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ABSTRACT

The Oligocene Balleny Group of Chalky Island, southwestern Fiordland,
comprises a typical continental margin sequence 900 m in thickness. Thin nearshore
traction deposited sediments at the base are overlain by submarine canyon and fan
lithofacies that were deposited by the full range of subaqueous mass-transport
processes. A steep-walled channel within Balleny Group is interpreted as a fossil
proximal fan-channel. The sedimentary fill of the channel is texturally similar to
sediments moving by slump-creep in Recent submarine canyons and fan-valleys.
The field data presented indicate (1) that a small canyon complex at Sealers Bay
was initially cut by subaqueous debris-flows derived from an adjacent cliffed conti-
nental coast; (2) that transport within the upper parts of the canyon and fan-
channel complex was primarily by inertia-flow and slump-creep; and (3) that these
more proximal types of mass-transport gave way gradationally and successively
to fluxoturbidity and turbidity currents at locations further down-slope, with
consequent deposition of sediment in more distal fan-channel and fan-surface
environments as fluxoturbidites and turbidites, with lesser contributions from
inertia-flows.

INTRODUCTION

The Balleny Group of Fiordland comprises the only sediments in southwestern
New Zealand that belong to the regional Cretaceo-Tertiary sedimentary cycle (i.e. the
Kaikoura Sequence, sensu Carter et al., 1974). To date the sediments are known only
from reconnaissance observations, those of Wood (1960) being the most recent.
Though previously mapped as Cretaceous to Oligocene, Balleny Group is in fact
entirely of early Oligocene age (Hoskins, in Carter & Lindqvist, 1975). Tts deposition
broadly coincided with the start of a phase of active flysch basin formation along the
whole of the western side of the New Zealand continental block, during which a series
of fault-bounded NNE-SSW troughs were depressed deeply below sea level and
received a fill of mainly flysch type sediment. Many magnificent examples of proximal
mass-flow sedimentation were produced, particularly during the early stages of basin
formation, but, with the notable exception of the Waitemata Basin of the Auckland
region (e.g. Ballance, 1974; Gregory, 1969), most remain sedimentologically
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undescribed even at a reconnaissance level. A more detailed account of the regional
setting, stratigraphy and tectonic significance of Balleny Group is presented elsewhere
(Carter & Lindqvist, 1975). This present paper is devoted to the description of a spec-
tacular channel that was penecontemporaneously cut in Balleny Group sediments, and
also discusses some of the evidence for sedimentary mechanisms that acted within the
Sealers Bay canyon-fan complex.

Note on terminology

The terminology for mass-transported and deposited sediments follows Sanders
(1965) and Carter (1975), but a few key concepts will be briefly summarized here. Five
major types of process are operative in mass-transported sediments, namely slurry-
flow, grain-flow, slump-creep, fluxoturbidity currents and turbidity currents. (1) In
slurry-flow, the moving sediment mass possesses enhanced viscosity, generally due to
the presence of clay-grade fines that mix with the water within the flow to produce a
continuous-phase slurry; this slurry, which has strength and is hence non-Newtonian
in behaviour, may transport a large amount of material of sand or larger grain-sizes
(when a large number of suspended clasts are present, the term debris-flow is often
used). The process is similar to grain-flow in the viscous region of Bagnold (1954).
(2) In grain-flow, the moving sediment consists of granular material in water of normal,
or near-normal, viscosity. Transfer of momentum takes place by actual collisions
between grains, which produces a dispersive pressure; this is grain-flow in the inertial
region of Bagnold (1954). For many clearly mass-transported sediments it is not
possible to infer whether a given-bed was strictly emplaced by slurry-flow or grain-
flow; in these cases, the collective term inertia-flow is useful (Sanders, 1965). Beds or
facies that are inferred to have been emplaced by fluid inertia-flow are termed flowites
(Carter, 1975). (3) In slump-creep, so far only demonstrated in sediments constrained
within Recent submarine canyons and fan-valleys, sediment is transported downslope
by a semi-continuous process of slumping, retrogressive flow sliding, and slow creep
(Shepard & Dill, 1966). The channel fill acts essentially as a ‘sand-glacier’, serving to
erode and abrade the substrate as well as being a major cause of downslope sediment
transport. (4) The term fluxoturbidity current, as fluxoturbidite, was first proposed by
Kuenen (1958) for a process of bed-shearing inertia-flow that was observed experi-
mentally at the base of very thick turbulent suspensions (Kuenen, 1951, 1958 see also
Hampton, 1972). Middleton (1967) later showed that a similar process was possible
by grain-flow sensu stricto, and the term fluxoturbidity current is conveniently extended
to cover it (Carter, 1975). This usage of fluxoturbidity current, and fluxoturbidite,
differs from that of most other recent writers, who generally use the term as a general
facies descriptor, following Dzulynski, Ksiazkiewicz & Kuenen (1959). (5) The term
turbidity current, and turbidite, are used in the conventional sense, i.e. for the transport
of sediment within a fully turbulent suspension.

SEDIMENTARY SETTING

Balleny Group (Fig. 1) represents a broadly transgressive sedimentary sequence
that accumulated along the edge of a rapidly downwarping, or faulting, continental
margin. A thin basal wedge of traction-deposited intertidal and shallow continental
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‘shelf” sediments (Puysegur Formation) is overlain by probable submarine canyon
deposits (Nuggets Formation); deep-sea fan sediments follow (Sealers and Munida
Formations), and pass up gradationally into chalk marls with spaced thin turbidites
(Chalky Island Formation) that represent distal fan and possibly abyssal sea-floor
deposits. The total thickness of sediment comprising Balleny Group is 900 m+, and
microfossils indicate an Oligocene age (Whaingaroa oppelzone). A modern analogue
of the environments represented by these sediments can be found in the Rio Balsas
canyon system, and particularly its associated littoral facies, off western Mexico
{Reimnitz & Gutierrez-Estrada, 1970).

The sediments of Balleny Group have been divided into a number of broad sedi-
mentary lithofacies. Lithofacies A;.; characterize the traction deposited sediments of
Puysegur Formation, lithofacies E applies to Munida Formation medium-bedded
turbidite sandstones interbedded on about a 1:1 ratio with interturbidite calcareous
muds, while lithofacies F corresponds to the Chalky Island Formation nannoplankton
chalk marls with spaced thin sandstone bands of distal turbidite origin; a more detailed
treatment of these lithologies is contained in Carter & Lindqvist (1975).

The stratigraphically intermediate Nuggets, Sealers and Munida Formations com-
prise a complex series of mass-flow deposits (breccias, breccia-conglomerates, breccia-
sands), fluxoturbidites and turbidites characterized under a further six major
lithofacies.

Lithofacies B, (Nuggets Formation)

Facies B, comprises poorly sorted, internally unstratified angular to subangular
breccias with a matrix of coarse to granular arkosic sand, generally with beds between
1 and 3 m thick. The provenance of constituent clasts is overwhelmingly local, and the
presence in some beds of oyster debris (Pycnodonte sp.) indicates marine deposition.
The breccias occur interbedded with lithofacies B, and B;. They are inferred to have
been emplaced dominantly by inertia-flow, largely through debris flows or by direct
emplacement by rockfall, on subaqueous breccia-conglomerate fans and within the
heads of small submarine canyons.

Lithofacies B, (Nuggets Formation) (Figs 2, 3)

All gradations occur between dominantly breccia beds characteristic of facies B,
to matrix-supported breccia-sands of facies B,. Lithofacies B, is characterized by mas-
sive to poorly laminated granular medium to coarse arkosic sands, with isolated
blocks, lenses and layers of matrix-supported breccia. The sandstones are very poorly
sorted, with a continuous gradation of grain size across all the sand grades to granules
and pebbles. Bedding is poorly defined, but a diffuse parallel lamination pervades most
beds, which appear to be composite in that they contain intra-bed indications of
channelling (cf. Fig. 3). Beds may be up to 10 m thick, and the constituent clasts
generally have their long-axes parallel to bedding. It will be argued that this lithofacies
was at least partly emplaced by slump-creep (see also C below).

Lithofacies B; (Nuggets Formation) (Fig. 4)

This facies comprises thin to medium-bedded coarse to granular arkosic sands.
Grading is present but not always normal, sometimes going from reverse to normal in a
single bed. Bed-contacts are poorly defined, particularly when there is little or no mud
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or silt between sand layers. The sands contain isolated angular clasts that are large
relative to bed thickness, and beds may pass laterally into layers or patches of poorly
sorted breccia. Emplacement is inferred to have been by inertia-flow, generally by
grain-flow sensu stricto.

Lithofacies C (Sealers Formation)

Thick sand units, between 3 and 10 m thick, are similar in all respects to the sands
in lithofacies B, of Nuggets Formation except for the smaller amounts of terrigenous
breccia they contain, and for the invariable presence of large penecontemporaneously
derived mudstone clasts (cf. Fig. 7). It will be argued that this facies was largely
emplaced by inertia-flow and slump-creep.

Lithofacies D, (Sealers Formation) (Fig. 5)

These very characteristic thick to very thick bedded sands have a sand : mud ratio
of about 20:1, sometimes contain scattered ‘floating’ clasts of relatively large size,
and are probably fluxoturbidites. Grain size is again medium to very coarse or granular
sand, coarse-tail grading is poorly but consistently developed and Bouma sequences
are generally absent.

Fig. 5. Thick-bedded poorly graded sands with scattered clasts, lithofacies D, (Sealers Formation).
Two sand units separated by a thin muddy sandstone. Note the presence of obscure? antidune cross-
stratification above and to left of hammer. Locality, Sealers Bay, a little further south than Fig. 4.
Hammer (slightly foreshortened) 85 cm.

Lithofacies D, (Nuggets and Sealers Formation) (Fig. 6)

This lithofacies comprises thin to medium bedded sands and muds with a sand : mud
ratio of about 2-6: 1, though the mud part of each couplet is usually very sandy due
to extreme bioturbation. The beds are generally of very coarse to medium sand grain
size, poorly graded, and contain displaced shallow water fossil debris. Though rare,
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Fig. 6. Thin to medium-bedded flysch of lithofacies D, (Sealers Formation). Note the presence of
diffuse parallel lamination, the sharp flamed bases to the sandstones and the thin and bioturbated
nature of the inter-sand sandy mudstones. Locality, east side of Sealers Bay, wave undercut and
cleaned surface at south end of middle large cliff. Pencil 16 cm.

Bouma sequences seen in the sands include Ta, Ta b and Tb.c, suggesting that litho-
facies D, was deposited mainly by turbidity currents.

SEALERS BAY CHANNEL (Figs 7-10)

Large channel features are not uncommon in proximal flysch deposits, and have
been described by many writers. Rarely, such channels are of sufficient magnitude to
suggest they represent major sediment feeder routes similar to present-day canyon or
fan-valley channels (Stanley & Bouma, 1964; Walker, 1966; Jacka et al., 1968;
Kelling & Woollands, 1969; Normark & Piper, 1969; Piper & Normark, 1971; Hall
& Stanley, 1973; Whitaker, 1974). Sealers Bay Channel is a further such feature, and in
many respects is closely similar to the Miocene Doheny Channel described by Normark
& Piper (1969), and to the channels associated with the Caban Conglomerates of
Kelling & Woollands (1969).

Sealers Bay Channel is magnificently exposed in cliffs on the east side of Sealers
Bay, Chalky Island (see map in Carter & Lindqvist, 1975). The main channel is part of
a complex, superposed sequence of shallower channel features (cf. Fig. 10), of which
at least five are visible in Fig. 7. The main channel is some 40 m wide, and at least 5 m
deep, though the base is below beach level. In addition to the obvious channels, the
sequence shows complex lensoid interbedding of the lithofacies previously described.
The following generalizations apply:



474 Robert M. Carter and Jon K. Lindqvist

Middle Cliff South Cliff

Sealers Bay Channel
(see Figs. 7-9)

35 m obscured

Channeled bed base in 3-10 m thick coarse to
granular angular to subangular feldspathic sands.
Traction features absent, foint paraiiei lominotion
not uncommon, rorely oblique intrabed lominotion.
frregular normal and reverse grading within beds.

Scottered 2 - 80 cm unsorted subangular to subrounded
clasts, mainly granite and hornfels.

Large (up to 2 m) penecontemporaneously derived mudstone
closts,

45m obscured

North Cliff Interstratified coorse to gronutar orkosic sond ond

bioturbated sondy siltstone -mudstone. Sond: mud rotio
vories from l:l min thinner bedded units to 20:1 in

thicker bedded units. Sands with sharp bases, sometimes
flamed or with obscure sole marks, often poorly coarse tail
graded. May contoin flocting clasts of digmeter up to thot
of sond bed thickness.

(o o]
—

Fig. 10. Measured section across main Sealers Formation outcrops on east side of Sealers Bay. Middle
CIiff corresponds to the outcrop of the main Sealers Bay Channel (cf. Figs 7-9).

(1) The major channels are generally cut into thin-bedded flysch of lithofacies D,:
deeply incised channels may cut through lithofacies D, into underlying thick-bedded
fluxoturbidite or inertia flow sands and breccia (lithofacies D, or C).

(2) Channel fill generally commences with a thick unit (30-70% of total fill) of
sands and breccia sand of lithofacies C, with minor inertia-flow conglomerates; this is
overlain in some cases directly by thin-bedded sands (D,), or sometimes by thick-
bedded sands (D,, fluxoturbidite) followed by D,. The channel-fills are therefore
broadly thinning and fining upward sequences (cf. Walker & Mutti, 1973).

(3) There is no difference in consolidation of the sediments forming the channel
walls and those forming channel fill, suggesting that the channels were cut in unlithified
sea-floor sediments.



Fig. 7. Panorama of the axis of Sealers Bay Channel as exposed in shore cliffs on the east side of Sealers presence of large mudstone clasts in the thick channel-fill sands (m); diffuse patches of breccia in matrix-
Bay. Note the following features (as indicated on photograph): the presence of at least five superposed support (bm), some grading laterally into homogeneous grain-supported conglomerates (bg); diffusely
channel features (1-5); the north and south walls of the main Sealers Bay Channel (N and S, respectively); the demarcated intra-bed channelling (ch); the presence of lithofacies C and D,. Figure (left of centre) gives scale.

Fig. 8. Close-up of north wall of Sealers Bay Channel. Wall cut in diffusely laminated sands of litho- Fig. 9. Close-up of south wall of Sealers Bay Channel. Wall cut in medium to thick-bedded sands of
facies C or D, (pull-apart mudstone clast lower left). Channel fill of granular very coarse sands with lithofacies D,. Channel fill of granular coarse sands with abundant terrigenous clasts. Hammer 85 cm.
numerous mudstone clasts, lithofacies C. Hammer 85 cm.

(Facing page 474)
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ENVIRONMENT OF DEPOSITION OF SEALERS BAY CHANNEL

It is clear that the tendency for rhythmic repetition of lithologies just described
represents the cutting and filling of successive submarine channels, following a pattern
similar to the generalized models suggested by Normark & Piper (1969), Normark
(1970) and Lowe (1972). Though the overall stratigraphy and outcrop relations sug-
gest that the Sealers Bay Channel represents environments distal to the feeding canyon
system, it is difficult to be sure of its precise position on what was clearly an active fan
since most descriptions of modern fans are based on geomorphically long-established
sedimentary systems. However, comparison with the most recent descriptions of
modern and inferred fossil fans (Normark, 1974 ; Nelson & Nilsen, 1974 ; Mutti, 1974)
suggests that the channel represents a major feeder in the area of transition between
the leveed valley on the upper fan and the actively outbuilding suprafan. Normark
(1970) has stressed that ‘fan-valleys are very broad shallow features (1-5 km wide)’
and the narrowness and deep incision of the Sealers Bay Channel therefore preclude
that particular interpretation; furthermore, the absence of really typical muddy-silty
levee deposits is also inconsistent with a major leveed fan valley. The sand-dominated
sediments with which the channel is immediately interbedded (Fig. 10) show abundant
low-angle channelling, consistent with their representing an irregularly braided channel-
distributary system similar to that suggested for Recent suprafans (Normark, 1970,
1974). We conclude that the extremely ‘proximal’ nature of the Sealers Bay Channel
fill suggests the feature represents an incised and active channel that led out of the
leveed valley of the upper fan and onto the suprafan, a conclusion similar to that
reached by Piper & Normark (1971) in their interpretation of the Doheny Channel.

SEDIMENTARY MECHANISMS WITHIN SEALERS BAY CHANNEL

As might be expected for sediments deposited in such proximal fan environements,
mass-transport processes were responsible for the emplacement of most of the sedi-
ments. Though the total absence of traction produced sedimentary structures is per-
haps surprising, abundant evidence for mass-transport, and specifically for grain-flow,
slurry-flow, slump-creep and fluxoturbidity and turbidity current transport, can be
found. This evidence is discussed further below.

The channel sands (lithofacies C)

Since the discovery of the phenomenon of intra-submarine canyon grain-creep
almost ten years ago (Dill, 1964; Chamberlain, 1964) there has been a tendency to
discount creep as a viable mechanism of sediment transport in fossil flysch deposits,
mainly because the mechanics of the process remain mysterious and because of the
impression that creep can only operate on excessively steep slopes (Walker, 1967;
Middleton, 1970; Walker & Pettijohn, 1971). However, observations such as those of
Shepard, Dill & von Rad (1969; summarized in more detail in Carter, 1975) suggest
that creep in fact takes place even on relatively gentle slopes in fan valley environments.
As documented by Shepard & Dill (1966), grain-creep seldom acts alone as a sedi-
mentary mechanism, but is intimately associated with semi-continuous downslope
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slumping on all scales, with true sand-falls spilling in from hanging tributary valleys,
and also with more ‘catastrophic’ processes such as rock-fall from the channel sides
and emplacement of coarse grained debris-flows or gravel-flows along the main chan-
nel axis. There is, therefore, no such thing as a ‘pure’ grain-creep sediment, only a
complex mixture of sands and breccias that are collectively and slowly moving down
the channel axis by a mixture of creep, retrogressively propagating sand-flow, grain-
flow and slurry-flow, with constant additions of sediments of all grain-sizes from
channel walls and tributaries.

No single attribute is typical of either Recent slump-creep deposits, or of the
occurrences here interpreted as their fossil equivalents, but the following features are
all found in the sediments associated with Sealers Bay Channel; taken together they
delineate a unique sedimentary facies whose closest modern analogue is found in the
creeping-slumping ‘sand-glaciers’ in the head of nearshore submarine canyons (see
also Stanley, 1967; Stanley & Unrug, 1972).

(1) An intimate association with fluxoturbidites and levee (overspill) turbidites,
yet a general absence of any of the typical features of turbidity current emplacement
in the slump-creep beds themselves.

(2) The presence of a pervasive parallel lamination that is subtly different from
conventional bedding, and attributed to laminar shear during emplacement (Stauffer,
1967; Middleton, 1970).

(3) The inclusion of exotic clasts, whose distribution encompasses the complete
range from coherent clast-supported patches (Fig. 7), to scattered matrix-supported
clasts (Figs 7 and 9). Clasts may range up to 5 m, but sizes up to about I m are most
common. When matrix-supported, the clasts generally have their long axes parallel to
bedding (Fig. 3).

(4) The inclusion of abundant penecontemporaneously derived mudstone clasts
(Figs 7 and 8), probably incorporated partly by substrate and wall ‘plucking’ by
the channel fill, and also by direct rockfall from the channel sides onto the channel
fill.

(5) Where the coarser clasts are gathered together into local patches, lenses, or
relatively homogeneous clast-supported beds, the margins of the aggregations are
nearly always gradational; good exposures demonstrate that even apparently homo-
geneous clast-supported conglomerate beds have extremely diffuse boundaries that are
laterally gradational to more typical sand with scattered clasts (Fig. 7). Presumably
these beds were first emplaced by rapid inertia-flow, but later lost their identity as a
result of intra-bed shear within the moving channel-fill.

(6) The almost complete absence of regular intra-bed features. Rarely, oblique
bedding delineates diffuse channel-like structures (Figs 3 and 7); the draped (or
‘catenary’—cf. Whitaker, 1962) fill is identical to the material outside the ‘channel’,
there is generally no channel-lag, and the features are entirely unlike typical channels
cut and filled by traction processes.

(7) The presence of a complete range of poorly sorted sand-granule, and larger,
grain sizes, and the absence of appreciable mud content.

Though many of the characteristics listed above are common to models of sedi-
mentation involving rapid inertia-flow, such models (e.g. Middleton & Hampton,
1973) usually predict a sequence of internal bed forms, whilst admitting that the
sequence may be irregularly represented. It should therefore be stressed that it is points
4-6 above that are particularly critical in suggesting a slump-creep emplacement for
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the fill of Sealers Bay Channel. The great bed thickness without signs of major intra-
bed amalgamation, the presence of irregularly streamlined layers of large mudstone-
siltstone clasts, and the fact that discrete sharply bounded conglomerate layers pass
laterally into structureless sand with diffusely scattered pebbles, are all features that
seem inconsistent with emplacement by rapid inertia-flow, at least so far as it is con-
ventionally pictured (Sanders, 1965; Stauffer, 1967; Middleton & Hampton, 1973).
Perhaps the most obvious alternative to siump-creep is emplacement by submarine
avalanching (cf. Jacka et al., 1968), but such a chaotic mode of emplacement would
not account for all of the features shown by the fill of the Sealers Bay Channel, a
particular difficulty being the ‘sharply bounded’ to ‘diffusely scattered’ changes in
thick intra-channel conglomerate units.

Interpretation of Balleny Group sediments as slump-creep deposits is made most
confidently, and even then with reservations, for the fill of Sealers Bay Channel (litho-
facies C). However, some occurrences of lithofacies B, (e.g. Fig. 3) have features
difficult to explain solely by a grain-flow mode of origin, and it is possible that litho-
facies B, has been in part affected by penecontemporaneous slump-creep. A general
lack of detailed bed descriptions makes assertions difficult regarding the slump-creep
nature of proximal flysch sequences described in the literature. However, the ‘chaotic
sands’ recorded as fill within the Doheny Channel (Piper & Normark, 1971), and the
‘avalanche deposits’ of the Bell Canyon Formation (Jacka et al., 1968) would repay
further examination with this possibility in mind.

Thick to very thick-bedded sands (lithofacies D)

Comparison of Fig. 13 of Carter & Lindqvist (1975) with Fig. 7 of Stanley (1971)
reveals an extremely close similarity between lithofacies D; and the characteristic
‘channelized sand’ deposits of the Annot Sandstone, French Maritime Alps. These
sediments have been well described in a number of papers (e.g. Stanley, 1967; Stanley
& Bouma, 1964). Walker (1967) has argued that strata of this type are indistinguish-
able from proximal turbidites, but they are here interpreted (mainly after Sanders
(1965) and Stauffer (1967)) as fluxoturbidites in the sense defined by Carter (1975),
i.e. as having been deposited from the inertia-flow bed-load of fluxoturbidity currents.
Their uniformity of thickness across large outcrops suggests they are unlikely to have
been deposited from true sand-flows as observed in Recent canyons (which generally
result in localized and wedge-shaped deposits), and the more extensive high velocity
flowing grain-layers hypothesized by Sanders (1965) and Stauffer (1967) have not yet
been identified in the natural environment nor generated experimentally in the absence
of an overlying impelling turbidity current. Furthermore, occasionally a constituent
bed within a bundle of thick-bedded fluxoturbidite strata conforms exactly to a
Bouma Ta ¢ turbidite, thus demonstrating the passage of occasional turbidity flows
sensu Stricto.

Thin- to medium-bedded sands and muds (lithofacies D,)

Interpreting the deposition of thinly bedded flysch lithofacies D, is difficult, though
there is little doubt that the facies is largely or entirely redeposited. From a distance
the rhythmic sandstone-mudstone alternations, and the bed thicknesses of 5-10 cm,
suggest ‘distal’ turbidite deposition. However, close examination usually reveals that
the sandstones are rather coarse grained for such an interpretation, often very coarse
sand, and grading is generally poor and sometimes absent.
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At least some packets of lithofacies D, contain sharp-bottomed graded beds
showing Bouma Ta_c or Ty sequences (Fig. 6) and are turbidites, or possibly thin
fluxoturbidites. Furthermore, some of these occurrences are apparently in channel-
wall situations with respect to laterally equivalent channel-fill breccias and breccia-
sands, as in one example in Boulder Bay, Chalky Island (see map, and Fig. 15, in
Carter & Lindqvist, 1975), and are thus possible levee deposits in spite of their coarse
grain size and lack of Bouma sequences commencing with Te.

Other occurrences of facies D,, such as at the top of the north wall of the Sealers
Bay Channel (Fig. 7), are also in levee position but lack Bouma sequences, and are
somewhat poorly graded and often difficult to distinguish from the inferred thin grain-
flow facies B;. From the reconnaissance field data at hand we are unable to decide
whether this particular occurrence represents channel overspill (levee) deposits or not,
but the fact that the south wall of the channel is in medium bedded sands of lithofacies
D, (Fig. 9) perhaps argues against a levee interpretation of the thinner-bedded sands
of the north wall.

EVIDENCE FOR THE PRESENCE OF SMALL
SUBMARINE CANYONS

Submarine canyon walls have not yet been seen in outcrop in the Chalky Island
region, but the general sedimentary setting of Balleny Group demonstrates it to have
been a fairly typical continental margin shelf-canyon-fan sedimentary complex. How-
ever, a major difference between the Chalky Island sequence and most modern fans is
that sedimentation at Chalky was initiated by the rapid onset of local tectonism. Some
of the coarse mass-transported breccia-conglomerates of Nuggets Formation therefore
might represent subaqueous fans that built directly out on the downthrown side of
major faults. In fact, Oligocene sediments representing such fans are known from the
Waiau trough, a major sediment-filled graben fringing the eastern side of the Fiordland
block (Wood, 1966; Carter & Norris, in preparation). However, most of the Chalky
Island breccia-conglomerates and breccia-sands are here interpreted as representing
submarine canyon fill, even though fanglomerate facies may also be represented within
Nuggets Formation. Evidence for the presence of small submarine canyons at Chalky
includes the following.

(1) The general consideration that the abundantly represented sandy fan sediments
are likely to have been funnelled from continent to deepsea via intermediate feeding
conduits; on modern shelves such conduits are represented by submarine canyons.

(2) Immediately to the east of Chalky Island, on mainland Gulches Peninsula,
thick structureless coarse breccias lie directly on basement, cutting out the shelf facies
Puysegur Formation, and thus at least 80 m of local, and probably channelled, relief
may be inferred on the Nuggets-Puysegur Formation contact (some distance further
east again, in the region of Puysegur Point, the Puysegur Formation is appreciably
thicker; thus 80 m is very much a minimum figure for the relief of this contact).

(3) In Boulder Bay, on the north coast of Chalky Island, the thick sequence of
crudely and coarsely bedded breccias and breccia-sands that make up Finger Rocks
apparently abuts sharply against thin-bedded flysch of lithofacies D,; though the
contact is not visible, it is probably a ‘channel’ wall with at least tens of metres
relief.
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CANYON-FAN SEDIMENTATION MODELS

Accepting the presence of a submarine canyon complex through which passed the
bulk of the sediment that now comprises Balleny Group, it is pertinent to ask: how
were the canyon-fan couplets first established and what sedimentary mechanisms
acted within them? Following Normark & Pipet (1969) and Lowe (1972), it is useful
to recognize three basic stages in the evolution of a typical submarine canyon and
fan-valley complex; they are the formational, functional and filling stages respectively.

Formational stage

Breccia-conglomerates and breccia-sands of lithofacies B, and B, occur down to
the base of Nuggets Formation, where they comprise over 90% of the sediment
volume. Since these breccias are inferred to cut deeply into the nearshore sands of the
Puysegur Formation they probably represent proximal canyon deposits that accumu-
lated up to the very head of the Sealers canyon system. The minor turbidite-type
sediments that also occur in Nuggets Formation are mainly lithofacies D, i.e. are
inferred to have been deposited from sediment-laden fluxoturbidity currents with a
basal inertia-flow carpet. Several writers have suggested that such a carpet would form
a barrier between the current and substrate, inhibiting its erosive capacity (Hsu, 1959;
Dzulynski & Sanders, 1962; Walker, 1966), and it therefore seems unlikely that these,
anyway infrequent, fluxoturbidity currents were responsible for the major cutting of
the canyon heads.

The breccia lithofacies of Nuggets Formation were ultimately derived from a near-
by steeply cliffed shoreline. Direct evidence for this is seen on the south side of Gulches
Peninsula, where Nuggets breccias interfinger to the east with coaly marginal marine
facies of Puysegur Formation, but thicken to the west to abut and overlap a fossil cliff
preserved in basement granite. Since the stratigraphic evidence from Chalky Island
conclusively shows that a narrow nearshore wedge of sandy ‘shelf” sediments fringed
the Oligocene coastline in this region, it is thus clear that this ‘shelf’ would have
received fairly frequent mass-flows deriving from the nearby shoreline cliffs. The effect
of a large debris-flow armoured with clasts up to several metres in diameter on an
unconsolidated sandy seafloor is not hard to imagine; as they crossed the shelf at least
some of the flows would plough deeply and erosively into the substratum. The thinness
of Puysegur Formation indicates that the shelf-break was fairly near shore, and as
such debris-flows spilled off the landmass and across this narrow shelf they would
precipitate slumping and flowing of sand where they crossed the shelf edge. It is con-
cluded that, so far as field evidence is concerned, the Chalky canyon complex is most
likely to have been initiated by highly erosive clast-armoured debris- and gravel-flows,
combined with slumping and sliding of shelf-edge sands (cf. Stetson & Smith, 1938).
A similar mode of origin has been argued recently for at least some modern canyons
(Scholl et al., 1970).

Functional stage

Canyons and fan-valleys serve as the major dispersal routes for sediment to travel
from continents to ocean floors. Therefore the cutting of a canyon-fan channel is
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followed by a stage during which it acts as a downslope sediment funnel and accumu-
lates little permanent sediment within its axis (Lowe, 1972). If lithofacies D, is
correctly identified as locally representing channel overspill (levee) deposits, then its
presence topping the walls of a channel will provide the only direct evidence at that
place for the passage of currents in the adjacent channel.

The thick- to very thick-bedded fluxoturbidites characteristic of lithofacies D, are
mainly confined to Sealers Formation, and become increasingly abundant higher in
the formation. They are interpreted as the moxt proximal channel-axis deposits of the
turbidity currents responsible for the emplacement of the levee turbidites. Considering
the highly sediment laden nature of these currents, they are unlikely to have arisen
outside the canyon-fan channel complex, e.g. as direct turbid underflow from nearby
rivers (Heezen & Hollister, 1971) or as storm generated rip currents (Reimnitz, 1971;
Jacka et al. 1968). If they originated within the canyon-fan channel complex then they
are necessarily derived from slumped portions of channel-fill sands, or directly from
the canyon-fan channel walls, for these are the only more proximal sources of sand
of sufficient magnitude. Furthermore, the grain-size range is well above that at which
thixotropic mechanisms operate, or at which depositional metastability is likely to give
rise to later spontaneous liquefaction; therefore, and as has been inferred for the sands
in the heads of the California canyons (Shepard, 1951; Shepard & Dill, 1966), down-
slope sediment displacement was probably initiated by failure of the canyon axis fill
consequent upon tectonic or sedimentary oversteepening. The sandy slump so
generated passed sequentially into true fluxoturbidity and turbidity currents where the
slope was steep enough, and if sufficient water was mixed in with the slurry. Thus the
Chalky Island sequence provides direct field evidence in support of the widely accepted
view that turbidity currents represent the end member of a gradational spectrum of
subaqueous mass-transport processes (Shepard, 1951; Menard, 1960; Dott, 1963;
Morgenstern, 1967).

Filling stage

The filling of submarine canyons that form part of a generally transgressive sedi-
mentary regime presumably represents temporary periods during which supply and
emplacement of sediment outstripped the process of basin-margin depression and
canyon erosion. Hence the fill will have ‘prograded’ out from a more proximal canyon
environment to the position in the fan-valley axis where it is now found. Only by such
an interpretation can we explain the juxtaposition, at the same level, of channel-axis
facies and levee turbidites (deposited from turbidity currents that must have derived
from similar facies further up-channel). For the Sealers Bay fan-channels, thick deposits
of creeping and slumping sands and breccia sands were built up, in some cases possibly
right to the channel rim, as filling proceeded. Headward incision of the whole canyon
complex probably continued right up to and into this stage, as evidenced by the thick-
bedded fluxoturbidites that sometimes complete the cycle of sedimentation within a
channel, and yet must have been derived from further upslope. When a channel was
filled the locus of downslope movement of sediment shifted to a laterally adjacent
channel, and levee turbidites overspilling from the new channel may or may not cap
the older channel fill sequence (cf. Normark & Piper, 1969).
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CONCLUSIONS AND SUMMARY

(1) Balleny Group represents continental margin shelf-canyon-fan environments
of deposition. Sedimentation was initiated in response to local Oligocene tectonism.

(2) The mechanism of incision of the Chalky Island canyons was a sedimentational
rather than a tectonic or eustatic event. In this particular case, canyon incision was
probably produced by erosive debris-flows crossing and cutting into a narrow sandy
shoreline sediment wedge adjacent to a relatively uplifting continental block.

(3) Canyon-fill sediments are represented by breccia-conglomerates and breccia-
sands of Nuggets and possibly lower Sealers Formations. These sediments were almost
entirely laid down by various types of inertia flow and slump-creep. The major sedi-
mentary processes active in the proximal canyon environments on Chalky Island
were therefore forms of mass-transport other than turbidity currents.

(4) A major channel developed within breccia-sands and fluxoturbidites of Sealers
Formation is interpreted as an incised channel within a proximal fan-valley. The fill of
the Sealers Bay Channel prograded out from more proximal canyon-fan environments,
and its emplacement probably took place largely by slump-creep.

(5) Balleny Group represents a transgressive sedimentary sequence. The broadly
successive superposition of slump-creep deposits + flowites—fluxoturbidites + levee
deposits—proximal turbidites—distal turbidites therefore provides a field illustration
of the hypothetical sequence of mass-transport processes thought to lead to the
generation of turbidity currents.
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