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Abstract. In the Barberton Greenstone Belt, South Africa, a
100-250 m thick complex of carbonaceous chert dikes marks
the transition from the Mendon Formation to the Mapepe
Formation (3260 Ma). The sub-vertical- to vertical position
of the fractures, the abundance of highly shattered zones with
poorly rotated angular fragments and common jigsaw fit, ra-
dial structures, and multiple injection features point to repet-
itive hydraulic fracturing that released overpressured fluids
trapped within the shallow crust. The chemical and isotopic
compositions of the chert favour a model whereby seawater-
derived fluids circulated at low temperature (<100-150 °C)
within the shallow crust.

From the microscopic structure of the chert, the injected
material was a slurry of abundant clay-sized, rounded par-
ticles of silica, carbonaceous matter and minor clay miner-
als, all suspended in a siliceous colloidal solution. The dike
geometry and characteristics of the slurry concur on that
the chert was viscoelastic, and most probably thixotropic at
the time of injection: the penetration of black chert into ex-
tremely fine fractures is evidence for low viscosity at the time
of injection and the suspension of large country rock frag-
ments in the chert matrix provides evidence of high viscosity
soon thereafter. We explain the rheology by the particulate
and colloidal structure of the slurry, and by the characteristic
of silica suspensions to form cohesive 3-D networks through
gelation.

Our results provide valuable information about the com-
positions, physical characteristics and rheological proper-
ties of the fluids that circulated through Archean volcano-
sedimentary sequences, which is an additional step to under-

stand conditions on the floor of Archean oceans, the habitat
of early life.

1 Introduction

Siliceous sediments are common in many Palaeoarchean
greenstone belts. A recurrent pattern consists of con-
formable, bedded chert sequences overlying pervasively sili-
cified volcanic units (e.g. de Wit et al., 1982; Paris et al.,
1985; Lowe and Byerly, 1986a; Hofmann and Harris, 2008).
In several places, dikes filled by siliceous- and carbonaceous-
rich material cut through the volcanic and sedimentary units
(e.g. Lowe and Knauth, 1977; Lowe and Byerly, 2003; Ueno
et al., 2004; Hofmann, 2005; de Vries et al., 2006; Van Kra-
nendonk, 2006; Hofmann and Bolhar, 2007; de Wit et al.,
2011). Such successions are recognized worldwide, the best-
preserved and least metamorphosed examples being in the
Pilbara belt in Western Australia (e.g. Nijman et al., 1998;
Kiyokawa et al., 2006, 2012; Van Kranendonk, 2006) and
the Barberton belt in South Africa (e.g. Lowe and Knauth,
1977; Lowe and Byerly, 2003; de Vries et al., 2006; de Wit
etal., 2011).

Some authors (e.g. Nijman et al., 1998; Brasier et al.,
2002, 2005; Hofmann, 2005; Kiyokawa et al., 2006; Van
Kranendonk, 2006) consider chert dikes as fossilized con-
duits of low-temperature hydrothermal circulation within
sub-seafloor volcanic rocks; others (Lowe and Byerly, 2003;
Lowe, 2013; Sleep and Lowe, 2014) envisage a meteorite im-
pact that created open fractures on the seafloor subsequently
filled by surface sediments.

Published by Copernicus Publications on behalf of the European Geosciences Union.



254 M. Ledevin et al.: The rheological behaviour of fracture-filling cherts

- Moodies Group

[ Fig Tree Group
[__] Onverwacht Group

Barite Valley Syncline, West limb
(location SAF-483 of Lowe, 2013)

Lithic sandstone

Sandstone, siltstone,
tuffaceous sediments

604 b——

(2dadvpyy 4amo)
dNOYD 9L DI

Mc3 Greenish

micaceous chert

Mc2
Black chert

Mcl

Laminated
ferruginous chert

(uopuapyy 1addp))
dNOYD LHOVAIIANO

Altered komatiite

Figure 1. (Left) Simplified geological map of the Barberton Greenstone Belt and location of the Barite Valley Syncline. (Right) Stratigraphy
of the western limb of the Barite Valley syncline, modified from Lowe (2013). The Onverwacht to Fig Tree transition is marked by the
spherule bed S2 (Lowe and Byerly, 1986b) below which the dike complex of this study is found. The dikes begin in the sedimentary units
M3c and M2c, cut through M1c and extent down to the Si-metasomatized komatiitic flows. “b” indicates the position of barite layers.

In this study, we use field observations at the Barite Valley
site in the Barberton Greenstone belt to explore the origin and
nature of the filling material. We combine the geometry and
internal structures of the dikes, the macro- and microscopic
characteristics of the chert, as well as chemical and isotopic
data, to build a comprehensive model of the rheology of the
fluid at the time it was injected. We depart from previous
approaches by providing a dynamic view of the infilling pro-
cess of Archean chert dikes, which offers a rare window to
sub-seafloor hydrothermalism at that time.

2 Barite Valley dikes: from field to microscopic
characteristics

2.1 Studied area and dike location

The geology of the Barberton belt is well described by
Lowe and Nocita (1999), Furnes et al. (2011) and de Wit
et al. (2011). The area we studied is on the western limb
of the Barite Valley syncline (Fig. 1), where the uppermost
units of the Mendon Formation (Onverwacht Group; 3335—
3260 Ma; Kroner 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) (Figs. 1, 2, 3a). The Men-
don Formation comprises a series of silicified komatiite flows
(Figs. 1, 2) (Duchac and Hanor, 1987; Hanor and Duchac,
1990; Hofmann and Harris, 2008; Lowe, 2013) followed by
a 100 m thick unit of thinly laminated ferruginous cherts
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(Mc1), massive and thickly bedded black cherts (Mc2) and
greenish micaceous cherts (Mc3) (Fig. 3a), all deposited in a
quiet, probably deep, subaqueous environment (Lowe, 2013).

These sedimentary units are folded and dip steeply to
the S-SE (Fig. 3a) in agreement with the N-NE plunge of
the Barite Valley syncline. Faults are common in the en-
tire area but are not systematically linked to the presence of
the dikes (Fig. 2). The chert dike system is restricted to the
uppermost 100 to 250 m of the Mendon Formation (Lowe,
2013; Hofmann and Bolhar, 2007): dikes first appear in the
lower komatiitic units (Figs. 2, 3a) (Hofmann and Bolhar,
2007; Lowe, 2013), cut across the ferruginous then carbona-
ceous banded chert units, and terminate in the greenish mica-
ceous chert below a spherule bed (Fig. 1) (Lowe and Byerly,
1986b; Hofmann and Bolhar, 2007; Lowe, 2013). Most of the
dikes are oriented W-NW and appear in clusters distributed
through several hundreds of metres of outcrop (Fig. 2; Lowe,
2013). Typical examples are illustrated in Fig. 3b, c.

2.2 Field descriptions

The dikes are in sharp contact with the surrounding banded
sediments and usually become narrower with depth (Lowe,
2013). They cut across the sedimentary rocks at a high an-
gle, normally at 60 to 90° to the bedding, indicating that the
fractures were near-vertical when they formed (Lowe, 2013,
reported values as low as 20-40°). Some smaller veins are
parallel to the bedding and commonly root in larger and dis-
cordant dikes.

www.solid-earth.net/6/253/2015/
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Figure 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. Major faults are named F1 to F4.

We distinguish two major types of structures in the area:
dikes filled with black chert and fragments of white silicified
country rock (Figs. 3b, c, 4), and later, fragment-poor dikes
filled with botryoidal or colloform silica (Fig. 5).

Fragment-rich dikes display a wide range of shapes,
widths and fracture intensities, as illustrated in Figs. 3 to 8.
They vary in width from a few centimetres to several me-
tres (0.5-1 m on average, to a maximum of 5-8 m). Some are
filled entirely with semi-translucent black chert (Fig. 4a) but
most are charged with centimetre (Fig. 4b—d) to decimetre
(Fig. 3b) sized fragments of cream-to-white chert that clearly
came from the surrounding banded units. The resulting struc-
ture is either matrix- (Fig. 4b) or clast-supported (Fig. 6) at
outcrop scale, depending on the clast-to-matrix ratio and de-
gree of fracturing.

The fragment-rich dikes have complex structures compris-
ing numerous millimetre- to centimetre-thick veins that in-
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Figure 3. (a) Photo of the Barite Valley area (NE side of the hill)
showing the main limits of the Mendon Formation and Mapepe For-
mation. The series gets younger to the S-SE and dips steeply at
+60° in the same direction. The main dike complex area begins
in the sedimentary units M3c and extends down to the silicified ko-
matiitic flows (K). Stratigraphy is detailed in Fig. 1b. Photos (b)
and (c) are examples of black chert dikes cross-cutting the silicified
rocks of the upper Mendon formation.

vade shattered fragments or branch out from the interior of
the dike. The sequence in photos (a) to (c) of Fig. 4 il-
lustrates the diverse shapes encountered in the area, from
straight dikes to highly irregular fractures, the intermediate
shape (b) being most common. In some dikes, multiple injec-
tion is inferred from the presence of internal zoning subparal-
lel to fracture walls (Fig. 4d). The outmost layer is composed
of silt-sized siliceous material (Fig. 4d), black or translucent
chert, chalcedony or crystalline quartz.

Highly fractured zones commonly display “jigsaw-
puzzle” textures in which a continuous matrix of from
<1mm wide to 1cm wide veins of black chert envelopes
little-displaced, minimally rotated, sub-angular to angular
clasts of fine-grained country rock (Figs. 6, 7a). Evidence for
intense fracturing is shown in Fig. 7b, where multiple thin
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Figure 4. Main types of dikes encountered in the Barite Valley syn-
cline with degree of fracturing increasing from photo (a) to photo
(c). The fractures have straight and sharp (a) to irregular bound-
aries (c). They contain variable amount of country rock fragments
embedded in a black chert matrix, leading to clast-supported (c)
or matrix-supported (b) textures in outcrop. Internal layering (d) is
common and indicates multiple fluid injections.

veins have a 360° radial distribution around a highly frac-
tured central zone.

Fragment-poor dikes are filled with black chert, commonly
with botryoidal columnar structures (>5cm long) oriented
perpendicular to the fracture walls (Fig. 5a), or colloform
structures manifested by thin alternating black-and-white
laminations (<0.5mm; Fig. 5c). In the vein illustrated in
Fig. 8b, colloform textures occupy the centre of the fracture
and a 2-3 cm thick zone of white, translucent silica lines the
contact. Fragment-poor dikes cut across the fragment-rich
dikes and are interpreted as later structures (Fig. 5a).

The host rock is a pale grey silicified shale consisting of
phyllosilicates in a matrix of microquartz. Iron minerals (i.e.
siderite) are abundant (up to 5%) in some layers; carbona-
ceous matter is almost absent.
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Figure 5. Examples of homogeneous dikes where host rock frag-
ments are rare or absent. The silica precipitated to form either botry-
oidal columnar structures perpendicular to the fracture wall (a), or
colloform structures alternating thin black-and-white laminations
(b, ¢).

2.3 Size and form of fragments in dikes

As shown in Fig. 8, the fragments have polyhedral, spindle-
like shapes covering a wide range of forms, from angular
to sub-rounded. They vary in size from <1cm to 60-80cm
(<10cm on average; Figs. 3b, 4b—d) and are uniformly dis-
tributed within the dike. Their long axes are commonly sub-
parallel to the fracture walls (Fig. 8b, d), especially when
close to the contact.

Most of the fragments (>90 %) were derived from adja-
cent bedded sediments, being similar in colour, grain size,
structure and texture. They show little rotation or displace-
ment, and occupy between 1% and >50 % of the volume of
the dikes (Fig. 6). When abundant, they are clast-supported
but when sparsely and uniformly distributed, the fragments
are isolated within and probably supported by the black chert
matrix.

Jigsaw textures (Fig. 6) consist of little-displaced, mini-
mally rotated, sub-angular to angular clasts of fine-grained
country rock within a network of fine veins of black chert.
The fragments range in size from a few millimetres up to
10 cm; the veins vary in thickness from <1 mm to a few cen-
timetres. All fragments are elongated in about the same di-

www.solid-earth.net/6/253/2015/
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b - Bottom zone

Upper zone Lower zone

Number of fragment (N) 484 60
% of total rock surface 5045 5147
VMean fragment area (cm”) 034 211
Mean density clast/cm’ 1.48 024

Figure 6. Highly fractured zone with jigsaw fit texture. Sketches
(a, b) highlight the structures in the upper and lower zone respec-
tively. Rocks are brecciated into small, elongated, angular and min-
imally displaced fragments separated by a network of thin (mm to
cm) black chert veins. The table contains the comparative statistical
analysis of the upper and lower zones. In order, we give the number
of fragments (), the percentage of surface they occupy in the pic-
ture, their mean surface (representative of fragment size), and their
spatial distribution expressed in density (number of clast per square
centimetre). Fracturing intensity increases towards the top of the
structure, where fragments are smaller and much more abundant. In
the lower zone, veins are wider, showing a lack of settling of rock
fragments.
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£
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Figure 7. Hydraulic-fracturing features in Barite Valley dikes. (a)
Jigsaw-puzzle texture showing in situ brecciation: angular country
rock fragments are little displaced and separated by millimetre- to
centimetre-thick black chert veins. (b) Randomly distributed black
chert veins covering 360° directions around a central, highly frac-
tured zone.

rection, parallel to the near-vertical orientation of most of
the chert veins. Figure 8d shows a typical matrix-supported
dike (see Fig. 4b for a larger view) in which pale blocks of
country rock are suspended in the black matrix.

www.solid-earth.net/6/253/2015/
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Figure 8. Selection of dikes showing the most common shapes of
country rock fragments. They range in size from <1 to 40-50cm
(<10cm 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 sur-
rounding host rock; the remaining 10 % consist essentially of clasts
eroded from older veins, such as the translucent black chert clasts
in (d). The primary layering is generally well preserved in host rock
fragments although zones of silicification can be found (c).

Clasts of black chert form a minor component (ca. 10 %)
of some dikes, also suspended in the fracture-filling chert.
Their textures, particularly their translucent aspect and lack
of internal structures and bedding, resemble those of the
black chert that fills the dikes. They are interpreted as frag-
ments from earlier dikes that had solidified and had been
brecciated during subsequent dike-forming events.

2.4 Statistical analysis of a highly fractured zone

We carried out a statistical analysis of the jigsaw structure
shown in Fig. 6 to characterize the size, abundance and dis-
tribution of the fragments in a highly fractured zone. The
outlines of the cream-coloured fragments were delineated
automatically using Optimas v6.5 software and a compar-
ison was made between the upper (a) and lower (b) zones
of the dike. Because the data set has a non-Gaussian distri-
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bution (Shapiro-Wilk’s test: P <0.001***), classical para-
metric tests cannot be applied and a non-parametric test was
adopted.

We found that the chert fragments fill equal areas, about
50 %, in the upper and lower zones (Fig. 6). However, the
number and size of fragments differ significantly (Kruskal—
Wallis test: P <0.001***) reflecting an increasing fracture
density towards the top. In the upper zone, the low av-
erage fragment size (mean = 0.34cm?) is compensated by
a greater number of fragments (N = 484). Consequently,
they are closer to one another (density = 1.48 clastcm=2)
and the black matrix is restricted to a network of very fine
(<1lcm) veins (Fig. 6a). In the lower zone the fragments
are much less abundant (N =60) but 6 times bigger on
average (mean =2.11cm?). Their sparser distribution (den-
sity = 0.24 clastcm—2) makes them appear to be suspended
in the siliceous matrix, at least in the two-dimensional view
of the outcrop. The fact that chert veins are wider at the bot-
tom implies a lack of closure of the fractures and a lack of
fragment settling.

2.5 Microscopic scale: the black chert matrix

Figure 9 illustrates the petrography of two representative
fracture-filling cherts in dikes. The apparent homogeneity of
the black chert at the outcrop scale does not apply at a mi-
croscopic scale. The matrix is a microbreccia consisting of
small round grains (40-80 %) of silica, carbonaceous matter
and minor carbonate in a very fine microguartz groundmass
(20-60 %). Silica grains are the most abundant, up to 90 %.
They are sub-angular to well rounded — almost spherical —
and typically are 200-300 um across (max. 1 mm). They are
composed of microcrystalline quartz (<5-10 um) very simi-
lar to that in the surrounding matrix, and are in sharp or dif-
fusive contact with the surrounding components. Carbona-
ceous material comprises up to half the particulate fraction
and consists of fine aggregates commonly 100 um in size,
with rare, larger aggregates up to 500 um. Carbonate grains
are less abundant (<5 %) and consist of isolated, rhombo-
hedral to rounded grains of Fe-rich dolomite (MgO = 15—
17wt %; FeO = 7-9 wt %) (Fig. 9b).

3 Chemical and isotopic composition

We analysed three samples of microbreccia-type fracture-
filling chert, one sample from a botryoidal textured dike,
and six samples of silicified shales (two from fracture walls
and four from suspended fragments) for major and trace el-
ements at 1STerre, University of Grenoble, France (Table 1).
All samples are from the MC2 unit of the Mendon Forma-
tion. Microquartz in dikes, and quartz and phyllosilicates in
the country rock, were analysed by electron microprobe (Ta-
ble 2). Analytical procedures are described in the Supple-
ment.
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Figure 9. Photomicrographs of fracture-filling black chert sam-
ples. Left column is normal light and right column is polarized
light. CM = carbonaceous matter; mQz = microquartz. (a) Sample
1 composed of rounded particles of silica and carbonaceous matter
in a matrix of microquartz. The grains are 100-200 mm on aver-
age. Silica grains are composed of microquartz similar to the sur-
rounding matrix leading to diffusive contact between both phases.
Carbonaceous grains are aggregates of smaller particles. (b) Sam-
ple 2 composed of rounded particles of silica (50 % of the particu-
late fraction), carbonaceous matter (50 %) and carbonate (<2 %) in
a matrix of microquartz (up to 50-60 % of the chert).

3.1 Major and trace element data

From the microprobe analyses of Table 2, the phyllosilicates
in the host rock are sericite (SiO2 =50wt %, Al,O3 = 32—
34wt % and KO = 7wt %). The coarser grains display well-
defined zoning with rims depleted in Na,O but enriched in
barium (4 wt %), and to a lesser extent in Cr, Ti, Fe and MgO.

Most host rock samples plot on mixing curves (Fig. 10)
and their bulk compositions can be modelled as bimodal mix-
tures of 4-11% sericite and 89-96 % quartz. The sericite
was probably derived from clay minerals in the shale precur-
sor and the silica (>90wt %) from silicification during hy-
drothermal alteration that preceded dike emplacement.

The compositions of the black chert that fill the dikes
fall onto the same mixing curves, but closer to the quartz
endmember (SiO, >97 wt %). Besides the dilution effect
of silica, the small but significant concentrations of Al,O3
(=~ 1wt %), K20 (= 0.25wt %) and BaO (< 0.1-0.2 wt %) in-
dicate the presence of up to 4 % of sericite eroded from frac-
ture walls or derived from the hydrothermal fluid.

Trace-element contents are directly linked to the sedimen-
tary component in the fracture-filling chert, as revealed by (1)
correlations between trace elements and Al,O3 (-2 = 0.85-
0.95 for HFSE and V; 2 = 0.59-0.89 for REE), and (2) sim-
ilar Zr/Hf ratios in the host rock (39-47) and dike (39—
48) (Table 1). Chromium contents are higher in the dike

www.solid-earth.net/6/253/2015/
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Table 1. Major and trace element analyses of Barite Valley silicified shales and fracture-filling cherts (< I.d. = below detection limit; n.a. = not
analysed).

Silicified country rock Fracture-filling chert

Fracture wall | Fragments in dikes \ Microbreccia-type | Botryoidal silica

(wt %) FTC1A FTC2A \ FTC1B FTC2B FTC4A FTC4B | FTC2-C1 FTC2-C2 FTC4-BC \ FTC17
SiO) 94.08 94.88 94.40 96.19 91.47 90.74 97.80 n.a. 97.07 n.a.
TiOy <l.d. 0.07 <l.d. 0.07 0.13 0.12 <l.d. n.a. <l.d. n.a.
Al,O3 1.23 1.74 1.49 2.38 3.86 3.69 1.24 n.a. 0.83 n.a.
Feo O3t 0.53 0.26 0.74 0.65 0.36 0.35 0.22 n.a. 0.23 n.a.
MnO <l.d. <l.d. <ld. <l.d. <ld. <ld. <ld. n.a. 0.01 n.a.
MgO <ld. <l.d. <l.d. <ld. <l.d. <l.d. <l.d. n.a. <l.d. n.a.
CaO0 <ld. <lLd. <ld. <ld. <ld. <lLd. <lLd. n.a. 0.25 n.a.
Nay, O 0.03 0.03 0.03 <ld. 0.04 0.04 <l.d. n.a. 0.02 n.a.
K,0 0.26 0.36 0.30 0.44 0.84 0.80 0.26 n.a. 0.21 n.a.
Cry03 0.002 0.01 0.002 <ld. 0.01 0.01 <l.d. n.a. <ld. n.a.
LOI 0.64 0.67 0.72 0.66 0.98 0.98 0.67 n.a. 1.15 n.a.
Somme 96.78 98.03 97.69  100.39 97.68 96.74 100.19 n.a. 99.78 n.a.
(ppm)

Cs 0.322 0.337 0.315 0.376 0.635 0.625 0.346 0.355 0.443 0.071
Rb 9.56 14.3 11.2 23.1 34.9 34.1 12.4 12.2 7.24 0.085
Ba 1659 2366 1964 2442 4466 4356 1807 1817 728 300
Th 0.715 1.04 0.804 1.37 2.76 2.67 0.701 0.704 0.583 <l.d.
U 0.227 0.309 0.257 0.368 0.718 0.684 0.247 0.249 0.201 0.092
Nb 0.823 1.18 0.924 2.05 3.04 2.97 1.02 1.06 0.621 0.006
Ta 0.087 0.107 0.096 0.163 0.273 0.261 0.045 0.071 0.073 <l.d.
Pb 0.786 1.80 1.11 2.13 1.29 1.26 1.56 1.55 1.38 <l.d.
Sr 5.68 7.22 6.49 7.22 4.89 4.80 9.84 10.0 6.17 1.89
Zr 11.4 16.1 145 27.1 34.2 334 13.3 13.5 7.33 0.543
Hf 0.293 0.406 0.365 0.573 0.838 0.844 0.277 0.282 0.184 <l.d.
Ti 245 411 278 542 749 738 334 333 206 0.545
Li 0.642 1.10 0.629 1.83 1.75 1.74 0.709 0.72 0.829 <l.d.
Sc 1.78 1.76 2.28 2.51 3.44 3.34 1.34 1.38 1.01 <l.d.
\Y 9.90 15.3 12.2 20.3 24.2 24.2 13.2 13.1 7.03 0.175
Cr 44.9 82.1 50.4 98.2 107 106 75.9 76.5 29.2 18.2
Co 27.3 26.1 35.0 1.56 17.0 16.8 4.04 4.06 65.5 <l.d.
Ni 24.3 17.7 37.6 21.1 21.8 215 225 22.6 18.6 1.48
Cu 5.08 13.2 7.00 12.3 5.61 5.59 174 17.4 4.35 0.445
Zn 3.11 11.0 4.27 8.60 6.67 6.53 14.0 13.9 4.27 <l.d.
As 3.68 16.6 4.17 17.2 17.8 17.4 10.4 10.4 9.24 0.211
La 5.26 10.2 7.19 7.68 7.94 7.7 5.22 5.17 1.59 0.033
Ce 5.66 11.2 7.12 9.18 129 12.6 5.98 5.88 3.06 0.062
Pr 1.37 2.11 1.91 1.56 1.7 1.62 1.07 1.08 0.379 0.008
Nd 5.51 6.63 7.61 4.82 5.78 5.57 3.33 3.31 1.41 0.032
Sm 1.02 1.08 1.41 0.817 0.915 0.884 0.548 0.507 0.286 <l.d.
Eu 0.227 0.242 0.307 0.187 0.273 0.256 0.121 0.105 0.073 <l.d.
Gd 0.892 0.755 1.180 0.656 0.987 0.919 0.394 0.386 0.342 0.027
Th 0.111 0.093 0.151 0.095 0.134 0.130 0.050 0.052 0.046 0.003
Dy 0.600 0.509 0.798 0.649 0.867 0.797 0.294 0.297 0.284 0.031
Ho 3.150 2.630 3.870 4.400 4.870 4.760 1.920 1.930 1.790 0.283
Y 0.108  0.0937 0.142 0.126 0.173 0.169 0.0544 0.0581 0.0561 0.007
Er 0.3 0.259 0.362 0.381 0.528 0.501 0.153 0.154 0.17 0.024
Yb 0.25 0.239 0.304 0.345 0.559 0.539 0.155 0.151 0.178 0.020
Lu 0.037 0.033 0.042 0.052 0.078 0.079 0.022 0.021 0.025 0.004
Y REE 24.49 36.07 \ 32.40 30.95 37.70 36.52 \ 19.31 19.10 9.69 \ 0.53
Zr [Hf 38.91 39.66 39.73 47.29 40.81 39.57 48.01 47.87 39.84

Th/Sc 0.40 0.59 0.35 0.55 0.80 0.80 0.52 0.51 0.58
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Table 2. In situ microprobe analyses of various components in Barite Valley fracture-filling cherts and surrounding silicified shales

(SD = standard deviation).

Fracture-filling chert |

Siliceous, sericite-rich shale (hostrock)

Quartz \ Sericite core Sericite rim Quartz
(Wt%) n=40 SD ‘ n==6 SD n=5 SD n=7 SD
SiOy 99.1 0.57 50.2 1.05 476 0.99 98.2 222
Al,O3 0.16 0.13 | 3421 170 3238 0.49 025 011
K>0 0.02 0.03 764 125 7.04 0.65 0.04 0.03
Na,O 0.01 0.01 0.37 0.33 0.09 0.01 <0.01
MgO 0.00 0.01 101 0.37 155 023 <0.02
Cao 0.01 0.01 | <0.01 <0.01 <0.02
FeO 0.03 0.02 1.04 0.61 124 091 0.40 0.96
MnO 0.01 0.01 0.01 0.01 0.01 0.01 <0.02
TiOy 0.01 0.03 0.20 0.07 0.29 0.07 0.02
Cro03 0.01 0.01 0.07 0.04 0.14 0.02 0.01 0.02
P20Osg 0.01 0.01 0.01 0.01 0.02 0.02 <0.01
BaO 0.07 0.68 4.07 0.09
NiO 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.02
Total 99.5 95.5 94.4 99.0
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Figure 10. Major element correlation diagrams showing (1) decreasing aluminium and potassium concentrations with increasing SiO,, and
(2) positive correlations between aluminium, potassium and barium. All samples fall on correlation lines between sericite and quartz, whose
composition was obtained in situ by microprobe analysis. These data indicate that <4 % of sericite is enough to control the fracture-filling

chert chemistry.

(Cr/Th=50-109) than the country rock (39-79), suggest-
ing a contribution from other, unidentified components.

On the basis of their mineralogy and geochemistry, the
black chert filling Barite Valley dikes are interpreted as mix-
tures of (1) carbonaceous and silica particles of uncertain

Solid Earth, 6, 253-269, 2015

origin, (2) sericite from host rocks, and (3) silica that forms
most of the groundmass.

The chemical composition of the groundmass is of particu-
lar interest because it could have recorded the characteristics
of the fluid that circulated through the dikes. However, their
bulk chemistry is strongly influenced by minor amounts of
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material from the host rocks and only very pure chert with
extremely low trace element contents have a chance to pre-
serve the composition of the primary siliceous precipitate.
Botryoidal silica from the late-stage dike (Fig. 5a) meets
this requirement: the total REE content is about 0.5 ppm and
a sericite contribution can be ruled out on the basis of ex-
tremely low HFSE (Zr = 0.54 ppm) and barium (< 270 ppm)
contents. The shale-normalized pattern (Fig. 11) reveals
strong depletion in LREE (Pr/Ybsy =0.12), enrichment in
Y (Y /Ho=39.3) and positive lanthanum (La/La* =1.36)
and gadolinium (Gd/Gd* =4.76) anomalies. It is not clear,
however, whether the fluid that formed this late-stage dike
was identical to the one that formed the earlier fragment-
filled black chert dikes.

3.2 Isotopic data

Silicon and oxygen isotopic compositions were measured in
situ in two samples using the CAMECA IMS1280 ion mi-
croprobe at CRPG (Nancy, France): (1) a black chert with
microbreccia matrix (sample FTC4, Fig. 9), and (2) botry-
oidal silica (sample FTC17, Fig. 5a). The analytical proce-
dure is described in the Supplement. Results are given using
the delta notation and expressed as probability density func-
tions in Fig. 12.

830Si of the microbreccia varies widely, from —4.50 to
—0.19 %0 with a mean value of —1.37 +0.22 %o . The dis-
tribution is irregular with major peaks at —1 and —2 %o , and
minor peaks at —3.3 and —4.5 %o . The botryoidal silica has
a mean §%0Si of —0.91 + 0.32 %o and a more restricted range
from —1.89 up to +0.22 %0. The latter value is limited to a
single analysis.

The 5180 in these samples have a very narrow range of less
than 1 %o. The botryoidal silica has a surprisingly high mean
8180 of 23.68 4 0.34 %o and the microbreccia has a mean at
20.97 +0.11 %o.

4 Discussion
4.1 Fracturing process

Two main theories have been proposed to explain the for-
mation of Barite Valley dikes, both based on extensive field
mapping, analysis of dike geometry and structure, and pet-
rographic observations. Hofmann and Bolhar (2007) advo-
cate hydraulic fracturing. According to them, pervasive and
diffuse circulation of low-temperature hydrothermal fluids
through the seafloor silicified the sedimentary units of the
Upper Mendon Formation during or just after deposition.
The resulting impermeable cap of chert acted as a seal and
increasing pressure in trapped fluids led to hydraulic frac-
turing and dike formation. Lowe and Byerly (2003) and
Lowe (2013) proposed that a meteorite impact shattered the
ocean crust and that unconsolidated carbonaceous sediments
present at the seafloor subsequently filled the fractures.
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Figure 11. Shale-normalized (PAAS; Taylor and McLennan, 1985)
REE pattern for the pure, botryoidal silica sample of Fig. 5a show-
ing seawater-like characteristics. Sm and Eu are below the detec-
tion limit. We calculate their theoretical concentrations using that
of their neighbouring elements (Sm using Pr and Nd, and Eu using
Sm and Gd). Because of its anomalous enrichment, a theoretical
Gd concentration is also modelled using Th and Dy. The resulting
dotted line helps to highlight the LREE depletion trend typical of
oceanic fluids.

The two hypotheses imply different directions of fluid
flow within the fractures; dominantly upward in the hy-
draulic fracturing model and downward in the meteorite im-
pact model. Hofmann and Bolhar (2007) and Lowe (2013)
both consider that the fractures were at least partly filled
from above with unconsolidated carbonaceous sediment. The
main arguments are (1) the presence in some dikes of rock
fragments from higher stratigraphic levels (e.g. spherules
from S2; Fig. 1), (2) downward displacement of blocks from
adjacent country rocks, (3) carbonaceous matter in the cherts
that originated from biogenic processes on or near the ocean
floor, and (4) the geometry of the entire dike complex, which
reaches a maximum width of 50 m at the top and narrows
downward in the Mendon volcanic units.

Although we concur with most of these observations and
interpretations, several key structures indicate that fluid mi-
gration was dominantly upward.

1. Figure 13a shows a dike-and-sill structure similar to
those in magmatic conduits (e.g. Gudmundsson, 2011
and references therein) and in sand injectite complexes
(e.g. Thompson et al., 2007; Braccini et al., 2008).
The main, vertical channel spreads out laterally along
weaker sedimentary intervals to form horizontal veins
(or sills). The structure does not persist upward but ends
with a final sill of limited lateral extent (<40cm). In
both sedimentary and magmatic settings, such struc-
tures are attributed to upward injection of overpressured
fluids, either magma or fluidized sand (e.g. Thompson et
al., 2007; Gudmundsson, 2011; Maccaferri et al., 2011).

2. The main feeder channel of the multi-branch dike
in Fig. 13a narrows upward, supporting an ascending
movement of the fluid.
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Figure 12. Probability density function showing the distribution of in situ single-grain isotopic composition (oxygen and silicon) within one
microbreccia sample (FTC4, light green) and one botryoidal silica sample (FTC17, dark green). Values in black are mean §30Si and $180.
Note the various peaks observed in the negative region for the microbreccia.

Figure 13. (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 at the
top by a final, <5cm thick sill. (b) Vertical dike narrowing in the
younging direction. Black arrows indicate displacement (~1cm)
towards the top of the vein. Both photos are evidence for a migration
of fluids from below (white arrow).

3. The central part of the dike contains suspended host
rock fragments that were displaced upwards for small
distances (~ 1cm; black arrows in Fig. 13b). Hofmann
and Bolhar (2007) also reported significant upward dis-
placement of komatiite clasts from lower stratigraphic
levels.

Another series of observations argues that hydraulic fractur-
ing shattered the rocks.

1. The presence of mosaic breccias with distinctive jigsaw
puzzle textures, the angularity of the fragments, and the
lack of significant movement or rotation are diagnostic
of hydraulic fracturing according to the criteria summa-
rized by Jebrak (1997).
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2. The abundance of highly shattered zones and multiple
injection features in certain dikes suggest the involve-
ment of high-pressure fluids (Jobson et al., 1994; Je-
brak, 1997; Li et al., 2002).

3. The statistical analysis of the jigsaw-patterned dike
(Fig. 6, Sect. 2.4) reveals an increase of fracture den-
sity towards the top of the structure, also supporting a
role of high-pressure fluids from below. The lack of set-
tling of matrix-supported blocks (e.g. Fig. 4b), and the
lack of closure of the fracture networks further support
this idea because the veins would have closed if not kept
open by overpressured fluids.

4. Additional characteristics, although less diagnostic, in-
clude the restricted size range of suspended fragments
(Jebrak, 1997), the homogeneity of the filling material
(Jebrak, 1997), the high matrix-to-fragments ratio in
some dikes, the sharpness of contacts between dikes and
country rocks (Li et al., 2002), and the random orienta-
tion of parts of the vein network (Marone and Scholtz,
1989; Li et al., 2002).

4.2 Origin of the fluid(s) and temperature of the system

Botryoidal silica in the late dikes provides the best record of
fluid composition. Its composition (Table 1, Fig. 11) shares
key characteristics with modern seawater, such as the strong
depletion in LREE and positive La, Gd and Y anomalies (see
Bolhar et al., 2004, for a review of such proxies). Accord-
ingly, evolved seawater must have circulated through the sys-
tem, at least through the late-stage fractures.

The Si and O isotopic compositions of the fracture-filling
cherts may be more diagnostic (e.g. Marin et al., 2010;
Van den Boorn et al., 2010). Oxygen isotopes register the
fluid temperatures (e.g. Perry and Lefticariu, 2003; Marin-
Carbonne et al., 2012) and silicon isotopes provide informa-
tion about the nature of the fluid (e.g. André et al., 2006).
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The strongly negative §3°Si values (—1.37 =+ 0.22 %o)
of groundmass silica in chert dikes (sample FT4) resem-
ble values in modern hydrothermal deposits such as in
siliceous sinter (8%°Siayerage = —1.4 %o; Douthitt, 1982), and
submarine siliceous sediments produced by black smokers
(8%°Siaverage = —1.56 %o ith values down to —3.5 %o; Jiang
et al., 1997, André et al., 2006). The different peaks in
Fig. 12 indicate fluids with contrasting compositions (Marin-
Carbonne et al., 2012), but most of the data are within the
—1%o peak. Accepting a fractionation value of —1 %o be-
tween dissolved and precipitated silica (De La Rocha et al.,
1997; Ding et al., 2004), the precipitating fluid would have
had a §3°Si around 0%o. This value is consistent with hy-
drothermal fluid that equilibrated with mafic to ultramafic
rocks (De La Rocha et al., 2000; André et al., 2006). In line
with the significant Cr enrichment in our samples (Sect. 3.1),
we believe that the fluid acquired its near-zero §3°Si in the
komatiitic units of the Mendon Formation before being in-
jected upwards into the dike system.

The botryoidal silica dike has a narrower range of
values around a slightly less negative mean §%Si of
—0.91 4 0.32 %o. The single Gaussian distribution of the data
suggests the precipitation of microquartz from a homoge-
neous reservoir. Applying the same fractionation factor, we
calculate an initial §3°Siriq of 0.09 %0. However, this value
may be an underestimate in view of the conclusion of Li
et al. (1995): “the lower the exhalative temperature and the
slower the precipitation rate of SiO, the lower the §%0Si val-
ues will be”. The botryoidal or colloform textures (Fig. 6)
indicate low precipitation temperatures and a slow kinetic of
silica precipitation. Accordingly, the present §%°Sigiq would
shift toward more positive values, approaching the composi-
tion expected for Precambrian seawater (up to +1.3 %o ac-
cording to Van den Boorn et al., 2010).

For both these chert dikes, the oxygen isotopic composi-
tion is restricted to a narrow range of less than 1 %o (Fig. 12),
which would indicate complete resetting of the system ac-
cording to the preservation criterion of Marin-Carbonne et
al. (2012). However, the preservation of botryoidal silica
and chalcedony in some dikes indicates temperatures below
200°C, which is incompatible with the active dissolution
and precipitation of quartz required for a complete reset of
oxygen isotopes. Accordingly, we propose that the following
temperatures are those of fluids that circulated and precipi-
tated silica in the dikes.

The temperature can be approximated using the equation
of Knauth and Epstein (1975):

1000 In o = 3.09 x (108/72) —3.29

with & = (1000 + 8*80sample) /(1000 + 88 Opyyiq)
Because of the oceanic signal preserved in the botryoidal sil-
ica, we use a 8180giq of +0.4 to +2.1%o , which is the

range covered by Precambrian hydrothermal fluids derived
from seawater (De Ronde and de Wit, 1994; Channer et al.,
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1997). In agreement with the extremely high §80grc17 of
~ 23.7 %o, the botryoidal silica precipitated at a very low
temperature of 60 to 80°C. In the microbreccia dike, the
presence of strongly negative §3°Si peaks may indicate a con-
tribution from more evolved seawater. Lécuyer et al. (1994)
reported §180gig of 4+6 %o for metamorphic fluids that re-
acted with komatiites, a value that gives a precipitation tem-
perature of 130-140°C.

From the trace element and isotopic data, we conclude
that modified seawater circulated at low temperature within
the whole system. It interacted at depth with komatiitic
units before being ejected upwards at moderate tempera-
tures (< 150 °C). Over-pressured fluid shattered silicified sed-
iments and precipitated silica in the resulting fractures. Dur-
ing quiet periods, less modified, low-temperature fluid pen-
etrated the crust and precipitated silica in open fractures.
The Barite Valley dikes are thus relicts of a low-temperature,
shallow-level hydrothermal system.

4.3 Rheological behaviour of the circulating fluids

In Sect. 2.3, we showed several examples where black chert
invaded a dense network of fractures and penetrated even the
finest (<1 mm) veins. This indicates that the filling material
had low viscosity at the time it was injected. In contrast,
very soon after injection, the same material acquired a vis-
cosity high enough to suspend large blocks of country rock.
Although the pressure exerted by the fluid during hydraulic
fracturing can support fragments at first, we argue that a
significant increase of the viscosity is required as pressure
is released. Such a transition from “pressure-supported” to
“viscosity-supported” must have been sufficiently rapid that
the fragments had no time to settle towards the lower part
of the fractures. In other words, the filling material exhib-
ited viscoelastic, shear-thinning behaviour, and most proba-
bly thixotropy (e.g. Bauer and Collins, 1967; Barnes, 1997;
Amiri et al., 2009; Mewis and Wagner, 2009). In the follow-
ing sections, we investigate the cause of such behaviour and
offer a dynamic view of the fracture infilling process.

4.3.1 The cause of shear thinning and thixotropic
behaviour

At all scales, the filling material in Barite Valley dikes can
be described as a mixture of solid fragments initially sus-
pended in a liquid medium. At the outcrop scale (Fig. 14,
top), host-rock fragments are suspended in a now consol-
idated black chert matrix. At a micrometre scale (Fig. 14,
middle), the chert matrix is seen to have been a slurry of
fine, rounded solid particles of silica and carbonaceous ma-
terial in a solution of colloidal silica. At a nanometre scale
(Fig. 14, bottom), the colloidal solution itself was composed
of silica flocs suspended in a seawater-derived hydrothermal
fluid. After injection, the whole system consolidated to its
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Figure 14. Sketches showing our interpretation of the chert prop-
erties at the time of injection and at various scales. From top to
bottom, the chert consistently contained a “particulate” and a “lig-
uid” fraction in varying proportions. Percentages are approximate,
i.e. based on thin section observations and taking into account the
dewatering and compaction of cherts during induration. The col-
loidal fraction (bottom) is responsible of the rapid viscosity varia-
tions through gelation.

present cherty state through well-known silica precipitation,
dewatering and volume loss processes (e.g. Knauth, 1994).

The nano- and micro-textures of the slurry are particu-
larly relevant. Barnes (1997) and Mewis and Wagner (2009
and references therein) reported that viscoelasticity, and es-
pecially thixotropy, is commonly observed in colloidal flu-
ids or other systems in which solid particles are suspended
in a fluid (e.g. pharmaceutical products, food products, ad-
hesives, paints). Clay and silicate slurries and suspensions
used in the mining industry are also subject to strong vis-
cosity variations under varying shear stresses and rates (e.g.
Nguyen and Boger, 1985; Besq et al., 2000; Oleksy et al.,
2007).

Although the exact cause of viscosity variations in natural
systems is debated, it is broadly accepted that their rheolog-
ical behaviour is controlled by competition between (1) the
break-down of particle-particle interactions and microstruc-
tures in the fluid under flow stresses, and (2) the build-up of
new interactions and microstructures promoted by van der
Waals and electrostatic attractive forces, in-flow collisions
and Brownian motion (e.g. Boswell, 1948; Barnes, 1997;
Mewis and Wagner, 2009). These interactions are controlled
by numerous parameters, including those listed below.
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1. Abundance of the particulate fraction (Jeffrey and

Acrivos, 1976; Yanez et al., 1999; Di Giuseppe et
al., 2012). It is now widely accepted that any sus-
pension containing a sufficient quantity of hard parti-
cles can exhibit shear-thinning behaviour (e.g. Barnes,
1997; Stickel and Powell, 2005; Mewis and Wagner,
2009). Recently, Di Giuseppe et al. (2012) demon-
strated that suspensions containing <30 % of hard silica
spheres had viscoelastic shear-thinning properties while
thixotropy appeared at higher concentrations (>36 %).
In Barite Valley dikes, silica and carbonaceous particles
represent up to 70 % of the now-solid chert (Fig. 9), but
before dewatering and compaction, the concentration
would have been lower, perhaps 30 to 40 % (Fig. 14).
These particles display a wide range of sizes (from
<1um to several hundreds of um). In heterogeneous
suspensions, the larger particles tend to remain dis-
persed to promote low viscosity under shear stress,
while the smaller colloids aggregate more easily and
help to develop high viscosity after flowage stops (Usui
etal., 2001).

. Geometry of the grains. Freundlich (1935), a pioneer

in rheological studies, observed that platy fine-grained
particles cause the viscosity to drop under shear stress,
whereas rounded particles tend to restrain thixotropic
processes while preserving viscoelastic properties. In
our case, the petrography and chemical compositions
(Sect. 3.1) reveal the presence of about 5% of sericite
in the dike. Although a minor constituent, the fine, platy
mica grains could have promoted the viscosity varia-
tions.

. Polymerization of silica (Lin et al., 1989; Prasher et al.,

2006; Chen et al., 2007). In natural siliceous colloidal
suspensions like those at hydrothermal vents, viscosity
increase is linked to the polymerization of small (nm) to
large (um) silica flocs and the formation of coherent 3-D
networks or gel-like structures (ller, 1979; Williams and
Crerar, 1985; Bergna, 1994; Channing et al., 2004; Di
Giuseppe et al., 2012). During this process, called gela-
tion, hydroxyl groups (Si—-OH) are linked by siloxane
bonds (Si—O-Si) at the surface of the flocs. The build-up
and break-down of the bonds introduces critical stress to
the system and plays a major role in viscosity variations:
when the critical shear stress is exceeded, the bonds
are broken and viscosity drops to a minimum; as the
movement decreases, the attraction forces take over and
the slurry becomes more viscous. Polymerization is en-
hanced when other solid particles act as nuclei (Rimstidt
and Barnes, 1980; Williams et al., 1985; Williams and
Crerar, 1985; Rouchon and Orberger, 2008; Ledevin et
al., 2014).

. Presence of salts in the system (Park et al., 2005; Amiri

etal., 2009). The salinity of Archean seawater was prob-
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Figure 15. Simplified model showing the expected viscosity variations of the slurry through time. See Sect. 4.3.2 for the description of the
various steps. The sketches in the inset illustrate the gelation process of silica that triggered viscosity variations. Floc aggregation starts early
within the flow through particle-particle collisions. Then, as the shear stress decreased, the formation of a cohesive silica network rapidly
increased the viscosity, and allowed large country rock fragments to stay suspended within the dike.

ably twice that of modern oceans (Knauth, 2005), and
the fluids became further enriched in cationic species
through water—rock interaction in the crust (i.e. through
Si- and K-metasomatism; Hanor and Duchac, 1990;
Hofmann and Harris, 2008; Rouchon and Orberger,
2008). Positively charged Na™ ions bind to negatively
charged SiO~ complexes at the surface of silica flocs,
thus countering the electrostatic repulsive forces, accel-
erating gelation and imparting a thixotropic character to
the fluid (Marshall and Warakomski, 1980; Chen and
Marshall, 1982; Trompette and Meireless, 2003; Park et
al., 2005; Amiri et al, 2009).

From the above considerations and comparison with natural
examples, we conclude that the characteristics of the slurry
in Barite Valley dikes controlled its rheology and promoted
strong shear thinning, probably thixotropic, behaviour.

4.3.2 Simplified rheological model

Our interpretation of the dynamic behaviour of the slurry is
given in Fig. 15. In phase 1, the fluid moved from the elastic
to shear-thinning domains as the yield stress (op) was ex-
ceeded. The slurry was injected quickly (Sect. 4.1) and the
transition was rapid. Shearing prevented particle—particle in-
teraction and imparted a very low viscosity to the fluid, which
allowed its penetration into even the finest fractures. As the
pressure and shear rate decreased (phase 3), the silica flocs
aggregated and the viscosity increased rapidly. In phase 4, the
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fluid was transformed into a gel strong enough to suspend the
large fragments eroded from fracture walls (phase 4). When
flowage ceased, the gelified slurry progressively transformed
into chert through dehydration, volume loss and microquartz
cementation.

Although the complexity of the system makes modelling
difficult, we simplify the problem by approximating the yield
stress of the slurry. We assume that the country rock frag-
ments remain suspended if the force they exert on the slurry,
due to their greater density, is less than the yield stress (og).
A convenient way to express this equilibrium is to introduce
the dimensionless critical yield number (Yg), which is de-
fined by the ratio between the two forces (Eq. 1) (Beris et
al., 1985). This experimental constant varies between 0.1 and
0.6 depending on the nature of the material: it is 0.1-0.4 for
polymeric microgel suspensions (Tabuteau et al., 2007; Putz
et al., 2008), but can reach 0.60 for clay suspensions (e.g.
Chabra, 2007). We used the values for microgel suspensions
(0.1-0.4) in our calculations, in accord with the sub-rounded
shape of the particles and polymerization capacity of the ma-
trix:

27 R%0y
Yo=g——— 1
37 R%0 g
Yo
=—R 8p- 2
o0=7:R 3¢ )
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Table 3. Composition of the three slurries used for the rheological
model of Fig. 16.

Liquid fraction Particulate fraction

Si-rich fluid ~ Silica  Carbonaceous
matter

Fraction (¢)
Slurry 1 0.6 0.3 0.1
Slurry 2 0.5 0.4 0.1
Slurry 3 04 0.5 0.1

Density

(gecm=3) 11 236 1.36

From Eg. (1), we obtain the simplified expression (2) which
relates the yield stress that prevents sedimentation of the
fragments in the slurry to the critical yield number (Yp), the
density difference between the fragments and the slurry (§p),
the characteristic size of the fragments (R) and gravitational
acceleration (g). We model og for three different slurries
whose compositions are given in Table 3. We kept the per-
centage of carbonaceous matter particles at 10 %, but varied
the proportions of silica particles to investigate low- to high-
concentration suspensions. The density of country rock frag-
ments was set at 2.7, which is typical of silicified shales; the
density of carbonaceous particles at 1.36, like modern kero-
gen values (Huc, 1980), and the density of commercial silica
spheres was adopted for the silica particles (e.g. Di Giuseppe
et al., 2012). Finally, we arbitrarily set the density of the
silica-rich fluid at 1.1, slightly above that of seawater, be-
cause of its enrichment in colloidal silica. Results are shown
in Fig. 16, where oy is calculated for a range of fragment
sizes from 1mmto 1 m.

According to this calculation, suspension of the biggest
(decimetre sized) fragments in the dikes requires a yield
stress around 100 Pa, a value like that of toothpaste or hair
gel for example. This model does not take into account the
polymerization capacity of silica, which would allow larger
fragments to be suspended at a same yield stress (Emady et
al., 2013). Accordingly, the critical yield stress was certainly
lower than estimated (i.e. <50-100 Pa), although still consis-
tent with the inferred thixotropic properties of the slurry.

5 Conclusions

Based on the geometry and internal structure of Barite Val-
ley dikes, and the petrography, chemistry and isotopic com-
position of the fracture-filling chert, we reach the following
conclusions.

— Episodic hydraulic fracturing by overpressured fluids

trapped below the sub-seafloor caused intense in situ
brecciation of silicified country rocks.

Solid Earth, 6, 253-269, 2015

1000

Yz
Z
40- 130pa//
100F //
~ //
g =
= 4 - 401)%,
] -
B o257
% 0 _ (:/’:;:‘ 5-10cm
= // ,:5::’
5} // A
>: Z ,jfcf' T
8 0.5-Icm
1k Slurry 1 (Qrw = 0.6)
——— Slurry 2 (@ = 0.5)
Slurry 3 (Qrw = 0.4)
Dot line Y=0.1
Plain line Y=04
0.1 L P | L
0.001 0.01 0.1 1

Fragment size (m)

Figure 16. Modelled yield stress of three different slurries depend-
ing on the size of the suspended country rock fragments. The yield
stress is calculated from Eq. (2) (see text). Slurries 1 to 3 have a
fluid fraction of 40, 50 and 60 % respectively. A minimum value of
0.1 (dot line) and a maximum of 0.4 (plain line) are taken for the
yield number. Results indicate that a yield stress of approximately
100 Pa is required to prevent the sedimentation of decimetre blocks
in the dikes.

— The fracturing medium was a slurry containing solid
and colloidal particles in seawater-derived hydrother-
mal fluids that circulated at low temperature (<100-
150 °C) within the shallow crust.

— The slurry exhibited viscoelastic shear thinning, and
probably thixotropy. It had very low viscosity when it
was injected and become highly viscous after circula-
tion stopped. The presence of clay-sized particles, and
the capacity of silica colloids to aggregate and form co-
hesive 3D networks, accounts for the viscosity varia-
tions.

Our approach provides valuable information about the com-
positions, physical characteristics, and rheological proper-
ties of the fluids that circulated through Archean volcano-
sedimentary sequences. The results indirectly constrain the
composition and physical properties of Archean seawater
and, when combined with on-going studies of cherts and
other sedimentary rocks such as those reported by Stefurak et
al. (2014) and Ledevin et al. (2014, 2015), help us understand
conditions on the ocean floor, the habitat of early life.

The Supplement related to this article is available online
at doi:10.5194/se-6-253-2015-supplement.
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