100-km craters, suggest that hydrothermal activity at a 60-km crater on present-day Mars would indeed be localized to the
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Figure 39. Fluvial landforms in the ~60 km Mojave crater on Mars. This view shows a
portion of a Mars Orbiter Camera (MOC) narrow-angle image R14-02615, illustrating the
dense, highly-ordered tributary network in the modification zone of Mojave crater. The
first-order channels originate at local topographic highs, including the arcuate ridge in the
middle-center of the image. Boxed region is enlarged at right. Illumination is from lower
left. From Williams et al. (2004).
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modification zone. The reason for this is that the central region is heated to temperatures
in excess of 500 °C and is likely devolatilized during crater formation, while the temperatures outside of the rim are too low to produce significant hydrothermal activity. In
addition, evidence of steam emission through faults in the modification zone has been
observed at the 24-km Haughton crater in the arctic Canada (Osinski et al., 2001).

7.4.4 Nicholson crater
The ~100-km Nicholson crater is located at 0.0° S and 195.5° E, at the southern edge of
Amazonis Planitia. Images taken by the High Resolution Stereo Camera (HRSC) on
board ESA’s Mars Express spacecraft (Figure 40) show that the crater’s central peak has
been heavily sculpted, probably by water-related processes as suggested by the presence
of numerous gullies and streamlined forms. Ori and Baliva (1999) interpret this to be a
consequence of impact-induced hydrothermal activity, in the form of vents, springs, and
possible mud volcanism near the center of the crater. Intense hydrothermal activity in the
region of the central peak has been also observed in the early Mars models (Figure 24).
Although the possibility that these features formed long after the impact cannot be ruled
out, they are localized to the crater’s central peak and are not present on the rim or
anywhere else in the surrounding terrain.

7.5

Conclusions

Although the evidence for impact-induced hydrothermal activity presented in this chapter
is fairly speculative, the candidates summarized here should be investigated further for
more definitive morphological and mineralogical signatures. This task can be accomplished by the high-resolution imager HiRISE and a high-resolution spectrometer CRISM
(Section 8.6.3) onboard the Mars Express spacecraft that was recently inserted in Mars
orbit, and also by the continuing exploration of Gusev crater by the Mars Exploration
Rover Spirit. As described in the sections above, the observations are generally consistent
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Figure 40. Potential hydrothermal features in the 100-km Nicholson crater on Mars. The
HRSC camera onboard Mars Express obtained this stereo image during orbit 1104 with a
ground resolution of approximately 15.3 m/pixel. The image focuses on a raised feature
in the center of the crater, about 55 km long and 37 km wide, extending to a maximum
height of roughly 3.5 km above the floor of the crater.
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with model predictions and currently represent the best candidates for finding definitive
evidence of impact-generated hydrothermal activity on Mars.
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CHAPTER 8
Summary, Conclusions, and Future Work

8.1

Lifetimes of Impact-Induced Hydrothermal Systems

The simulations conducted in this work yielded important insights into durations of
hydrothermal activity at impact craters. Results suggest that the lifetimes of hydrothermal
systems at Sudbury and Chicxulub craters were, for the most likely permeabilities, ~0.9
Ma and ~1.7 Ma, respectively. For early Mars, the lifetimes, averaged for all permeability
cases examined, were 67,000 years for the 30-km crater, 290,000 years for the 100-km
crater, and 380,000 for the 180-km crater. These lifetimes may appear surprisingly long,
as it was hypothesized that circulation of water would increase cooling rates by up to a
factor of 100 (e.g., Newsom et al., 1996). These long lifetimes are partly explained by
most of the circulation taking place near the surface because the hotter parts of the model
are impermeable due to the brittle/ductile transition at about 360 ºC (Section 3.4.3). Thus,
conduction remains the dominant form of heat transport in much of the model, and
hydrothermal activity generally does not result in a dramatically higher heat removal.
Also, hydrothermal lifetimes in this work are defined by near-surface temperatures, and
vertical heat transport by flowing water can increase the temperature of near-surface
regions and thus prolong the lifetime of the system.

8.2

Mechanics of Impact-Induced Hydrothermal Systems

This work also yielded insights into the mechanics of impact-induced hydrothermal
systems. For the simple (7-km, Section 3.5.2) and a central-peak (30-km, Section 6.6.1.1)
craters studied here, the system is characterized by a central hotspot in the center of the
crater which draws water towards it and generates a single large central upwelling that
persists throughout the system’s lifetime. This is because these craters are too small to
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have a significant melt sheet and the system is powered mainly by shock-emplaced heat.
On the other hand, larger, peak-ring craters (Sudbury, Chicxulub, and the 100- and 180km early Mars craters) have much higher temperatures and multiple heat sources, including melt sheets and central uplifts, and thus have more complex hydrothermal systems.
Hydrothermal activity at these craters is typically initiated in the annular trough, because
the center of the crater is initially hot and impermeable. In cases where the crater basin is
quickly filled with water (almost all models), the breccias above the central melt sheet
quickly develop small convection cells that extend vertically as the melt sheet cools.
Once the central melt sheet solidifies, fractures, and becomes permeable, convection cells
develop over the still-hot central uplift. The number of convection cells that develop,
however, is still unclear because the resolution of our models affects convection cell
dimensions (Section 5.7).
Another noteworthy feature in the models is the upward flow of fluids in the faultrich modification zone, which is similar to observations at terrestrial craters (e.g., Osinski
et al., 2001). An attempt was made to incorporate faults into the model of Chicxulub
crater as high-permeability zones. Although faults proved difficult to approximate with
the model’s relatively coarse resolution, results suggest that upper sections of the faults
have higher fluxes. In addition to the persistent upward flow in the modification zone,
there are also other long-lived upwellings, particularly through the peak ring. However,
as can be seen from the model of Chicxulub crater (Figure 16) the presence and magnitude of the upwelling through the peak ring depends on the level of water in the crater
basin.

8.3

Biological Importance of Impact-Induced Hydrothermal Systems

The long system lifetimes described in Section 8.1, coupled with the very large volumes
and significant water fluxes in the hydrothermal systems at peak-ring craters modeled
here, makes it likely that they were colonized by thermophilic and/or hyperthermophilic
microorganisms. Models suggest that the habitable volume reached a maximum of
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~20,000 km3 in the 180-km Sudbury crater, and ~6,000 km3 in an equivalent-sized crater
on early Mars. However, the definition of “habitable volume” used here (volume of rock
between 50 and 100 °C that has a water flow higher than 1% of the maximum flux seen
in the system throughout its lifetime) is somewhat arbitrary. The water fluxes needed for
microorganisms to remain active are currently being investigated (Alexis Templeton,
2006, personal communication), and vary depending on the type of organism, its chemosynthetic pathway, and the chemical composition of the hydrothermal fluid. However, the
general relationship (e.g., Figure 33), in which habitable volume initially increases as
more areas of the crater become permeable, and then decreases as the crater cools, is
probably correct.

8.4

Implications for Early Earth and Mars

In general, the results in this dissertation support the hypothesis that impact-generated
hydrothermal activity may have played an important role in the origin and evolution of
early life on Earth and potentially Mars. The simulations yield hydrothermal lifetimes on
the order of 1 Ma, and surface areas of hydrothermal activity of about 10,000-20,000
km2, for craters in the 180-km range. It should also be noted that a 180-km crater is a tiny
example of what occurred during the impact cataclysm, when ~40 impact basins ~1000
km in diameter were produced on Earth (Kring and Cohen, 2002). For comparison, the
hydrothermal system driven by the Yellowstone caldera is both smaller, at ~2,500 km2,
and shorter-lived, with continuous hydrothermal activity for only the last ~0.6 Ma
(Fournier, 1989). Nonetheless, the Yellowstone hydrothermal system is host to a wide
variety of microorganisms. This in turn suggests that hydrothermal systems created by a
plethora of large impacts during the impact cataclysm existed for a long enough period of
time to have provided a refuge to any existing life or have served as a site of life’s origin.
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8.5

Relation to Observations at Martian Craters

Observations of potential hydrothermal activity at Martian impact craters (Chapter 7),
while by no means definitive, are generally consistent with model predictions. Possible
hydrothermal features, such as vents, flows, and channels, have been observed, both in
this work and by others, in visible-light images of the fresh 29-km Tooting crater (Section 7.4.1), the ~60-km Mojave crater (Section 7.4.3), and ~100-km Nicholson crater
(Section 7.4.4). Also, hints of hydrothermal alteration of rock chemistry and mineralogy,
which may or may not be impact-related, have been detected by the Mars Exploration
Rover Spirit at the ~150-km Gusev crater (Section 7.4.2). Further observations of these
and other potential targets are needed at high spatial and spectral resolution by instruments such as HiRISE and CRISM (Section 8.6.3).

8.6

Future Work and Directions of Study

8.6.1 Modeling
Although HYDROTHERM, the numerical code used for this research, is versatile and
sophisticated, further improvements can be made in the future to increase the fidelity of
simulations. Also, the code can be made more applicable to extreme environments such
as present-day Mars. Specific improvements that can be made to the code are as follows:
(i) Allowing the simulation of melt sheet overturn, in the form of cold downwelling
plumes (Section 6.5.3.2). This process may be important in basaltic lithologies, which
have a lower viscosity, and can be modeled by explicitly allowing molten rock and
associated fluid dynamics. Such mafic to ultramafic systems would have been important
on early Earth and on Mars. (ii) The code can be further extended to model fluids other
than pure water. (iii) Likewise, the inclusion of unsaturated hydrology would be a big
step forward. This would allow modeling of vadose zones for terrestrial hydrothermal
systems and would be especially useful for modeling present-day Mars, where the
subsurface could become desaturated as a result of water loss to the atmosphere. (iv)
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Extending the code to low-temperature, low pressure conditions, and explicitly including
the liquid-to-solid water phase transition, would also enhance the code’s applicability to
present-day Mars. (v) Better understanding of hydrothermal mineralization and the
resulting self-sealing (Section 5.7) can also improve future models. Hydrothermal
mineralization can be modeled using an existing version of the code by varying porosity
and permeability with time, or can potentially be explicitly included in future versions of
the code.
Although the input parameters used in this study were based on the best information
available and are constrained to the highest possible degree, there are some plausible
variations, especially for Martian craters, for which ground truth is not yet available. It
therefore may be instructive to examine endmember cases, such as oblique impacts or
cometary impacts on Mars, and establish the effects of the resulting variability in temperature distributions and melt volumes on hydrothermal activity.
The biological importance of impacts and impact-induced hydrothermal systems on
early Earth during the impact cataclysm can be further assessed by global thermal modeling of the lithosphere, and monitoring the surface and near-surface temperatures in the
“geophysical habitable zone” within a few km of the surface. This approach can be
implemented as follows: A stochastic cratering model, such as the one employed by
Richardson et al. (2005) is used to populate the surface with craters within a broad
probability field of constraints established from the analysis of meteorites, lunar samples,
terrestrial zircons (Trail at al., 2006) and dynamical models (e.g., Gomes et al., 2005).
For each crater in the model, a temperature field is calculated using analytical expressions
(Chapter 2). The crater is then allowed to cool by conduction in the subsurface and
radiation/convection at the atmosphere interface. Expected results from such a study can
describe (i) a fraction of the Earth’s surface and near-surface that was potentially habitable (below 100 °C, or 150 ºC as an uppermost limit) at any point during the LHB; (ii)
average length of time a given location remained potentially habitable; and (iii) habitable
volumes in active impact-induced hydrothermal environments.
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8.6.2 Field and Laboratory Work
Hydrothermal models can be further tested and constrained by continuing studies of
hydrothermal alteration at terrestrial impact craters. For example, the ~40-45 km (in
diameter) Chesapeake Bay crater has been recently drilled through the central peak in the
center of the structure (Cape Charles pilot borehole) and through the crater’s annular
trough ~20 km away (Eyreville borehole). Preliminary examination of the two cores
suggests that the impactites in the annular trough are less hydrothermally altered than
those in the central peak, potentially placing valuable constraints on the modeling of
craters in this size range. Additional drilling of impact craters can map the mineralogy
and extent of hydrothermal alteration in space and time for a variety of craters, as was
done for a portion of Chicxulub crater by Zurcher and Kring (2004). The temperatures
and water fluxes derived from such maps can provide rigorous constraints for future
models.

8.6.3 Spacecraft Observations
Detection of signs of hydrothermal alteration at Martian impact craters can further
constrain the models and would have important astrobiological implications. Mapping
spectrometers, which can detect minerals indicative of hydrothermal alteration, are very
valuable in this search, as are high-resolution cameras that can detect morphologic
features of hydrothermal origin. Currently there are two surface mapping spectrometers
on spacecraft in orbit around Mars: the Thermal Emission Spectrometer (TES) onboard
the Mars Global Surveyor, and OMEGA onboard the Mars Express. TES and OMEGA
complement each other nicely, with the former having a wavelength range of 6 to 50
microns, and the latter having a range of 0.5 to 5.2 microns. Although no unambiguously
hydrothermal deposits have thus far been detected by TES or OMEGA, that may be due
to the relatively low spatial resolution of these instruments (3 km and 100 m, respectively). However, the OMEGA instrument recently detected diverse phyllosilicates, a
family of aqueous alteration products that may have been formed by volcanic or impact-
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induced hydrothermal activity (Poulet et al., 2005). In Section 6.1, we predicted that older
Noachian terrains would be more altered than younger terrains partly because of impact
effects (Abramov and Kring, 2005). This is exactly what Poulet et al. (2005) observed.
A new spacecraft, Mars Reconnaissance Orbiter, has just arrived at Mars and will
achieve its final mapping orbit in November of 2006. It has two instruments on board that
may prove crucial in detecting hydrothermal alteration: the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) and the High Resolution Imaging Science
Experiment (HiRISE). CRISM has a wavelength range of 0.383 to 3.96 microns (ultraviolet to mid-IR), spatial resolution of 18 m/pixel, and detection of hydrothermal deposits
is one of its primary science goals. HiRISE will image the surface at resolutions up to 30
cm/pixel, potentially allowing the detection and characterization of small-scale features
such as hydrothermal vents.
Finally, hydrothermal alteration may also be detected by surface rovers (Abramov
and Kring, 2004b), such as the ongoing Mars Exploration Rover (MER) mission or the
forthcoming Mars Science Laboratory. Tantalizing hints of hydrothermal alteration have
recently been found by the Spirit rover in the Columbia Hills region of Gusev crater
(Section 7.4.2).
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APPENDIX A
Changes made to HYDROTHERM 2.2

High-Temperature Extension (Section 3.6.1)
File enthtemp.f line 106
c
c
c

Code changed by O.A. July 22, 2003
Original lines = IF (Kodt.EQ.2 .AND. H(ic).GT.1500.0D0) GOTO 10
IF (Kod(10).EQ.77 .AND. H(ic).GT.1500.0D0) GOTO 10
IF (Kodt.EQ.2 .AND. H(ic).GT.1701.0D0) GOTO 10
IF (Kod(10).EQ.77 .AND. H(ic).GT.1701.0D0) GOTO 10

File press.f line 127
c Code changed by O.A. July 22, 2003
c Original line = IF (H(icup).GE.1500.0D0) THEN
IF (H(icup).GE.1701.0D0) THEN

File press.f line 138
c Code changed by O.A. July 22, 2003
c Original line = IF (H(ic).GE.1500.0D0) THEN
IF (H(ic).GE.1701.0D0) THEN

File press.f line 156
c Code changed by O.A. July 22, 2003
c Original line = IF (H(ic).GE.1500.0D0) THEN
IF (H(ic).GE.1701.0D0) THEN

File readarry.f line 378
c
c

Code changed by O.A. July 22, 2003
Original line = IF (H(ic).GT.1400.0D0 .OR. H(ic).LE.0.0D0) THEN
IF (H(ic).GT.1701.0D0 .OR. H(ic).LE.0.0D0) THEN

File readarry.f line 390
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c
c

Code changed by O.A. July 22, 2003
Original line = & (H(ic).LT.0.01D9.AND.H(ic).GT.1400)) THEN
& (H(ic).LT.0.01D9.AND.H(ic).GT.1701)) THEN

File tblookup.f line 136
c
Code changed by O.A. July 22, 2003
c
Original line = IF (HX.GT.52.0D9 .OR.
(PX.LT.240.0D6.AND.HX.LT.0.01D9) .OR.
IF (HX.GT.72.0D9 .OR. (PX.LT.240.0D6.AND.HX.LT.0.01D9) .OR.

File main.f line 621
c
c

Code changed by O.A. July 22, 2003
Original line = IF (P(ic).GT.1.0D10 .OR. H(ic).GT.52.0D9 .OR.
IF (P(ic).GT.1.0D10 .OR. H(ic).GT.72.0D9 .OR.

File phreg.f line 85
c
c

Code changed by O.A. July 31, 2003
Original line = IF (P(ic).GT.1.0D10 .OR. H(ic).GT.52.0D9 .OR.
IF (P(ic).GT.1.0D10 .OR. H(ic).GT.72.0D9 .OR.

Low-Pressure Extension (Section 3.6.2)
File main.f line 620
c
c

Code changed by O.A. September 17, 2003
(added next 4 lines)
IF (P(ic).LT.0.5D6) THEN
P(ic) = 0.5D6
WRITE (*,*) 'Pressure reset to 0.5 bars at IC= ', ic
ENDIF

File phsbnklo.f line 51
c
c

Code modified by Oleg Abramov on September 17, 2003
Original line = IF (PX.LT.0.5D6 .OR. PX.GE.220.55D6) THEN
IF (PX.LT.0.0D0 .OR. PX.GE.220.55D6) THEN

File phsbnklo.f line 61
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c
Code modified by Oleg Abramov on September 17, 2003
c
Original pressure was 0.6 bar
C---if pressure is < 0.0 bar
IF (PX.LT.0.0D0) THEN

Flux Values Bugfix (Section 3.6.3)
File velocty.f line 149
C
C
C
c

Code modified by Oleg Abramov September 13, 2004
Original line =
Xwflux(mxp) = -Tx(mxp)/(Dz(k)*Dy(j)*Xvw(mxp))*

&
&
&

Xwflux(mxp) = -Tx(mxp)/(Dz(k)*Dx(i)*i*2*
3.1415927D0*Xvw(mxp))*
(Rw(icxp)*Uwx(mxp)+Rw(ic)*(1.D0-Uwx(mxp)))*
(P(icxp)-P(ic))

File velocty.f line 153
C
C
C
c

Code modified by Oleg Abramov September 13, 2004
Original line =
Xsflux(mxp) = -Tx(mxp)/(Dz(k)*Dy(j)*Xvs(mxp))*

&
&
&

Xsflux(mxp) = -Tx(mxp)/(Dz(k)*Dx(i)*i*2*
3.1415927D0*Xvs(mxp))*
(Rs(icxp)*Usx(mxp)+Rs(ic)*
(1.D0-Usx(mxp)))*(P(icxp)-P(ic))

File velocty.f line 280
C
C
C
c

Code modified by Oleg Abramov September 13, 2004
Original line =
Zwflux(mzp) = -Tz(mzp)/(Dx(i)*Dy(j)*Zvw(mzp))*

&
&
&
&

Zwflux(mzp) = -Tz(mzp)/((3.1415927D0*(Dx(i)*i)**23.1415927D0*(Dx(i)*(i-1))**2)*
Zvw(mzp))*
(Rw(iczp)*Uwz(mzp)+Rw(ic)*(1.D0-Uwz(mzp)))*
( (P(iczp)-P(ic))+Zdw(mzp)*Grav*Zzz(k) )

File velocty.f line 284
C
C

Code modified by Oleg Abramov September 13, 2004
Original line =
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C
c

Zsflux(mzp) = -Tz(mzp)/(Dx(i)*Dy(j)*Zvs(mzp))*

&
&
&
&

Zsflux(mzp) = -Tz(mzp)/((3.1415927D0*(Dx(i)*i)**23.1415927D0*(Dx(i)*(i-1))**2)*
Zvs(mzp))*
(Rs(iczp)*Usz(mzp)+Rs(ic)*(1.D0-Usz(mzp)))*
( (P(iczp)-P(ic))+Zds(mzp)*Grav*Zzz(k) )
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