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A 100 m-thick complex of near-vertical carbonaceous chert dikes marks the transition
from the Mendon to Mapepe Formations (3260 Ma) in the Barberton Greenstone Belt,
South Africa. Fracturing was intense in this area, as shown by the profusion and width
of the dikes (ca. 1 m on average) and by the abundance of completely shattered rocks.
The dike-and-sill organization of the fracture network and the upward narrowing of
some of the large veins indicate that at least part of the fluid originated at depth and
migrated upward in this hydrothermal plumbing system.
Abundant angular fragments of silicified country rock are suspended and uniformly
distributed within the larger dikes. Jigsaw-fit structures and confined bursting textures
indicate that hydraulic fracturing was at the origin of the veins. The confinement of the
dike system beneath an impact spherule bed suggests that the hydrothermal circulations were triggered by the impact and located at the external margin of a large crater.
From the geometry of the dikes and the petrography of the cherts, we infer that the
fluid that invaded the fractures was thixotropic. On one hand, the injection of black
chert into extremely fine fractures is evidence for low viscosity at the time of injection;
on the other hand, the lack of closure of larger veins and the suspension of large
fragments in a chert matrix provide evidence of high viscosity soon thereafter. The
inference is that the viscosity of the injected fluid increased from low to high as the fluid
velocity decreased. Such rheological behavior is characteristic of media composed of
solid and colloidal particles suspended in a liquid. The presence of abundant claysized, rounded particles of silica, carbonaceous matter and clay minerals, the high
proportion of siliceous matrix and the capacity of colloidal silica to form cohesive 3-D
networks through gelation, account for the viscosity increase and thixotropic behavior
of the fluid that filled the veins. Stirring and shearing of the siliceous mush as it was
injected imparted a low viscosity by decreasing internal particle interactions; then, as
the flow rate declined, the fluid became highly viscous as the inter-particulate bonds
(siloxane bonds, Si-O-Si) were reconstituted. The gelation of the chert was rapid and
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Siliceous sediments – cherts and banded iron formations – are common in many
Archean greenstone belts. Normally they occur as conformable units, intercalated with
or replacing volcanic units or clastic metasediments; in some regions, however, they
occur as crosscutting dikes (e.g. Lowe and Knauth, 1977; Nijman et al., 1998; Lowe
and Byerly, 2003; Lowe et al., 2003; Hofmann, 2005; de Vries et al., 2006; de Wit
et al., 2011). Such successions are recognized in greenstone belts worldwide, the bestpreserved and least metamorphosed being in the Pilbara in Western Australia and the
Barberton belt in South Africa (e.g. Lowe and Knauth, 1977; Nijman et al., 1998; Lowe
and Byerly, 2003; Lowe et al., 2003; de Vries et al., 2006; de Wit et al., 2011). The
origin of these dikes remains controversial (e.g. Lowe and Knauth, 1977; Nijman et al.,
1998; Lowe and Byerly, 2003; Lowe et al., 2003; Orberger et al., 2006; Hofmann and
Bolhar, 2007; Hofmann and Harris, 2008).
Hofmann and Bolhar (2007) and Lowe (2013) conducted extensive fieldwork and
petrographic studies in the Barite Valley syncline of the Barberton Greenstone belt
that led to contrasting theories for the origin of the dikes. The first authors interpreted
chert-invaded volcano-sedimentary successions in the area as a fossilized hydrothermal system. They propose a model in which the dikes represent the roots of shallow
low-temperature hydrothermal cells within the Archean oceanic crust. Hydraulic fracturing below an impermeable cap of chert accounts for the formation of fissures, then
the downward migration of still-soft seafloor sediments filled the now open fractures
with a mixture of carbonaceous sediment and chemical precipitates. Lowe (2013) favored a model in which the impact of a large meteorite fractured the Archean seafloor
and triggered dike formation. The author’s model reaches that of Hofmann and Bolhar
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the structure persisted at low temperature (T < 200 ◦ C) before fractures were sealed
and chert indurated.
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The Barberton Greenstone Belt is a 3.57–3.21 Ga volcano-sedimentary sequence typical of Archean greenstone belts, beginning with the highly metamorphosed Sandspruit
and Theespruit Formations, followed by the thick, volcanic-dominated Onverwacht
Group (3530–3334 Ma; Viljoen and Viljoen, 1969b, a; Armstrong et al., 1990; Kröner
et al., 1991; Lowe and Byerly, 1999). This sequence terminates with largely maficultramafic volcanics of the Kromberg and Mendon Formations (e.g. Viljoen and Viljoen,
1969c; Armstrong et al., 1990; Kröner et al., 1991; Kamo and Davis, 1994; Byerly et al.,
1996; Lowe and Byerly, 1999). The overlying Fig Tree Group marks an evolution to
more felsic rocks with increasing sediment contributions of clastic or chemical deposits
(3258–3226 Ma; e.g. Kröner et al., 1991; Byerly et al., 1993; Lowe and Nocita, 1999;
Hofmann, 2005). The sequence ends with the thick, clastic-dominated Moodies Group
(3230–3110 Ma; e.g. Kröner et al., 1991; Kamo and Davis, 1994; Furnes et al., 2011;
Heubeck et al., 2013), essentially composed of the erosional products of previously
deposited Fig Tree and Onverwacht Groups.
The Barite Valley site is located north-east of the Onverwacht anticline (Fig. 1a)
where the uppermost units of the Mendon Formation (Onverwacht Group; 3335–
3260 Ma; Kröner et al., 1991; Byerly et al., 1993, 1996) are conformably overlain by the
lowermost units of the Mapepe Formation (Fig Tree Group; 3260–3225 Ma; Armstrong
et al., 1990; Byerly et al., 1996). The Onverwacht to Fig Tree transition is well exposed
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(2007) in that the cherts were derived essentially from oceanic sediments that found
their way down into the open fractures.
In this study we explore the nature of the chert that filled the dikes and focus on
its rheology at the time it was injected. Through our descriptions of the field relations
and dike geometry, and of the macro- and microscopic characteristics of the chert,
we demonstrate that the fluids from which the chert formed had unusual thixotropic
behavior.
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on the western limb of the Barite Valley syncline (Lowe, 2013). Here, the Mendon Formation comprises a series of komatiite flows (Figs. 1b and 2) with highly silicified upper
parts (Duchac and Hanor, 1987; Hanor and Duchac, 1990; Hofmann and Harris, 2008;
Lowe, 2013), which evolve to a 100 m-thick unit of thinly laminated ferruginous cherts
(Mc1), massive to thickly bedded black cherts (Mc2) and greenish micaceous cherts
(Mc3), all deposited in a quiet, probably deep, subaqueous environment (Lowe, 2013).
Felsic pyroclastic and volcaniclastic sediments of the Mapepe Fm. conformably overlie these units (Figs. 1b and 2). The base of this sequence is marked by a layer containing spherules, named S2 by Lowe and Byerly (1986b), which represents a regional
marker across the Barberton belt. Spherules are quenched liquid silicate droplets interpreted as meteorite impact products based on their form and lithology, their platinumgroup-element content (Lowe and Byerly, 1986b; Lowe et al., 1989, 2003), and their
non-terrestrial chromium isotopic ratios (Shokolyukov et al., 2000; Kyte et al., 2003).
Dating of a tuff deposit a few meters above S2 gives an age of about 3260 Ma for the
impact that produced the spherules (Kröner et al., 1991).
The following Mapepe units comprise intervals of lithic sandstone, chert-slab conglomerate, barite and minor chert, jasper layers and mudstone (Heinrichs, 1980; Lowe,
1999, 2013; Lowe and Nocita, 1999). They resulted from clastic sedimentation in shallow environments, evolving from fan-delta to alluvial and shallow marine to non-marine
conditions (Lowe and Nocita, 1999; Lowe, 2013). Part of the detritus, especially the
chert clasts in conglomerates, was derived from the underlying Mendon Formation
(Lowe, 2013).
The sedimentary units are folded and dip steeply to the S–SE (Fig. 3a). At the top of
the Mendon Formation, cream-to-white bedded tuffaceous cherts are cut by the veins
of black chert that are the focus of this study (Figs. 2 and 3) (Lowe and Nocita, 1999;
Lowe and Braunstein, 2003; Lowe et al., 2003; Lowe, 2013). The veins terminate below
the spherule bed S2 of the overlying Mapepe unit (Lowe and Byerly, 1986b; Lowe,
2013). Some fractures are parallel to the bedding of the enclosing tuffs and commonly
root in larger and discordant dikes that can be followed for 100 m into the underlying
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As shown in Figs. 1b, 2 and 3a, the dike complex is first encountered in the komatiitic
volcanic rocks of the Mendon Fm., as described by Lowe (2013). They can be followed
upward through the overlying laminated, ferruginous cherts of M1c unit, then through
the black cherts from Mc2, to terminate in the greenish micaceous cherts of unit Mc3,
below the spherule bed S2. In average, the fractures become narrower with depth
in the Mendon Formation. The dikes are oriented to the W–NW and cut across the
◦
sedimentary rocks at high angle, normally at 60 to 90 to the bedding although Lowe
◦
(2013) has reported values as low as 20–40 .
The fractures display a wide range of shapes, widths and fracture intensities as illustrated in Fig. 4. They vary in thickness from a few centimeters to several meters (0.5 to
1 m in average) and have complex structures in which numerous mm-thick veins branch
out from the main part of fractures. In the sequence illustrated in photos (a) to (d) of
Fig. 4, the shape evolves from straight dikes to irregular fractures, the intermediate
shapes (b) and (c) being the most common type encountered in the area.
The fractures are in sharp contact with surrounding banded cream to white cherts
and contain variable amounts of host rock fragments embedded within a black chert
matrix. The fragments are most commonly angular in shape, although sub-rounded to
rounded examples are observed (see next section and Figs. 7 and 8 for descriptions).
The resulting structure is either matrix-supported (Fig. 4b) or clast-supported (Fig. 4c)
depending on the clast-to-matrix ratio and degree of fracturing.
Intense fracturing is illustrated by the clast-supported texture of Fig. 5. The structure
consists of little displaced, minimally rotated, sub-angular to angular clasts of fine-
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Although some of the dikes are filled entirely with homogeneous, translucent black
chert (Fig. 4a), at a finer scale it is seen that most are charged with fragments originating from the enclosing banded cream to white cherts. As shown in Fig. 7, the fragments
have polyhedral, spindle-like shapes covering a wide range of forms between angular
to sub-rounded. They vary in size from < 1 cm to 40–50 cm (< 10 cm in average) (see
also Fig. 4b–d) and are uniformly distributed within the dike with their long dimensions
commonly sub-parallel to the fracture walls (Fig. 7b and d), especially when close to
the contact.
The finest and roundest particles we found are shown in Fig. 8. They form dense
packages at the bottom of a sill (b) or between suspended fragments in the main vertical channel (c). The rounded particles are less than 1 mm in diameter and composed
of pure, translucent silica. Such particles are rare and most of small fragments (< 1 cm)
display sub-rounded to sharp edges similar to larger clasts (e.g. Fig. 4d).
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grained cream to white country rock separated by < 1 mm to cm wide veins of black
chert. All clasts are elongated in about the same direction due to the sub-parallel orientation of most of the chert veins, and the fragments form a “jigsaw-puzzle” texture.
The fracturing was more intense in the upper part of the structures (Fig. 5a) as shown
by the greater abundance of small fragments (typically < 5 mm). In the lower part of
the structures (Fig. 5b), the chert veins are larger and country rock fragments are bigger. These fragments appear to be suspended in the siliceous matrix, at least in the
two-dimensional view of the outcrop.
Other examples of highly fractured zones are shown in Fig. 6. In photo (a), the texture
resembles the jigsaw-puzzle of the veins shown in Fig. 5, but the fragments are slightly
more rounded. Black chert veins are abundant and range in size from < 1 mm to 5 mm.
Photo (b) differs from (a) by showing multiple thin veins that spread out at 360◦ from
a highly fractured central zone.
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The origin of fragments is readily establishing due to their resemblance with surrounding bedded tuffs in terms of color, grain size, structure and texture. We estimate
that more than 90 % of the clasts are derived from the adjacent units. The laminations
of the source rock are generally preserved in clasts (e.g. Fig. 4c), except for the most
silicified examples. In Fig. 7c, the darker zones show signs of interaction with siliceous
fluids as highlighted by the partial disappearance of primary structures.
The distribution of country rock fragments varies from one dike to another. The jigsaw
structures shown in Fig. 5 have the highest clast to matrix ratio and all the fragments
are close to one another, being separated only by thin veins of black chert. These clasts
are much longer than they are wide, and comprise more than 60–70 % of the fractured
zone; the black chert matrix is restricted to thin veins with a typical width of less than
1 mm.
In larger dikes, the proportion of clasts is more variable. The transition from clastto matrix-supported is not obvious, being limited by the two-dimension of outcrops,
but a typical example of a matrix-supported dike is shown in Fig. 7, photo (d) (see also
Fig. 4b for a larger view). In this dike, pale grey blocks of country rock are suspended in
the black chert matrix together with multiple clasts of translucent black chert (Fig. 7d).
In other examples of matrix-supported dikes, the black chert matrix appears homogeneous and free of macroscopic fragments, as in Fig. 4a. Other examples are shown
in Fig. 9, where host rock fragments are rare or absent. In this dike, silica precipitated to form either botryoidal columnar structures perpendicular to the fracture wall
(Fig. 9a), or colloform structures manifested by alternating thin black-and-white laminations (< 0.5 mm thick; Fig. 9c). In Fig. 9b, colloform textures form the core of the
fracture whereas the contact with country rocks is marked by a 2 to 3 cm thick zone of
white, translucent silica.
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The petrography of two representative fracture-filling cherts is shown in Fig. 10a and b.
These samples were collected in matrix-supported fractures that cut through pale grey
tuffaceous cherts from the Mc2 unit, which are essentially composed of sericite and
microquartz with a variable amount of Fe-carbonate.
The apparent homogeneity of the chert in outcrop does not apply at a microscopic
scale. The sample illustrated in Fig. 10a is in fact a microbreccia made up of small
fragments of chert, now composed of microcrystalline quartz (> 90 %), and a few percent of carbonaceous material, in a microquartzitic matrix. The proportion of matrix is
difficult to determine but is estimated between 20 and 30 %. The grains of carbonaceous matter are rounded and consist of fine aggregates usually less than 100 µm in
size, with rare, larger aggregates up to 300 µm. The microscopic fragments of chert are
angular to well rounded – almost spherical – and they range in size from 200–300 µm.
They are in close contact to one another and are composed of microquartz very similar
to that in the surrounding matrix.
The sample in Fig. 10b comprises a mixture of small rounded grains of silica, carbonaceous matter and carbonate set in a very fine microquartzitic matrix. This sample
differs from the previous one by having a more abundant matrix (up to 60 %) whose
dark color is due to the presence of diffuse carbonaceous matter. The grains of carbonaceous material comprise half of the particulate fraction. They have sub-rounded
shapes and range in size from 10 to 500 µm (100 µm in average). Silica grains form the
rest of the particulate fraction and display sub-rounded shapes similar to the carbonaceous grains. They are composed of almost pure microquartz (< 5–10 µm) in either
sharp or diffusive contact with the surrounding matrix. Fe-rich dolomite (MgO = 15–
17 wt%; FeO = 7–9 wt%) is a minor component (< 5 %) and is found as isolated, rhombohedral to rounded grains no larger than 50 µm.
The boundaries of chert dikes are commonly lined by a thin layer of relatively pure
silica, the best examples of which are shown in Fig. 11. These contacts are charac-
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Two main theories have been proposed to explain the formation of chert dikes and the
intense fracturing observed in the Barite Valley Syncline, both based on extensive field
mapping, analysis of dike geometry and structure, and petrographic observations.
The “hydraulic fracturing hypothesis” was proposed by Hofmann and Bolhar (2007)
who argue that the sedimentary units of Upper Mendon Fm were silicified during or just
after deposition by pervasive and diffuse circulation of low-temperature hydrothermal
fluids through the seafloor. The resulting impermeable cap of chert acted like the seal
of a pressure cooker, increasing the pressure of trapped fluids in the hydrothermal
system and leading to extensive fracturing and dike formation.
Lowe and Byerly (2003) and Lowe (2013) proposed that the impact of one or more
meteorites or asteroids at ca. 3260–3240 Ma supplied sufficient energy to intensely
fracture the ocean crust. Their model includes contemporaneous crustal fracturing and
tectonic activity leading to local block displacement, dike formation and tsunami generation, all related to the impact spherule bed S2 (Lowe and Byerly, 1986b)
The following section focuses mainly on the rheology of the fluids that precipitated
the chert that fills the fractures. A discussion of the mechanism of dike formation is
beyond the scope of this study, but both the above hypotheses will be briefly discussed
because the fracturing and the origin of the circulating fluid may be closely related.
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terized, first by a very thin silica layer less than 50 µm thick in contact with country
rocks, then by a variably thick layer (up to 1 mm) of coarser silica showing two types of
textures: (1) well-preserved colloform textures now composed of microquartz with thin
lines of phyllosilicates and/or carbonaceous matter (Fig. 11a), and (2) crystal growth
structures perpendicular to the fracture walls and surrounded by relatively pure microquartz (Fig. 11b). The contact with the fracture-filling chert is either sharp (Fig. 11a)
or diffuse (Fig. 11b), and commonly followed by an interval rich in rounded, pure silica
grains.
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Although the hydraulic and impact hypotheses invoke different fracturing mechanisms,
they concur on the following point: the fractures are filled from above, by the downward
migration of unconsolidated carbonaceous sediments of the Mc2 and Mc3 divisions.
According to Hofmann and Bolhar (2007) and Lowe (2013), these sediments were
present on the seafloor at the time of dike formation and migrated as soft and/or liquefied material into the newly formed, open fractures. The main arguments advocated
are (1) the presence of rock fragments in dikes from higher stratigraphic levels, and an
absense of fragments from lower stratigraphic levels, (2) the downward displacement
of blocks eroded from adjacent country rocks and (3) the geometry of the dike complex which is 50 m wide at the top and extends as individual dikes downward into the
Mendon volcanic units.
Although we concur with most of these observations and interpretations, Fig. 12
shows evidence of (pene-)contemporaneous upward fluid migration in some of the
dikes that we studied. Photo (a) shows a dike-and-sill structure similar to those observed in magmatic plumbing systems. The main, vertical channel spreads out laterally at specific sedimentary intervals (i.e. weaker planes) to form horizontal veins (or
sills) concordant with host rock bedding. The structure does not persist upward but
ends with a final sill of limited lateral extent (< 40 cm). Another example comes from
the multi-branch dike of photo (b) where the main channel, or feeder channel, is largest
at the base and narrower when cutting through younger units. The central part of the
dike contains suspended host rock fragments that are displaced (∼ 1 cm) toward the
top of the fracture.
Both these structures provide evidence that some fluids came from below. However,
we show in the following section that minor upward fluid is compatible with the dominantly downward flow inferred by Lowe (2013).
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Inspection of thin sections shows that the matrix of fracture-filling black chert is not
homogeneous but consists of an assemblage of fine rounded particles in a siliceous
medium (Fig. 10). The significance of this finding is brought out by reference to the
extensive literature on thixotropic systems.
Barnes (1997) and Mewis and Wagner (2009) (and reference therein) reported that
thixotropy is typical of colloidal suspensions or any other system in which solid particles are suspended in a fluid. Examples of such materials are abundant in everyday
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Arguably the most important finding of this study centers on the physical characteristics
of the fluid that filled the fractures. In Sect. 3.1, we showed several examples where
the black chert occupies a network of fractures (e.g. jigsaw textures of Fig. 5) and penetrated into even the finest (< 1 mm) veins, indicating that the chert had low viscosity
at the time it was injected. In contrast, very soon after injection, the same material
appears to have acquired a viscosity high enough to suspend large blocks of country
rock. In other words, the cherts exhibit thixotropic behavior (e.g. Bauer and Collins,
1967; Barnes, 1997; Mewis and Wagner, 2009). When the fluid was injected, the stirring and shearing imparted a low viscosity then, as the rate of movement decreased,
the fluid became highly viscous.
The fact that blocks of country rock are distributed uniformly through the black chert
in the large “matrix-supported” dikes (e.g. Fig. 4b) indicates that the transition from low
to high viscosity was sufficiently rapid that the blocks did not have the time to settle
towards the lower part of the fracture. This is especially noticeable in the jigsaw zones
of Fig. 5, where the veins are wider in the bottom part of the structure and much thinner
at the top. The lack of vein closure through the lower zone indicates that the blocks of
country rock did not settle downwards and suggests again a rapid low to high viscosity
transition.
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life, including food products (e.g. yoghurt, mayonnaise, ketchup), pharmaceutical and
personal care products, adhesives, paints, printing inks and so on (see references in
Barnes, 1997; Mewis and Wagner, 2009). The clay slurries and silicate suspensions
commonly used in mining industries are also strongly thixotropic (e.g. Nguyen and
Boger, 1985; Besq et al., 2000; de Kretser and Boger, 2001; Klein and Hallbom, 2002;
Oleksy et al., 2007).
Boswell (1948) showed that all unconsolidated sediments exhibit thixotropy to
a greater or lesser extent. The degree of thixotropy depends on a variety of factors
including (1) the size and shape of suspended particles, (2) the packing density and water content of the system, and (3) the presence of electrolytes such as seawater salts.
Grain geometry is particularly important: Freundlich (1935), a pioneer of thixotropy,
observed that a substantial proportion of platy fine-grained particles would cause the
viscosity to drop under shear stress. He recognized that rounded shapes or significant
amount of silt and/or sand in the particulate fraction does not inhibit the development
of thixotropic behavior, although it lowers its efficiency.
In the siliceous matrix that the thixotropy of the fluid that filled the Barite Valley fractures can be linked directly to the presence of the small silica and carbonaceous particles randomly distributed in the siliceous matrix. Although the mechanism that produces viscosity variations in natural systems is debated, it is broadly accepted that the
rheological behavior of particulate (or colloidal) suspensions is controlled by the competition between (1) the break-down of microstructures in the fluid under flow stresses
and (2) the build-up of new microstructures favored by in-flow collisions and Brownian
motion (Boswell, 1948; Barnes, 1997; Mewis and Wagner, 2009). In other words, when
the slurry is stirred and the critical shear stress is exceeded, the attraction between
particles is lowered and the viscosity drops to a minimum; as movement decreases,
the attraction becomes stronger and the slurry more viscous.
Although the mechanism that colloidal suspensions, such as those produced at hydrothermal vents (e.g. Guidry and Chafetz, 2002, 2003; Channing et al., 2004; Tobler
et al., 2008), attraction forces and viscosity increase are linked to the polymerization
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of small (nm) to large (µm) silica flocs to form coherent 3-D networks or gel-like structures (Iler, 1979; Williams and Crerar, 1985; Bergna, 1994; Channing et al., 2004).
This process, called gelation, depends on the formation of branch chains in which hydroxyl groups (Si-OH) at the surface of colloidal silica combine to produce siloxane
bonds (Si-O-Si). The polymerization is enhanced when silica flocs are associated with
other solid particles that act as nuclei (Rimstidt and Barnes, 1980; Williams et al.,
1985; Williams and Crerar, 1985; Rouchon and Orberger, 2008). Thus, the thixotropic
behavior of the primary filling material is well explained by the characteristics of the
fracture-filling cherts; i.e. the abundance of suspended silica flocs and rounded grains
of carbonaceous matter and clay-sized particles eroded from the surrounding silicified tuffaceous country rocks. As the fluid stopped flowing in the veins, Si-O-Si bonds
formed between suspended particles and colloidal silica, and the viscosity increased
as the matrix was transformed into gel.
The timing of network formation and viscosity increase, and the strength of the newly
formed network depend on several factors that influence the silica polymerization, including (1) the temperature, degree of supersaturation and acidity of the fluid (Iler,
1979; Chen and Marshall, 1982; Rimstidt and Cole, 1983; Fournier, 1985; Renaut et al.,
2002; Renaut and Jones, 2003), (2) the extent of aggregation or disaggregation of particles in the fluid (Stade and Wicker, 1971; Dietzel, 2000; Chanson et al., 2006), and
(3) the presence of activated complexes such as salts that help to balance the negatively charged silica colloids, especially in near-neutral and alkaline media (Marshall
and Warakomski, 1980; Marshall and Chen, 1982; Dandurand et al., 1982; Yates et al.,
1998; Grenne and Slack, 2003; Channing et al., 2004).
Recently, Hunt et al. (2013) conducted rheological experiments to quantify the gelation capacity of colloidal suspensions of silica in order to use such material in the generation of geothermal energy. Their results show that in colloidal solution containing
15–20 wt% SiO2 gels can form within minutes to hours at temperatures of 175–200 ◦ C,
◦
or within several days at lower temperatures (100–130 C). Although the gelation time is
◦
faster above 200 C, the gels are more stable at lower temperatures, where they survive
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In this section we focus on the linkage between the process that produced the fractures and the process that introduced the chert-forming fluid. From our observations,
it is possible to reconcile the hydraulic and impact hypotheses of Hofmann and Bolhar
(2007) and Lowe (2013).
For reasons outlined above and developed below, we believe that hydraulic fracturing
was the main process that shattered the rock. The key argument centers on our conclusion that the time between the development of the fractures and their infilling with
chert was very short. The lack of settling of matrix-supported blocks (Fig. 4b) and the
lack of closure of the fracture networks even in the lower part of the fractures (Fig. 5b)
points to rapid influx of a low viscosity fluid that was able to invade the entire fracture
network. We suggest that unless the fractures were kept open by overpressured fluid,
or perhaps by the presence of particles in the fluid (in the manner of sand injected during hydraulic fracturing for shale gas extraction), the fractures would close. The latter
process would only operate for fractures whose widths were no more that a few times
the diameter of the particles; i.e. less than a millimeter.
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up to several months or years. Applied to the Barite Valley dikes, their study provides
an idea of how would have behaved the silica in fractures. The abundance of silica in
the fracture-filling chert suggests that the colloidal suspension that intruded the sediments initially had a silica content comparable to the fluids used by Hunt et al. (2013).
The lack of sulphides and hematite coatings of fractures, together with the abundance
of colloform and botryoidal silica, indicates that the fluid temperatures were less than
200 ◦ C. Thus, based on the study of Hunt et al. (2013), we infer that the dike-filling fluid
reached a gel-state very rapidly, probably within a day after its injection, and (2) that
this gel remained stable for several months to years under medium-low temperature
conditions. Such a rapid process can account for the lack of settling of country rock
fragments as described in the previous section.
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Such rapid influx of fluid seems inconsistent with the model of Lowe (2013) who
suggested that the fractures remained open for a considerable time based on their
observation of cavity-filling textures – botryoidal silica at cavity margins grading inwards
to coarser quartz crystals – and sediment accumulation features at the borders of
fractures. He argued that the lower parts of the largest fractures remained open longer
than their upper parts, and that soft sediments descended slowly to the deepest levels
of the fractures. In our opinion, the formation of impact-triggered open fractures on the
seafloor fails to explain (1) the lack of clast settling and their suspension in the black
chert matrix, (2) the constancy of fracture thickness in lower parts of highly fractured
zones (Fig. 5b) and (3) the in-situ disintegration of country rocks inferred from both the
jigsaw structures (Fig. 5) and the 360◦ dispersion of some vein networks (Fig. 6).
For these reasons we propose that the fluid that precipitated the chert was the same
as that which shattered the rock. We support the model of Hofmann and Bolhar (2007)
who suggested that a layer of silicified rocks formed an impermeable cap that allowed
pressure to build up in the fluids confined to the underlying substrate. Once the pressure exceeded the strength limit of the confining rocks, they shattered, opening passageways into which was injected a slurry of fine, abraded particles of country rock in
a colloidal solution. Overpressure in the fluid kept open the fractures until the flow velocity decreased and the viscosity increased to a level sufficient to suspend the fractured
blocks of country rocks. In cases where the fractures reached the surface, relaxation of
the system soon after its emplacement and before its complete induration allowed the
migration of surface sediments into the newly formed fractures.
The nature of the fracturing mechanism remains unclear. Nijman (1998) proposed
seafloor hydrothermalism for a setting similar to the present study – the ca. 3.5 Ga
North Pole Chert from the Pilbara greenstone belt, Western Australia. He concluded
that similar dikes were produced by the upward flow of hydrothermal fluids rich in silica,
barium and carbonaceous matter. Lowe (2013) recognized that similar Ba-rich fluids
could account for the barite layers in the Mapepe Fm in Barite Valley (e.g. Heinrich,
1980; Lowe and Nocita, 1999), a conclusion consistent with Hofmann and Bolhar’s
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(2007) image of an extensive, low temperature and shallow hydrothermal system confined beneath a shallow layer of lithified and silicified cherts. However, Lowe (2013)
argued that the development of the fractures were linked directly to meteorite impacts.
We suggest that impact-induced hydrothermalism at the far edge of a crater could
account for most of the observations made in the area. Lowe (2013) infers that the
crater at the origin of the impact spherule bed S2 could be many hundreds of meters
in width, and that the Barite Valley dike system extended possibly 4 to 5 times farther
than the crater diameter, an assessment based essentially on the lack of coarse detritus in the S2 spherule layer. It has been shown from studies of other craters that
impact-derived hydrothermal systems can form within and outside the collapsed transient cavity (e.g. Naumov, 2002; Abramov and Kring, 2005). Concentric and radial fault
systems, as well as normal faults, develop in the marginal collapse zone because of
(1) the seismic shaking resulting from the initial impact, and (2) the destabilization of
crater boundaries due to the newly created free border. These weak zones are ideal
pathways for fluids heated below the impact zone, thus leading to the formation of
deep to shallow fractures and vent systems at the surface. Faults and hydrothermal
systems are observed at distances up to several times the crater diameter (e.g. Spray
and Thompson, 1995; Spray, 1998; Spray et al., 2004; Osinski et al., 2005; Rodriguez
et al., 2005). Thus, it seems reasonable to attribute the dike formation at Barite Valley
to post-impact fluid flow along a normal fault system that developed beyond a main
crater.
Such a model meets the criteria imposed by the observations made in the area and
reconciles the theories of Hofmann and Bolhar (2007) and Lowe (2013).
(1) The geometry of the dikes, being sub-vertical- to vertical and narrowing either
downward or upward across the sedimentary units, is consistent with fracturing processes that operated in the shallow crust. Evidence for upward fluid migration in dikes
(e.g. the dike-and-sill geometry), followed by episodes when sediments settled into
the fractures, favors the following two-step model: during or soon after the impact, hot
overpressured fluids were extracted through hydraulic fracturing in the external zones
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of the crater, then the collapse of the crater and relaxation of the system allowed soft
sediments to sink into some of the newly opened fractures.
(2) The fracturing process may have been facilitated by the formation of a thixotropic
silica gel layer along the fracture walls. Lubrification of faults by colloidal silica (Goldsby
and Tullis, 2002; Di Toro et al., 2004; Beeler, 2009; Hayashi and Tsutsumi, 2010) may
also have occurred in the Barite Valley dikes. The presence of colloform silica layers
at the boundary with country rocks, in places associated with crystal growth structures
(Fig. 11), can be interpreted as remnants of frictionally generated amorphous silica
now crystallized to microquartz.
(3) The precipitation of colloform and botryoidal silica in the internal parts of some
dikes records the presence of low temperature Si-rich fluids within the stability field of
chalcedony (typically below < 150–200 ◦ C). The formation of barite deposits and the
widespread silicification of surface sediments at stratigraphic levels post-dating dike
formation support the presence of significant hydrothermal venting at the seafloor. Silica enrichment in primary fluids, together with the lack of sulphide deposits (Ni, Cu) and
hematite coatings of fractures, provides further evidence that the system was located
far from the main impact zone.
(4) The restriction of chert dikes beneath the spherule layer (Hofmann and Bolhar,
2007; Lowe et al., 2003; Lowe, 2013), the rotation of large blocks separated by normal
faults and mini-basins, the common occurrence of large dikes along these faults, and
the generation of tsunamis soon after the fracturing (Lowe, 2013) can all be related to
the impact and are all consistent with events observed in the marginal collapse zones
of craters worldwide (e.g. Spray and Thompson, 1995; Spray, 1998; Naumov, 2002;
Spray et al., 2004; Abramov and Kring, 2005; Rodriguez et al., 2005).
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Based on the geometry of Barite Valley dikes and on the petrology of the fracturefilling cherts, several conclusions were reached concerning the mechanism of fracture
formation and the nature and behavior of the pervasive fluid.
1. Impact-induced hydrothermalism and hydraulic fracturing by overpressured fluids
account for the intense in situ brecciation of the country rocks. The plumbing system
probably developed at low temperature at the external edge of a large crater.
2. The fluid that caused the fracturing was thixotropic, having a very low viscosity as
it was injected and becoming highly viscous after circulation stopped. The presence
of abundant clay-sized particles within the Si-rich fluid, and the capacity of silica-rich
colloidal fluid to form cohesive 3-D networks, accounts for the viscosity variations.
3. Relaxation in part of the siliceous plumbing system allowed the collapse and
downward migration of unconsolidated soft siliceous ooze from the seafloor into the
fractures.
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Fig. 1. (left) Simplified geological map of the Barberton Greenstone Belt and location of the
Barite Valley Syncline north-east to the Onverwacht Anticline. (right) Stratigraphy modified from
Lowe (2013) and corresponding to the western limb of the Barite Valley (location SAF-483 of
Lowe, 2013). The Onverwacht to Fig Tree transition is marked by the spherule bed S2 (Lowe
and Byerly, 1986b) below which is found the dike complex of this study. The dikes begin in the
sedimentary units M3c and M2c, cut through M1c and extent down to the Si-metasomatised
komatiitic flows.
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Fig. 2. Geological map of the Barite Valley site from Lowe (2013) showing the repartition of
the dikes (black). They start at the top of the Mendon Formation (grey) and extent downward
through to the komatiitic units (pink). The red rectangle represents the studied area.
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Fig. 3. (a) Photo of the Barite Valley area (NE side of the hill) showing the main limits of Mendon
and Mapepe Formations. The series young to the S–SE and steeply deep at ±60◦ in the same
direction. The main dike complex area begins in the sedimentary units M3c and M2c, cuts
through M1c and extends down to the Si-metasomatised komatiitic flows (K). The stratigraphy
is shown in Fig. 1b. Photos (b) and (c) are examples of black chert dikes cross cutting the
volcaniclastic rocks of the upper Mendon formation.
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Fig. 4. Main types of dikes encountered in the Barite Valley syncline with degree of fracturation increasing from photo (a) to (d). The fractures have straight and sharp (a) to irregular
boundaries (c). They contain variable amount of country rock fragments embedded in the black
chert matrix, leading to clast-supported (c and d) or matrix-supported (b) textures in outcrop.
Fragments are most commonly angular in shape.
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Fig. 5. Highly brecciated zone composed of long and angular host rock fragments with jigsaw
fits separated by mm- to cm-thick black chert veins. The structures are more easily visible on
sketches (a and b) corresponding to the upper and bottom parts of the structure respectively.
(a) Rocks are fragmented in small blocks separated by thin black chert veins (< 1 mm–2 cm).
Each block is minimally displaced. (b) This part of the outcrop is less fragmented and the black
chert veins are thicker, reaching 4–5 cm. Note that the blocks present in the chert did not settle
to the bottom part of the jigsaw structure. Instead, they look suspended in the siliceous matrix,
at least in the two dimension view of the outcrop.
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Fig. 6. Hydraulic-fracturation features in Barite Valley dikes. (a) Jigsaw-puzzle texture: angular
and long-shaped country rock fragments little displaced and separated by cm-thick black chert
veins. (b) Burst-out texture: radiating black chert veins at 360◦ around a central, highly fractured
zone.
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Fig. 7. Selection of dikes showing the most common shapes of country rock fragments. They
range in size from < 1 cm to 40–50 cm (< 10 cm in average) and show a wide range of polyhedral shapes, from sub-rounded (a) to cobble-like (c), the majority being highly irregular. More
than 90 % of embedded fragments are from the surrounding host rock. The primary layering is
generally well-preserved althought zones of silicification can be found (c). The rest of fragments
consists essentially of clasts eroded from older veins, such as the black chert clasts in (d).
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Fig. 8. (a) Homogeneous dike essentially filled of black chert with low amount of angular country
rock fragments. Photos (b and c) are located in photo (a) and show agglomerates of small balls
of translucent silica (< 1 mm). More than half of the balls were eroded during weathering and
part of the remaining holes are now filled with modern zeolite. The packages are found at
the bottom part of a black chert sill (b) or between suspended fragments in the main, vertical
channel (c).
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Fig. 9. Examples of dikes were host rock fragments are rare or absent. The silica precipitated
to form either botryoidal columnar structures perpendicular to the fracture wall (a), or colloform
structures alternating thin black-and-white laminations (b and c).
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Fig. 10. Photomicrographs of fracture-filling black chert samples. CM = carbonaceous matter;
µQz = microquartz. (a) Sample 1 composed of rounded particles of silica (> 70 % of the particulate fraction) and carbonaceous matter in a matrix of microquartz. The grains are 100–200 mm
in average. Silica grains are composed of microquartz similar to the surrounding matrix leading
to diffusive contact between both phases. Carbonaceous grains are aggregates of smaller particles. (b) Sample 2 composed of rounded particles of silica (50 % of the particulate fraction),
carbonaceous matter (50 %) and carbonate (< 2 %) in a matrix of microquartz (up to 50–60 %
of the chert).
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Fig. 11. Photomicrographs of fracture-filling black chert at the contact with country rocks. The
contact is lined by < 1 mm -thick layers of nearly pure silica characterized either by colloform
textures (a) or crystal growth structures perpendicular to fracture walls (b).
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Fig. 12. (a) Dike-and-sill structure: a central, vertical channel spreads out laterally along weak
sedimentary plane to produce sills concordant with country rock bedding. The structure ends
in the younging direction by a final, < 5 cm-thick sill. (b) Vertical dike narrowing in the younging
direction. Both photos are evidence for a migration of fluids from below.
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