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Abstract

During the Early Middle Ordovician (Early Whiterockian) the Meiklejohn Peak lime mud-mound, a large whaleback or
dolphin back dome, grew on a carbonate ramp tens to hundreds of kilometres offshore. This ramp extended from the
northwest margin of Laurentia into the open waters of the ancestral Pacific Ocean to the north. The mound developed in an
outer ramp environment, in relatively deep and cold water. A steep northern margin with a slope that exceeds 55°
characterizes the mound. This margin is split by a 14-m long vertical fracture that separates a zone of slumped, drag-folded
and brecciated rocks from the main mass of the mound. Failure along this fracture occurred subcutaneously, as highlighted
by covering beds that are folded next to the mound. Brecciated blocks and clasts contain zebra and stromatactis structures
indicating that these rocks and structures were lithified early in the history of the mound. The southern end of the mound is
less steep and is characterized by large, echinodermal grainstone cross-beds. These deposits are part of a large, subaqueous
dune that grew northwards and preceded the main development of the mound. Southward dipping and downlapping layers of
mud-mound mudstone and wackestone overlie the dune. These muddy limestone layers are cut in several places by injection
dykes and are pierced, near the contact with the underlying dune, by a 25-m long pipe filled with rotated nodular and
brecciated mud-mound clasts. This long pipe extends to the edge of the mound and appears to have been a conduit where
fluidized materials that came from the mound’s interior were vented.

The interior of the mound is typified by light grey limestone with zebra bands and stromatactis structures. Both structures
represent former cavity systems that are filled with fibrous and bladed calcite and pelleted and laminated geopetal mudstone.
Spar bands of zebra limestone often extend for several metres and appear to have been unsupported over these distances.
Zebra banded rocks are also accompanied by snout and socket structures and, in some instances, are folded and sheared by
curving kink bands. Zebra and stromatactis limestone structures found throughout the mud-mound resemble frost heave and
cryoturbation structures identified in both Holocene and Pleistocene cryosols, and in laboratory experiments with advancing
freezing fronts in clay-size sediment. Significantly, modemn occurrences of methane clathrate hydrate (methane-charged ice)
display parallel and digitate layering similar in depositional appearance to that of zebra and stromatactis limestone from
Meiklejohn Peak. Early carbonate cements are also commonly associated with these modern clathrate hydrate deposits.
Consequently, gas clathrate hydrates may have been the propping agent for zebra and stromatactis structures observed in the
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mud-mound. In this scenario, carbonate cements would have precipitated and stabilized these structures, both with the
consolidation and dissociation of gas clathrate hydrates, and with the oxidation and reduction of associated gases. Stable
8'3C and 8'*0 isotope ratios collected from mudstone and spar of zebra and stromatactis structures indicate that they were
lithified in equilibrium with Ordovician seawater. The 8'>C isotope ratios recorded at Meiklejohn Peak are similar to 8C
isotopic ratios obtained from 3 CO, evolving from modemn seafloor. These isotopic ratios may indicate that frost heave
structures in the Meiklejohn Peak mud-mound are the result of consolidation and dissociation of carbon dioxide clathrate
hydrates. Even though the bulk of gas clathrate hydrates identified to date in modern ocean floors are composed of methane,
carbon dioxide clathrate hydrates are known from the modemn seafloor of the Okinawa Trough. They may also be common
in areas of abundant carbonate sediment accumulation, as suggested by recent observations from the Great Australian Bight,
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Meiklejohn Peak carbonate mud-mound is a
conspicuous dome located on the western slopes of
Bare Mountain, Nevada (Figs. 1 and 2) (Cornwall
and Kleinhampl, 1961; Krause, 1974; Krause and
Rowell, 1975; Ross et al.,, 1975, 1989; James,
1983). Easily seen from Secret Pass, it is located
approximately 11 km to the east of the town of
Beatty. The Meiklejohn Peak mound is one of three
mud-mounds that have been reported in Ordovician
strata in Nevada (Fig. 3) (Ross and Cornwall, 1961;
Cornwall and Kleinhampl, 1961). The other two
occur to the east of Meiklejohn Peak: one. southwest
of Aysees Peak in the Frenchman Lake Quadrangle,
and the other, west of Oak Spring in the northern part
of the Tippipah Spring Quadrangle (Fig. 1) (Ross and
Cornwall, 1961). Only the mound at Meiklejohn Peak
is readily accessible as good desert roads lead to
within a few hundred metres of its base (Fig. 2). The
other two mounds are in restricted access areas, one
being a bombing range, the other the Nevada Test
Site (Fig. 1). The Meiklejohn Peak carbonate mud-
mound is contained in the lower Antelope Valley
Limestone and situated biostratigraphically within
brachiopod Zone L (Orthidiella Zone), near the base
of the North American, Whiterock Series of the
Ordovician System (Ross et al., 1975; Ross and
Ethington, 1991).

Major features of the structural history of the Bare
Mountain Quadrangle have been summarized by
Cornwall and Kleinhampl (1961). In the vicinity of
Meiklejohn Peak, Bare Mountain is characterized by
a series of imbricated thrust plates. Formations and

groups ranging in age from Cambrian through Mis-
sissippian are cut by these thrusts, and are juxtaposed
in variable stratigraphic order as a result of this
deformation. The Ordovician Pogonip Group, in
which the carbonate mud-mound is located, and the
Eureka Quartzite and Ely Springs Dolostone are
thrust over the Devonian Flourspar Canyon Forma-
tion which, in turn, is thrust over the Mississippian
Meiklejohn and Cambrian Carrara Formations. In the
immediate vicinity of the mound, beds above and
below dip steeply to the east, dip 50-52° dip
direction 42—-47° Cornwall and Kleinhampl (1961)
report a slightly lower dip 45° but a similar dip
direction. Exposed on the western flanks of Meikle-
john Peak are Ordovician rocks that comprise the
Pogonip Group, which in stratigraphic younging
order includes the Goodwin Limestone, Nine Mile
and Antelope Valley Limestone Formations (Fig. 4).
Overlying this group are the Eureka Quartzite and Ely
Springs Dolostone (Fig. 4). These rocks encompass
all the Ordovician Series, but include several uncon-
formities with time spans of variable duration; the
widest and most extensive spans occur well above the
mud-mound at the top of the Antelope Valley Lime-
stone and Eureka Quartzite formations, respectively
(Ross et al., 1989).

Following the initial mapping reports by Cornwall
and Kleinhampl (1961) and Ross and Cornwall
(1961), the Meiklejohn Peak mud-mound has at-
tracted a variety of geological studies (Ross, 1972;
Krause, 1974, 1999, 2000; Krause and Rowell, 1975;
Krause and Sayegh, 2000; Ross et al., 1975; Bathurst,
1977; James, 1983; Pratt, 1995; Tobin and Walker,
1995). The mud-mound and less commonly strati-
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Fig. 3. Lithostratigraphic, chronostratigraphic and lithologic chart of
Ordovician System rocks in the Meiklejohn Peak area (after
Cornwall and Kleinhampl, 1961; Ross 1964, 1972; Ross and
Ethington, 1991; Sprinkle and Guensburg, 1995).

graphically adjacent rocks contain remarkable depos-
its of zebra and stromatactis limestone, which were
the focus of the study by Ross et al. (1975). The two
principal aims of this report are to highlight character-
istics of the depositional geometry of the mound that
have not been noted in previous studies, and to
establish the genesis of the mound from the zebra
and stromatactis limestone that dominate its bulk.

2. The Meiklejohn Peak carbonate mud-mound
2.1. Regional stratigraphy and depositional setting

The Meiklejohn Peak mud-mound is a minuscule
dot relative to the vast carbonate platform on which it
once existed. This platform, at least 450 km wide and
1100 km in length, covered the same area presently
occupied by Utah, Nevada and south eastern Califor-
nia and lasted approximately 12 Ma during the Middle
Ordovician (Late Arenigian through Llanvin and
Llandeilo time) (Ross et al., 1989). In the global
paleogeographic reconstruction of the Middle Ordo-
vician by Dalziel (1997), the carbonate platform
would have projected into the ancestral Pacific Ocean
at approximately 30°N latitude, on the north margin of
the Laurentia Continent. This continental margin
conformed coarsely to the outline of the present
western margin of North America, but was oriented
cast to west and situated hundreds of kilometres
inboard of the present margin. Thus, on this plat-
form, the Meiklejohn Peak mud-mound would have
faced the open waters of an ancestral Pacific Ocean
to the north.

During the 12 Ma of its existence, the platform on
which the Meiklejohn Peak mud-mound was situated

Fig. 4. View from Secret Pass of the west slope of Meiklejohn Peak with the Ordovician (Lower Whiterock Series) lime mud-mound. Even
though beds dip steeply into the mountainside, this view highlights the whaleback or dolphin-back geometry of the mound. Note that the mound
is asymmetrical, elongate and wedge-shaped and has light grey limestone aprons extending for several hundred metres to the north and south.
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grew and evolved from a ramp into a shelf (Ross et
al., 1989). However, the ramp stage lasted only briefly
during the Early Middle Ordovician (Early White-
rockian). The mound also grew at this time in an outer
ramp environment, many tens to hundreds of kilo-
metres offshore, and below storm wave-base (Ross et
al.. 1989; Sprinkle and Guensberg, 1995; Krause,
1999, 2000). Evidence in support of this interpretation
is based not only on the location of the mound relative
to its carbonate platform, but also on the regional
distribution of lithofacies. Significantly, coeval middle
ramp deposits to the east, in eastern Nevada and
western Utah, accumulated in shallow water, above
storm wave-base. These deposits are interbedded with
storm-reworked conglomerates and cross-bedded,
skeletal grainstone (Ross et al.. 1989: Sprinkle and
Guensberg, 1995). On the seaward side of the middle
ramp, calathid algae, receptaculitid and sponge-bear-
ing buildups, interbedded with calcareous and terri-
genous siltstones, are common (Johns, 1995). These
deposits appear to have accumulated at variable
depths, near or above storm wave-base, and well
within the photic zone (Ross et al., 1989; Johns,
1995; Sprinkle and Guensberg, 1995). On the other

Table 1

hand, the Lower Ordovician (Ibexian or Tremadocian
to Middle Arenigian) deposits of the Nine Mile
Formation, underlying the mound, and laterally equiv-
alent rocks of the Vinini Formation of central Nevada,
represent an older, deeper water, clastic wedge. These
terrigenous deposits accumulated near or well below
storm wave-base and may represent rocks that were
laid down in even deeper water as lowstand wedge
submarine fans (Finney and Ethington, 1995; Sprinkle
and Guensberg, 1995). Characteristics of similar and
equivalent formations in the vicinity of the Meikle-
john Peak mud-mound are highlighted in Table 1.

2.2. Mud-mound stratigraphy, sedimentation and
geometry

2.2.1. Mud-mound perimeter

As viewed from inside Secret Pass, the mud-
mound is a light grey, asymmetrical, dome with
light grey aprons that taper and extend for several
hundred metres at either end to the north and south
(Fig. 4) (Ross and Cornwall, 1961; Krause and
Rowell, 1975; Ross et al., 1975). The whole struc-
ture has the outline of a whaleback or a dolphin’s

Stratigraphy, lithology and depositional environments for rocks in the immediate vicinity of the Meiklejohn Peak Mud-Mound

Stratigraphy® Lithology/composition

Interpreted depositional environment

Goodwin Limestone

Dolomitic limestone, resistant, grey, thin to
medium bedded, bioturbated, echinoderm and
trilobite bioclasts dominant, lesser ooids,
oncolites and peloids, intraclastic,
amalgamated calciturbidites and calcidebrites.

Nine Mile Terrigenous siltstone and dolomitic marlstone,

Formation recessive, yellow-brown, very thin to medium
bedded, grey limestone nodules, current
rippled. ooids, oncolites, echinoderm and
trilobite bioclasts, Chondrites isp., mineralized
erosion surfaces.

Lower Mud-mound limestone, light grey resistant, thin

Antelope Valley to medium bedded, flanks current bedded

Limestone echinodermal grainstone and packstone, core

with sparry stromatactis and zebra mudstone
and wackestone, pebble-boulder breccias,
slumps, neptunian and injection dykes.
Intermound dolomitic limestone, dark grey and
yellow, resistant, thin to medium bedded,
nodular, mudstone, bioclastic wackestone and
packstone, current bedded echinodermal
grainstone.

Periplatform and slope derived
sediment, heterozoan and photozoan
bioclasts, sediment gravity flow
deposits, cool-cold water, outer ramp.

Periplatform and slope derived
terrigenous sediment, lower flow regime
current bedding, heterozoan and
photozoan bioclasts, accumulation
below storm wave base, outer ramp.

Heterozoan bioclasts dominant,
abundant early submarine spar and
mudstone cementation, zebra and
stromatactis cavities, sediment gravity
flow deposits, subcutaneous slumps and
breccias, submarine vents, frost heave
structures after gas clathrate hydrates,
accumulation below storm wave-base,
photic zone and thermocline, cold-cool
water, outer ramp.

“* Table based on this study, Ross et al. (1975, 1989), Ross and Ethington (1991), Sprinkle and Guensberg (1995), Krause (1999, 2000).



FF. Krause / Sedimentary Geology 145 (2001) 189-213 195

back. In extent this dome is 80 m high north of its
centre and stretches out along a variably interdigitat-
ing, but generally flat base for approximately 320 m.
Next to the mound, the wedges are approximately
30-40 m thick, but they thin to approximately 20 m
a few hundreds of metres away. Limestone beds in
these wedges comprise predominantly light grey,
echinodermal limegrainstone and limepackstone.
The mound is underlain and overlain by darker
coloured, typically nodular limestone.

Along the base of the mound, dark to medium grey,
nodular mudstone to packstone of the lowermost
Antelope Valley Limestone is replaced by light grey,
mud-mound mudstone and wackestone abruptly, or
gradually. Where the lithologic transition is abrupt,
the change occurs across a short span typically 1.5 m
thick. On the other hand, where the lithologic tran-
sition is gradual this change occurs over a 5-m span
and intertonguing with light grey mud-mound lime-
stone and dark grey, nodular, fossiliferous mudstone,
wackestone and packstone is common. Similarly,
along the top boundary of the mound, the lithological
change between mound and cover deposits is as
varied as that along the base. At some locations, the
top contact is sharp and erosional, but at others it
intertongues. The intertonguing is very complex, as
multiple lenses of light and dark grey limestone may
occur along a single layer. The impression that is
gained is that simultaneous and multiple centres of
mound growth were developing at once. Thus, the top
perimeter of the mound appears to have had an
intricate depositional history that included periods
where parts of the mound were exposed subaqueously,
and others where growth was associated with variably
thick sediment cover.

As highlighted at the beginning of this section, the
general outline of the top of the mound in distant
views is that of a whaleback or dolphin’s back dome.
However, close-up examination indicates that this out-
line is far more complex, as the dolphin’s back is
marked by bumps and saddles of variable height (Fig.
4). Two large bumps are readily apparent near the
centre of the mound (Fig. 4). Southwards, away from
the second bump, the top of the mound is corrugated
and intertonguing with overlying beds is common. On
the other hand, north and away from the central
northern bump. the outline is smooth and the contact
with overlying beds is sharp. Here, the top of the

mound has an initial and gradual slope of 15-20°, but
approximately two thirds of the distance from the
northern bump the slope changes abruptly and be-
comes steeper, reaching approximately 55° (Fig. 5).
As shown in more detail in the subsequent section,
this slope may have been steeper, but this relationship
has been obscured by subcutaneous failure of this end
of the mound. Nonetheless, particularly where the
slope is less steep, the contact between the mound
and overlying beds is sharp and overlying beds onlap.
The stratigraphic relationships between the mound
and covering beds along this end of the dome indicate
that the mound was exposed and that it had topo-
graphic relief above the surrounding seafloor at the
time of deposition. The mound may have projected
above the surrounding seafloor by as little as 15-20
m and by as much as 30 m. Thus, at the time of
deposition, along the top, the mound would have been
partially exposed to the north, would have been
partially covered by sediment to the south, and the
whole structure would have projected several metres
to tens of metres above the surrounding seafloor.

2.2.2. Mud-mound south end and interior

The intemal geometry of the mud-mound is also
suggestive of an intricate growth history, as layering
can be seen to have different orientations. Layers can
be horizontal, or they can dip both to the south and to
the north. On the southern half of the mound, both
south and northward dipping layers can be seen to
intersect (Fig. 6). Here, southward dipping layers
downlap and overstep northward dipping layers. In
this area the mound is characterized by having
inclined echinodermal grainstone and packstone beds
that have a northward slope with apparent dips of 10°
(Fig. 6). They are intersected and covered by south-
ward dipping mud-mound mudstone and wackestone
layers that have apparent dips as high as 20° (Fig. 6).
The underlying echinodermal beds form large, metre
to decametre size, cross-beds that are further arranged
in cosets separated by erosional surfaces of variable
lateral extent (Fig. 6).

Echinodermal beds would represent a stage of
sediment accumulation that preceded major mound
development. At this time, echinoderms would have
become established on the seafloor in extensive thick-
ets, indicated by the superabundance of echinodermal
particles. Echinoderms became established well away
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Fig. 5. Map of the northern margin of the Meiklejohn Peak mud-mound illustrating vertical fracture and deformed zone with brecciated mud-
mound limestone, slumped nodular layers and covering beds. Scale is approximate as the photograph base used for mapping was not corrected

for perspective distortion.

from the area that eventually became the main site of
mud-mound development. This behaviour has been
noted in the Straits of Florida where stalked crinoids
in water depths greater than 600 m are common on

soft sediment between hard ground pavements and
lithoherms (Neumann et al., 1977). Further, the super-
abundance of echinodermal particles on the south
flank of the mound is indicative of particle transport

LEGEND

NEB Noa‘ul;x:; ~ Bedding
, Injection
8 Breccia o pipe
EGP Echimodermal

grainstone &
packstone

Fig. 6. Map of the southern margin of the Meiklejohn Peak mud-mound displaying internal layering and location of injection dykes and breccia
pipe of a submarine vent. Scale is approximate as the photograph base used for mapping was not corrected for perspective distortion.
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from nearby sources, as beds higher on the ramp are
characterized by ooids, oncolites, sponges and algae
(Ross et al., 1989; Johns, 1995; Sprinkle and Guens-
berg, 1995). Following death and decay, echinoderm
derived particles would have been entrained by cur-
rents capable of transporting at least coarse sand to
small pebble size particles. As indicated by the large-
scale cross-bedding, echinoderm particles accumula-
ted in a large submarine dune that rose several metres
above the surrounding seafloor. That this condition is
not unusual is indicated by large carbonate sediment
drifts in water depths exceeding 800 m that include
granule to mud-sized materials that have been des-
cribed from the Northern Straits of Florida (Mullins et
al., 1980). These large sediment drifts can be hundreds
of metres in size and were stabilized early in their
history by submarine cementation. At the Meiklejohn
Peak mud-mound, the transport and entrainment of
echinodermal particles by currents and accumulation
of these particles into a dune may have introduced
conditions that facilitated growth of the mound down-
current. In this scenario, the dune may have provided a
leeward shelter that would have permitted the accu-
mulation of carbonate muds and silts, materials which
would otherwise have been swept further downcurrent.
In addition, as highlighted in a subsequent section,
active early submarine cementation would have stabi-
lized mud- and silt-sized materials, and would have
also provided very fine-grained cement. This deposi-
tional and diagenetic response has been noted in the
consolidation of carbonate materials in large sediment
drifts and lithoherms at the bottom of the Straits of
Florida (Neumann et al., 1977; Mullins et al., 1980).
Mud-mound sediments at Meiklejohn Peak accreted
by progressive upward and outward accumulation
from as yet an undetermined area near the centre of
the mound. As is readily apparent in the southern half
of the mound, southward dipping. horizontal, and
lenticular layers are common across the arca (Fig.
6). This type of layering has also been noted previ-
ously in other mud-mounds in the rock record (e.g.,
Lees, 1964; Wendt et al., 1997; Wendt and Kaufmann,
1998). In addition in the Meiklejohn Peak mud
mound, in various places, inclined layers are also
truncated erosionally. Thus, muds not only were
deposited by progressive upward and outward accre-
tion of sediments, but they were also periodically
eroded and presumably redeposited elsewhere. How-

ever, truncation of layers at Meiklejohn Peak indicates
that erosion only partially removed sediments.
Limited erosion may be a result of the strong currents
needed to entrain fine-sized sediment once deposited,
or muds were stabilized early in the history of the
mound. While consolidation is typically attributed to
early submarine cementation, muds at the Meiklejohn
Peak mud-mound may also have been stabilized by
advancing frost fronts as a result of gas hydrate
consolidation (as discussed in a subsequent section).
Nonetheless, the evidence for early submarine cemen-
tation of mudstones and wackestones is common, as
neptunian dykes often split these rocks and injection
fissures crosscut them (Fig. 6). Neptunian dykes are
arranged in simple, complex and crosscutting fissure
networks that are cemented with multiple layers of
botryoidal to bladed spar. Moreover, the injection
dykes and pipes observed at Meiklejohn Peak indicate
that mound limestone in places became unstable as
zones of overpressure developed. In these zones,
overpressured and fluidized, unconsolidated, or parti-
ally consolidated sediments were mobilized and
injected along fissures that cut across consolidated
layers. The largest injection pipe observed, in the
southern end of the mound, is nearly 25 m long and
is filled with light grey, mud-mound breccia clasts and
dark grey, nodular limestone (Fig. 6). This pipe
breached the mound, reaching the surface opening
onto the surrounding seafloor, and may have served as
vent for exiting fluids and fluidized sediments. Thus,
injection pipes and neptunian dykes provide evidence
that deposits at the mound existed in various states,
that ranging from lithified to unconsolidated.

2.2.3. Mud-mound north end and interior

In contrast to the south end of the mound, the north
end is typified by having a steep perimeter and bed-
ding with depositional slopes that have apparent dips
exceeding 20° and reaching possibly 55°. However,
the north end is also characterized by having an
extensive zone with large breccia clasts and disturbed
bedding between the mound and the nodular lime-
stone beds that overly it (Fig. 5). Mapping of this zone
indicates that the main body of the mound is detached
from the zone of disturbed bedding by an almost
vertical fracture that is approximately 14 m high
(Fig. 5). At the top of the vertical fracture is a v-
shaped notch that is filled with nodular limestone
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similar to the beds covering the mound. The nodular
limestone in this notch is tightly folded with the fold
axis pointing downwards. The vertical fracture that
meets the v-shaped notch continues downwards until
it disappears at the bottom in a horizontal v-shaped
notch that is also filled with disordered nodular lime-
stone (Fig. 5). Between these two notches the fracture
has a variable outline; in its top half it is relatively
smooth, but becomes irregular towards its bottom half
where it has two small steps before turning 90° into
the horizontal v-shaped notch at its base. This hori-
zontal notch may mark a detachment zone within the
mound and along which a large block of mound
limestone slipped northward.

Fronting the vertical fracture is the zone of brecci-
ated clasts and disturbed nodular bedding. This zone
is characterized by having a mixture of light grey,
angular clasts of mud-mound limestone with zebra
and stromatactis structures and beds with dark grey,
folded. oblong, limestone nodules (Fig. 7a). Adjacent
to the bottom half of the vertical fracture, beds of
nodular limestone are folded into a steep drag fold
with fold axes pointing downwards and towards the
mound. Underlying this interval of nodular limestone
is a breccia zone of light grey mud-mound clasts with
very well developed zebra structures. Clasts range in
size from small pebbles to boulders that exceed 2 m.
Material between the clasts is yellow dolomitic marl
with irregular laminae resulting from flowage and
sliding. Immediately below the breccia zone is another
horizon with tightly folded nodular limestone, steeply
dipping bedding that is overturned next to the mound
and fold axes pointing downwards.

Throughout this northern zone of disturbed bed-
ding, breccia clasts are variably oriented as can be
determined from geopetal fabrics in zebra and stro-
matactis structures. Close to the mound, clasts have
multiple orientations that include steeply tilted and
overturned blocks. However, approximately 14 m
away from the vertical fracture, brecciated limestone
clasts dip at shallower angles and many clasts verge
towards the mound. Here interbedded nodular lime-
stone is also broadly folded and several wedge shaped

fractures are subhorizontal (Fig. 5). The zone of
disturbed bedding and brecciation extends horizon-
tally approximately 35 m before ending in a nose with
upturned bedding. Details of the top and bottom
contacts of the horizontal zone of disturbed bedding
are obscured by scree (Fig. 5).

The stratigraphic relationships noted for the north
end of the mound highlight a zone that appears to have
formed during the early burial history of the mound,
when a significant portion of the mud-mound had
already lithified and cover beds had already blanketed
the steepest portion of the mound. Brecciation of
mound materials indicates that these materials were
cemented, and that the zebra and stromatactis struc-
tures within were also lithified. Thus, the zone of
disturbed bedding and brecciated clasts represents an
area along which at least a partially lithified section of
the mound became unstable and collapsed. Evidence
for collapse and slumping is present in the steeply
dipping drag folds with downward pointing fold axes
that are common in nodular-bedded deposits next to
the mound. Collapse of the mound is also indicated at
the vertical notched fracture that is filled with tightly
folded nodular limestone with a downward pointing
fold axis. Here beds covering the mound were
extruded into the notch as it opened. If the notch had
been open prior to the deposition of the covering beds,
these beds would onlap the walls. Further, slumping
also appears to be indicated in the horizontal extension
of the zone of disturbed bedding that is several metres
away from the mound, as in this area large clasts are
upright and many verge gently towards the mound.
Nodular beds between these large clasts are folded
broadly. The impression gained is that this zone was
pushed, broken and folded by the material that col-
lapsed next to the mound. Additional evidence that
covering beds had accumulated and filled at least to the
steepest edge of the mound is indicated by beds that
dip towards the mound and that next to the mound are
also broadly folded and rotated downwards (Fig. 5).
Lastly, covering beds approximately 20 m above the
uppermost notch are essentially horizontal and onlap
the mound. Thus, all these features are indicative of

Fig. 7. Meiklejohn Peak slump and breccias. (a) Breccia bed and slump on the north flank of the mound. Zebra and stromatactis limestone clasts
are overlain by folded, but nodularly interbedded packstone to mudstone. Hammer handle has a 150-mm scale. (b) Close-up of breccia with
pebble- to boulder-sized angular blocks. Note spar cemented zebra limestone blocks. Bar scale towards bottom left is 3 cm long. (¢) Drag-folded
nodularly interbedded limestone below breccia in panel (a). Hammer for scale. Hammer handle is ~30 ¢m long,
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subcutaneous slumping and collapse of this northern
section of the mound early in its burial history.

3. Zebra and stromatactis structures: cavities of
unknown origin

3.1. Zebra and stromatactis structures

The Meiklejohn Peak mud-mound limestone is
characterized by abundant zebra and stromatactis
structures. Stromatactis limestone structures have
been known for 120 years since Dupont (1881) first
identified them. As presently defined, stromatactis
typifies mudstone and wackestone with reticulate
and swarming masses of cavity-filling spar that have
smooth bottoms and digitate roofs (Bathurst, 1982).
On the other hand, zebra limestone characterizes
laterally extensive and relatively uniform, layered,
spar-filled cavities that alternate with mudstone and
wackestone bands (Bathurst, 1982). Spar bands over-
lie mudstone floors where depressions are often filled
with layered, commonly peloidal, mudstone. This de-
positional pattern frequently gives the base of the spar
band a smoother bottom than the top. Thus, spar bands
are infilling parallel cavities where the perimeter of the
floor and the ceiling may sometimes match.

3.2. Previous work and interpretations

Zebra and stromatactis limestone structures have
been a source of enduring geological interest ever
since Dupont (1881) first noted them. A range of
explanations have been favored: decay of soft-bodied
organisms, plants and cyanobacterial mats (Bathurst,
1959; Philcox, 1963; Lees, 1964; Wolf, 1965; Ross et
al., 1975; Pratt, 1982; Bourque and Gignac, 1983;
Bourque and Boulvain, 1993; Reitner et al., 1995;
Kaufmann, 1998); sheltering and baffling by a skeletal
or soft-bodied framework (Schwarzacher, 1961; Lees,
1064; Lees and Miller, 1995); recrystallization of
former skeletons and mud (Black, 1952; Orme and
Brown, 1963; Ross et al., 1975); microbialites (Lees
and Miller, 1995; Monty, 1995; Pratt, 1995; Reitner et
al., 1995; Kaufmann, 1998); openings created by roots
and burrowers (Bechstéddt, 1974; Shinn, 1968); recrys-
tallization of carbonate mud and dissolution during
low-grade metamorphism and pressure dissolution

(Logan and Semeniuk, 1976); precipitation of mud
and spar from hydrothermally vented fluids (Mounji
et al., 1998); dilatation of carbonate mud from shear
failure downslope (Schwarzacher, 1961); and chan-
nelways associated with non-uniform sediment com-
paction and dewatering (Heckel, 1972; Lees and
Miller, 1995; Wendt et al.,1997; Wendt and Kauf-
mann, 1998). A common thread linking these explan-
ations was championed by Bathurst (1959, 1977,
1980, 1982), who suggested that stromatactis and
zebra fabrics reflected ramifying and labyrinthine
cavity systems infilled with spar.

3.3. Early cavities and cemented crusts

Zebra and stromatactis limestone share a common
origin as was elegantly shown by Bathurst (1982) in
Paleozoic mud-mounds. He noted clearly that stroma-
tactis and zebra limestone structures were cemented
carbonate crusts and cavities stabilized by early sub-
marine lithification of carbonate sediment (Bathurst,
1977, 1980). These ideas significantly expanded
knowledge about these structures and rock types.
Nonetheless, the underlying geologic agent or proc-
ess, which imprinted Precambrian and Phanerozoic
rocks with these cavity systems, has continued to
elude identification.

3.4. Cavities and cavity systems of unknown origin

Although many researchers studying zebra and
stromatactis fabrics in Phanerozoic mud-mounds have
favoured an organic origin, perhaps by softbodied
multicellular organisms leaving a cavity upon decay,
the responsible geological agent was also common in
the Precambrian, prior to the advent of organisms
with abundant mineralized skeletons in the Earliest
Phanerozoic (Tucker, 1983; Pratt, 1995). This latest
observation lends credence to the notion that these
fabrics, while still organic, are somehow microbial
constructs (Monty, 1995; Pratt, 1982; Kaufmann,
1998). However, the answer may lie in between, as
these structures may represent physically modified
sediment to which microbes contributed their meta-
bolic byproducts. Evidence presented below advances
the concept that these limestones preserve imprintings
that are the product of heaving and early submarine
cementation, responses to synsedimentary cryotur-
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bation during consolidation and dissociation of gas
clahtrate hydrates (gas-charged ice) and simultaneous
incongruent precipitation of carbonate cements.

4. Gas-charged ice, carbonate cementation and
5'*C—5"%0 stable isotopes

Growth and development of gas clathrate hydrates
is independent of geologic age, as they are crystalline
compounds that form when water with dissolved
gases rearranges itself and freezes at the right temper-
ature and pressure into a solid, porous, and often
permeable phase. Under these conditions, water mol-
ecules form cage-like structures that may typically
contain gas or gas mixtures. Interestingly, clathrate
hydrates may be surrounded by gas, liquid and water,
and may contribute to the precipitation of mineral
phases in enclosing sediments, such as calcite, ara-
gonite, siderite and/or dolomite (e.g., Sakai et al.,
1990: Roberts et al., 1992; Roberts and Carney,
1997: Bohrmann et al., 1998; Booth et al., 1998;
Orange et al., 1999). The most common gases entrap-
ped in clathrate hydrates are methane, ethane. pro-
pane, carbon dioxide and hydrogen sulphide (Katz et
al., 1959; Claypool and Kaplan, 1974; Hitchon, 1974;
Sakai et al., 1990; Roberts et al., 1992: Kvenvolden,
1998; Sassen et al., 1998; Sloan, 1998a.b). In modern
ocean basins, methane clathrate (C1 hydrocarbon) is
the most common hydrocarbon clathrate hydrate vari-
cty observed to date, as it solidifies at progressively
higher temperature with increasing pressure (Fig. 8)
(Katz et al., 1959). It is often found in the ocean at
pressures greater than 5—7 MPa and at temperatures
below 7.5 °C (Claypool and Kaplan, 1974; Roberts et
al., 1992; Bohrmann et al., 1998; Booth et al., 1998;
Orange et al,, 1999). On average, at low and mid-
latitudes under the thermocline, temperatures lower
than 7.5 °C are common below a depth of 1 km and, at
much shallower depths, in zones of upwelling (Thur-
man, 1988). In this environment methane clathrates
would be stable at depths as low as 300 m if water
temperatures were near 0 °C (Fig. 8) (Katz et al,,
1959; Hitchon, 1974; Kvenvolden, 1998; Sloan,
1998a). On the other hand, at these conditions carbon
dioxide clathrate hydrates would be stable at even
shallower depths, 140 m or even slightly less (Fig. 8)
(Katz et al., 1959; Miller, 1974; Sakai et al., 1990).
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Fig. 8. Pressure, temperature and depth phase diagram for CH,, CO-
and H;S in pure water (diagram based on the data from Katz et al ,
1959 and Miller, 1974). In seawater, the gas clathrate hydrate phase
boundary of a pure phase shifis slightly to the left, but addition of a
small amount of another molecule, for example of H,S to both CO,
and CHy, shifts this boundary towards the right. This latter
condition is typical in oceanic settings as gases are commonly
mixed. Grey line at 273 K (0 °C) highlights the ice and water
phase boundary.

Methane, the most common gas in modern marine
environments, is derived principally from two sources:
the active anaerobic decomposition of carbon dioxide
and organic substances by methanogenic bacteria in
seafloor sediments; or from gases associated with
hydrocarbon seeps (Claypool and Kvenvolden, 1983;
Roberts et al., 1992; Kvenvolden, 1998). A number of
methanogenic bacterial reactions are known, typically
yielding methane (CH,), carbon dioxide (CO,), bicar-
bonate (HCO5 ), water (H,O) and other byproducts
(Claypool and Kaplan, 1974; Brock and Madigan,
1991). Moreover, in close proximity to the seafloor
and in the absence of significant amounts of biogenic
CO, production, interstitial methane generation tends
to raiss pH and favour carbonate precipitation and
cementation of surrounding sediment (Claypool and
Kaplan, 1974; Bohrmann et al., 1998; Orange et al.,
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1999). Carbonate minerals precipitated in this fash-
ion may follow the pathways originally proposed by
Claypool and Kaplan (1974) where interstitial fluid
alkalinity and chlorinity increase with clathrate
hydrate consolidation (Harrison et al., 1979; Jenden
and Gieskes, 1980; Hesse, 1990).

One well-documented instance of a clathrate hy-
drate composed predominantly of carbon dioxide
(86-92% CO,, 3-5% H,S, and 3.5-11% CH, and
He) has been reported from offshore Japan at depths
of 1300—1550 m in the mid-Okinawa Trough Backarc
Basin (Sakai et al., 1990). Here, at the sediment—
water interface, CO,-rich liquid has been observed
issuing from volcaniclastic sediment and consolidat-
ing as it comes in to contact with overlying secawater.
This response matches the known phase behaviour for
CO, and water at this depth and temperature (Fig. 8)
(Katz et al., 1959; Miller, 1974). Sakai et al. (1990)
indicate further that sediment below the seafloor is
very likely indurated with carbon dioxide hydrate. In
this context, identification of carbon dioxide hydrate
in the seafloor is important, as it may be an excellent
sedimentary paleothermometer. Phase relationships
for carbon dioxide in pure water indicate that the
clathrate hydrate consolidates when the isotherm
remains below 10 °C and water depth is below
~360 m (Fig. 8). Carbon dioxide clathrate hydrate
is also stable at shallower depths. but under these
conditions requires temperatures lower than 10 °C and
can theoretically consolidate at ~ 140 m water depth
at 0 °C (Fig. 8).

Analyses of stable isotopes of calcite from Meikle-
john Peak zebra and stromatactis structures yielded
ratios between 1%o to — 1% 8'°C and — 6% to
—11%0 8'®0 (Fig. 9). This data is consistent with
isotopic ratios of carbonates precipitated from Ordo-
vician seawater and that have a range between — 2%o
to 6%0 8'°C and —0.5%0 to — 10.5%0 §'°O (Tobin
and Walker, 1995; Veizer et al., 1997; Carpenter and
Lohmann, 1997). The §"°C values from the mud-
mound are significantly higher than those recorded
from carbonates derived from the oxidation of
methane which typically range between — 55%0
and — 20%o (Beauchamp and Savard, 1992; Aharon
et al., 1997; Roberts et al., 1992; Roberts and
Camey. 1997; Bohrmann et al., 1998 Orange et
al., 1999). However, the 6'°C isotopic ratios are
close to isotopic ratios obtained for seafloor £CO,
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Fig. 9. Cross-plot for §'°C and §'%0 PDB isotope ratios for micrite
and spar from zebra and stromatactis limestone from the
Meikejohn Peak mud-mound. Open circles and diamonds highlight
carbon and oxygen isotope data published previously by Ross et al.
(1975). Original 5'50 SMOW scale data of Ross et al. (1975) has
been recalculated to the PDB standard scale using the method of
Friedman and O'Neil (1977). Two of the converted compositions
of sparry cement reported by Ross et al. (1975) fall outside the
main area of the plot and have not been included with this
diagram. These cements have 8'°C and 'O isotopic ratios that
are —0.1%0 and — 1.8%., and —51.7%0 and — 16.7%., respec-
tively. The 8'%0 isotopic ratio from the first of these two samples is
extremely low and very likely reflects a late stage cement from a
crosscutting calcite veinlet that is associated with tectonism and
mountain building.

(Claypool and Kaplan, 1974; Sakai et al., 1990).
Thus, the data may indicate that frost heave struc-
tures from the mound are instead the product of
carbon dioxide clathrate hydrates.

In deep water, below the photic zone and outward
of the shelf edge, interstitial fluids saturated with CO;
may exist in areas of abundant carbonate sediment
accumulation. Conditions such as those proposed
here have been identified in terrigenous slope sedi-
ments of Southern California in 800- to 1200-m deep
water (Presley and Kaplan, 1968). At this locality,
saturation gradients with respect to calcium carbonate
are present in the sediment column below the sea-
floor. The first 2 m of the sediment column are
undersaturated, most likely from the release of meta-
bolic carbon dioxide. However, below 2—3 m the
sediment becomes supersaturated with respect to
calcium carbonate (Presley and Kaplan, 1968). Thus,
in this type of environment CO;-rich fluids may
consolidate interstially at appropriate temperature
and pressure, leading to the formation of CO, clath-
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rate hydrates. This process may also be an important
mechanism for early calcium carbonate precipitation,
as appreciated from fundamental carbonate equilibria
(Bathurst, 1971). Significantly, as the CO, clathrate
hydrate consolidates, removal of CO, from surround-
ing interstitial seawater would result in localized
precipitation of CaCOs5 and early subseafloor cemen-
tation and lithification

CO; + H;0 + CaCO3=Ca’" +2HCO;

Thus, carbon dioxide clathrate hydrate could con-
solidate very near the seafloor, leaving structures in
the sediment column that may be stabilized by early
submarine cementation.

5. Zebra and stromatactis structures and
cryoturbic textures

Zebra and stromatactis limestone structures are
thought to be synsedimentary submarine cavity sys-
tems that were stabilized by early submarine cemen-
tation (Bathurst, 1977, 1982). Past cxplanations for
these structures have included the following: decay of
soft-bodied organisms, plants and cyanobacterial
mats; sheltering and baffling by a skeletal or soft-
bodied framework:; recrystallization of former skele-
tons and mud; microbialites; openings created by
roots and burrowers; recrystallization of carbonate
mud and dissolution during low-grade metamorphism
and pressure dissolution; precipitation of mud and
spar from hydrothermally vented fluids; dilatation of
carbonate mud from shear failure downslope:; and
channelways associated with non-uniform sediment
compaction and dewatering (as per references cited on
p. 224). However, these explanations fail to account
for previously discussed sedimentological character-
istics observed at the Meiklejohn Peak mud-mound.
In particular, they do not explain how these openings
were supported and kept open prior to stabilization by
early cementation? (e.g., Ross et al., 1975). This
question is reinforced when considering zebra lime-
stone sheet cracks, as these openings are known to
extend for distances that are tens to hundreds of times
greater than their width, with cavities having exten-
sive micrite floors and ceilings (e.g., Lees, 1964; Ross

et al.,, 1975; Bathurst, 1980, 1982). The premise

proposed here is that at the Meiklejohn Peak mud-
mound cavities were propped up by gas clathrate
hydrates (i.e., gas-charged ice). The existence of gas
clathrate hydrates in modern oceans is well estab-
lished; estimated volumes for methane clathrate
hydrate alone are vast and are thought to approach
10" to 10" m* (350,000 tcf) (Kvenvolden, 1998). If
these materials are so common today, then why could
they not equally have been common in the past? It is
obvious that the preservation of gas clathrate hydrates
far back in geologic time is unlikely, but evidence for
their former growth and consolidation should exist.
Perhaps cryoturbic structures and textures, which are
well known for standard ice, may also be common to
gas clathrate hydrates.

Cryoturbation textures and structures are preserved
when water and ground freeze and thaw seasonally,
and a number of them have been identified in studies
of frozen sediment on land (Taber, 1929, 1930;
Beskow, 1935; Romans et al., 1980). The preservation
of cryoturbic fabrics should be expected particularly
where conditions for early carbonate cement precip-
itation accompany gas clathrate hydrate formation.
Known occurrences of methane clathrate hydrates in
cores and grab samples from modern seafloors indi-
cate that the sediments at the time of collection and
prior to dissociation are, at least, partly consolidated
(Harrison et al., 1979; Malone, 1990; Roberts et al.,
1992; MacDonald et al., 1994; Suess et al., 1999). In
these sediments methane clathrate hydrates have char-
acteristic growth habits, as they are typically found
disseminated in the pore space, or agglomerated as
deposits where they are displacive, consolidating into
massive, nodular, branching or layered aggregates
(Malone, 1990; Ivanov et al., 1998; Sloan, 1998b;
Suess et al., 1999). Significantly, the frost heave
layering of methane clathrate hydrates originally fig-
ured by Malone (1990) resembles that observed in
zebra limestone (Figs. 10 and 1la).

5.1. Zebra-like fabrics

In frozen Arctic and alpine ground environments,
a common fabric which strongly resembles the zebra
limestone sheet cracks from Meiklejohn Peak
includes ice layers which accumulate into multiple,
stacked, horizontal to vertical lenses and sheets.
These ice deposits arc known as segregation ice.
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Fig. 10. Zebra limestone with differentially heaved layers. (a) Polished rock cut that displays zebra spar bands, which are variably thick along
their lengths. As a group, layers to the left are thicker than layers to the right. Layers to the Jeft are also gently drag-folded and thrust along a
diagonal line. This pattern is the result of differential heaving and dilatation of parallel fissures below the seafloor. (b) Zebra limestone with
parallel and subparallel layering that resembles segregation ice sheets and lenses observed on land in permafrost, in laboratory experiments with
advancing freezing fronts of water—ice in sediment cores, and in seafloor samples of methane clathrate hydrates (Taber, 1929, 1930; Beskow,
1935; Romans et al., 1980; Malone, 1990; Ginsburg et al., 1993; Suess et al., 1999). Note also that zebra bands form stacks that are separated
and highlighted by curving kink bands. These stacks of zebra spar bands may be the product of differential heaving during consolidation,

expansion and dissociation of layered gas clathrate hydrates.

The physical deformation process that accompanies
the accumulation of segregation ice is frost heave
(Taber, 1929, 1930). Segregation ice lenses and
sheets typically develop in very fine-grained sedi-
ments, and less frequently in sand-sized sediment,

where they commonly form immediately below over-
lying layers of finer-grained materials (Taber, 1929,
1930; Beskow, 1935). At Meiklejohn Peak, sheet-
cracked zebra limestone typically occurs in the fine-
grained mudstone and wackestone of the mud-mound
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Fig. 11. Seafloor methane clathrate hydrate sample and segregation ice frost heaved sediment cores. (a) Core fragment from deep sea drilling in
the Blake Plateau area with parallel layered methane clathrate hydrate and frozen seafloor sediment (photo courtesy of R.D. Malone). (b) Core
from a laboratory experiment originally illustrated by Taber (1930) that displays parallel ice-filled sheet cracks and bands of frozen sediment.
Fissures opened in clay-size sediment and filled with ice (black layers in the photograph) during downward advance of a freezing front. This
core was originally weighed down with iron weights to an equivalent load of 0.8 MPa. Core diameter, ~ 85 mm. (c) Three cores packed with
clay-sized sediment displaying ice-filled sheet cracks (from laboratory experiments illustrated by Taber, 1929). Sediment fracturing and ice
infilling occurred during progressive downward advance of a freezing front. Core A, unloaded; core B, weighed with 7.4-kg iron weights, but
separated by a wood spacer (compressive stress ~ 15 kPa); core C, weighed directly with 7.4 kg iron weights (compressive stress ~ 15 kPa).
Note that snout-like synforms and socket-like fissures are common in weighed cores. All cores are 78 mm in diameter. Upper case letters are

Taber's.

(Fig. 10a and b). In only rare instances are spar-filled
sheet cracks observed in the encrinites on the north
and south flanks of the mound. In these examples,
they occur within or below mudstone and wackestone
interbeds.

Segregation ice lenses and sheets were reproduced
by Taber (1929, 1930) and Beskow (1935). Both
researchers froze water-saturated sediment and noted
that clay-sized particles, abundant small voids, a
constant supply of water, and freezing fronts with
constant rates of cooling had the desired effect of
reproducing segregation ice layers (Fig. 11b and c). In
his experiments, Taber (1930) also varied the nature of
fluids in the sediment. Using benzene and nitroben-
zene, two fluids which decrease in volume upon
freezing, he obtained segregation ice layers like those
that he had observed with water. Taber (1929, 1930)

also identified that the rate of cooling was a clear
determinant in the rhythmic frequency and spacing of
fissures. As the rate of cooling decreased, ice-filled
fissures appeared to become larger and the intervening
clay layers became thicker. In deposits from modern
sea floors, segregation methane clathrate hydrate
layers have been illustrated by Malone (1990), Gins-
burg et al. (1993) and Suess et al. (1999).

In a series of experiments, Taber (1929, 1930)
placed loads of different weight on clay filled cylin-
ders, including weights up to 0.8 MPa. Under these
conditions, sheet cracks formed as in the unloaded
cores, but in many instances fissures curved down-
wards, forming concave fractures with a downward
protruding clay roof. In cross-sectional view, this clay
layer resembles a small muddy synform or cusp
(Taber, 1929, 1930) (Fig. 11b and c). These curved
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sheet cracks are significant, as they result in a sedi-
mentary structure that preserves heaving. As a freez-
ing front advances downwards, new sheet cracks
develop at either side of the concave fissure, inter-
secting this fissure as they propagate and establishing
a cross-cutting relationship. Although the exact cause
for curved, downward deflecting fissures with over-
lying downward projecting cusps is at present
unknown, it is important to note that downward
projecting mudstone synforms are common in zebra
limestone at the Meiklejohn Peak mound (Fig. 12a).
Moreover, many of the mudstone synforms from the
mound are underlain with thick spar infillings that
clearly reflect responses to heaving and dilatation of
the original sediment (Fig. 12a—d). They characterize
a new sedimentary structure identified here for the
first time as snout and socket structure. This structure

preserves heaving and dilatation and has been stabi-
lized by early carbonate cementation. Snout and
socket structures originate during downward advance
of a freezing front as it penetrates the sediment
column from above. Occasionally, during lateral prop-
agation, a fissure may deflect downwards if it encoun-
ters an inhomogeneity. When this occurs, a concave
socket is produced with an overlying mudstone snout
or synform. Once a snout and socket have formed, and
as the frost front continues to advance downward, a
new horizontal fracture develops at either side. How-
ever, this new fracture terminates in the opening left
behind by the socket fracture. The heave and dilata-
tion associated with the new horizontal fracture is
added to the space under the snout. Thus, the socket
fracture under the snout enlarges opening and growing
in proportion to the dilatation of the horizontal frac-

Fig. 12. Snout and socket structure. (a) Zebra limestone with 2 pair of mudstone synforms underlain by overthickened spar bands. In the
Meiklejohn Peak, carbonate mud-mound mudstone synforms like these are common. They appear to be the product of heaving and dilatation in
the manner illustrated in the sequential cartoons, panels (b)—(d). Black and white bar scale is 3 ¢m long. (b) Cartoon that illustrates the
development of a snout-like mudstone synform and a socket-like fissure. Sediment is intermittently ruptured as a gas clathrate hydrate frost front
penetrates and freezes the seafloor. Ruptures propagate laterally growing into segregation clathrate hydrate layers as they are filled with the gas-
charged ice. On occasion, instead of propagating evenly, fissures may be forced to deflect downwards by an inhomogeneity. In this case, the
rupture is a concave and socket-like opening with an overlying snout-like mudstone synform. (¢) Cartoon illusirating the progressive
development of a snout and socket structure following initial rupture. New parallel fissures develop at either side of the snout as the freezing
front continues its downward advance. New fissures extend laterally, but they intersect the socket fracture as they propagate. Significantly, heave
associated with these intersecting horizontal fractures is added to the socket fracture below the lines of intersection. Thus, the opening under the
snout enlarges in proportion to the amount of heave of the horizontal fracture. (d) Cartoon illustrating progressive enlargement of the socket
fracture at points of intersection under the snout. Continued advance of the freezing front results in additional fractures that repeat this response,
further enlarging the socket fracture below points of intersection. Widening of the opening under the snout by fissuring stops after the freezing
front advances and bypasses the socket fracture.
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ture (Fig. 12b). Continued advance of the freezing
front repeats this process until the freezing front
moves beyond and below the socket fracture (Fig.
12b—d).

3.2. Stromatactis-like fabrics

In modern and Pleistocene soils in Iceland and the
British Isles, a fabric which bears a striking resem-
blance to stromatactis, as observed at the Meiklejohn
Peak mud-mound, has been identified and named silr
droplet fabric by Romans et al. (1980, plates 10 and
17). Silt droplet fabric is not restricted to the localities
noted above, but has also been identified in alpine
environments and in the Canadian Arctic by Bunting
and Federoff (1974), Romans and Robertson (1974)
and Bunting (1983). Although the exact conditions
under which silt droplet fabric develops are not
completely known, all these authors agree that silt
droplet fabric develops by periodic freezing and
thawing of soils. Opening dimensions illustrated for
silt droplet cavities by Romans et al. (1980, plate 10)
are 2—6 mm in length and 0.1-1 mm in height. These
silt droplet cavities are identical to the spar-filled
geopetal stromatactis cavities shown, for example,
by Bathurst (1982, Fig. 6C), and are similar to some
of the smaller stromatactis structures observed at the
Meiklejohn Peak mud-mound.

Stromatactis with classical digitate roofs and flat
floors, ranging in size from millimetres to decimetres,
is common at the Meiklejohn Peak mud-mound (Fig.
13). At some locations, interconnected cavity net-
works are highlighted by layered, red coloured. geo-
petal mudstone that stands out in rich contrast against
the light grey host mudstone. Where the geopetal
mudstone has not completely filled a cavity network,
stromatactis spar with irregular and pointed digits
infills remaining openings (Fig. 13a). In contrast, at
the Meiklejohn Peak mud-mound, geopetal mudstone
and stromatactis spar may occur stacked in tiers, as
this mudstone may overly one or more generations of
spar (Fig. 13b). The stacked or alternating behaviour
for geopetal mudstone and spar has been noted
previously in other studies (Lees, 1964; Ross et al.,
1975). The presence of multiple generations of spar
and geopetal mudstone within these cavity systems is
important, because it is indicative of fluctuating envi-
ronmental conditions within these openings. Periods

of geopetal mudstone accumulation are separated by
stages of spar precipitation in the microenvironment
of these cavities. This behaviour may be a response to
alternating or reversing conditions where a time of
hydrate consolidation was followed by a period of
hydrate dissociation. Significantly, the consolidation
and dissociation of gas hydrates over time has been
observed on the bottom of the Gulf Mexico (Mac-
Donald et al., 1994; Roberts and Camney, 1997; Sassen
et al., 1998). These authors have also noted that
clathrate hydrate deposits are accompanied by the
evolution of fluctuating gas bubble streams. They also
noted that, on occasion, fragments of clathrate hydrate
and sediment became dislodged from the main deposit
and floated into the overlying water column, carried
by the buoyant clathrate hydrate. These observations
are significant because they illustrate conditions that
may lead to geopetal mudstone accumulation during
stages of clathrate hydrate dissociation. Once fluids
begin to flow in a cavity, fine-grained sediment and
early submarine cemented peloidal mudstone could
settle as geopetal fill at the bottom of a cavity, or
above a layer of precipitated spar. In contrast, spar and
micrite cement may precipitate during clathrate hy-
drate consolidation stages as pore fluids become
supersaturated with respect to calcium carbonate.
Supersaturation of interstitial pore fluids with calcium
carbonate 2—3 m below the seafloor has been docu-
mented in the modern sea floor of Southern Califor-
nia, in water depths of 800 and 1200 m (Presley and
Kaplan, 1968). Thus, the conditions proposed for
stromatactis and zebra limestone structures at the
Meiklejohn Peak mud-mound are similar to ones
already noted within modern sea floors.

5.3. Svnsedimentary fluid expulsion, sediment
intrusion and brecciation

Observations from the floor of the Gulf of Mexico
indicate that gas clathrate hydrate deposits wax and
wane (MacDonald et al., 1994; Roberts and Carney,
1997). They not only consolidate and grow at the
appropriate temperature and pressure, but they disso-
ciate and degas at other times as bottom conditions
span the hydrate phase envelope (Fig. 8) (MacDonald
et al., 1994; Roberts and Carney, 1997, Sloan, 1998a).
At Meiklejohn Peak there are mesoscopic features that
may be noteworthy if consolidation, dissociation and
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Fig. 13. Meiklejohn Peak stromatactis limestone. (a) Millimetre- to decimetre-sized stromatactis enclosed by light grey limestone and filled with
red brown (darker grey in photograph) cavity filling mudstone. Bar scale is 3 cm long. (b) Large stromatactis cavity filled with multiple
generations of spar and red brown (darker grey in photograph) geopetal mudstone. Folded white arrow points to a spar layer that overlies
laminated mudstone. However, this spar layer is separated from the main and overlying mass of cavity filling spar by a thin layer of laminated

geopetal mudstone. Bar scale is 3 em long.

carbonate cementation, as takes place with methane
clathrate hydrates, are considered as a working hypo-
thesis (Figs. 5-8). Sedimentary features that reflect
deformation of partially consolidated sediment are
common at the Meiklejohn Peak carbonate mud-
mound, consisting of fluid expulsion structures, sub-
cutaneous brecciated layers, subcutaneous slumps and
slides, breccia filled sills and dykes, folds and thrusts,

and possible submarine sedimentary volcanism. All
these deformation and injection structures may be a
result of synsedimentary gas clathrate hydrate growth
and dissociation during the evolution of the Meikle-
john Peak mud-mound.

The most striking sedimentary features are breccia
beds with abundant zebra and stromatactis clasts
(predominantly pebbles to boulders) and drag-folded
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nodular limestone along the northern flank of the
mud-mound (Fig. 7). Stratigraphic and sedimentary
relationships of these deposits indicate that brecciation
and folding occurred as a result of subcutaneous
slumping and failure, as described in an earlier sec-
tion. Failure of materials along this margin may have
occurred in response to rapid dissociation of clathrate
hydrate, which in turn may have arisen from changing
pressure as a result of sea level fall. Similar deforma-
tion, but developed to a lesser extent, occurs on the
southern end of the mound where a 25-m long breccia
pipe reaches the surface of the mound (Fig. 6). This
long breccia zone may represent a feeder pipe along
which sediment and fluids were expelled, as is the
case with sedimentary volcanoes that have been
documented with modern hydrate deposits (Roberts
and Carney, 1997; Bouriak and Akhmetjanov, 1998;
Ivanov et al., 1998).

Breccias with abundant angular clasts of mud-
mound strata, including zebra and stromatactis blocks,
are indicative of early submarine lithification of these
materials and structures (Fig. 7a and b). Nodular
limestone clasts that accompany these deposits also
appear to have cemented early, as individual nodules
are rotated and nodule trains are slumped and folded,
and in some instances sheared (Fig. 7a and c). Along
the southern flank of the mound, injection dykes and
sills with dark grey, lime nodules and yellow dolo-
mitic marlstone matrix have intruded and crosscut
light grey mound lime mudstones and wackestones.
These fabrics are suggestive of diapirism and fluid
expulsion of overpressured sediments and fluids that
breached consolidated and lithified materials. Pro-
cesses like fluid expulsion, diapirism, mud volcanism,
and ejection of lithified materials have been reported
from a number of modem clathrate hydrate bearing
sites (Roberts and Carney, 1997; Bouriak and Akh-
metjanov, 1998; Ivanov et al., 1998; Orange et al.,
1999). Thus, they should be part and parcel of the
preserved sedimentary record when gas clathrate
hydrates have intervened in the consolidation history
of these rocks.

6. Conclusions

Even though the Meiklejohn Peak mud-mound was
a small geologic feature compared to the large ramp

on which it grew, its geologic history is significant in
the interpretation of marine conditions near and below
the Ordovician sea floor at the time of sedimentation.
The mound developed in deep, cold water in an outer
ramp setting, below the photic zone and well below
storm wave base. It was an asymmetrical and elongate
submarine feature that had significant relief above the
surrounding sea floor. Mound growth commenced
near a large submarine dune that was tens of metres
in size with northward dipping cross-beds. This dune,
composed predominantly of echinodermal particles
derived from nearby echinoderm thickets, developed
as coarse- to granule-sized particles were entrained by
northward flowing currents. In contrast the mound,
composed predominantly of lime mudstone and
wackestone in horizontal, northward and southward
dipping layers, eventually became much higher than
the bioclastic dune. Significantly, mud-mound sedi-
ments were modified frequently during deposition or
shortly thereafter by early, subseafloor processes in
response to consolidation and dissociation of gas
clathrate hydrates, very possibly carbon dioxide clath-
rate hydrates.

Cryoturbic modification of mud-mound deposits is
indicated by frost heave structures that include snout
and socket, sheeted cracks and stromatactis structures
that formed as frost fronts penetrated the seafloor.
Mud-sized and sparry carbonate cements precipitated
almost simultaneously with the consolidation gas
clathrate hydrates. Early carbonate cement precipita-
tion aided the stabilization of cryoturbic structures
through early lithification. Geopetal sediments in
zebra and stromatactis structures accumulated within
cavities that formed as gas clathrate hydrates disso-
ciated periodically. Internal sediments may have also
accumulated with hydrate consolidation. as these
materials precipitated at pressures and temperatures
where fluids and solids coexisted. Under both situa-
tions, localized pressure gradients would have
allowed for fluid movement, and transport and pre-
cipitation of fine-grained materials in cavity networks
below the seafloor.

The Meiklejohn Peak mud-mound strongly resem-
bles the lithoherms identified by Neumann et al.
(1977) along the base of Little Bahama Bank in the
Straits of Florida. This idea was considered previously
by Ross et al. (1975, pp. 45-46), but they stopped
short of this conclusion. Correlation of the mound
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with lithoherms is based on a variety of common
features that include similar elongate morphology,
whaleback or dolphin back domes; similar height, as
lithoherms rise above the surrounding seafloor as
much as 50 m, and early, submarine lithification.
Furthermore, lithoherms also grow in deep water, at
depths that range between 600 and 800 m, well below
the photic zone and storm wave base. Even though
gas clathrate hydrates have not been identified with
lithoherms, the water depth and temperature (5.5-10
°C) at the bottom of the Straits of Florida are con-
ducive to their precipitation. It is tempting to suggest
that the domal shape and relief of lithoherms above
the surrounding bottom may, in part, be a result of
heaving that would occur with subseafloor consolida-
tion of gas clathrate hydrates.
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