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Successive infusions of hybrid melt into the
nascent pluton would therefore precipitate zir-
cons with higher 5'%0 and lower eHf values, as
recorded by the zircon isotope arrays. Zircons
with disparate isotope signatures are juxtaposed
by mingling and crystal exchange between melt
batches during pluton assembly and intrareser-
voir crystal-liquid sorting (27, 37). Mixing with
the recharge melt would also drive the resident
magma and its crystallizing zircon cargo toward
higher 8'%0 and lower eHf values, explaining
the intrazircon isotope zoning. Isotopic reversals
in some zircons and basalt injection in the Why
Worry plutons suggest that this evolution was
punctuated by juvenile magma replenishments.

The refined view of granite genesis captured
by the zircon isotope data compels a reappraisal
of the I-S type concept and its implications for
crustal evolution. In revealing the reworking of
supracrustal material by juvenile magmas, our
study suggests that I-type magmatism critically
involves continental growth, this being camou-
flaged to some extent by the non—mantle-like
isotope ratios of the bulk rocks. The overall
proportion of new material added by the Lachlan
I-type suites was near 85% for Cobargo, 70% for
Jindabyne, and 50% for Why Worry. These
estimates imply that Phanerozoic crust genera-
tion rates may have been higher than hitherto
appreciated from studies of plutonic terranes
(6, 32), modifying global continental growth
curves through time.
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Fracture-Controlled Paleo-Fluid Flow

in Candor Chasma,

Chris H. Okubo* and Alfred S. McEwen

Mars

Color observations from the High Resolution Imaging Science Experiment on board the Mars
Reconnaissance Orbiter reveal zones of localized fluid alteration (cementation and bleaching)
along joints within layered deposits in western Candor Chasma, Mars. This fluid alteration occurred
within the subsurface in the geologic past and has been exposed at the surface through subsequent
erosion. These findings demonstrate that fluid flow along fractures was a mechanism by which
subsurface fluids migrated through these layered deposits. Fractured layered deposits are thus
promising sites for investigating the geologic history of water on Mars.

he High Resolution Imaging Science

I Experiment (HiRISE) camera (7, 2) on
board the Mars Reconnaissance Orbiter
(MRO) has returned images of the surface of
Mars that have exceptional clarity and resolu-
tion. One of the first images of Mars returned
by HiRISE in the low (250 to 315 km)
mapping orbit is of the layered deposits within
western Candor Chasma (Fig. 1 and fig. S1),
one of the larger canyons of the Valles
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Marineris system, in the western equatorial re-
gion of Mars (fig. S2). Surface features 20.26 m
(equivalent to one pixel) are detectable, and
the shapes of objects 20.78 m across are
resolved (2).

The layered deposits appear as alternating
light- and dark-toned bands (Fig. 1 and fig. S1)
and may be volcanic, eolian, or lacustrine in
origin (3—6). The dark bands appear to be flat-
lying in many areas at the 10-m scale. Many of
the dark-toned bands consist of a mixture of
meter-scale boulders of light-toned material
and finer-grained dark material (figs. S3 and
S4). The patches of fine-grained dark material
commonly have a hummocky texture that is

consistent with ripples of ~2 to 5 m in wave-
length (fig. S3). Evidence of recent eolian
activity is pervasive throughout the scene [sup-
porting online material (SOM) text]. Therefore,
this flat-lying dark material is interpreted as
surficial deposits of sediment composed of
eolian sand, with a possible component of lag.
Dark material within the underlying bedrock
may also contribute to the tone of the dark
bands.

The source of the dark-toned sediment is
unconstrained by the present study, but it may
be present within the underlying bedrock and
became mobilized through eolian erosion or
persists in place as lag deposits. Dark material
may also have been transported from a distal
source.

Local topography and high surface rough-
ness of select layers within the light-toned bed-
rock apparently contribute to the accumulation
of the dark sediment in distinct bands (figs. S3 to
S5). The dark-toned bands are commonly found
within topographic depressions in the under-
lying bedrock. Accumulations of boulders also
act to trap dark-toned sediment within the bands
(SOM text). Thus, the dark-toned bands appear
to consist of sediment that has accumulated
within the troughs between ridges of light-toned
bedrock.

This ridge-and-trough morphology is con-
sistent with differential erosion, which can be
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expected if the bedrock is mechanically lay-
ered. That is, the mechanically weaker layers of
rock have faster erosion rates than the stronger
layers. Assuming a homogeneous digenetic
history, fine-grained layers are stronger than
coarse-grained layers within the same sedi-
mentary deposit (7). The coarser-grained layers
erode faster than the finer-grained layers,
resulting in a ridge-and-trough morphology as
suggested here. Local heterogeneities in ce-
mentation and chemical weathering may also
influence rock strength (8—/0). Thus, the ridges
and troughs within the bedrock may reflect local
variations in either grain size or diagenetic
history, or both.

Also present are sets of fractures that are
hundreds of meters to several kilometers in
length (Figs. 1 and 2 and fig. S3). Shear dis-
placements of crosscut bedding and other
discontinuities are not observed along these
fractures. Small horizontal displacements of
more than 0.52 m (two pixels) would be clearly
observed at the resolution of the HiRISE image.
Therefore, these fractures are identified as joints
rather than faults (SOM text).

Many joints are surrounded by a nearly
continuous “halo” of light-toned bedrock that
cuts across the dark-toned bands (Fig. 2 and
figs. S3 and S4). These joint halos are in-
terrupting the background pattern of sediment

patches, or topographic depressions, and any
layers of bedrock that are dark. The lack of
dark material points to a negligible accumu-
lation of dark sediment along these halos, as
well as a systematic lightening of any dark
layers of bedrock within these halos.

The negligible amount of dark material
along the joint halos indicates that these areas
are unfavorable for sediment deposition. A
lack of meter-scale topographic shading along
the bedrock within the halos reveals that these
surfaces are smooth at the meter scale. In
contrast, the adjacent light-toned bands show
clear topographic shading that is distinguish-
able from albedo variations through HiRISE’s
color capability (Fig. 2 and figs. S3 and S4).
The surface along the joint halos is therefore
interpreted to be smoother at the meter scale
relative to the adjacent light- and dark-toned
bands. A smoother ground surface means a lack
of small-scale topography that can act to trap
sediment.

Patterns of topographic shading also indi-
cate that the joint halos often have a positive
relief with inclined surfaces that would tend
to impede sediment accumulation. By analo-
gy with the light-toned bands, the accumula-
tion of dark sediment along the trace of the
joint can be inhibited where the halos are
ridgelike. A ridgelike morphology for the

Fig. 1. High-resolution enhanced-
color image showing a landscape
of sand dunes and buttes against
a background of light-toned
(tan) and dark-toned (blue) bands
in Candor Chasma. This is a
subscene from HiRISE image
TRA_000836_1740, which was
acquired on 30 September 2006
(Mars southern winter). The image
was taken at the local Mars time of
3:29 p.m., and the scene was il-
luminated from the west with a
solar incidence angle of 58.5°. The
HiRISE camera collected image
data in three band passes (blue-
green, red, and near-infrared; 400
to 1000 nm) (I, 2). The image
scale is 0.26 m per pixel, which is
equivalent to the scale of the red
band-pass image. The other band
passes were acquired with two-by-
two pixel binning to 0.52 m per
pixel. The complete image is cen-
tered at —5.7° latitude, 284.6°E
longitude (planetocentric, Interna-
tional Astronomical Union 2000).

joint halos requires the bedrock along the
joints to have been strengthened against
erosion. Ridgelike segments of the halos that
crosscut the dark-toned bands of sediment
especially need to be strengthened because,
presumably, these dark bands lie along
mechanically weaker (more-eroded) layers of
bedrock.

The combination of a smooth surface and
positive relief along the joint halos accounts
for the lack of accumulated dark sediment and
indicates that the bedrock within these halos is
stronger (more indurated) than the more
readily eroded bedrock around it. Chemical
precipitation of minerals (e.g., Fe-bearing
minerals) (//—13) from fluids circulating with-
in pore spaces of the rock along the haloed
joints is a likely mechanism of wall-rock
strengthening. These minerals act to cement
the wall rock and thereby increase the rock’s
resistance to pitting and erosion.

These halos most plausibly formed after
the joints were present. Had the halos formed
first as nonfractured mechanically strong
ridges, the joints would have preferentially
propagated within the weaker rock adjacent
to those halos, rather than through the center
of the halos as is observed. Preexisting joints
would also facilitate the localization of bleach-
ing and cementation within distinct linear halos
by acting as conduits for circulating fluids.
In the absence of fracture-controlled fluid
flow, diagenetic alteration would be distributed
throughout the rock mass rather than being
localized in discrete zones that crosscut bedding
(e.g., 11-16).

The systematic lightening in tone of any
dark bedrock layers along the halos points to
geochemical bleaching of the bedrock. As
previously mentioned, dark material may
contribute to the appearance of the dark-toned
bands, especially on slopes. However, dark
bedrock is lacking within the joint halos.
Thus, any dark material originally present
within the bedrock appears to have been
dissolved or geochemically altered within the
halos.

On Earth, the bleaching of the rock sur-
rounding a fracture is a clear indication of
chemical interactions between the fluids cir-
culating within that fracture and the host rock
(11, 12). Additionally, interactions between
the wall rock and the fluids flowing through
the fracture induce changes in the strength of
the wall rock (8—10). Fracture-supported flow
is recognized as an important process that
facilitates the large-scale subsurface migration
of fluids and chemical interactions between
these fluids and the host rock (8, 9, 15, 16).

The strengthening of the joints” wall rock,
as well as the geochemical bleaching of this
rock, provides strong evidence of subsurface
fluids having circulated through this section of
the layered deposits. These episodes of bleach-
ing and cementation probably reflect episodes
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of reducing and oxidizing fluid flow, as is
commonly observed on Earth (//—/3) and also
on Mars (/7-19). These results support
previous findings from the Observatoire pour
la Minéralogie, I'Eau, les Glaces, et I'Activité
(OMEGA) hyperspectral imager on board
Mars Express. OMEGA observations of this
region of the layered deposits reveal the
spectral signature of hydrated sulfates, which
is viewed as evidence of past aqueous activity
(20, 21).

Not all joints in this scene have halos (fig.
S5). This is probably because of a difference
in age for the haloed versus “non-haloed”
joints. Halos developed around joints that
were present when subsurface fluids were
circulating through the currently exposed
level of the bedrock. Once the bulk of the
subsurface fluids drained from this area, any
new joints that formed would not have
supported adequate fluid flow for a sufficient
amount of time to allow for the strengthening
and bleaching of the wall rock to occur; thus,
no halo is present. Therefore, the presence of
halos may be a proxy for relative fracture age,
with the haloed fractures being the oldest and
the non-haloed fractures being the youngest
and having formed after the subsurface fluids
drained from this level of the bedrock.

The presence of non-haloed joints that
apparently postdate the haloed joints indi-
cates that halo formation, and thus circulation
of subsurface fluids within these joints, was
not a geologically recent event. Further, had
the haloed joints supported geologically
recent near-surface fluid flow, fluvial ero-
sional and depositional structures would be

apparent (22, 23). Such morphologic evi-
dence for recent subaerial fluid flow (e.g.,
gullies and spring mounds) is not observed.
Thus, the present-day exposures of the haloed
joints initially formed within the subsurface
as fluids circulated through the layered de-
posits. These fluids subsequently drained
away, and the haloed joints were exposed at
the surface through erosion. Therefore, evi-
dence of geochemical processes that once
occurred within the subsurface is currently
exposed at the surface in the form of these
haloed joints.

A current focus of Mars surface explora-
tion is the investigation of areas that show
evidence of past hydrologic activity, with the
intent of characterizing the past habitability of
these areas and their potential to support life.
Much attention has been paid to classic volatile-
related terrains such as dry river- and lakebeds
and paleo-springs. This study demonstrates that
exhumed joints and faults are also promising
areas in which to investigate past hydrologic
activity. In addition to Fig. 1, haloed joints are
observed in other HiRISE images of equatorial
layered deposits in Valles Marineris and else-
where. Further analyses of these fractures may
yield additional insight into the geochemistry
that drives the bleaching and cementation of
the wall rock.

Detailed surface observations of fracture-
controlled fluid flow may be possible with
the Mars Exploration Rover Opportunity. A
separate HiRISE image of Victoria Crater in
Meridiani Planum reveals a set of subparallel
linear ridges along the crater’s eastern rim
and floor (fig. S6). These ridges are strati-

Fig. 2. (A to C) Examples of joints and surrounding halos of light-toned bedrock. The joints are the
thin dark lineations. The scale bar and north arrow apply to each panel.
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graphically located within the regional lay-
ered sedimentary bedrock. The linearity, common
orientation, and positive relief of these features
suggest that these are fractures that are sur-
rounded by bedrock that has been chemically
cemented or otherwise indurated, similar to the
joints described here in Candor Chasma. Oppor-
tunity is currently at Victoria Crater, and detailed
studies of these ridges may provide additional
insight into the mechanics and chemistry of
paleo-fluid flow through the regional sedimentary
bedrock.
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