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_ FRONTISPIECE:

Part of the coastal section of the Pleistocene Kidnappers Group,

southern Hawke Bay. This view, 3 km west of Black Reef, shouws

the conformable nature of the westward dipping lithologically

diverse strata, mildly deformed into fault bloecks. The cliffs

are up to 107 m high. (Photo by courtesy of M.J. Selby)






ABSTRACT

The Middle to Late Pleistocene Kidnappers Group comprises
400 m of diverse litholcgies deposited in fluviel, marginail
marine and shellow marine environments. The stratigraphy
and sedimentology of the greywacke conglomerates, the
dominent lithology in the group, is investigated, ir part

using three new computer programmes.

oL

Five environmentally sensitive lithclogies are
recognised: Lithotype 1 - Imbricated, inverse to normally
graded conglomerate; Lithotype 2 - Planar cross-stratified
conglomeraete; Lithotype 3 - Thin, massive to stratified
conglomerate; Lithotype 4 - Planer cross-stratified, shelly,
sandy conglomerate: Lithotype 5 -~ Thin, massive to low-angie

cross-stratified, shelly conglomerate.

On the basis of cross-stratification types, fossil
content and the shapes, orientation fabrics and grain-size
analyses of clasts, Lithotypes 1, 2 and 3 have & braided fluvial
origin and Lithotypes L4 and 5 a shallow marine origin.
Differences between Lithotypes 1, 2 and 3 identify a proximal-

distal sequence within the braided fluvial environment.

Lithotype 1 is interpreted as proximal channel and longi-
tudiral bar facies, Lithotype 2 as mid-reach transverse and
longitudinsl/diagonal bar facies, and Lithotype 3 as channel
and topstratum overbank deposits in the distal reaches of a

braided river system.

From the vertical succession of conglomeratic feacies

and marine fossiliferous units, & chrornology of submergernce



and emergence events in the Kidnappers Group has been
established. This succession is dominantly controlled by
glacio-eustatic fluctuations in sea level which agree in
frequency and period with sea level fluctuations derived
from deep sea core data from 0.5 to 0.1 m.y.B.P. Tectonism
has also influenced the supply of sediment to the group and
reinforced the magnitude of the submergence and emergence

events.
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CHAPTER 1: INTRODUCTION

The Pleistocene Kidnappers Group (Kingma 19T71) ccmprises
400 m of diverse lithologies dominated by greywacke conglom-
erates. Exposures provide a continuocus ;tratigraphic sequence
of sediments deposited in fluvial, marginal marine and
shallow marine environments. This, together with the high
rates of basin subsidence and sediment accumulation, good
tephrostratigraphic and chronologic control, and only mild
post-depositional deformation, offer a complete record of the

Middle to Late Pleistocene history of Hawke's Bay.
1-1 THE STUDY ARFA

The Kidnappers Group outcrops immediately south of Hawke

Bay where it covers about 40 km2 (Fig. 1-1.). The group
intersects the coast between Clifton and Black Reef where

the strata form cliffs over 100 m high. The Marsetotara
River cuts through the middle of the group at right angles

to the coast and flows into Hawke Bay Just north of Clifton
(Fig. 1-1.). This study has concentrated on those strata
exposed along the coastal section and inland up the Marae-

totara River.

The Kidnappers Group is incorporated in the Te Aute
Subdivision (Kingma 1971) of central Hawke's Bay and is

covered by Sheet N135 (Kingma 1970a).
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1-2 THE SCOPE OF RESEARCH

Originally a stratigraphic and sedimentologic
investigation of the entire Kidnappers Group was
initiated wi£h the aim of establishing and interpreting
the depositional history of the group.' However, during
the early phases of this research it became increasingly
epparent that interpretation of facies successions and
alternating terrestrial/marine environments is largely
reflected by the presence or absence of congloﬁerates.
In turn the conglomerates reflected the external controls
on sedimentation. Therefore, to interpret fully the
depositional history of the group, it is necessary to
have a thorough understanding of the conglomeratic
lithofacies and their depositional environments. Hence,
fhe emphasis in research shifted more towards a detailed

investigation of the conglomerates.

Although considerable textural, compositional and
palecenvironmental information of finer-grained lithologies
in the group have been established, these data are not
presented here but form the basis of work in preparation.
Within this context the scope of the thesis has narrowed
s0o that the aims now include the following:

(1) To establish the vertical and lateral strati-
graphic relationships of the conglomerates in
the group.

(i) To develop methods of data analysis applicable
to the conglomerates.

(iii) To study in detail the sedimentology of the
conglomerates énd to establish their depositional

paleocenvironments.



(iv) To interpret from the conglomerate paleo-
environments the depositional history of the

group.

In view of the marked lithologic diversity of the
group, the usual forms of lithostratigraphic correlation
are of limited value. Hence, in order to fulfil the first
obJective, the heavy mineralogy of tephras in the group
were investigated to establish, if possible, marker beds
which would assist in correlation of the coastal and

inland exposures.

Generally in conglomerates, sediment structures and
other facies characteristics are sparse in comparison with
sandstones. In order then to fulfil the third objective,
clast shape and especially orientation fabric were studied.
More particularly, clast orientation was investigated to
determine paleocurrent directions, to distinguish marine
from fluvial paleoenvironments, and to establish, if

possible, the paleohydrologic regime of some conglomerates.

There have been very few detailed sedimentologic
‘studies of Quaternary conglomerates in New Zesaland,
surprising in view of their wide areal extent (see Milne
1971). It is hoped this study will add to this knowledge
and especially to the understanding of the Pleistocene

history of Hawke's Bay.



1-3 GENERAL GEOLOGY OF HAWKE'S BAY

Pre-Cretaceous Basement

Triassic and Jurassic rocks belonging to the Torlesse
Supergroup form the pre-Cretaceous basement and the main
axial ranges in the west (Fig. 1-2.). Largely unfossiliferous,
indurated, and consisting of alternating sandstone and
argillite (Kingma 1957b), they are now exposed as highly
deformed strata that are overturned to the north-west
(Sporli & Bell 1976). These rocks are commonly called,

and will be referred to hereafter, as greywackes.

Associated with the sandstones and argillites are
besic volcanics, cherts and red argillites. The detrital
suite is predominantly quartzofeldspathic with abundant
lithic fragments of volcanic and sedimentary origin. A
regional north-east trending schist belt has been mapped
in the Kaimanawa Range (Grindly 1960), both the schistose
and non-schistose rocks belonging to the higher grade
prehnite-pumpellyite metagreywacke facies (Sporli & Barter
1973). The greywackes in the Ruahine Range are interpreted
&s having been deposited in a continental terrace/abyssal

plain paleocenvironment (Sporli & Bell 1976).

To the east of the axial ranges the greywacke basement
has been folded into a broad, NNE striking synclinal structure
vhich has been infilled by a thick sequence of mainly marine

Cretaceous and Cenozoic sediments (Kingma 1971).
Cretaceous Sedimentation

The subsurface Cretaceo-Jurassic boundary in Hawke's
Bay is believed to be conformable (Kingma 195T7a). Within

the Te Aute Subdivision the Cretaceous and Tertiary sediments
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have been assigned to one or other of 29 stages (Table 1-1).
The thickness and general lithologies for each stage are

summarised by Kingma (1971, Table 3).

From the outcrop pattern of Cretaceous rocks in the
extreme east of Hawke's Bay (Fig. l-2.5,together with their
lateral facies changes, Kingma (1960a) envisaged a landmass
immediately east of New Zealand as the source area for
Cretaceous sediments. By the end of the Cretaceous this
landmass, reduced to one of low relief, was no longer a

significant source of sediment.

Tertiary Sedimentation

In the Lower Tertiary the greywacke basement began to
rise in what is presently the main axial ranges. Between
this feature and the rapidly subsiding Cretaceous landmass
in the east, slow Tertiary sedimentation continued. Fine-
grained Cretaceous rocks, weathered and eroded off the
rising axial ranges, furnished the supply of sediments for
the Dannevirke and Arnold Series. During Upper Landon times
shelf conditions prevailed, indicating that the basin was
largely infilled. The gradual coarsening of sediments
suggests that the axial ranges had increased in elevation,
although throughout the Tertiary they were never high enough

to supply gravel except locally during the Mangapanian.

The culmination of intense tectonism in the Upper
Oligocene is exemplified by a sequence of complexly folded
and faulted Upper Cretaceous to Oligocene strata near
Waimarama (Fig. 1-3.). This interpretation is supported by
the existence of a regional unconformity throughout south-
eastern Hawke's Bay and the absence of Pareora Series

(7. Pettinga, pers. conm.).



Series Stage Age
RECENT Holocene
HAWERA High terraces 2
High terraces 1 Upper Pleistocene
WANGANUI Castlecliffian Middle Pleistocene
Nukumaruan Lower Pleistocene
Mangapanian Upper Pliocene
Waipipian Middle Pliocene
Opoitian Lower Pliocene
TARANAKI Kapitean
Tongaporutuan Upper Miocene
SOUTHLAND Waiauan
Lillburnian Middle Miocene
Clifdenian Lower Miocene
PAREORA Altonian
Lower Miocene
Otaian
LANDON Waitakian Upper Oligocene
Duntroonian Middle Oligocene
Whaingaroan Lower Oligocene
ARNOLD Runangan and
Kaiatan Upper Eocene
Bortonian
DANNEVIRKE Porangan Middle Eocene
Heretaungan
Lower Eocene
Mangaorapan
Weipavan Paleocene
Teurian
- Upper Danian
- Lower
MATA Haumurian
- Upper Meestrichtian
- Lowver
Piripauan Campanian
RAUKUMARA Teratan Santonian
Mangaotanean Coniacian
Arowvhanan Turonian
CLARENCE Ngaterian Cenomanian
Motuan Upper Albian
Table 1-1., Stratigraphic Clasgification adopted. (Modified after

Kingma 1971, Table 3).
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Southern and eastern Hawke's Bay became resubmerged
during Southland times and shelf deposition recommenced.
Major lateral movements along transcurrent fault zones
during the Miocene initiated the formation of basinal
conditions and the deposition of a thiék sequence of
Upper Miocene flysch. The presence of locelised unconform-
ities indicate that contemporaneous erosion of highs

occurred with deposition in adjacent basins (Kingma 1958).

Regional uplift, corresponding to initiation of the
Kaikoura Orogeny in the area, is expressed as an angular
unconformity developed in Middle Pliocene to Lower Pliocene
sequences. In the south of the Ruataniwha Basin (Fig. 1-3.),
a Plio-Pleistocene sequence directly overlies greywacke
bgsement. Further north in the same basin a Plio-Pleistocene
sequence overlies dipping Middle Miocene and Eocene-Paleocene
sediments (Clark 1976). Katz (1973) recorded the same
unconformity north-west of Napier, and suggested that it
developed during late Miocene to Mangapanian times. 1In
the Waeimarama District this angular unconformity developed
during Uppermost Miocene times (J. Pettinga, pers. comm.).
Hence major tectonism occurred in the Late Miocene, paralleled
in the west by Lower Pliocene development of the Ruahine-

Rimutaka Horst (Kingma 1957c).

The major Upper Miocene epeirogeny continued intoc the
Opoitian, but was short-lived in the vicinity of Cape
Kidnappers as Opoitian mudstone is separated from underlying
Tongaporutuan beds by an angular unconformity of only 1-2°
(Kingma 1971). In the period following Upper Miocene
tectonism the Ruataniwha-Petane Trough (Fig. 1-3.) was
formed by down-faulting along mejor NNE trending faults

(Fig. 1-2; Clark 1976).




"

20 km

C. Turnagain

A N
N\
Lake
Taupo N
A
/\ -
AN
AN
(‘4
A
0\‘9 Af%o
S e %
%&@O A Kaweka RA™O 2
A A
oY
N e ©
“O\
SN
?\oﬂges N
A \o\*“"‘ R.
O
4_@ ﬂNggruroro,t?.
‘VSA' A / Tukifuk//?
. A
A .Roys Hilt ( 7/ C.Kidnappers
RUGtGﬁ’WhG Heretcunga Plains
Basin /’ Elsthgrpe Anticline
% Waimarama
J Kidnappers
Group
A 7é Syncline
A 74 Anticline

Fig 1-3 Main physiographic features in Hawkes Bay




12

Immediately following deposition of Waipipian sand-
stones and siltstones in the Ruataniwha Basin, the whole
of the Hawke's Bay region became submerged and the wide-
spread Te Aute Limestone, of Mangapanian age, was
deposited. The limestone extended across the area now
occupied by the Ruahine Range (Fig. 1-3.) and predates
major uplift of the range. The size of terrigeneous
pebbles in the limestone increases towards the north,
suggesting that during the Mangapanian the Kaweke and

Kaimanawa Ranges were emerging (Kingma 1957a).
Quaternary Sedimentation

During the Nukumaruan a thick sedimentary sequence
accumulated with continuous tilting and subsidence in
fault-angle depressions and grabens of the Ruataniwha
Basin (Clark 1976). A thick succession of Nukumaruan
sediments also accumulated in the Petane Trough in
northern Hawke's Bay (Kingma 1959). Sediment supply
we.s from both uplifted horsts along the eastern margin
(Fig. 1-3.) and from the axial ranges, which supplied
increasing quantities of greywacke gravels. Pumice
derived from the central North Island also became a

component of the sediment.

Terrestrial conditions became widespread at the end
of the Nukumaruan in response to regional uplift. Most
Castlecliffian strata rest unconformably on a variety
of rocks renging in age from Cretaceous to Pliocene.

Hence, following the Mangapanian, extensive erosion,
rarticularly of eastern and southern Hawke's Bay, preceded
Castlecliffian deposition (Kingma 1971). In two restricted

areas, the Kidnappers area and the eastern Ruataniwhs Basin,
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alternating marine and terrestrial sediments indicate
continued periodic subsidence in parts of Hawke's Bay.
Fluvial deposition occurred in the western Ruataniwvha

Basin and lacustrine sedimentation in the south (Fig. 2-3.).
Greywacke gravels are the predominant 1ﬁthology in Castle-
cliffian and Hawera sediments with locally thick units

of volcanogenic material.

Sedimentation in the Heretaunga Plains (Fig. 1-3.)
has continued through to the present day. Coastal and
inland terraces of fluvial greywacke gravels record

Havera and Recent phases of uplift.
1-4 GEOLOGIC STRUCTURE OF CENTRAL HAWKE'S BAY

Periodic tectonism is largely responsible for the
sedimentation patterns and the exposure of Cretaceo-
Cenozoic rocks in Hawke's Bay. The regional structural
trend is NE/SW (Figs. 1-2 to 1-h.). 1In the west Kingma
(1962) describes a number of major faults (Fig. 1-2.)
which delineate a series of well developed horsts and
grabens trending NE/SW. In the east of Hawke's Bay,
Kingma (1970b) mapped numerous faults, synclines and
anticlines parallel to the regional trend (Fig. 1-4.).
East-vest cross-sections by Kingma {1962) and Clarke
(1976), in southern and central Hawke's Bay respectively,
depict a much fasulted Tertiary sequence with greywacke

basement progressively downthrown to the west.
Fault and Fold Systems
The major faults and folds are shown in Figs. 1-2

and 1-4. Two mein fault systems occur - a dominant NE/SW

system and & less pronounced NW/SE one.
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NE/SW Fault and Fecld System:

The NE/SW fault system is a continuation of the
regional trend throughout the East Coast of the North
Island and probably continues into Hawke Bay (Clark 1976).
In the Elsthorpe Anticline (Fig. lnh.).numerous NE/SW
trending faults occur. In anticlines and synclines further

to the south and west the same structural trend is maintained

(Fig. 1-L4.).

Structure of the Heretaunga Plains:

Within the Heretaunga region, & number of important
NE/SW trending faults occur: the Napier and Awanui Faults
downthrown to the east, and the Puketapu Fault Zone with
downthrows to the west (Fig. 1-4.). A simplified cross-
section (Fig. 1-5.) illustrates that these faults bound
the Matapiro Syncline in the west, the Napier Syncline in
the east, and two up-domed structures, the Puketapu and
Bridge Pa structures. The fold axes of the Matapiro and
Nepier Synclines are parallel and follow the regional NE/SW
trend. It has been postulated (Clark 1976) that deformation
‘resulting from transcurrent movement along the Napier and
Avanui Faults caused up-doming of the Bridge Pa and Puketapu
structures and the formation of the asymmetrical synclines
in either side. The western limb of the Matapiro Syncline
results from regional compression associated with uplift

of the axial ranges.

NW/SE Fault System:

The present courses of the major rivers follow in part,
and accentuate, the NW/SE fault lineations (Fig. 1-2.).

In the south the Tukituki and Weipawa Rivers follow
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respectively the Tukituki and Mangatarua Faults south-

east from the axial ranges. Further north the Kaweka Fault,
downthrown to the north, has been mapped (Kingma 1960b) as

a NW/SE arc from the foot of the Kaweka Range to Marae-
kakaho (Fig. 1-4.) and then eastwards to the Heretaunga
Plains. The Ngaruroro River follows this fault to Marae-
kakaho where it is directed north-east by the Puketapu

Fault Zone (Fig. 1-L.). The Tutaekuri River follows the

NE/SW Tutaekuri Fault (Kingma 1957b).

In the Kidnappers area the Cullinane Fault, which is
downthrown to the north, cuts obliquely NW/SE across the
Tukituki River and the northern part of the Elsthorpe
Anticline (Fig. 1-L4.). Most NE/SW faults within the anti-
cline terminate against this fault but a few by-pass it
to the east and disappear within the Kidnappers Group.

In the same region the South and Middle Craggy Range Faults
are moderately arcuate in a predominantly east-west

direction (Fig. 1-L.).
Age of Folding and Faulting

A marked angular unconformity between Tongaporutuan
siltstones and the Te Aute Limestone, together with a
recognisable thinning of the limestone over the anticline,
indicates Lower Pliocene initiation of anticlinal folding
(Kingma 1971). Most uplift, end possibly up to 100 km of
dextral transcurrent movement, has occurred along the faults
bordering the exial ranges since thevPliocene (Dr A.G. Beu,

pers. comm. ).

Pre-Pliocene fault development and continuous movement

through to the present for faults in the Ruétaniwha Basin is
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envisaged by Clark (1976). Eastward thinning of
Nukumaruan sediments suggests that up-doming of the
Bridge Pa structure was initiated in the Nukumaruan.

The absence of extensive gravels in Nukumaruan sediments
south of the Kaweka Fault indicates that this fault was
active during the Nukumaruan, and prevented southward
movement of gravels eroded from the Kaweka and Kaimanawa

Ranges (Clark 1976).

Since the Upper Nukumaruan, compression associated
with transcurrent movement has resulted in further up-
doming of the Bridge Pa and Puketapu structures. Faulting
has been continuous through to the present day as exemplified

by the Napier earthquake of 1931.
Pault Control of River Systems

Fault control of river directions is important in view
of the possible source and directions of transport of the
greywacke clasts in the widespread conglomerates in the
Kidnappers Group. The present river systems were thought,

by Kingma (1971),to have developed in the Lower Castlecliffian.

The Tukituki River and its tridbutary , the Waipawa,
originally flowed south-east to reach the coast below
Keirakau (Beu & Grant-Taylor 1975). Diversion north was
caused partly by elevation of the western 1limb of the New
Rangitoto Anticline (Kingma 1971) and uplift along traces
of the Puketapu and Napier Faults (Fig. 1-4; Clark 1976).
Significant flow of the Tukituki River into Hawke Bay
probably did not occur until the Mid-Castlecliffian at
earliest. The occurrence of Castlecliffian deposits of

fluvial origin near Otane and of lacustrine origin at
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Patangata (Fig. 2-3.) indicate ponding of the river before
breaking through the western 1imb of the Elsthorpe Anti-

cline.

The Ngaruroro River, due west of the Kidnappers Group,
has always followed the Kaweka Fault trace to Maraekakaho
(Fig. 1-4.). During the greater part of the Castlecliffian
the Ngaruroro River supplied greywacke gravel to the non-
marine Salisbury terraces in the west and the marine
Ruataniwha Basin further east (Fig. 2-3.).. In Upper
Castlecliffian or Hawera times the rise of the eastern
flank of the Puketapu Fault restricted south-eastward flow.
Ponding behind the barrier at Maraekakaho followed by
successive down-cutting formed the Waharoa Terraces {(Kingma
1971). Subsequently this river followed an eastwards course
south of Roys Hill into the Kidneppers area. Renewed uplift
along the Puketapu Fault then directed the river north-east

to discharge between Roys Hill and Fernhill (Fig. 1-3.).
1-5 STRUCTURAL SETTING OF THE KIDNAPPERS GROUP
Pre-Castlecliffian Structure

Within the Kidnappers area the Elsthorpe-Atiua-Puhokio
fold system (Fig. 1-4.) continues north with a reduction of
dip and a change of strike. The Puhokio Anticline intersects
the coast south of Waimarama where the western limdb dips
gently north-west towards Cape Kidnappers and consequently
Opoitian mudstones there, dip NNW (Figs. 1-4 and 1-7.).

The weakly folded Atua Syncline in this area swings from
north-east on the Maraetotara Plateau to almost east in the
Maraetuna area (Fig. 1-7.). Similarly an eastward realign-

ment is apparent in the western 1limd of the‘Elsthorpe Anti-
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cline, the Kaokaoroa Range and the Raukawa Range (Kingma

1970a, Sheet N13L4).

A small but not&ceable difference in dip and strike
occurs between the Kidnappers Group and underlying
sediments near Cape Kidnappers (Fig. 1-T.). Stereographic
removal of dip on the Kidnappers Group rotates the strike
of Pre~Castlecliffian strata at Black Reef and the Cape
from 57° to TLO, Hence, prior to uplift associated with
the group, the underlying straeta at Cape Kidnappers were

also aligned in a more easterly direction.

This evidence, together with that of NW/SE and east-
west faults in the same area, suggests that a regional
realignment in an east-west direction occurred immediately

south of the Kidnappers Group before the Castlecliffian.

In the Heretaunga Plains the regional NE/SW structural
trend continues, the most eastern fault passing in a line
through Clive (Fig. 1-4.). 1In northern Hawke Bay the
regional NE/SW trend continues as a series of well developed
horsts and grabens progressively more downthrown towards the
west (Clark 1976). Hence, the immediate Pre-Castlecliffian
structure in the Kidnappers area was a depression that was
fold and fault bounded in the south and fault bounded in

the north-west (Fig. 1-6.).
Castlecliffian - Recent Structure

From offshore seismic profiles Lewis (1971) recognised
a NE/SW trending anticline (Kidnappers Anticline 1) with an
axis 5-10 km east of Cape Kidnappefs (Fig. 1-6.). It is
thought to involve Pliocene-Middle Pleistocgne strata.

Also, from a study of weve-planed. surfaces offshore and
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of interglacial raised beaches near Cape Kidnappers,

Lewis (1971, 1973) suggested that the Kidnappers Group

is folded about a growing anticline (Kidnappers Anticline 2)
located on the western flank of Kidnappers Anticline 1

(Fig. 1-6.). The oldest wave-planed surface and offshore
formation associated with this anticline are approximately

0.32 m.y. o0ld (Lewis 1973).

Four NE/SW seismic profiles of the nearshore zone in
the vicinity of Clifton (Carter & Lewis 1976) revealed a
thin Holocene cover overlying Middle Pleistocene strats
dipping landward and seaward gt apparent angles of up to
4° and 3° respectively. The angles decrease towards the
axis of a feature interpreted as a westward plunging syncline
which intersects the western flank of Kidnappers Anticline 2

(Fig. 1-6.).

in addition to faults mapped by Kingma (1971) along the
coastal section from Clifton to Black Reef, numerous other
faults have been recognised by the writer both in the
coastal section (represented as dotted lines in Fig. 2-1.)
and inland (Fig. 1-T7.). The faults are consistently normal
(e.g. Fig. 2-10.) with downthrow to the east. Over most
of the coastal section the vertical displacement is
distributed amongst several splinter faults within a
fracture zone, indicating east-west extension., The width
of the fracture zone varies from 1 to 5 m and they consist-

ently become wider towards the top of the cliff.

The major fault lineations and their postulated
extensions are mapped in Fig. 1-T, and a stereonet plot of

poles to fault planes is shown in Fig. 1-8. The most



z

Black Reef

Cape
Kidnappers

Lo
1

Maraetuna LA

Fig 1-7- Surface faults and dip of strata in the Kidnappers Group

Fig 8. Plot of poies to fault planes in the Kidnappers Group




24

apparent feature is the general NE/SW trend. Close
inspection shows the fault lineations change from NNE
immediately west of Black Reef to ENE south-west of
Clifton. In Fig. 1-8 this trend is recognised as =
migration over 52° in the position of fault plane poles.
The trend is also paralleled by a change in the dip of
strate (Fig. 1-7.). The north-westerly dip direction at
Black Reef changes to a NNE direction 2 km south=west of
Clifton. An apparently anomalous south-west dip in stratea

ves recorded immediately south of Te Awanga (Fig. 1-T7.).

Hence structural features of the Kidnappers Group
support the existence of an offshore westward plunging
syncline. In particular the change in fault trends and
dip of strate from a direction parallel to Kidnappers
Anticline 2 to one approximating the synclinal axis is
eviderice of this. The block of strata dipping anomalously
south-west is further ~nshore evidence for an offshore
vesterly plunging syncline, with the northern limd dipping

south.
Kidnappers Depression

The existence of an east-west Pre-Castlecliffian
structurel realignment south of the group, together with
the presence of a Recent syncline immediately offshore,
tends to suggest that the Kidnappers Group was deposited
in an east-west structural depression (Fig. 1-6.). Move-
ment of Kidnappers Anticline 1 occurred prior to Castle-
cliffian times and is responsible for the anguler
unconformity between the group and underlying Mangapanian

and Opoitian sediments. This anticline may have formed the

eastern boundary of the depression.
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Kidnappers Anticline 2 is a more recent feature as
the oldest offshore wave planed surface and formation
associated with it are 0.32 m.y. old (Lewis 1973). About
120 m of uplift of the last interglacisl wave planed
surface (Lewis 19T71) indicates most movement may pcst-
date 0.12 m.y. B.P. The Napier Syncline further west
maey have formed in response to rapid uplift of Kidnappers
Anticline 2. The obliquity of the Kidnappers Depression
to the regional NE/SW structural trend is similar to that
described by Lewis (1971, 1973) for modern synclines and

anticlines in Hawke Bay.
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1-6 PREVIOUS WORK ON THE KIDNAPPERS GROUP

Most pre-1960 work is concerned with the age and
correlation of beds exposed along the coastal section
and has been adequately reviewed by Kingma (1971). O©On
the basis of this earlier work Kingma felt Jjustified in
establishing a "Kidnappers Group" (1971, p83) to include

all beds overlying the unconformity at Black Reef.

Deposition of the Group, which is fossiliferous in
part, was considered by Kingma to be "typically paralic"
(1960b, p9), meaning that terrestrial and estuarine/shallow
marine conditions alternated in the basin. The sediment
vas envisaged as having been transported by the Tukituki,
Tutaekuri and Ngaruroro Rivers. Kingma (1960b) also
speculated on the tectonic setting of the group and
proposed the development of a great rift due to trens-
curreﬁt faulting in response to southward movement of

Hawke Bay.

Gibbs (1969) recognised paleosols in the group, and
Seward (1975) established the ages of four tephras in the
group by fission track dating. Beu and Grant-Taylor (1975)
briefly discussed the paleontology and some other aspects
of the group, and in particular noted the presence of
ignimbrite pebbles in the coastal section stratigraphically
below pebbles of Whangai argillite. On this basis they
suggested a major rearrangement of Hawke's Bay's drainage
patterns-occurred approximately 0.25 m.y. ago. From off-
shore seismic profiles Lewis (1971, 1973) and Carter & Lewis
(1976) have contributed to the understanding of Upper

Quaternary deposition on a tectonically active continental



shelf and (Lewis 19T71) in particular, determined the
growth rate of anticlinal and synclinal folds in offshore

Hawke's Bay.
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CHAPTER 2: STRATIGRAPHY

2-1 LITHOSTRATIGRAPHIC NOMENCLATURE

The Castlecliffian sediments exposed in the coastal
section from Clifton to Black Reef (Fig. 2-1) were named
the Kidnappers Group by Kingma (1971), +ho also nominated
the section as standard for the Castlecliffian Stage in
the Te Aute Subdivision. The formational nomenclature

adopted at that time is presented in Fig. 2-2.

In this study Kingma's stratigraphic nomenclature is
reteined with one exception, namely that the Upper Clifton
Sand be abandoned as a formation and become the Upper
Clifton Sand Member of the Te Awanga Beds. Kingma recorded
a thickness of Ll m for the formation in the coastal section
(1971, Fig. 31.), when, in fact, a maximum thickness of
only 10 m exists. While this discrepancy may be due to
a drauvghting error, the Justification for formational rank
of the Upper Clifton Sand in relation to some of the other
formations in the group is questioned. This situation high-
‘lights the difficulty of creating lithostratigraphic

formations within the Kidnappers Group.

The unifying lithologic feature of the group is
paradoxically its extreme lithologic diversity. Accordingly
the group could be subdivided into numerous, lithologically
homogeneous formations or, alternatively less numerous
thicker formations displaying equivalent intraformational
and interformational lithologic diversity. 1In the latter
case any one unit within a formation is not as geologicelly

significant as the lithologic diversity which characterises
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COLUMN Lithology
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Pumicetuff, siltstone, peats ( Hyridella /. cross-bedded sands, detrital peats,
fossils. silts with bands of Chione, Modiolus, sands, peaty silts, lensoid gravels,
basal conglomerate
2l 495
TRIG. N BEDS
i Pumiceous silts and peaty beds, conglomerate bands and peaty silts
O—o Or; o.oo
e 640
RABBIT GULLY BEDS
Siltstone with fossil Mollusca
Pumice sands, peat horizons, lenticular conglomerate bands
- 825
110 FT. CONGLOMERATE
- 935
MT. GORDON BEDS
Alternating pumice sand and conglomerate
—_— 1045
KIDNAPPER TUFF
Pumice silts and tuffs
---— Conspicuous pumice band 1100
MARAETOTARA SAND
Marine fossiliferous sands. (medium grained), basal shell bed
Eroded top 1200

CALCAREOUS, BLACK REEF SAND

L 1

Fig. 2-2 Column through Clifton - Black Reef Section, showing lithologies

(After Kingma 1971)
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that formation. Hence, for formational nomenclature to

be meaningful, it is preferable that individual units be
grouped into one formation until some geologiceally
significant, lithologically unifying property is identified.
In the view of the writer this case applies to the Upper

Clifton Sand.

Within the Kidnappers Group three formations display
equivalent intraformational and interformational diversity,
namely the Rabbit Gully Beds, Trig. N Beds and Te Awanga
Beds. The Upper Clifton Sand is equivalent to but one of
the many lithologically homogeneous units contained within
these formations. On the basis of thickness it is certainly
no more extensive than any other unit, and its lithologic
character rapidly changes laterally to the point where it
is no longer distinguishable from any of the other sandy
conglomeratic units in the Te Awanga Beds. Hence, on the
basis of lithology, the Upper Ciifton Sand has no special
geologic significance which warrants formational
distinction from the Te Awanga Beds and, at best, warrants

only member status.
2-2 DISTRIBUTION AND THICKNESS OF THE KIDNAPPERS GROUP

The distribution of the group in relation to other
Castlecliffian deposits and to other lithologies is shown
in Figs. 2-3 and 2-4 respectively. The group was originally
far more extensive, stretching in the south to the wvicinity
of the Cullinane and Craggy Range Faults (Figs. 2-5.). The
postulated (Kamp, in prep.) shoreline position at the
commencement of deposition of the group is indicated in

Fig. 2.5. The scattering of "large scaren stones" (Kingma
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1971, pl36) over an area immediately north-east of the
Cullinane Fault, further indicates a wider distribution

of the group at one time.

Immediately offshore from Clifton and Rabbit Gully,
reefs of conglomerate may be correlated with exposures
in the coastal section (Fig. 2-5.). Also, from seismic
profiles, Carter & Lewis (1976) suggested that Mid-Pleist-
ocene deposits extend offshore from Clifton for 3 km.
Thus the Kidnappers Group once extended further north than

at present.

The total stratigraphic thickness of the group in the
coastal section is 400 m, in the Marsetotara River valley
to the south some 240 m, and in a more westerly section
(z - z', Fig. 2-6.) about 200 m, indicaeting that the group
thins south and west from Clifton. Sporadic inland
exposures south-east and east of the coastal section show

the group also thins in these directions.

From the above it is estimated that the Kidnappers
Group had a former extent about twice that at present (Fig.
2-5.), a figure which compares well with that derived from

structural evidence (Fig. 1-6.).

The decrease in altitude and dip of strata to the
north-wvest means that only the Te Awanga Beds outcrop in

the subdued relief north-west of the Maraetotara River.
2-3 RELATION TO UNDERLYING LITHOLOGIES

The Kidnappers Group rests unconformably on a number
of lithologies ranging in age from Lower Miccene to Upper

Pliocene (Fig. 2-4.). Over most of the region the under-

34
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lying rocks are Opoitian Lower Pliocene mudstones,
especially in the south and east (Fig. 2-4.) where the
angular unconformity is only 2 - 3° with no detectable
regional change in strike of the beds above and below.

In the west (N135/360170)* the group lies on Altonian to
Waiauan Lower to Mid-Miocene muddy siltstones. This
unconformity is important in that it indicates the

existence of any eroded Elsthorpe Anticline before Castle-
cliffian times. In a small area to the south (N135/370160),
the group rests unconformadbly on Tongaporutuan Upper Miocene
siltstones. In the extreme east the group rests on the
Calcareous Black Reef Sand of Mangapanian age (Figs. 2-2

and 2-4.). Here the angular unconformity is ho, with a
noticeable difference in strike of 20° in beds above and
below the unconformity (see Section 1-5). The contact

is marked by a 30 cm thick, basal shell bed although
elsewhere fossiliferous sands and silts more typically

form the base of the Maraetotara Sand.

The Kidnappers Group is not overlain by other form-
ations, although in the west it descends gently beneath
the Heretaunga Plains where it probably shows angular

discordance with the thick Recent gravels.
2-4 TEPHRAS, PALEFOSOLS, AND LIGNITES
Tephrostratigraphy

Tephrostratigraphy forms a valuable means of correlation.

Through detailed field-work (e.g. Vucetich & Pullar 1969)

¥ Grid reference based on the national thousand-yard grid

of the 1 : 63 360 topographical map series (NZMS 1).
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and laboratory analysis (e.g. Howarth & Rankin 1975;

Hodder & Wilson 1976) tephrostratigraphy in New Zealanad

has reached an advanced stage especially in Late Queaternary
sequences, In the main the tephras have been used in
geomorphic studies as a tool for dating Late Pleistocene
and Holocene events (e.g. Pullar 1967; Pullar & Selby 1971;
Milne 1973). The use of tephra marker beds in earlier
Quaternary sediments as a means of intrabasinal and inter-
basinal correlation is limited to the work of Seward

(19742, 1976), Ninkovich (1968) and Watkins & Huang (1977).

Tephras are especially useful as marker beds because
of their synchronous deposition and their widespresad
distribution. The base of a tephric horizon represents
an instantaneous time-plane so that the marker bed is not
time transgressive. These qualities become important in
a sedimentary setting where there are rapid lateral facies

changes.

The potential of tephrostratigraphic correlation in
sediments is limited by two factors:

(1) Dpifficulties in the regional identification of a
tephra because of textural and compositionsl changes
with increasing distance from source, and because
of differential weathering within the area covered

by the tephra.

(2) Modification of the original composition of the tephra

by sedimentary processes.

The first of these factors is not important in correl-
ation within the Kidnappers Group as the distance of

correlation is minimal in comparison with the distance
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from source. Moreover, rapid burial with only recent
exposure of outcrops has ensured a minimum of subaerial
weathering. However, modification by sedimentary processes
has been more important. In some cases in the group the
tephras®* overlie paleosols or paleodunes which indicates
the deposits are of primary airfall origin. More frequently,
however, the tephras are interbedded with lignites so that
ean airfall origin is not always certain (Fig. 2-8.). The
tephras are sometimes interbedded with silty and sandy
lithofacies. Nevertheless, provided little water sorting
has occurred, the relative abundance of the major ferro-
magnesian minerals in these different situations does not

appear to change markedly (see Section 6-3).
Distribution and Correlation of Tephras

In the coastal section 9 tephric units (A to I) have
been recognised. These occur over 5 formations from the
Kidnapper Tuff to the Trig. N Beds excluding the 110 ft.
conglomerate (Fig. 2-9.). Fewer tephras have been found

in the inland sections.

In the Kidnappers Group the correlation of tephreas
has been established on the basis of field characteristics
and ferromagnesian mineral assemblages (see Section 6-3).

The correlations are presented in Fig. 2-9,.

* The nomenclature of Seward (1976) is adopted, where the
term Tephra is used here for any bed that is compdsed

of virtually 100% volcanic detritus.
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Paleosols

Paleosols are soils developed on a terrestrial
surface in a past environment. They have been formed
by either burial (buried soils) or a change in the soil
environment (relict soils) (Gibbs 1971). Buried soils
were first recognised in the Kidnappers Group by Gibbs
(1969) who briefly described one in the Mt. Gordon Beds
and reported its chemical analysis. Elsewhere in New
Zealand the study of paleosols, or paleopedology, has
been carried out in association with tephras in Late
Quaternary cover beds (e.g. Pullar et al. 1973) and

loess deposits (e.g. Raeside 196L).

The potential of paleopedology in stratigraphic
correlation and environmental interpretation has been
discussed by Buurman (1975) and demonstrated by Meyer
(1976) in Cretaceous sediments of the Paris Basin. Most
importantly paleosols are unequivocal evidence of a

terrestrial paleocenvironment.

Three well developed paleosols, or paleosol-like
materials, displaying generally similar profile character-
istics occur in the coastal section (Fig. 2-9.). The
lowver one is illustrated in Fig. 2-T7 with a full profile
description. The main features.of the paleosols are the
preservation of the dark u4d horizon, their well developed
structure, and their highly indurated nature. Indeed, the
persistence of such well defined colour and structure is

truly surprising for soils so o0ld and deeply buried.

The occurrence of pumice fragments in the wC horizon,



Fig. 2-7?. The lowest Paleosol in the Mt. Gordon Beds
(N135/458205). The geological hammer rests on the
upper boundary of the paleosol. Also evident in
this illustration is tephric unit B overlying the

‘paleosol. Faint shower-bedding is evident in the

tephra especially to the left of the hammer.

Paleoso)l profile description

Horizon Description
ud * 0-15 em, humus stained, brown (7.5YR4/3)
gandy loam*. Highly indurated, very coarse
columnar to prismatie structure. Sharp upper

and lower horizon boundaries.

uB 15-70 em, greyish yellow (2.5Y7/2) sandy loam.
Highly indurated, massive etructure with a
-subgammate pattern. Occasional jarasite
nodules and sulphur etaining. Indistinct

lower boundary.

uBg 70-100 em, bright yellowish brown (2.5Y7/6)
sandy loam. Indurated, massive structure with
subgammate pattern and a horizontal system of
eracks. Jarasite and sulphur staining. Crades
diffusely into underlying ccecasionally bioturkb-
ated blue/grey sandy siltstone with abundant

rootlets.

* Horizon nomenclature and soil-texture classes after Taylor

& Pohlen (1970).

Fig. 2-8. Tephric unit F (Fig. 2-9, behind the geological
hammer) interbedded with Type 1 lignite in the Trig.

N Beds. WNote the many thin lignite layers.
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and the abundance of other fine-grained pumiceous units
in the Mt. Gordon Beds, points to a volcanogenic soil
parent material. In the Mt. Gordon Beds tephras commonly
overlie the paleosols (e.g. Fig. 2-7.). Hence, a long
veriod of soil formation was interrupted by a volcanic
event, with the tephra protecting the uA horizon from
subsequent erosion. The paleoenvironment of these soils

is considered more fully in Chapter T.
Lignites

Thin lignites 5 c¢m thick, and occasionally up to
i5 cm, are a persistent feature in some formations of the
group (Fig. 2-1 and Log I). The lignites often have a
laminated appearance and consist of leafy vegetation,
which gives them a degree of fissility. Jarasite nodules
and associated sulphur staining are commonly found with
the lignites, especially where they are interstratified
with volcaniclastic sediments. Most often, multiple

lignites occur interbedded with mudstone (e.g. Fig. 2-8.).
Two types of lignites are recognised in the group:

Type 1 Lignites are well developed and occur as nultiple
lignite layers up to 1 m thick (Fig. 2-8.). Type 1
lignites are found in the more extensive mudstone units,
where abundant rcotlets in the underlying mudstone,
together with the presence of tree stumps, are evidence

of in situ growth and accumulation of vegetation.

Type 2 Lignites, by comparison, are poorly developed with

the total thickness of multiple layers never exceeding

30 ecm. These lignites show little evidence of in situ
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growth and are commonly found in thin mudstones

overlying conglomerate.

There have been distinctive episodes of lignite
formation in the group where they are extensive in the
Rabbit Gully Beds, the Trig. N Beds, the lower parts of
the Clifton Sand and the upper parts of the Te Awanga
Beds (Log I). 1In the coastal section Type 2 lignites
occur -most frequently in the Rabbit Gully Beds while
Type 1 lignites characterise the other formations. By
comparison the inland sections are impoverished in
lignites but where they occur they are generally of

Type 2.

Many of the tephras in the Rabbit Gully and Trig. N
Beds are interbedded with lignites (e.g. Fig. 2-8.). No
evidence of charred lignite has been found and therefore
the vegetation was probably not transported into the
basin following the volcanic eruptions (c.f. Seward 19Tika).
Rather, the association of tephra with lignites is thought
to represent accumulation and preservation of the former
in a non-erosional environment. The abundance of rootlets
through tephric unit F (Fig. 2-8.) indicates destruction

of in situ vegetation with subsequent recovery.

2-5 CORRELATION OF FORMATIONS, CONTENT AND DISTRIBUTION

OF CONGLOMERATE

Maraetotara Sand

The Maraetotara Sand differs from all other formations
in the group in that it is abundantly fossiliferous, has

e predominantly sandy texture, and lacks any volcanic
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detritus. The base of the formation is marked by an

angular unconformity with underlying Tertiary lithologies.

In eastern exposures greywacke conglomerate is =
minor constituent of the formation. Isolated pebbles
occur within conquina and sandy units displaying well
developed large-scale cross-stratification. Towards the
top of the formation at Black Reef greywacke pebbles are
concentrated in discontinuous, lensing units up to 30 cm
thick. Inland the amount of conglomerate increases some-
vhat and midway through the formation it is occasionally

concentrated into high-angle cross-stratified sets.

Kidnapper Tuff

The Kidnapper Tuff is characterised by its concentration
of acid volcanic detritus. The basal tephra (Unit A in Fig.
2—9.)_is almost certainly of primary airfall origin as it
mantles a pre-existing topography interpreted as coastal
sand dunes (Kamp, in prep.). Overlying tephric unit A is
a volcaniclastic unit which increases in thickness towards
the west. Incorporated within this unit are gravel-sized
clasts of ignimbrite. These are present as pebbles near
Black Reef but occasionally increase to boulder size in the
south-west. The upper boundary of the Kidnapper Tuff with
the Mt. Gordon Beds is gradational on the coast (Fig. 2-1.)

but sharp inland.
Mt. Gordon Beds

The Mt. Gordon Beds are characterised by interbedded
units of dark, weathered, greywacke conglomerate and light

vellow, fine-grained volcaniclastic sediments (Fig. 2-10.).



Pig. 2-10. A typical exposure of the Mt. Gordon Beds displaying interbedded units of
econglomerate and volecaniclastic sediments of Lithotype 34 (see Section 2-6). The
off-set of a normal fault is highlighted by the fine-grained, light-yellow pumiceous
beds. The thick conglomerate at the top of the photograph is the base of the 110 ft.

Conglomerate. The vertical height in view is approximately 40 m. Locality: N135/468205.



45

o

SO IR




46

The conglomerate units are generally of similar thickness
(10 - 15 m) and individual units can be traced for large
distances (Fig. 2-1 and 2-9.). Tephrostratigraphy is of
limited value in the Mt. Gordon Beds as tephric units B
and C (Figs. 2-7.) have similar mineral assemblages (see
Section 6-3.) and the tephric units inland have undergone
some water reworking. Nevertheless, a paleosol towards
the top of the Mt. Gordon Beds in the Maraetotara River
section (N 135/407178) probably correlates. with an upper
paleosol in the coastal section (Fig. 2-9.). If this is
correct the upper formational boundary inland lies above

this paleosol,.
110 ft. Conglomerate

The 110 ft. Conglomerate is weil represented in the
coastal section as a thick, profusely cross-stratified,
gravel unit (Fig. 2-11.). However, the formation thins
rapidly towards the south-west where it cannot be disting-
uished from the Mt. Gordon Beds. Correlation of the upper
formational boundary was made on the basis of an overlying
distinctive siltstone unit (Fig. 2-12.) present on the
coast and inland. In the coastal exposure this unit is
bioturtated and inland it is characterised by the abundant
presence of macrofossils. As it seems highly unlikely that
no deposition occurred inland while the 110 ft. Conglomerate
was being deposited, the units between the paleosol and the
siltstone unit are most probably the Eorrelatives of the
110 ft. Conglomerate (Fig. 2-9.). A noticeable formational
thinning, from about 33 m to 20 m, slso occurs along the

coastal section towards Black Reef (Fig. 2-1.).



Fig. 2-11. A view of the profusely planar cross-stratified sets of Lithotype 2 (sce

Section 2-6) in the 110 ft. Conglomerate. The scale (pack at lower left) is

15 m from the base of the formation. The current directions indicated by the

dip direction of foreset beds are up to 130° apart. Locality: N135/450200.
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Rabbit Gully Beds

In the coastal exposure of the Rabbit Gully Beds,
conglomerates make up about half of the vertical thickness,
wvhere they are associated with mudstones, bioturbated
sandstones with occasional tree stumps, Type 2 lignites
and tephras. In the formation two of the conglomerate
units, each 9 m thick, grade westwards into wavy, cross-

stratified, sandy units (Fig. 2-1 and Log 1).

Tephric units D and E occur in the formation (Fig.
2-9.). The former is thin (20 cm) and included in mud-
stone. The major tephra occurs 20 m below the top of the
formation and is tentatively correlated with a tephric

unit in the inland section.

In the Maraetotara River section conglomerate forms
80% of the formational thickness and is associated with

thin mudstones, sandstones and Type 2 lignites.
Trig. N Beds

The lower boundary of the Trig. N Beds on the coast
is marked by a conglomerate overlain by & fossiliferous
sandy siltstone (Fig. 2-13.); this contact cannot be
placed accurately inland. Conglomerates in the Trig. N
Beds have a similar thickness (5 - 10 m) to those in the
Rabbit Gully Beds. It is evident for both formations that
the rapid vertical change in lithology is reflected in an
equivalent change laterally. Moreover there is a marked
thinning of both formations inland, so that 3 km from the

coast they are reduced to half their thickness (Fig. 2-9.).

Three tephras are recognised within the Trig. N Beds,



Fig., 2-12. The 12 m siltstone unit exposed in the coastal section (NB5/436197) at
the base of the Rabbit Gully Bede. The lithology is predominantly horizontally-
laminated silt with interbedded, bioturbated, sandy lenses. Type 1 lignite is
well developed at the top of the unit, which is overlain here by conglomerate,

but 50 m to the right (west) by wavy, cross-stratified and bioturbated sandy

units.
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namely tephric units F, G and H. Unit H, interbedded
with lignites both on the coast and in the river section,
is confidently correlated across the whole basin. No

evidence was found in the river section of units G and F.

In view of their similarity in lithologic diversity,
end in conglomerate thickness and the association with
lignites and finer-grained sediments, the Rabbit Gully
and Trig. N Beds are better considered as one formation,
in the light of the discussion in Section 2-1. Further,
the disparity in thickness of both formations between the
coastal and inland sections (Fig. 2-9.) . suggests that the
intraformational lithologic diversity 1is geologically
significant. Hence an apparently ardbitary boundary between
ghe formations is not meaningful in this context. However,
the original nomenclature is retained until further evidence
of similarity in 1lithologic diversity (Kamp, in prep.) is

presented.
Clifton Sand

The Clifton Sand is distinguished by the absence of
‘significant quantities of conglomerate (Figs. 2-9 and 2-1k.),.
The entire formation is composed of abundantly fossiliferous
sands and silts with only occasional, laterally discontinuous,

conglomerates.

Tephrostratigraphy provides excellent control on the
wedging-out of the Clifton Sand in a south-west direction
(Fig. 2-9 and 2-15.). Although tephric unit H does not
occur at the lower boundary of the formation, it is suffic-
jently close to confirm the trend shown by this contact.

Tephric unit I delineates the upper boundary where it is



Fig.

2-13. The coastal exposure of the lower two-thirds
of the Trig. N Beds (N135/430199). The lower
boundary is marked by a wave-planed conglomerate
overlain with a 5 m fossiliferous and bioturbated
stltstone unit. Upwards are developed numerous
mudstones, Type 1 lignites, conglomerates and

interbedded tephras. Note pack for scale.
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Fig. 2-14. The Clifton Sand exposed on the coast as 45 m of fossiliferous sands and
silts (N135/427201). The formation extends here from sea level, upwards to the
base of the conglomerate in view at top right of the photograph. The important
features to note are the thick siltstone unit (centre of the photograph) under-
lain and overlain by thin horizontally-bedded, alternating sands and silts, and
the pauctity of conglomerate. Two conglomerates, both thickening towards the

right (west), are visible as dark bande below the siltstone unit and to the left

of the debris slopes.
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mappable from the coast to the Maraetotara River and part
way towards the Western section (Fig. 2-15.). This
boundary is marked by a majJor lithologic discontinuity

with the overlying Clifton Conglomerate.
Clifton Conglomerate

This formation is composed almost entirely of gravel
with very few interbedded finer-grained units (Fig. 2-16.).
There is an overall increase in the size of the largest
clasts through the formation from about 9 cm (b-axis) at
the base to 18 cm at the top. The top of the Clifton
Conglomerate is clearly delineated by a remarkably sharp
contact accentuated by the upper 2 m of the formation being
limonite cemented. The contact lacks any undulations and
may be traced as a uniform surface in outcrops from sections

Z to V to V' (Fig. 2-6.) and beyond.

SW NE

Z \ X
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25m QQ..QOO .QQ l
88 t
1 HAQQQQ() O ggggn.Congomemze

75m

L

Fig.2-15 Cross section Z-V-X [Fig.2-6) showmg markad decrease
in the thickness to the south-west of the Ciiftcn Conglomerate
and Clifton Sand.



Fig.

2-16. The Clifton Conglomerate as exposed here
on the coast (N135/422204) is8 a thick (75 m)
coﬁglamerate extending from the top of the
prominent sandy siltstone (lower centre of
photograph, Clifton Sand) to the saddle in the

top right.
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At various intervals along the linear section Z-V-X
(Fig. 2-6.) the formational thickness was established with
@ Paulin altimeter. The readings were corrected for temper-
ature variations and are reckorned accurate to within 0.5 m.
From 6 readings a cross-section has been constructed (Fig.
2-15.) which shows a rapid thinning of the formation in a
south-west direction. 1In only 4.5 km the formational

thickness has diminished by two-thirds.

Te Awanga Beds

Over half of the Te Awanga Beds is made up of conglom-
erate units, individually some 5 - 10 m thick. The remainder
of the formation is composed of fossiliferous sandy units
with mudstone and Type 1 lignites. A similar stratigraphic
sequence is recorded at each section, although a noticeable
decrease in formational thickness and conglomerate content

occurs towards the east.
Formational Associations of Conglomerates

On the basis of the content and the lateral and
vertical distribution of conglomerates, together with their
association with finer-grained lithologies, five stratigraphic

classes are recognised:

Class 1 - Msaraetotara Sand and Clifton Sand

Class 2 - Mt. Gordon Beds

Class 3 - Rabbit Gully Beds and Trig. N Beds

Class 4 - Clifton Conglomerate and 110 ft, Conglomerate

Class 5 - Te Awanga Beds
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Class 1 is characterised by the general absence of

conglomerate.

Class 2 is characterised by the association of conglom-
erates with volcaniclastic sediments and by a

uniform lateral formational thickness.

Class 3 1is characterised by large variation in conglom-
erate distribtuion and by an intimate association

with sandy and silty units and with lignites.

Class 4 is characterised by the absence of any lithology
other than extensive greywvacke conglomerate, and
by & marked increase in formational thickness

towards the coast.

Class 5 is characterised by a uniform lateral formational
thickness and by the predominance of conglomerate

over associated fossiliferous sandy and silty units.

Within these formational associations, many conglcmer-

atic lithotypes have been recognised which are now considered.
2-6 CONGLOMERATIC LITHOTYPES

There are significant differences between some
conglomerates in the Kidnappers Group. A small number of
lithotypes have been establishgd to emphasise the distinctive
features of different conglomerates. It is anticipated

that each of these lithotypes is environmentally sensitive.

Lithotype 1 - Imbricated, Inverse to Normally Graded

Conglomerate

From a distance the Clifton Conglomerate appears to be

crudely horizontally-stratified (Fig. 2-17.), which upon
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close inspection is a reflection of changes in clast size,
sorting and fabric (Fig. 2-18.). These changes define
twvo types of sedimentation units consistently recognised

as a couplet (Fig. 2-18.) throughout most of the formation.

The lower unit is polymodal, clast-supported and
inversely graded, ranging in thickness from one pebdble
diameter to 30 cm. Inverse grading is typically recognised
by an increase in size of the larger clasts (cobbles, Fig.
3-2.) and a corresponding decrease in the percentage of
smaller clasts (granules, Section 6-1.), so that towards
the top of the unit the framework becomes decidedly more
open. This is paralleled by an improvement in the degree
of clast imbrication. Clasts are often in contact,
glthough the close stacking of pebbles against one another,
observed by Rust (1972) in the Donjek River, was not a

striking feature here.

In comparison the upper unit, which ranges in thick-
ness from 10 to 40 em, shows a slight tendency towards
normal grading (Fig. 2-18.). This unit is composed of
'small pebbles and occasional larger, erratic pebbles. The
lower contact with the lower unit is typically conformable
although the upper contact with the overlying couplet is

often erosional, showing slight angular truncation.

The most distinctive feature of the couplet is clast
imbrication, the nature and origin of which is extensively
discussed in Chapter 5. The couplets have variabdble
latersl persistence, the imbricated lower unit often being
traceable for 15 - 20 m. Laterally the couplets either

fade-out, are truncated, or pass into massive, polymodal,



2-17. A typical view of the Clifton Conglomerate
showing the dominance of crude horizontal stratif-
ication and the absence of cross-stratification.
The strata dip towarde the right (north-west) at
8°. The vertical height in view is approximately

6 m.

2-18. A close-up view of Lithotype 1 in the Clifton
Conglomerate. A and B represent couplets of Litho-
type 1. C and D represent the lower inversely graded
unit and E and F the normally graded unit. Clast
imbrication is clearly evident in the upper parts of
C and D. Unit G is a single clast diameter thick
imbricated unit corresponding to units C and D and

it angularly truncates unit F. Scale (bottom left)

18 33 em high.
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clast-supported, weakly imbricated units. Occasionally

overlying these unstratified units (Fig. 2-19.) are highly
eroded remnants of sandy units. These display small,
asymmetrical, straight crested or sinuous ripples having

& ripple index of 7T (Fig. 2-19; Reineck & Singh 1973).

Lithotype 1 occurs exclusively in the Clifton
Conglomerate, although sporadic cross-bedding (Lithotype

2) is also found at the base of the formation on the

coast and inland.

Fig. 2-19. Current ripples within massive conglomerate

in the Clifton Conglomerate. Scale 11 cm long.



Lithotype 2 - Planar Cross-stratified Conglomerate

Lithotype 2 is characterised by distinct stratif-
ication, comprising sets or cosets of planar cross-bedded
units (Fig. 2-11.). Set thickness ranges from 60 cm to
2 m. Individual sets may persist laterally for up to
10 m before they are lost by the lack of outcrop exposure,
and as many as 10 overlying sets occur without forming a
coset. Set boundaries are mainly erosional (Allen 1963)
in cosets (Figs. 2-11 and 2-20.), but solitary sets have
non-erosional lower boundaries (Fig. 2-21.). Pebble-
sized clasts predominate within the profusely cross-
stratified conglomerates, although solitary sets are
frequently finer-grained with sand deposition at the down-
stream end of sets. Associated with the solitary sets are
polymodal, clast-supported and unstratified conglomerate
(Fig. 2-21.). Current directions from foreset dips are

highly variable (see Section 5-3.).

Mudstone lenses occur only rarely in the 110 ft.
Conglomerate. Where they do occur they are highly
disrupted (Fig. 2-22.) which points up the possidble origin
for intraformational mudstone clasts elsewhere in conglom-

erates.
Lithotype 3 - Thin, Massive to Stratified Conglomerate

Conglomerate units, ranging in thickness from 5 to
12 m on the coast and up to 15 m inland, are a common
lithology in the Mt. Gordon, Rabbit Gully and Trig. N
Beds. Internally, no single feature characterises the

units, rather, they appear to be massive, especially in
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2-20. Sets of planar cross-stratified conglomerate
of Lithotype 2. They occur here in the conglomerate
immediately beneath tephrie Unit Ey in the Rabbit

Gully Beds (Fig. 2-9.).

2-21, A solitary, sandy conglomeratic, planar
eross-stratified unit of Lithotype 2, surrounded
by polymodal, clast-supported and unstratified

econglomerate. Scale is 25 cm long.
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weathered outcrops, with occasional cross-bedding and
interstratified sands. However, within the context of

underlying and overlying lithologies these conglomerates

form a distinctive deposit.

The lower contact of these conglomerates may be one

of three types:

(1) Rip-up Claste - The lower contact of conglomerates
is most frequently an erosional one, the underlying
mudstone, sandstone or lignite having been ripped-
up and incorporated into the base of the conglomerate
(Fig. 2-23.). The contaqts have distinctly irregular
bases with relief locally up to 45 em. This structure
suggests that the underlying lithcoclogy has undergone

some consolidation before erosion.

(2) Load Structures - These penecontemporaneous deform-
ation structures (Fig. 2-2L4.) sometimes characterise
a contact where conglomerate overlies mudstone, and
indicate the deposition of conglomerate over an

unconsolidated muddy layer (Reineck & Singh 1973).

(3) Small Channels - These occur eroded into underlying
sandy mudstones and have depths of 1 m and widths of
1.5 m (Fig. 2-25.). Typically they are infilled with

cross-stratified pebbles.

Within Lithotype 3 two subtypes are recognised on the

basis of association of conglomerate with other lithologies.



Fig.

2-22. Mudstone lenees in the 110 ft. Conglomerate.
A disrupted lense, now present as mudstone clasts
of intraformational conglomerate can be seen in

the bottom right. In the centre a mudstone lense
has been peneccontemporaneously deformed into flame
structures, caused by loading of the overlying
conglomerate (Reineck & Singh 1973). Vertical

height shown 18 approximately 8 m.

2-23. Rip-up clasts derived from the underlying
mudetone and incorporated into the base of a
conglomerate. The current direction indicated

is towards the right.



63



Fig. 2-24. Spectacular load structures where conglom-

erate has penetrated mudstone. Scale is 19 em long.

Fig. 2-25. A small channel cut into mudstone and infilled
with conglomerate at the base of Lithotype 3A.

Channel depth here is approximately 1 m.
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(a) Lithotype 34 - Conglomerate with Interstratified
Voleaniclastic Sediment and Over-

lying Paleosols

Lithotype 3A occurs in the Mt. Gordon Beds &nd is
characterised by the association of conglomerate with
pumiceous sediment and with overlying paleosols (Fig.
2-10.). The common textures and structures found in
these conglomerates are summarised in an idealised
column in Fig. 2-26. Massive, poorly sorted and poorly
imbricated conglomerate passes upwards into cross-
bedding similar to that in Lithotype 2. Above, the
conglomerate often becomes finer with units of small
pebbles separated by horizontally and cross-bedded
pumiceous sand and gravel. The conglomerate is often
overlain by volcaniclastic sand and silt upon which a

paleosol may be developed.

Conglomerates in the inland sections differ from
this idealised column by showing an increase in the
amount of planar cross-bedding towards the middle and
upper parts of units, and by the genersl absence of

paleosols.

The association of pumiceous and greywacke gravel
in a small, planar cross-stratified set is illustrated
in Fig. 2-2T. Not uncommonly there is a decrease in
grain-size and density of particles down the foresets,
with the larger greywacke clasts being concentrated at
the top of foresets and pumice granules at the base.
Similar occurrences within cross-stratified gravelly

sand units of the Upper Pleistocene Hinuera Formation



—— Tepbr

T ! i /ﬁ/ep)’o l

T | Y, ’/’,‘p/';/!/ s/
===
—— Cross- sedoled sandd

)55 V€ M’:ﬂ lomera 5

— Soemc X - ,o’(/l//"rf

im o,

o o D, | restsrone ot

0 ‘({(://:/( ;é/m!/“ ’W/”‘#

cross - j(%//ﬂj

Fig. 2-26. Idealised Stratigraphic Column
of Lithotype 3A on the Coast.

L/'_q nite

Mmudstone

n arma/% —‘7n/x(
wnj/om/ﬁ

Srn/y «-beds

shallrw W—k’vjﬁ X - beds.

Planar cross- é(/%"y

/7SS ve ca'y/amern/ <

im

HAuds Fone r//—.V clasts

erosional Lwer conrad”

Fig 2-28. Idealised Stratigraphic Column
of Lithotype 3B



in the Hamilton Basin are explained by Hume et al. (1975)

as resulting from extremely rapid deposition of successive

foreset laminae, trapping the coarse fraction at the top

of the foreset before slip-off occurs.

Fig.

2-27. Cross-stratified set composed of greywacke

pebbles and pumice granules in Lithotype 3A of the
Mt. Gordon Beds. The association of internally
unstratified conglomerate (behind hammer) passing
upwards into plane bedded sand and sporadic pebbles
and then above into cross-bedded pebbles, may
correspond to a transition from flow in the upper
part of the upper flow regime into the lower part
of the upper flow regime, and then into the upper

part of the lower flow regime (Fahnestock & Haushild

1962).
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(b) Lithotype 3B - Conglomerates with Overlying Mud-

stones and Lignites

An idealised column through Lithotype 3B conglomerates
in the Rabbit Gully anad Trig. N beds is illustrated in Fig.
2-28. This lithotype is characterised by a similar fining-
upwards sequence from massive conglomerates, through planar.
cross-stratified conglomerate, low-angle cross-stratified
conglomersate, isolated sandy cross-beds and intoc well sorted
unstratified pebbles. The units then grade above into mud-
stone with some inter-stratified sandy lenses and finally

into lignite.

Where planar cross-stratified sets occur they are
neither as large nor as extensive as in Lithotype 2. Sets
dre now 2 - 3 m long and up to 30 cm thick. Low-angle
cross-stratified conglomerate (Fig. 2-29.) is often the
most common form of bedding. These structures resemble
broad shallow channels up to 3 m across and 30 - 60 cm
deep in sections normal to current direction. In the
upper parts of the conglomerates isolated sandy cross-

"beds infill some of the broad shallow channels.

Where a similar sequence 1s immediately repeated,
the upper mudstone unit is thin (1 m) and Type 2 lignites
predominate. However, where Lithotype 3 is not immediately
repeated the sequence is followed by more extensive mud-
stones and by Type 1 lignites. Three successions of
Lithotype 3 occur in the Rabbit Gully Beds in the coastal
section. Two successions associated with more extensive
mudstones, sandstones and Type 1l lignites occur in the

Trig. N Beds. The inland correlatives of these formations



show repeated successions of Lithotype 3.

Fig. 2-29. Low-angle cross-stratification resembling a
broad shallow channel in Lithotype 3B. Scale is

30 em high.

Lithotype 4 - Planar Cross-stratified, Shelly, Sandy

Conglomerate

Lithotype 4 is of limited extent in the Kidnappers
Group occurring only in south-western exposures of the
Maraetotara Sand where it is manifested as a 2 m thick
planar cross-stratified set with west-dipping foresets.
Clast sizes are strikingly bimodal, involving fine sand
and pebble modes (Section 6-1.), the pebbles being highly
spherical (Section L4-5,). -An important constituent of

this lithotype is smashed shells. These along with under-
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lying and overlying fossiliferous sediments indicate

deposition in a marine environment.

Lithotype 5 - Thin, Massive to Low-Angle Cross-stratified,

Shelly Conglomerate.

This unstratified and low-angle cross-stratified
conglomerate, together with its occasional sandy lenses,
is similar to Lithotype 3B. However, the abundance of
broken shell fragments identifies the depositional
environment as marine. Further, the deposits have a
higher matrix concentration so that they are less con-
sistently clast-supported. Lithotype 5 occurs as lensoid
deposits interbedded vith finer-grained fossiliferous

sediments in the Clifton Sand and Te Awanga Beds.
Summary of Lithotype Distribution

The distribution of conglomeratic lithotypes in the
Kidnappers Group, and their relationship to the formational

classes, are summarised in Table 2-1.

From Table 2-1 formational Class 4, established on
the basis of conglomerate content and distribution, is
monospecifically Lithotype 1 in the Clifton Conglomerate,
and Lithotype 2 in the 110 ft. Conglomerate. Formational
Class 3 is wholly made-up of Lithotype 3B and mainly occurs
in the Rabbit Gully and'Trig. N Beds. Similarily, Class 2
is exclusively made-up of Lithotype 3A. Other associations

are also evident in Table 2-1.

The conglomeratic lithotypes are of importance in
paleoenvironmental reconstruction, and the formational

classes are of significance in understanding paleoenviron-

mental succession (Chapter 7).
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Lithotype
Formation Coast Inland Formationsal
Class
Te Awvanga 5 & (3B) 5 & (‘3B) 5
Clifton Conglomerate 1 1 L
Clifton Sand 5 - 1l
Trig. N Beds 3B & (2) 3B & (2) 3
Rabbit Gully Beds 3B & (2) | 3B & (2) 3
110 ft. Conglomerate 2 - L
Mt. Gordon Beds 34 & (2) 30 & (2) 2
Maraetotara Sand L L 1

Table 2-1. Summary of Conglomeratic Lithotype distribution
in the Xidnappers Group. Brackets indicate subordinate

importance.

2-7 AGE

On the basis of its macrofauna Fleming (1957)
attributed a Putikian age to the Maraetotara Sand. The
presence of Pecten, Xymene aff. plebeius, Tawera
wanganiensis, Stiracolpus delli murdochi, and Xenogalea,
and the absence of characteristic extinct Nukumaruan genera,
was the main evidence for this age (Kingma 1971). The
presence of several genera in the Maraetotarsa Sand not
previously reported in sediments as young as the Putikian

wvas explained in terms of provincial differences.

The microfaunal age in one sample from the Marae-
totaras Sand appears to show a discrepancy with the macro-

feunal age (Kingma 1971). The presence of Haeuslerella
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parri, not previously reported for the Castlecliffian,
and in particular the common abundance of Uvigerina aff.
miozea suggest either an older age for the formation or

the persistence of these genera into the Castlecliffian

Stage (Kingma 1971).

Seward (1975) determined fission-track ages on

8lass shards from four tephras in the coastal section
(Fig. 2-30.). From the fission-track age of tephras in
the Wanganui Basin, Seward (197Lb) dated the base of the
Putikian Substage as 0.45 * 0.09 m.y. B.P. Hence the
Maraetotara Sand, which underlies the Kidnapper Tuff
(0.85 * 0.10 m.y. B.P.), is much older than Putikian,

and more likely to belong to the Okehuan Substage (Seward
1975). The base of the Okehuan has been dated at 1.06 %

0.16 m.y. B.P. (Seward 197Lb).

The Kidnepper Tuff may be correlated on the basis of
its ferromagnesian assemblage with a deep-sea tephra
paleomagnetically dated in two cores at 0.87 and 0.86 m.y.
B.P. (Ninkovich 1968; Seward 1975). A Lower Okehuan age
-1s fevoured here for the base of the Maraetotara Sand in
view of consistency in the fission-track age of the
Kidnapper Tuff, and inconsistency in the paleontologic

age.

As an independent check on the fission-track age of
Unit F (Figs. 2-8 and 2-9.), a sample was dated by the
uraniun-thorium dating technique. Although only glsass
shards were used (ideally zircon and/or titanomagnetite

should also be analysed to ‘enable an isochron to be con-

structed), the age determired is approximately 0.3 m.y.
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Tephric  Age
- ol Units myB.P  Formations

Substage

Te Awanga Beds

Clifton

=
LéJ Conglomerate
X Clifton Sand

= 0322 -07| Trig. N Beds

~E 036* 08 )
1 Rabbit Gully Beds

Putik
-ian

c 0-47+ -09 | 110ft. Conglomerate

Mt. Gordon
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Pleistocene

Castlecliffian
Okehuan

Y 0-85% -1 dnapper Tuff

Maraetetara Sand

3
a’.
|
|

Calcareous Black

Wm » Reef Sand

Fig. 2-30. Fission-track ages of selected tephras in the
Kidnappers Group (after Seward 1975). Formational ages
are recorded alongside, the boundaries being established
assuming constant sedimentation rates from the base of

the 110 ft. Conglomerate upward (see Fig., 7-6.).
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B.P. (Prof. A. Wilson, pers. comm.). This date is not
greatly different from the fission-track age obtained by

Seward (1975) of 0.32 * 0.07 m.y. B.P.

Unit C, the top tephra in the Mt. Gordon Beds, with
an age of 0.47 % 0.09 m.y. B.P. occurs immediately beneath
the Okehuan/Putikian boundary (Fig. 2-30.). The Castle-
cliffian/Hawera boundary at 0.34 m.y. B.P. (Boellstorff &
Te Punge 1977) occurs between units E and F (Fig. 2-30.)
and therefore the boundary approximates the Rabbit Gully/

Trig. N Beds formational contact.

In view of the older age accepted here for the Marae-
totara Sand (Fleming 1957 c.f. Seward 1975), the wide-
spread hiatus envisaged by Kingma (1971) as following
the Nukumaruan, does not occur in the Kidnappers area.
Also, the group has a greater stratigraphic thickness of
Hawara sediment than it has Castlecliffian sediment (c.f.

Kingma 1971).

It is difficult to determine precisely the date when
sedimentation of the group ended. However, a wave-planed
‘last-interglacial surface pre-dating extensive uplift of
the group is believed to have an age of 0.12 m.y. B.P.

(Lewis 1971).



CHAPTER 3: TECHNIQUES AND METHODS
OF ANALYSIS

3-1 INTRODUCTION

Several techniques were used in this study to establish
the texture, mineralogy, shape and orientation of clasts
in conglomerates. In addition the heavy mineralogy of
tephras was established by optical techniques. Apart from
the measurement at outcrop of clast orientation and field

texture, all other analyses were made in the laboratory.

As many of the techniques used are standard in earth
sciences the emphasis here is placed on new methods of
data analysis. Wherever possible, attempts have been made
fo make these methods applicable also to laboratory studies

from other geological settings.

The computer programmes written for this study are in
Fortran IV and were developed initially for the Burroughs
6700/7T700 computer. Subsequently most programmes have
been adapted for use on the P.D.P. 1130 computer which

has the facility of visual display unit terminals.

75



76

8-2 CLAST SHAPE MEASUREMENT AND DATA ANALYSIS

Sampling Procedure

The validity of paleocenvironmental interpretations
from clast shapes are very dependent on the sampling
procedure. The problems of representative sampling, not
the least of which are the number of clasts to be measured,
have been considered by many workers (e.g. Steinmetz 1962;
Evans 1969). DNot only is shape dependent on the internal
anitrophism and original shape of the primary rock particle
(Folk 1968), but also on differential rates of physical and
chemical weathering of various rock types during transport
(Bradley 1970). Blatt et al. (1972) showed that the processes
modifying pebble shape were strongly dependent on grain size.
Further, a close relationship between size-sorting and shape-
sorting was emphasised by Bradley (1970). To isolate the
effect of pebble shape it is essential that the number of
variables be limited. Consequently the constraints on the
sumpling procedure were:

(i) Intra-sample and inter-sample clast size (long
axis) was as much as possible restricted to the
pebble size class.

(ii) Only pebbles of greywacke composition were
measured.

(ii1i) ©Samples collected from within a conglomerate
unit came from a restricted stratigraphic area;
usually 30 en?, In this ares all clasts within
the pebble size range were collected.

(iv) The sample popu;ation ranged in size from 85 to

270; the number collected being sufficiently
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large so as to ensure with confidence
that the shape attributes of the total

pebble population was represented.
Clast Measurement

A total of approximately 4000 individual measurements
were made on the pebbles collected. Three measurements
were taken from each pebble; the long, intermediate and
short axes (Fig. 3-1.), as defined by Sneed & Folk (1958).
Measurements were made with vernier calipers to an accuracy

of 0.5 mm.

Fig. 3-1. Diagramatic representation of the dimen-

! 7

sional axes of a clast. The long azis 'a' is
the longest dimension 'L' of the pebble, the
intermediate axis 'b' is the largest dimension
'I' in the plane perpendicular to 'L' and the
short axis 'e' is.the longest dimension 'S' at

right angles to the maximum projection plane.
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Computer Programme for Shape Data Analysis

Determination of the numerical values of clast shape
indices is ideally suited to analysis by computer as the

same calculations have to be repeated for each clast.

Programme Input and Output:

The input data required for the shape programme
(Appendix I i ) are the three axial lengths of each clast,
the number of samples, the ¢t values from the 2-tailed
student's t-distribution at P = 0.05, and £he range cof
values for the axes of the triangular graph. The output
of the programme includes the value of each shape index for
each clast, a statistical summary of the distribution of
each sample for each index, and a plot on a triangular
sphericity-form diagram (Sneed & Folk 1958) of the clasts

within each sample.

Programme Logic:

The logic of the shape programme is represented by a
flow chart (Fig. 3-2.) which entails a main programme with
two subroutines. The main programme is responsible for
calculating four shape indices, defined in Chapter 4. Sub-
routine Stat (Fig. 3-2.) calculates the statistics for the
distribution of each shape index and subroutine plot (Fig.
3-2.) is responsible for positioning pebbles on a sphericity-
form diagram. Subroutine plot is an adaption of another
subroutine (Lumsden 1973) rewritten to position the points
on a sphericity-form diagram where each axis has a different

scale.

The writer feels that part of the reason for the paucity

of shape studies is the tedious nature of data analysis,
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Fig. 3-2. Flow chart of logic for Shape programme.
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compounded by the large number of clasts which must be

considered to obtain confident results. In this respect
the programme is especially advantageous as it eliminates
the need for any manual computation or plotting of results.
The method is extremely rapid, analysis of all the data in
this study being completed in only 10 minutes. Further,
the graphic plots are as accurate as manual plots and are

immediately suitable for reduction and publication.
Test of Statistical Significance

Significance testing is a valuable statistical aid for
establishing whether or not there is a significant differ-
ence between samples at particular levels of probability
(Hayslett & Murphy 1967). The student's t-test (Turner
1970) was employed to test the difference between the means
for the shape indices. In hypothesis testing, initially
the null or alfernative hypothesis is formulated, namely

whether the means are equal or unequal:

H : uw = u, versus Hy: u # ug

Where Ho is the null hypothesis, H; the alternative hypo-
thesis and u represents the sample mean (Hayslett & Murphy

1967).

If the means for the two samples are unequal one reguires
to know whether the difference is due to error in sampling
the same population where Hg : u = ug,, or whether the diff-
erence is due to sampling of different populations where
Hy: u # Mg - To determine which hypothesis is correct it is
necessary to choose a level of confidence at which one is

satisfied that there is or is not a significant difference.
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This is known as the probability level.

If P is 0.05 or less the differences are considered real.
If P >0.05, that is there are more than 5 chances in 100
that the differences could be due to chance sampling of the
same population, it is the view of statisticians that no
decision can be made as to which hypothesis holds (Turner
1970). Nevertheless if P is <0.20 and >0.05 there may be

real differences present but if P >0.20 differences are

insignificant (Folk 1968).

3-3 CLAST ORIENTATION MEASUREMENT AND DATA ANALYSIS

Clast orientation was established by measuring the dip
and direction of dip of the maximum projection of the ab
plane and the trend and plunge of the a-axis. Trend (Fig.
3-3.) is defined as the strike of the vertical plane contain-
ing a line end the plunge as the vertical angle between a

line and the horizontal (Ragan 1973).

Fig. 3-3. Trend and Plunge of a lineation on a plane.
(After Ragan 1973).
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The maximum projection of the ab plane is that plane

(Fig. 3-4.) within the clast which projects the greatest

surface area.

Fig. 3-4. The principal planes of a clast.

Clast Measurement

The orientation of approximately 500 clasts were measured
with a silva compass. To identify the a-axis and ab plane
it was often necessary to carefully remove the clast and re-
position it before the measurements could be made. Many
sources of error in orientation measurements have been
identified. ©Some of these are: inconsistencies between
various operators, inconsistencies in the performance of an
individual operator, errors resulting from the removal of
a pebble for identification of the a-axis and ab plane, the
selection of clasts with different shapes, and measurement
errors (Holmes 1941; White 1952; Bonham & Spotts 1971; Harris
1969 ; Pittam & Parkinson 1971; Drake 1974, 1977). 1In an
attempt to minimise many of the above errors, all measurements

wvere carefully made by the writer. No attempt was made to
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discriminate against particular clast shapes.

To ensure that the data collected were not time trans-
gressive, which may have introduced the possibility of
polymodal current directions, measurements were restricted
stratigraphically within one sedimentation unit and were
usually taken within a vertical range of 30-40 cm and a

horizontal distance of 1-2 m.
Correction for Tectonic Tilt

As the units from which the clasts were measured are
now tilted (N 60 E, 8 NW) the measured orientations of
clasts do not represent the original orientations. Ten
Haaf (1959, in Potter & Pettijohn 1963) and Ramsay (1961)
have demonstrated that the trend of a linear structure such
Qs that of the a-axis is altered less than 3° in beds tilted
up to 250. On the other hand the strike of a planar structure
such as the ab plane of a clast, depending on how closely
the strike approximates the structural dip, may change sign-
ificantly with low structural dips. Similarly the imdbric-

ation angle may change dramatically.

As a detailed analysis of clast orientation was intended
each g—axis and EB plane measurement was corrected for
tectonic tilt following standard procedures (Turner & Weiss
1963; Potter & Pettijohn 1963; Phillips 1971). Stereographic
corrections were made using the Wulff stereonet in preference
to the Smidtt equal area stereonet as it was found the former
allows greater accuracy in the positioning of values near the

north and south stereographic poles.

The Kidnappers Group being structurelly very simple,

corrections were made only for structural tilting about the
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horizontal axis, as it proved difficult to appreciate any
rotation about a vertical axis. Further, the difficulty
of identifying btedding planes in the Clifton Conglomerate
necessitated correction with respect to an average plane
through the formation, essentially determined by the dip

of the upper and lower formational boundaries. It was

also assumed that the depositional surface was horizontal,
although it was shown by White (1952) for the Keweenawan
Conglomerate in northern Michigan that paleostream gradient

may be as much as 3°.
Methods of Petrofabric Analysis

Two broed methods of petrofabric analysis have been
developed, namely by stereographic petrofabric diagrams

and by mathematics (Krumbein 1939).

Petrofabric Diesgrams:

In the constructior of petrofabric diagrams, standard
practise was feollowed in plotting (planes as poles and
lineations as points) and contouring (Turner & Weiss 1963;
Phillips 1971). Smidtt equal area paper was used in pref-
erence to polar equal area paper because of greater accuracy
found with the former in plotting of poles close to the
centre of the stereonet. In figures where plots are con-
toured, the uninterpreted data are presented alongside as

a visual check on the validity of the contouring.

Several salternative contouring methods have been developed
(Kamb 1959; Mellis, in Flinn 1958; penness 1970, 1972; Starkey
1977) which are especially suitable for the identification of
weakly preferred orientation. Kamb's method in particular

has been used in the study of fabric in glacial tills (e.g.
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Lindsay 1970a; Drake 197k4), although most petrofabric
diagrams of conglomerates (e.g. Sedimentary Petrology
Seminar 1965) have used the contouring method outlined
by Turner & Weiss (1963). As strongly preferred clast
orientation was apparent in the field, the method chosen
for its simplicity was that outlined by Turner & Weiss

(1963).

Mathematical Treatment:

Mathematical analyses of the data were also made for
comparative purposes. The vector mean and vector magnitude
were calculated for a circular distribution of the data
(Curray 1956), while the standard deviation and confidence
limits were derived as if the data formed a linear distrib-
ution (Barrett 1970). The analysis was facilitated by
computer wvhere a computer programme (Seward 197L4) was
slightly modified (Appendix I ii) and adapted for use at

the University of Waikato.

The significance of differences between sample vector
means was established by the student's t-test (Rust 1972).
In addition graphical representation of current directions
was established by grouping the data into circular histo-

grams (or rose diagrams).

The fundamental difference between stereographic and
2-dimensional mathematical treatment of orientation data
is that concentrations in petrofabric diagrams reflect
weighting by the number of common plunge and trend orient-
ations, while rose diagrams or vector means merely reflect

weighting by the number of common trends.
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Recent Developments in Methods of Orientation Data

Analysis Applicable to Conglomerates

Most of the standard methods of orientation data
analysis involve either the use of stereographic projections
or calculations of 2-dimensional vectors and associated tests
of statistical significance (Potter & Pettijohn 1963; Kock &
Link 1970; High & Picard 1971). These methods have manifest
themselves in the analysis of clast orientation in glacial

tills (e.g. Harris 1969) and fluvial gravels (e.g. Rust 1972).

However, 2-dimensional vector calculation is limited to
the horizontal plane which at times may cut through the
principal cluster, and therefore reduce the length of a
vector mean and possibly indicate the wrong paleocurrent
direction and strength. To overcome this problem a method
of 3-dimensional vector calculation is available (Andrews &
Shimizu 1966). Nevertheless, application of this approach
to a sequence of tills at Llanduwg by Pittam & Parkinson
(1971) was not successful in the detection of the direction
of ice advance. This study agreed with the findings of
Flinn (1958) who had earlier established the inadequacy of
statistical tests of significance of preferred orientation

based on the vector method.

Subsequently, a procedure claimed to be able to determine
more accurately a 3-dimensional vector mean was developed
which uses a series of planes of reference called rotations,
rather than a horizontal plane (Mark 1971). The statistical
tests relating to the rotational vector procedure were found
to be invalid and in place the eigenvalue method was proposed

(Mark 1973).
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Eigenvalue Method:

In this method each clast orientation, regarded as a
unit vector, is used to cslculate the directional cosines
and sums of cross products of a 3 x 3 matrix (Mills 1977).
The three mutually orthogonal eigenvectors (V;, Vo, V3)
are computed, where V; corresponds to the direction about
which the moment of inertia is minimised and is therefore
an estimate of the distribution mean (Woodcock 1977). On
the other hand, the eigenvector Vg correspbnds with the
largest moment of inertia and is therefore an estimate of
the pole to the fabric pattern. The eigenvector V,; is

perpendicular to both V; and V3.

Indices of fabric strength, analogous to vector magnit-
ude, are defined by eigenvalues (S;, S,, S3) where they
measure the spread of data about the respective eigenvectors
(Woodcock 1977). Hence the position (eigenvector) and
strength (eigenvalue) of an orientation fabric may be defined.
Further, the significance of a preferred fabric pattern can
be established by testing S; against V; and S3 against V3
where larger S; values and smaller S3 values indicate greater

preferred orientation (Mills 1977).

Mark (197L4), in the comparison of till fabrics,
recognised that eigenvalues are directly related to
fabric shape (the shape of a distribution on a stereonet)
and proposed a triangular plot with the three eigenvalues
at easach apex. This approach has also been used by Mills
(1977) in comparison of till fabrics from alpine and low-
lend glaciers. Woodcock (197T), by proposing a two-axis

ratio plot and a three-axis ratio plot, has tremendously



88

improved the capability of the eigenvalue method to

compare orientation fabrics.

Advantages of the Eigenvalue Method:

The great advantage of the eigenvalue method is that
by quantifying an orientation fabric, it enabdbles comparison
of a large number of petrofabric diagrams. Had the writer
been aware of this method and in particular of the recent
developments outlined by Woodcock (1977), at the time clast
orientation was analysed, conclusions simiiar to those found
by graphical cross-correlation (Chapter 5) may have been

more simply derived.

Limitations of the Eigenvalue Method:

It is however, appropriate to note the limitations
recognised by Woodcock (1977) of eigenvalues as shape-fabric
indicators. For symmetry classes with orthogonal crystal-
lographic axes (spherical, axial, orthorhombic) Turner &
Weiss 1963), the directions of the axes correspond with the
orthogonal eigenvectors. Hence co-axiality occurs where
the eigenvectors coincide with the axes of greatest and
least moment of inertia. However, for monoclinic symmetry,
the case at sites 1 to 5 (Figs. 5-6; 5-10; 5-12; 5-1k; 5-16.),
co-axiality does not occur and although eigenvalues may still
be derived they must be interpreted with caution. Further,
problems of interpretation also arise with bimodal distribut-
jons also found to be the case at site 1. (Fig. 5-6A.).

In any event, it is suggested (Woodcock 1977) that all orient-
etion data should be checked on an equal area projection to

identify the gross shape of the fabric.
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3-4 TEXTURAL ANALYSIS

There are several problems in determining the texture

of conglomerates which are briefly considered now:

(1) In sampling conglomerate units involving clasts of
pebble, cobble and boulder size (Table 3-1.) it is
frequently difficult to collect a representative
sample from a particular unit. Invariably one is
faced with the problem of exactly how much of the
matrix, itself often of granule and peBble size, 1is

associated with the larger clasts.

(2) The established techniques of laboratory textural
analysis are most suited to sand and silt fractions.
Hence sampling may be biased towards textures which

are able to be analysed.

(3) There are few published analyses of modern gravelly
sediments to which conglomerates may be compared in

assisting in the interpretation of paleocenvironments.

(4) One must consider whether a detailed knowledge of the
grain-size distribution is in fact necessary or whether
an appreciation of the field texture and its strati-

graphic variation are more environmentally important.

In the light of the foregoing discussion, gross textural
variation of conglomerate units was emphasised over laboratory

analysis. Nevertheless selected conglomerate samples were

analysed in detail.



General Terms

Millimetres | Phi (¢) Wentworth Size Class for Size
Fractions
BOULDER
256 —8 .
COBBLE
64 —6 GRAVEL
PEBBLE
4 -2
GRANULE
2 — 1
very coarse sand
1 0
coarse saad -
0-5 1 . —_
medium sand SAND
0-25 2
fine sand
0-125 3
very fine sand
90625 —— 4 —
coarse silt
0-031 5
medium silt
6-0136 6 SILT MUD
fine silt
0-0078 7 ———— e —
very fine silt
0:0030—- 8 -
CLAY

Table 3-1. Grain-size Scale (After Wentworth, 1922)
showing the millimeter and equivalent Phi (¢)
unit limits to each size class (after Folk

et al. 1970).
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Laboratory Analysis of Texzture

The laboratory techniques used to establish the grain-
size distribution of samples are standard (Folk 1968;
Carver 1971). Samples were wet sieved using a 4¢ screen
and the mud was retained and concentrated. Conglomerate
samples with shells were digested in 10% HCL and subsequ-
ently washed several times to remove the remaining acid.
Sandy samples were split to an average weight of Lo g
although conglomerate samples frequently exceeded 500 g.
Conglomerates were sieved at %¢ intervals and sandy samples
at %4 intervals in a Ro-tap sieve shaker. Sieving time
vas usually 10 minutes but where the samples contained
pumice this was reduced to 5 minutes to prevent excessive

size modification (Walker 1971).

The mud concentrate was dispersed with small quantities
(10 m1) of calgon and after vigorous stirring a subsample
of 1-5 mls, depending on the concentration of mud, was
extracted and retained for silt analysis. The weight of
mud was established by removing 20 ml of the fluid after

20 sec. at 20 cm depth and drying before weighing.

Silt analysis was performed by hydrophotometer (Jordan
et al. 1971). The times calculated by C. Tilly (pers. comm.)
at which transmission readings should be taken were used in
the present study, as the times suggested by Jordan et al.
(1971) have recently been found to be in error (Tilly 1977).
It is appropriate here to make two fufther points regarding

the recent notes of Tilly (1977) and Jordan (1977):

(i) The small errors in some of the original times

(Jordan et al. 1971) become insignificant for
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predominantly sandy or gravelly sediments, as

the total amount of clay is low.

(ii) Although the original Jx value of 0.56 for the
interval 8-1L4¢ is not a geometric progression,
as suggested should be the case by Tilly (1977),
it was used in the computer programme as it gave
realistic results. The reason the new value of
0.14 (Jordan 1977) gives unrealistically low
amounts of clay stems from the large range of
phi intervals (8-1L4) the final reading covers.
Therefore the geometric mid-diameter is very much
smaller and does not approximate the arithmetic
mid-diameter as is the case in preceding %¢

intervals.

Despite these inconsistencies the method, originally
demonstrated as being L4-5 times more accurate than the
pipette method (Jordan et al. 1971), is still considered
to be of comparable accuracy to the pipette method of silt

analysis (D. Lowe, pers. comm. ).

Computer Programme for Grain-size Data Analysis

The method of grain-size analysis now used at the
University of Waikato relies on a combination of sieves
and hydrophotometer. The analytical advantage of this
technique is however, offset by the amount of calculation
required to convert the raw dsata intq e common form. The
extent of this calculation together with subsequent graphical
and statistical characterisation of the grain-size distribution,

makes computer anelysis an extiremely suitable method.
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Existing Programmes:

Over the past 15 years a number of grain-size
Programmes have been written and mentioned in publications
discussing sediment texture, but few programmes have been
published; two notable exceptions are the programmes of
Kane & Hubert (1963) and Slatt & Press (1976). The

features of most programmes written to date are as follows:

(1) The programmes are peculiar to the method of

textural analysis and/or the computer available.

(ii) They are used primarily for the calculation of

statistical parameters.
(iii) Parameters are calculated by the method of moments.

(iv) Most programmes only analyse data down to the

44 boundary.

Since most of the grain-size programmes have been written,
developments in computer hardware, and in particular soft-
ware, have mede many programmes obsolete in both logic

and efficiency.

Up to this point two texture programmes are available
at the University of Waikato, one to calculate statistical
parameters (Marks 1975) and the other to convert the hkydro-
photometer transmission readings to percent weights within
L¢ intervals of the silt fraction (Jordan et al. 1971).

The former programme had the disadvantage of only eanalysing
data down to the L¢ boundary and in %¢ intervals, and the

latter only partly fulfills the present requirements.

Programme Input and Output:

The texture programme (Appendix I iii) requires three
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sets of raw input values:

(i) The cumulative weights for successive Lé

sieve intervals.

(ii) The transmission readings from the hydro-

photometer.
(iii) The weight of mud in the sample.

The programme has the potential to output the following

information of a grain-size distribution:

(i) A plot of three superimposed graphs, namely a
histogram and two cumulative curves, one with
arithmetic ordinate and the other with probability

ordinate.
(ii) A list of the values for easch of the graph positions.

(iii) The percent gravel, sand, silt and clay and the

retio of clay/silt and sand/mud.

(iv) The texturel class for gravel-free and gravel-

bearing detrital sediments (Folk et al. 1970).

(v) The Folk and Ward statistics of mean, sorting,

skewness and kurtosis (Table 3-2.).
(vi) The median and C statistic (Passega 1957).

(vii) The verbal classification for each of the statis-

tical parameters (Table 3-2.).
An example of the programme output is‘included in Appendix
T iii.

Programme Logic:

The programme was deliberately designed as a main prog-

ramme with a number of subroutines which may be included



Graphic Mean 05

$16 + $50 + &84

M =
Z

3

Inclusive Graphic Standard Deviation

5 $84 ~ ¢16 ¢35 - 5

I +
) 6.6
Verbal Classification:
o; under 0.35¢ very well sorted (vws)
0.35 to 0.50¢ well sorted (ws)
-0.50 to 0.71¢ moderately well sorted (mws)
0.71 to 1.0¢ moderately sorted (ms)
1.0 to 2.0¢ poorly sorted (ps)
2.0 to 4.0¢ very poorly sorted (vps)
over L4.0¢ extremely poorly sorted (eps)
Inclusive Graphic Skewness
SkI - ¢16 + ¢844 - 2¢50 . $5 + ¢95 - 2¢50
2($8i+ - ¢16) 2(¢95 - ¢5)
Verbal Classification:
SkI from +1.00 to +0.30 strongly fine-skewed (sfs)
+0.30 to +0.10 fine-skewed (fs)
+0.10 to -0.10 near-symmetrical (ns)
-0.10 to -0.30 coarse-skewed (cs)
-0.30 to -1.00 strongly coarse-skewed (scs)

Graphic Kurtosis

e

$95 - ¢5

2.4L($75 - $25)

Verbal classification:

Ky under 0.67 very platykurtic (vpk)
0.67 to 0.90 platykurtic (pk)
0.90 to 1.11 mesokurtic (mk)
1.11 to 1.50 leptokurtic (1k)
1.50 to 3.00 very leptokurtic (vlk)
over 3.00 extremely leptckurtic (elk)

Table 3-2. Statistical Parameters (after Folk, 1968).
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depending on the information required. In line with this
approach the programme logic has been represented by a
number of simplified flow charts (Figs. 3-5. to 3-T.).
The main programme Fig. 3-5.) is responsible for the
conversion of the transmission values, their combination
with sieve data and the plotting of graphs. Subroutine

R value (Fig. 3-6.) calculates the percent gravel, sand,
silt and cley and establishes the textural class of the
sediment. The Folk and Ward parameters an@ their verbal
classification (Table 3-2.) are determined by subroutine

Stat (Fig. 3-7.).

A number of difficulties were encountered in writing

the programme and these are briefly discussed below:

(1) Often in textural analysis the mud fraction is analysed
in larger phi intervals than the coarser fractions.
This introduces complications in the plotting of graphs
and the calculatios of statistical parameters. Part
of the logic developed to overcome this difficulty is
apparent in the first half of subrountine Stat (Fig.

3-7.).

(2) Whether to consider the distribution as open-ended or
closed is a difficulty presently unresolved in the
Literature (Griffiths 1967; Folk 1968; Pettijohn 1975).
As the statistical parameters in this programme are
calculated by the graphic method there is frequently
no need to close the distributioﬁ. Nevertheless in
muddy samples, it may be more realistic to close the
distribution when establishing the depositional

environment from the grain-size distribution of coarser
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START

Iﬁead’std. data. I

5|

Read sample name, transmission values,
wt mud and cumulative sieve wts,

!

lWrite the above and graph key. ]

3

Convert tramnsmission values to wts
in each half @ interval.
S

Cumulate wts in silt fraction and
add to 4@ cumulative wt.

all
values
cumulate

NO

Set up Y-axis of graph and print
header line.

Increment 0.25 @. I

v

l If ¥ range 4-8, increment 0.25 @. J

v

For each @ interval calculate % cum.
wt and % interval wt.

v

Call Prob. Transformation and determine
Log Prob. value for each % cum. wt.

v
Plot position for each graph and write
exact value.

rball Subroutine Rvalue.

jf {Subroutine Hvalue.l

[call Subroutine Stat. f—

{?ubroutine Stat. j

NO

Fig. 3-5. Flow chart of the main texture Programme.
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C;Subroutine Rvalue *)

Calculate % cum. wt, gravel, sand,
silt and clay.

Calculate ratio
—clay/silt (RCS)
—sand/mud (RMS)

Gravel
YES presen NO
[ Gravel
YES 80% NO
Write Gravel
) G 30% NO
) YES
N
e_Write AaMs Gravel o
mG. Jy=2\'.0 5%
=D
NO YES
| Write aMms RAMS YES JWrite NO
— | )
msG . y=3 3.0 1.0 gm.
NO NO
Write AaMs YES _Nrite_% Write RM3 YES Write
sG 9.0 gmS (glm 0.1 M
NO NO
Write drite RMS YES Write
as [ng59 1.0 sM
NO
y Write RMS YES Write]d
/ 2 (g)s 3.qg m3 [
NO
Write
S
v 3
W

Similarly determine textural
class for gravel-free detrital
sediments.

hY
: 4
Return

Fig. 3-6. Flow chart of Subroutine Rvalue.




( Subroutine 5ta£]
ST

'

lIcst each ¥ interval fFor 95% cum. wt. ]

L

99

Determination of verbal classification
For statistical parameters.

| WRITE:

95% not
present.

From 4.5¢
determine
interval
lower
limit.

rincrement 0.250@.

IS

IIncrement 0.25¢@.

[Increment 0.2%¢. ]
e
L)

[Calculate @ value by extrapolation. ]

rhepeat for 1,5,16,25,50,75,84%,

Calculation of Folk and Ward statistics;
median and C statistic.

l

NOD

.E. 2.0

NO

L.E. 0.71

NO

NO

.E. 0.3

o

WRITE:
Very well sorted.

L

YES

YES

YES

YES

YES

YES

WRITE:
extremely poorly
sorted

WRITE:
very poorly
sorted

WRITE:
poorly sorted

WRITE:
moderately sorted

WRITE:
moderately well
sorted

WRITE:
well sorted

Similarly determine verbal description

for Skewness and Kurtosis.

y
‘ Return, ,

Pig. 3-7. Flow chart for Subroutine Stat.
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fractions alone (Nelson 1977). Further, the clay may

originally have been present as flocculated particles

of silt size or the clay may represent weathering or

diagenetic products (Visher 1969).

(3) Frequently the
which analysis
the grain-size

of thiskind is

phi range and the phi intervals for
is made has been varied depending on
distribution of the sample. Variation

difficult to accommodate in a single

programme, however a large degree of versatility has

been achieved by writing a number of variations on

the central programme.

accounted for:

(i) Data
(ii) Data
(iii) pata

(iv) Dpata

input

input

input

input

within

within

within

within

The following variations are

the

the

the

the

range

range

range

range

6.0 to 8.0¢ or 1Ly
3.25 to 8.0¢ or 1bh¢
6.0 to 4.0¢

3.25 to L.0¢

Each of these variations may be further adapted to

accommodate %¢ sand intervals and whole phi mud intervals.

In addition the critical percentiles may be extrapolated

off the percent cumulative weight arithmetic curve or the

log probability curve.

Although only a standard programme

from -6.0 to 8.04 is included here (Appendix I iii ), the

above variations,

as well as an adaption to accept pipette

weights in place of hydrophotometer readings, are available

(Kamp, in prep.).

Advantages of the Texture Programme:

Advantages of the texture programme can now be listed:



(1)

(2)

(3)

(%)

(5)
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The analysis is rapid. A complete graphic and
statistical summary of the grain-size distribution
for 100 samples is available in approximately 15
minutes. The location of a Visual Display Unit
terminal in the sediment laboratory will enable the

raw data to be analysed instantaneously.

The analysis is contained on a single page of print-

out.

A percent cum. wt. curve on a probability ordinate
is plotted for grain-size data. The truncation points

in the curve (Visher 1969) may easily be read off the

greaph.

Vhereas most programmes calculate statistical para-
meters by the method of moments (Griffiths 1967),

this programme calculates them by the graphic method
(Folk 1968). The reasons for the preference of the
latter are the amount of data in the literature on the
interpretation of grain-size distributions derived by
this method, the problem of the open-ended distribution,
and the comparable accuracy in determining the mean,
sorting and skewness parameters of both methods (Folk

1966; Jaquet & Vernet 1976).

Programmes which calculate the parameters by the
graphic method (Kane & Hubert 1963; Marks 1975; Slatt
& Press 1976) do so by extrapolation off cumulative
curves with an arithmetic ordinate. It is felt by
somec that critical percentiles ‘are more accurately
read off cumulative curves on probability ordinate

(Folk 1968). However, as it has been found in some
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muddy samples that the probability curve distorts the
fine end of the distribution, which together with
experimental weighing errors produces an inferior
result, the cumulative curve on arithmetic ordinate
is sometimes favoured (Slatt & Press 1976). This
programme accommodates both views as the critical

‘percentiles may be extrapolated off either curve.

(6) The versatility of the programme is ensured by the

availability of a number of variations.

(7) The textural cless and the verbal classification for
the statistical parameters are printed out and are

immediately available for interpretation.

(8) The advantage of not having to punch cards with the
Hewlett-Packard desk top calculator (Ss1att & Press
1976) is maintained by the option to feed the data
directly into the P.D.P. 1130 through the keyboard
of a Visual Display Unit terminal. In particular,
the advantages of this system are that the data are
retained on disc file once processed and is immediately
available for reprocessing without having to feed the
data in again; rapid correction of data errors using
the edit mode is possible; and the program and data
may be punched and feed in on cards which maintains
a hard copy and overcomes the problem of occasional

loss of disc storage.

There are several advantages in the Burroughs over the

P.D.P. computer in using this programme:

(i) Greater core storage enables a larger number of

samples to be analysed in one run.
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(ii) The programme may be used by people with no

computing experience.

(iidi Operation of this computer model by all other
New Zealand Universities and some Government
Departments which enables the programmes to
£e inmediately available for use by other

institutions.

Disadvantages of the Programme:

(1) The pcsitions in the graphic plots are only to an
accuracy of 0.5% and are required to be sketched in
by Jjoining the points. This does have the advantage
however, of allowing a certain amount of interpretation
especially in determining the exact position of the

mode(s) and truncation points.

(2) The critical percentiles are extrapolated as straight
line segments. This error is very small as most of

the distribution is in %¢ intervals.

It is felt the advantages of the texture prcgramme far
outweigh the disedvantages and for the reasons given above,
this programme is thought to have new cepabilities over and

above existing programmes.
3-5 COMPOSITIONAL ANALYSIS
X-Ray Diffraction Analysis

X-Ray diffraction analysis of bulk powder samples is a
common technique used to identify and semiquantitatively
estimate sample mineralogy (Nelson.& Cochrane 1970).
Analysis of selected samples was undertaken using a Phillips

PW 1130/00 X-Ray diffractometer.



104

Sample Preparation:

Conglomerate samples washed clean of surficial mud
were reduced to pea size in a standard rock crusher.
Samples were ground in a 12 cm twin head Gilko (model LRM)
ring mill for 30 secs. which reduced the material to a
particle size between 8-40 microns, the optimum size for
powder X-Ray analysis (Nelson & Cochrane 1970). The powder
was loaded into sample holders by the back-filling technique
with sufficient care being taken to prevenf orientation of
the particles. To assist in semiquantitative estimation of
the major minerals at least three subsamples of each sample
were scanned from L° - 350 28. The machine settings used
were: K.V. 35.0, mA. 8.5, range 400 cps, time constant
4 sec., high voltage 56% (1.5 K.V. on the rate meter),

lower level 17%, and attenuation 2.

A Computerised Method of Mineral Jdentification:

The procedure to interpret the diffractometer trace is
one of converting the degrees 28 peak values to angstroms,
and comparing the values to those of reference minerals
published in the X-Ray powder diffraction file (1967). For
common minerals, such as gquartz and feldspars, this is a
simple procedure. However, where sample mineralogy 1is
largely unknown the process of associating observed peaks
with standard peaks becomes involved and tedious. A computer
programme (Appendix I iv) has been developed which is capable
of identifying minerals represented by peaks on an X-Ray

diffractometer trace.

Two sets of input values are required, namely a list of

reference mineral peaks in angstroms and the value in degrees
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20 of the observed peaks on the trace. The programme
output includes the angstrom values of the observed peaks

and the minerals identified (Appendix I iv).

Programme Logic:

It is apparent in the flow chart (Fig. 3-8.) that the
logic of the prongramme is based on the initial agreement
of an observed with a reference mineral peak, and then the
coincidence of subsequent peaks for a reference mineral
with other observed peaks. Hence, in the identification
of an unknown mineral where the equivalent reference mineral
has two standard peaks, both must agree, whereas if the
reference mineral has three peaks there must be three

observed peaks with the same angstrom values.

A complication common to both manual and computer
mineral identification is the difficulty of accurately
obtaining the degree 26 values at which peaks occur. This
may be due to either the incorrect positioning of the pen
on the trace or internal machine drift. This difficulty
has largely been accounted for by allowing a standard
error range in the comparison of angstrom values for
observed with standard peaks. In the present example
(Appendix I iv) an error range of 0.02 angstroms is

sufficient to correctly identify the minerals.

The present list of reference minerals is limited to
30 but this may be increased many times, the only limit
being the amount of computer storage required in execution

of the programme.

Advantages of the Mineralogy Programme:

The major advantage of using this computer programme
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START

lﬂead in list of standard minerals. l

4

[Wwrite out 1ist. |

‘————a{ﬁead sample name. l

!

E [Flead in observed peaks. 1

!

IWrite peak values. I

!

Call Subroutine to convert degrees
2-theta to Angstroms. I
Subroutine
. Convrt.
| Check each observed peak against 1st
value of standard minerals.
peaks NO
atc )
YES

For each std mineral identified, check
if 2nd peak matches any subsequent
observed peaks.

Check 2nd std peak against observed
peaks subsequent to 1st peak matched.

NO )

NO

Check if 3rd std peak mabches any
remaining observed peaks.

NQO f\)
rarite name of mineral identified. 1
|Nrite "311 observed peaks tested". J

N
‘ STOP ’

Fig. 3-8. Flow chart to identify sample mineralogy.
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is the elimination of the tedious work required in

mineral identification. Approximately 100 samples may

be identified in 10 minutes. It also enables concise
storage of sample mineralogy and largely eliminates the
need to work with rolls of trace. Location of a V.D.U.
terminal in the X-Ray room would allow direct entry of
reak positions into the computer, with almost instantaneous
identification of minerals. It is not unrealistic to
speculate that future X-Ray diffractrometers will have an
attached computer capable of internal mineral identification.
Although such & system would be preferable, the use of this
programme effectively modernises the capability of the

present X-Ray diffractrometer at no extra cost.

Semiguantitative X-Ray Analysis:

Semiquantitative determinations of wt.% quartz was
made using the primary peak at 3.3&2, of wt.% plagioclase
at 3.203, wt.% potash feldspar at 3.353 and wt.% clay
minerals at h.h6£. The weight percent of each mineral was
established by measuring the peak heights above background
and reading the value off intensity-concentration curves
(Hume 1978). Two ranges in plagioclase composition were
jdentified using the criterion of Hume (1978):

Plagioclase A 3.ISX Oligoclase - Andesine

0
Plagioclase B 3.21A Andesine - Labradorite
Petrography and Mineralogy

Thin-Sections:

Thin-sections of selected conglomerates were made using

standard techniques. Normal opﬁical procedures were followed

in thin-section description.
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Heavy Mineralogy:

Heavy minerals were extracted from the 2 to b4¢ fraction
of tephras by heavy liquid separation using tetrabro-
moethane (S.G. 2.95 to 2.96). The relative abundance of
non-opaque mninerals was established by point-counting
300 - 500 grains/slide depending on the dominance or

otherwise of one particular ferromagnesian mineral.



CHAPTER 4: SEDIMENT SHAPE

4-1 THE CONCEPT OF SEDIMENT SHAPE

The complex nature of grain morphology, and the
inherent difficulties in its description and measurement,
has resulted in several different interpretations of the
concept of particle shape. Particle morphology is inter-
preted by most writers (e.g. Griffiths 1967; Folk 1968;
Dobkins & Folk 1970; Pettijohn 1975; Geode 1975) as
including the properties form, sphericity, roundness and
surface texture. In comparisqn, Blatt et al. (1972)
discussed shape under the headings of surface texture,
roundness and sphericity. In keeping with general usage
grain shape is defined in this study as including particle
form and sphericity. Roundness and surface texture,
although recognised as aspects of grain morphology, are
viewed as distinct frown particle shape. Thus shape 1is
conceived in terms of thos~s aspects of external morphology
which enable a 3-dimensional appreciation of form and

which permit comparison between forms.
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4-2 PREVIOUS STUDIES ON THE ENVIRONMENTAL SIGNIFICANCE

OF SHAPE

Most previous studies of clast shape have been concerned
witﬁ documenting either downstream changes in pebble shape,
or changes in pebble shape with transition from one environ-
ment to another. The most important literature on both of
these aspects has been reviewed by Dobkins & Folk (1970)
and Bradley et al. (1972). As the intended emphasis in this
study of pebble shapes is on characterisation and identif-
ication of fluvial and marine environments, a brief discuss-

ion of the literature on this aspect follows.

Folk (1968), contrary to the belief of others, considered
that prolonged abrasior did not increase sphericity, and that
rivers tended to develop rod-like pebbles while beaches
produced disk-like ones. To resolve the controversy Dobkins
& Folk (1970) studies basalt pebble morphology in rivers and
on beaches in Tahiti - Nui. Convincing evidence was presented
to show that with increasing energy levels on beaches there
was definite shape modification by abrasion. They now
believed ghat given sufficient wave energy, beach abrasion
and fluvial abrasion mechanisms are so different that shape
modification occurs independent of lithology, thus refuting

the earlier evidence of Folk (1968).

Most workers now recognise thst pebble shape is environ-
mentally sensitive, provided clasts have been in the one
environment for some time. A contentious point, however,
is whether this is due to shape modification, as above, or
selective sorting. Milner (1962) has suggested that environ-

ments may be more effective in selecting and concentrating
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clasts of particular shape, rather than modifying the shapes.

Further, Bradley et al. (1972) suggests that this may occur

indirectly through size sorting.

Nevertheless, regardless of whether shape modification
or selective sorting is responsible for the shape attributes
of clasts in conglomerates, it is generally agreed that
marine and fluvial environments may be distinguished on the
basis of pebble shape. This statement is qualified by Sames
(1966) in that this will only occur if the marine environ-
ment is markedly different from the fluvial, as in the case

of a beach compared with an estuary.
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4-3 THE MEASURES AND CLASSIFICATION OF CLAST SHAPE

The shape attributes of clasts within conglomerates

were measured and classified in the following way:
Sphericity

Sphericity is a measure of how nearly clast shape
approximates that of a sphere. The derivation of an index
of sphericity originally required the surface area of
particles to be calculated. For a 'sphere the surface area
is calculated simply from the diameter, but as the clast
becomes more irregular an increasingly large number of
measurements is required. It has been demonstrated how-
ever, that any three orthogonal axes will enable this
property to be determined with some 98% precision (Griffiths
& Smith 196L). Determination of sphericity then,requires
the measurement of three mutually pependicular axes which

need not pass through the same point (Fig. 3-1.).

Since Wadell developeld the concept of sphericity in
1932 many formulae for its calculation have been proposed.
The most successful measure is the maximum projection

sphericity (wp) of Sneed & Folk (1958):

This formula is a more actualistic concept of sphericity
than earlier proposals as it accounts. for the dynamic
behaviour of a particle when it orients its maximum pro-

jection area normal to the fluid mediunm.
Oblaterness - Prolateness

To enable a distinction to be made between clasts
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with equal sphericity but different form, such as a thin
roller (or rod) and a thick disk (Fig. 4-1.), a measure
of oblateness and prolateness (OP) was introduced by
Dobkins & Folk (1968):

L-I _
L-S

op. = 10.0 0.5

s
L

Oblateness - prolateness is a measure of how nearly
a clast shape approximates the shape of a disk or a rod,
and it is loosely referred to as the bladed nature of a
clast. Using this formula, all perfect blades have OP. =
0.0; disks have negative OP. values and rods give positive

OP,., values.

T T T T T T T T T
Oblote
o (Disk) 4
o8
2 - -
3
0.6} 4
Bladed Prolate
d; = (Roller) i
d
0.4}
0.2 .
- .
1 1 1 L 1 1 1 1 1
0.2 0.4 0.6 :; 0.8
gs
dr

Fig. 4-1. Zingg's classificatidn of shapes of
pebbles. The terms oblate and platy are

essentially synonymous. (After Blatt et al.

1972).
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Elongation Index

The Elongation Index (E.I.) was initially described
by Schneiderholm in 1954 (in Pryor 1971) but modified by
Folk (1968) as the ratio of the greatest width to the
greatest length:

1

E.I. = L
The E.I. is only a 2-dimensional measure of clast shape,
however, despite its simplicity it is useful as a rapid

measure of clast elongation.
Bladed Index

An alternative method of establishing the bladed nature
of a clast is by the formula for the basal axis of the

sphericity-form diagram (Fig. L-2A.) of Sneed & Folk (1958).

Bladed Index (B.I.) = ===

Both the E.I. and B.I. are a measure of the degree to
which a clast approaches the shape of a perfect disk and

therefore they are an approximation to the OP. index.
Schemes for the Classification of Shape Form

As three possible end member shapes (spheres, rods and
disks) cannot be represented on a single scale, rarely can
the shape of a clast be defined uniquely by any one of the
above measures on its own. In 1935 Zingg (Blatt et al. 1972)
proposed a classification based on the ratios of axial
lengths and devised four shape classes (Fig. 4-1.). This
scheme was modified by the superposition of lines of equal

sphericity by Krumbein (19h41). On the basis of too few



classes and the disproportionally small rod-like class,

Sneed & Folk (1958) proposed the now well known sphericity-

form diegram (Fig. 4-2A.). On this diagram lines of equal

maximum projection sphericity were constructed. The shapes

of particles falling at various pcints on the triangle are

illustrated in Fig. L-2B. Subsequently contours for OP.

index have been added to this diagram (Fig. 4-2C.) (Dcbkins

& Folk 1970).
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4-4 SAMPLING DESIGN

To help meet the objectives outlined in Chapter 1,
conglomerate units sampled were selected to cover a signif-
icant vertical stratigraphic range of the Group (Fig. 4-3.)
and to represent units for which the infefred environment
of deposition was either known or unknown. A summary of

the field data is included in Table L-1.

Stratigraphic Sample No. of Inferred
position No. Clasts environment
Clifton Conglomerate
T0 m 013 270 Fluvial
30 m o012 225 Fluvial
15 m 011 20 Fluvial
15 m 010 Lo Fluvial
15 m 009 4o Fluvial
15 m 008 55 Fluvial
15 m 007 25 Fluvial
15 m 006 Ls Fluvial
Clifton Sand 18 m 005 100 Marine
Trig. N. Beds 75 m 00k 170 Unknown
Rabbit Gully Beds 50 m 003 85 Unknown
110 ft. Conglomerate 15 m 002 210 Fluvial
Maraetotara Sand 11 m 001 1L45 Marine

Fig. 4-3. The units sampled for clast shape. Measure-
ments are taken from the base of respective form-
ations where they occur in the coustal section,
except the Maraetotara Sand (N135/386167). The

sample numbers are prefized with W.T. 14. to

indicate Waikato Thesis numbers.
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Although the units sampled are of different ages this
Probably introduces little bias as they are located within
a restricted geographic area and presumably therefore the

clasts had all travelled about the same distance from source.

Initielly discussion is centred on samples 001 to 005,
012 end 013. In section 4-6 the effect of selective sorting

of particular clasts on the basis of shape is investigated

in samples 006 to 011.
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4-5 SHAPE CHARACTERISTICS OF PEBBLES IN THE CONGLOMERATES
Classification of Form

Pebble shapes for samples 001 to 005, 012 and 013
are presented in Figs. 4-4 to 4-10. Comparison by visual
inspection of the sphericity-form diagrams indicates that
the units sampled have generally similar form characteristics,
there being little difference in the shapes of pebbles from
the different environments. Approximately 50% of the pebbles
are shared between bladed and elongate forms. Fewer than
5% of the pebbles occur in the forms very platy, very bladed
or very elongate. Of the remainder almost subequal amounts
occur in one of the platy, compact elongate, compact bladed

or compact platy classes.

Fig. 4-11 summarises the form data for fluvial, marine
and unknown environments. The differences between marine
and fluvial samples are too few to draw significant conclus-
ions about. However, fluvial pebbles tend to be more
elongate and marine ones more platy. Also the unknown
samples group more with the fluvial samples than they do

‘the marine.

The forms of fluvially shaped pebbles reported else-
wvhere (Dobkins & Folk 1970) appear to be more compact than
those in this study. This may reflect lithological differ-
ences in that the former study measured basalt pebbles,

compared with greywacke pebbles in this study.
Results Derived from Shape Indices

Table b4-1 summarises the statistics for each of the

¢ , OP, E and B indices. Sample mean values of wp are
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[

Fig.

4-11. Percentage of pebbles in each of the 10 form

The sum of F (fluvial), M(marine) and U

Abbreviation

classes.
(unknown environment) pebbles equals 100%.

for form classes: C - compact, P - platy, B - bladed,

E - elongate, V -very.
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surprisingly uniform. For fluvial units wp = 0,647 * 0.001,
in marine units wp = 0.635 * 0.007, and in unknown units

Vp = 0.665 * 0.001. The average standard deviation for
fluvial samples of 0.099 is slightly lower than that for
marine samples where o = 0.103. This statistic for the
unknown units is 0.104. The confidence limits reflect the
low sample variance and confirm that most pebbles occur

within a restricted number of sphericity-form classes.

The statistics suggest that pebble sphericity is
similar irrespective of environment, and that marine samples
are no less variable than fluvial samples. Contrary to
other studies of pebble shavpe, wp would appear to be a poor

environmental discriminator.

A wide range in the mean OP. index values exists with

most being positive and one (001, marine) negative. The
average of the fluvial mean OP. index values is OP., = +1.030
* 0.205 and for the unknown units OP. = 0.855 % 0.320.

There is a wide difference in OP., index values for the two
samples known from independent evidence (shells) to be
marine. One of these, 005, occurs within the range of all
the other units. The mean OP. index values indicate that
most units have the attributes of fiﬁvially shaped pebbles,
001 being the exception as it hés pebble shapes characteristic
of a low energy bveach (Dobkins & Folk 1970). The large
standard deviations and confidence limits about the mean

reflect the high sample variance, indicative of significant

pebble to pebble variation.

A graphic plot of wp versus OP., index for each unit

(Fig. L4-12.) indicates that Dobkins & Folk's (1970) river/



Maximum Projectlon Sphericity Oblateneis“-_PioiaEeieiS-Iidix ______
Sample No Mean Var Stdev. 95 Con. Mean Var. Stdev 95 Con. Enigfz;;zgt
013 270 0.63 0.011 0.105 0.013 1.1% 26.48  5.150 0.61 Fluvial
012 225 0167 0.009  0.097 0.013 0.k7 2T7.25 5.22 0.68 Fluvial
005 100 0.63 0.012 0.111 0.022 0.890 28.99 5.39 1.07 Marine
ook 170 0.68 0.010 0.101 0.015 0.70 22.18 L4.71 0.71 Unknown
003 85 0.65 0.012 0.108 0.023 1.01 30.33 5.510 1.20 Unknown
002 210 0.64 0.009 0.09h 0.013 1.49  35.61 5.968 0.81 Fluvial
001 145 0.6L4 0.009 0.095 0.015 0.67 2h.19 L.92 0.80 Marine
Bladed Index Elongation Index
013 270 0.55 0.039  0.197 0.023 0.68 0.017 0.129 0.015 Fluvial
012 225 0.52 0.052 0.229 0.030 0.72 0.018 0.13L 0.018 Fluvial
005 100 0.54 0.0Lk 0.210 0.0k42 0.69 0.016 0.127 0.025 Marine
00k 170 0.54 0.045 0.212 0.032 0.72 0.015 0.12L 0.019 Unknown
003 85 0.5 0.039 0.197 0.023 0.68 0.017 0.129 0.015 Unknown
002 210 0.57 0.193 0.439 0.059 0.69 0.019 0.138 0.019 Fluvial
001 145 0.47 0.0L43 0.207 0.03% 0.7k 0.017 0.129 0.021 Marine

Table 4-1. Summary of the statistics deseribing the shape distribution of
gebbles in each unit sampled. The depositional environment
inferred from other evidence is entered alongside.

9¢c1
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beach environmental boundary line discriminates 001 from
the other tightly grouped samples. Although the samples
have similar sphericity values, the OP. index allows a
separation to be made with confidence. The data strongly
suggest that six of the units sampled consist of pebbles
displaying fluvial shape attributes and one unit has

pebbles characteristic of a low energy beach environment.

Results for E.JI. and B.JI. confirm the separation of
samples into two groups and fail to yield consistent
differences in shape within the larger, apparently non-

marine group (Table L-1.).

I
/
7l - KEY
S~ Lo @/1/@4 a a Fluvial
B + 7 5 A .
We2 t 4 + Marine
Vr 6 Yoel o Unknown
‘5
1
-2 -1 0 1 2
oblate oP prolate

Fig. 4-12. A plot of sphericity vs. OP. index for
each sample. FEach point is the average of all
pebbles in the sample. In general the fluvial
pebbles are less spherical than fluvial pebbles
reported by Dobkins & Folk (1970). Nevertheless,
there i1s a confident separation between one beach

sample (005) arnd all other sampZeé (inferred

fluvial and environmental unknowns).



128

Comparison of Significance Within Known Marine and Fluvial

Conglomerates

A summary of significance testing of samples from with-
in and between known environments is shown in Table L4-2. 1In

general significance levels are consistently either very

high or very 1low.

It appears that irrespective of index, significant
differences occur within the marine and within the fluvial
units. Furthermore, the marine samples are not always
found to be significantly different from the fluvial samples.
This suggests that intra-environmental differences are as
significant as inter-environmental differences. The incon-
sistencies are less apparent when it is appreciated that
although 005 on the basis of field characteristics is a

marine conglomerate, the pebbles have fluvial shape attributes

(Fig. b-12.).

Comparison of Fluvial and Marine Conglomerates with Environ-

mentally Unknown Units

Table L4-3 summarises significance testing of known
against unknown environments to help determine which group
the unknown units belong. In general the differences btetween
the two unknown units are not significant (Table L-3).
Frequently however, there are significant differences between
001 (marine) and the unknown units. Nevertheless, compared
to the fluvial samples the unknown units show few significant

differences.

Again with disregard for any particular index, the data
in Table k-3 is in agreement with that in Table L-2 and both

are consistent with the environmental interpretation of the

units presented in Fig. 4k-12.



yp 0. - P. Index Elongation Index Bladed Index

Sample t value S. S. at | t value S. S.
No. 5%

Comparison within Fluvial Conglomerates

013 :

4.3L48 <0.1% Yes 1.4k51 <20>10% No 3.365 <0.1% Yes 1.560 20>10% No
012

3.259 <0.2% Yes 1.915 <10>5% No 2.296 <5>2% Yes 2.038 5>2% Yes
002

1.077 >20% No 687 >20% No | 0.815 >20% No |[2.689 1>2%  Yes
013

Comparison of Fluvial and Marine Conglomerates

012

3.26 0.2>0.1% Yes 0.677 >20% No 1.568 <20>10% No 0.743 >20% No
005

0.815 >20% No 0.851 >20% o 0.0 N.S. No 0.6L43 >20% No
002
012

2.916 1>0.2% Yes 2.073 <5>2% Yes 1.416 <20>10% No 2.122 5>2% Yes
001

0.0 N.S. No 3.586 <0.1% Yes 3.L435 <0.1% Yes 3.37 <0.1% Yes
002

Table 4-2. Comparison of the significance of differences between mean values of shape
indices within Fluvial and Marine Samples and between Fluvial and Marine samples.
S. refers to Significance Level.

6clL



Meximum projection sphericity 0. - P. Index Flongation Index Bladed Index
Sample t value S. S. at | t value S. S. at |t value S. S. at| t value S. S. at
No. 5% 5% 5% 5%

e
003
2.170 5>2% Yes 0.466 >20% No 1.151 >20% No. 0.0 No No
00k
B.
005
1.229 >20% No 0.1k49 >20% No 0.503 >20% No 0.0 N.S. No
003
0.732 >20% No [2.380 <2>1% Yes |1.175 >20% No 2.36 2>1%  Yes
001
_________________________ 4________.__..________.____._-——
C.
005
00! 3.757 <0.1% Yes | 0.302 >20% Mo 1.896  <10>5% No 0.0 N.S. No
oh
00 3.579 <0.1%  Yes | 2.513 <2>1% Yes |1.3904 <20>10% No 2.949  1>0.2% Yes
1
b I e i
013
00l 4.905 <0.1% Yes 0.900 >20% No 3.203 <0.2>0.1% Yes 0.500 >20% No
o1 3.309 <0.1% Yes | 0.471 >20% YXo 0.0 N.S. No 0.884 >20% No
2
012
003 1.56h 20>10%7 No 0.812 >20% No 1.1ko >20% No 0.612 >20% No
con 0.788 >20% o 0.637 >20% Mo 0.558 >20% No 0.595 >20%  No
Table 4-3. Comparison of the significance of differences between mean values of shape indices

for known environments

S refers to

Significanece Level,

Marine and Fluvial) and samples from unknown

environments.

o€l
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4-6 EVALUATION OF SHAPE INDICES

On the assumption that in Fig. L-12 samples are
correctly grouped with respect to shape, it is possible
to evaluate the success rate of an index in estaﬁiishing
the correct grouping of pebble shapes into fluvial and

purely marine environments (Fig. 4-13.).

Wp OP index B. index F. index

P = = e e e e e e e e e e e e e G e e mme e e e em  Sme e - e o

Total No. of cases 17 17 17 17
No. correct predictions T 17 15 11
% Success 41% 100% 88% 65%

Fig. 4-13. A summary of the success rate of shape
indices at consistently establishing the correct
grouping of pebble shapes. The data are derived

from Tables 4-2 and 4-3.

Dobkins & Folk (1970) found in % of the localities
studied on Tahiti-Nui that both OP, and wp gave a correct
-and clear environmental discrimination if used alone, and
in the remainder each was correct % of the time. This
study has revealed however that the OP. index is correct

all of the time and wp correct approximately % of the time.

Considering that together the OP. index and wp uniquely
jdentify pebble form (Dobkins & Folk 1970), it is to be
expected that as one parameter becomes more sensitive the
other must become less sensitive in discriminating form.

The discrepancy with Dobkins & Folk's {1970) evaluation

is partly a reflection of the pebbles in this study having
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lower sphericity. In certain regions of the triangle the
sphericity parameter does not differentiate well platy

from elongate forms because the sphericity contours become
more or less parallel to the triangle base (Fig. L-1L.).
The difference is also partly a reflection of the fact that
most pebbles in this study are either bladed or elongate
(Figs. 4-L4 to 4-10.) and therefore span only one sphericity
contour interval while several OP. index contour intervals

are crossed.

Following on further from Dobkins & Folk (1970)
the distribution of the sample population, and in particular
the mean position, will be important in determining which
of the two indices will be the best discriminator. Fig.
L.-15 indicates the directions in which both OP, index and
wp become more consistent at establishing similar shapes,
for constant sample variance, because of the increase in

contour density.

Movement of the sample shape distribution in the vert-
ical direction is more significant than movement horizontally
‘due to the curved nature of the OP. index contours and an
increase in contour concentration. Hence the OP. index
becomes more successful as a shape-discriminatory index
awvay from an % ratio of 0.6 (Fig. L4-15.). It is more
difficult to determine the position where wp shows maximum
efficiency as it is complicated by the fact that an increase
in contour concentration is offset by the contours becoming
subparallel to the triangle base and vice versa. The region

S
where wp is most effective .is around I~ 0.5. In general,

the region of the triangle where the OP. index is most
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Fig. 4-14. Sphericity, oblate - prolate index, form diagram.

(After Dobkins & Folk 1970).

Fig. 4-15. A triangular diagram indicating the direction
in which the indices wp and OP become improved shape
diseriminators, for sample distribution on a sphericity,
oblate - prolate index, form diagram. The most success-

ful region for each index is indicated.



134

consistent is the lower centre, and the most successful
region for ¢p will be right of centre at approximately
S

L = 0.5 (Fig. L-15.).

Although the theoretical situation described above is
strictly correct, the OP. index will always be more consist-
ent in differentiating purely marine from fluvial pebbles
for larger areas of the triangle as it is a more sensitive
measure of platy versus elongate shapes. The reason is
the larger range in numerical values from one end of the
scale (prolate +30.0) to the other (oblate -30.0) compared
with the wp range of 0.0 to 1.0. Hence, there is a large
difference in the mean values between purely marine and
fluvial pebbles for OP. index than for wp. The larger
the difference between mean values, the more likely the

alternative hypothesis holds.

In addition, the OP. index, by determining how oblate
a pebble may be, gives an estimate of the amount of shape
modification which has occurred and therefore the amount
of energy which has been expended on the pebble. Together
with other evidence this may be narrowed down to one of
two possibilities; a short time in a high energy environment,

or a longer time in a lower energy one.

The bladed and elongation indices (Fig. L4-13.) showed
varying degrees of success, essentially proportional to the
spread of mean values between the two extremes of their
respective scales. Of the two, the more complicated bladed
index is a better measure. Although the elongation index
is less successful, it is a very simple and rapid method

suitable for use in the field. For a difference in mean
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values similar to that between 005 and the fluvial pedbbles
’,/

in this study, only 100 clasts of a unit need be measured

to be confident at the 95% level from which of the environ-

ments the unit can be excluded.
4-7 SHAPE SFELECTIVE SORTING

Selective movement of particular clast shapes in rivers
has been observed by many workers. The order of increasing

clast transportability reported in the literature is summarised

below:
Russell (1939) rods, spheres
Krumbein (19L42) disks, spheres, rods
Unrug (1957) spheres, rods, blades, disks

Bradley et al. (1972)
compact, elongated, platy
and Spalletti (1976)

~
P

increasing transportability
Hence, it is evident there 1is disagreement regarding the clast
shape thaet is most likely to be transported furthest, although
this may be explained in part by the mode of transport.
Bradley et al. (1972) consider that platy clasts are trans-
ported in saltation with an erratic tumbling motion. This
arises from the large cross-sectional area in contact with
higher-velocity flows, and therefore platy clasts moved
furthest. Similarly, Spalletti (1976) found that a decrease
in the S/I ratio below 0.67, corresponding to an increase in
platy nature, indicates the predominénce of saltation trans-
port. Conversely, an increase in the ratio above 0.67
corresponds to a more prolate character, and therefore an

increase in traction over saltation transport.
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To determine whether selective sorting of pebbdble

shapes occurs in the Clifton Conglomerate, six

sediment-
ation units were sampled (Fig. 4-16.) within a restricted
stratigraphic range at the base of the Clifton Conglomerate

(Fig. 4-3.).

50cm

Fig. 4-16. Sketch of the outcrop 15 m from the base of
the Clifton Conglomerate in the coastal section

(N135/423204). Sampling areas and numbere are

indicated.

Results Derived from the Measurement of Pebble Shape

The pebble shape distributions for each sample are
presented in Figs. L-1T to L-22, and the percentage pebbles
in each of the 10 form classes are summarised in Table h-h,

The data indicate that samples are generally bimodal.
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Sample | Form Classes (Sneed & Folk 1958)

No. C CP CB CE P B E VP VB VE

006 ;2.2 y.4 17.8 11.1 22.3 26.7 11.1 4.4 - -
007 - 25.0 20.0 8.0 8.0 12.0 23.0 - - 4.0

008 2.6 5.1 15.4 12.8 20.5 15.4% 20.5 2.6 5.1 -

009 - 9.0 12.7 1k.6 12.5 25.5 20.0 - 3.6 1.8
010 (2.5 15.0 15.0 22.§ T.5 20.5 12.5 - 5.0 -
011 - 5.0 26.0 15.0 - 15.0 26.0 - 5.0 10.0

Table 4-4. Percent pebbles in each form class. The prinecipal
modes are in italics. The bimodality evident in this
table 18 less apparent in the original distributions
(Figs. 4-17 to 4-22.). Hence the form class boundaries
in the sphericity-form diagram may only be arbitary and
may not reflect natural associations of pebble shapes.
For example, an essentially unimodal cluster (Fig. 4-21.)
statistically becomes bimodal (sample 010). iingg's
shape classes (Fig. 4.1), although fewer in number, may

be more natural divisions of pebble shapes.

The shape measures of wp, OP, E.I. and B.I. were calcul-
ated for each sample, and statistical analyses of the distrib-
utions undertaken (Table L4L-5.). The mean wp values are
remarkably similar, having a range of only 0.04, and are in
close agreement with the fluvial average of Dobkins & Folk
(1970, 0.67 c.f. 0.68). On the other hand, the extreme range
in OP index velues is sufficiently large to identify a sign-
{ficant difference between a random combination of cases

(Teble 4-5.). Results derived from E.I. and B.I. are not



Maximum Projection Sphericity (¢p) Oblateness - Prolateness Index
Sample N Mean DMean Var. Stdev 95 con N Mean DMean Var Stdev 95 con Mean
No. Size
006 45 0.65 o0.47T4W 0.011 0.103 0.031 45 -1.00 1004.88 22.33 L.73 1.k2 2.76
007 25 0.68 0.142 0.006 0.077 0.032 25 0.13 T703.40 29.31 5.41 2,23 2.69
008 4o 0.65 0.457 0.011 0.107 0.03k4 4o 0.05 1237.68 30.9% 5.56 1.78 1.Lk9
009 55 0.68 0.426 0.008 0.088 0.02k 55 0.96 1553.39 28.2k 5.31 1.k 1.35
010 Lo 0.69 0.352 0.009 0.094 0.030 Lo o0.32 80k.23 20.11 L.48 1.43 1.57
011 20 0.68 0.197 0.010 0.102 0.0L48 20 3.83 L4719.84 25,26 5.03 2.35 1.53
t value S. at 5% value S. S. at 5%
006 1.264 >207% No --0.904~ _ _->20% No
007 1.207 >207% No 0.057- _ - - >20% No
008 1.482 <20>10% No -1 0.799-_ _ - - >20% No
009 0.526 >20% No (| 0.612-{ _ - ->20% No
010 0.375 >20% No 1l 2.72h_ _ <1>0.29% Yes
011 1.082 >20% No | L-3.702- -~ <0.1% Yes
Table 4-5. Comparison of the significance of differences between mean values of shape

indices to establish whether shape selective s

conglomerate.

S. refers to Significance Level.

orting ocecurs in a fluvial

14"
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included here, as the datsa merely confirms that derived

from the OP index.

Shape versus Size Selective Sorting

The mean wp and OP index values have been graphed in
Fig. 4-23, The spread of values in the graph, together with

significant differences between a random combination of OP

index values (Table L-5.), shows that the samples have been

selectively sorted.

/7

7 7\ ’8,'6 - uo O a KEY
g > 4 3_~_§3 o Sample values
o Average
6 L o
W g?zoo
.5
1 1 | 1 | 1 1 L
-2 -1 0 1 2
Oblate Prolate

Fig. 4-23. A graph of wp versus OP index for each sample

together with the average value.

To establish whether the sorting is a function of shape and/
or size, the mean size for each sample was plotted against

OP index (Fig. 4-2L.).

Two groups are recognised, one where the larger pebbles
are oblate to bladed, and the other where the smaller pebbles
are bladed to prolate. In the latter group, pebblés

(uniformly about 1.5 cm, Fig. 4-2L.,) may be either bladed
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to prolate, or markedly prolate (e.g. 011, Table 4-5.).
Hence, larger pebbles tend to be oblate (a size-dependent

shape), but smaller bebbles appear to have shapes independent

of size (size-independent shapes).

3 —
o o
2 -
Size —~ o g O
cm 1 o 3;§3
O | | 1 1 1 ]
0
Oblate 1 L Prolate
OoP

Fig. 4-24. A graph of mean size in em (length of b-axis)
versus OP index. The consistently similar ¥p values
(Fig. 4-23.), irrespective of oblateness or prolate-
ness, indicates a fine balance between reduction in
stze and change in shape. For instance, as a large
oblate pebble reduces in size, i1t becomes more

prolate yet maintains the same ¥p value (Fig. 4-23.).

The associations of size and shape are mesningful in
the context of the facies sampled (Fig. 4-16.). Samples
006 and 007 are interpreted as imbricate channel lag
deposits, and 011 and probably also 010, come from a broad
in-channel bar deposit. Samples 008 and 009 were derived

from foreset beds formed by the downstream migration of a

channel bar.
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Two sorting processes are responsible for the size-

shape dependent and independent relationships:

(i) For a given flow velocity there is selective movement,
and subsequent accumulation, of particular pebdble

shapes independent of size.

(ii) The flow is only competent to move the smaller pebbles,
leaving the large oblate pebbles. These consequently
accumulate as lag deposits after washing-out the

smaller pebbles.

The first sorting process is probably responsible for
deposition of 011, and the second sorting process for
accumulation of 006 and 007. As 0ll has the most prolate
character, it provided least resistance to flow, and there-
fore, at non-uniform and ;ubcritical flow (i.e. turbulent,
tranquil flow of Spalletti 1976), pebbles would be selectively
sorted with respect to shape independent of size, as would
be anticipated on a low channel bar. 008 and 009 represent
non-selective accumulation on a foreset bed where gravity
is an additional force. By comparison, 006 and 00T consist
of oblate pebbles which provide most resistance to flow, and
therefore smaller bladed to prolate pedbbles, if deposited at

all, have been subsequently washed-out.

The shape selective sorting evident in the Clifton
Conglomerate is in agreement with the views of Bradley et al.
(1972) in that sorting processes are as much responsible for
downvalley changes in size and shape, as clast modification
by abrasion. Also, the oblate clasts have prcbably been
transported by saltation and the bladed to prolate clasts

by traction (Bradley et agl. 1972; Spalletti 1976).
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CHAPTER 5: SEDIMENT FABRIC

6-1 INTRODUCTION

The Concept of Sediment Fabric

Two kinds of fabric occur, namely deformation and
apposition (Pettijohn 1975). The former, produced by
external stress, is most apparent in metamorphic rocks
while the latter, formed at the time of deposition, is
a primary fabric. Two aspects of appositional sediment
fabric are important:

(i) Orientation - the attitude of an individual

particle in space,

(ii) Packing - the mutual relationship of

particles to each other.
Any nonspherical grain, the usual case in conglomerates,
will possess an orientation. Most often in conglomerates
the fabric is dimensional, that is determined by the align-
ment of similar axes (Fig. 3-1.), rather than crystallographic
where there is alignment of crystallographic directions

(Pettijohn 1975).

The recognition of an orientation fabric necessitates
selection of a unique plane to which the fabric elements
(clasts in this discussion) may be compared. A bedding
plane, representing the depositional slope, is the most
realistic plane of comparison. However, bedding in conglom-
erates is frequently not obvious and an average plane through
a particular sedimentation unit must be assumed. Hence
orientation is regarded as the inclination of a fixed

direction (axis or plane) within a grain to a fixed direction
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(axis or plane) outside it (Griffiths 1967).

Fabric elements within stratigraphic units can display
varying degrees of preferred orientation. At one extreme
the observed orientations may be completely random and
scattered over the whole hemisphere of a stereonet (Toots
1962), while at the other extreme preferred orientation
is marked with both trend and plunge restricted (Flinn 1958).
Between end members, the fabric elements together reflect
varying degrees of preferred orientation. Some confusion
in terminology has arisen where fabric elements show prefer-
red orientation with respect to plunge, but random orientation
with respect to trend. Such fabric patterns should not be
described as random, but rather as displaying no preferred
orientation; technically they are preferentially oriented,

but the fabric is usually of no environmental significance,.

One of the most obvious aspects of clast orientation is
imbrication; the tendency for clasts to align with the plane

of maximum projection dipping upstream. (Fig. 3-4.).
Some Previous Orientation Studies

The orientation fabric of clasts within sediment deposits
has commonly been used to establish paleoflow directions and
in some cases to determine the depositional environment. The
study of clast orientation in glacial tills has been more
intencsive than that in clast supported conglomerates of
fluvial or marine origin. Hence an understanding of the
genesis of clast orientation in tills is more advanced than

that of conglomerates; a factor which has assisted the writer

in analysis of the Kidnappers Group.

A number of studies, particularly of modern river beds,
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have revealed that imbricate clast supported conglomerates
may be of two kinds (Fig. 5-1.):
(i) The a-axis transverse to flow and b-axis dipping
up stream.

(ii) The a-axis parallel to flow and dipping upstrean.

a(t) b(i) a(p) a(i)

Fig. 6-1. Two types of orientation coded as
al(t) b(i), meaning a(transverse) and
b(imbricate), and al(p) a(i) where a(parallel)

and a(imbricate). (After Harms et.al. 1975).

Preferred a-axis orientation parallel to current have been
described by many workers including Twenhofel (1932) and
Krumbein (1939). However, a-axis orientation normal to
flow is now believed to be the predominant orientation in

most fluvial settings (Unrug 1957; Doeglas 1962; Sedimentary

Petrology Seminar 1965; Kelling & Williams 1967; Rust 1972).

Johansson (1963) however found some clasts have a-axis orient-

ations of various angles to flow, emphasising the danger of



of generalizations. The inconsistency in a-axis orient-
ation and the general agreement that flat pebbles are
imbricated with the ab plane dipping upstream has lead
some workers to suggest that the trend of the maximum
pProjection of the ab plane could be used more reliably
as a current direction indicator (Rusnak 1957; Johansson

1963; Potter & Pettijohn 1963).

Apart from a study of resedimented conglomerates
where a(p) a(i) is the dominant fabric (Davies & Walker
197k4; Walker 1975), and the occasional paper on the orient-
ation of beach pebbles (e.g. Fraser 1935) where the a-axes
vere found to be aligned parallel to the strand line, there
appear to have been few studies on clast orientations in

conglomerates from marine environments.

As with fluvial conglomerates, clast orientation in
glacial tills may be predominantly normal (Holmes 19Ll;
Andrews & King 1968) or parallel to the direction of
glacier movement (Boulton 197Ca, 1970b; Lindsay 1970a,
1970b; Mark 197h). Nevertheless, it is generally believed
that a primary mode occurs parallel and a secondary mode
transverse to the direction of glacier advance (Mills 1977)
Further, some workers recognise a dependent relationship
between clast shape and its orientation (Holmes 19L41;
Andrews & King 1968; Drake 19TL4, 1977) and/or size
characteristics and orientation (Lindsay 1970c), although
it should be noted the influence of size and shape on clast
orientation has been refuted (Mills 1977). There is also

disagreement as to whether clasts are imbricated with
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upglacier dips (Harrison 1957; Boulton 19702, 1970b; Lindsay
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1970a, 1970b; Mark 19Th; Mills 1977), whether they dip
downglacier or whether they have no preferred orientation

(Holmes 1941; West & Donner 1957; Harris 1969).

In a combined theoretical and experimental study of
sand grains under conditions of unidirectional fluid flow,
Rusnak (1957) considered processes for orienting grains
with the flow, and found that the orientation is partly
dependent on the complex inter-relationships of size,
shape, roundness and density. The results for sand grains
are in agreement with the reported influence of size and
shape on the orientation of pebbles (Unrug 1957), where
elongate pebbles in particular, roll on the a-axis develop-
ing a transverse mode. In comparison, smaller and more
spherical pebbles show less distinct transverse orientation
and are more influenced by irregularities in the bed
surface; a view which concurs with that of Laronne and
Carson (1976). Johansson (1963), in a field study, found
pebbles less than 2cm consistently parallel to current and
pebbles greater than 2 cm equally transverse and parallel.
A flume study on the reorientation of clasts (Kelling &
Williams 1967) found similar results to Johansson apart
from the influence of size, now thought to be independent
of orientation. On the other hand, the Sedimentary
Petrology Seminar (1965) found no correlation between
the orientation of various clast sizes and shapes and

stream direction.

Several factors other than the attributes of c;asts

may also determine the orientation fabric, as given by
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Rusnak (1957) as: the velocity of the fluid flow, the
distribution of eddies in turbulent flow, the roughness

of the bottom, the eddies shed by adjacent particles,

the packing of adjacent particles and the rate of sediment

supply.

For some time glacial sedimentologists have realised
that clast orientation in tills is not only a function of
the size/shape characteristics of clasts, but also the
nature of the ice-sediment interface and the processes
operative during transport, deposition, and subsequent
to deposition of clasts. This concept has lead to several
models on the genesis of clast fabric in tills (Glen et al.
1955; Harrison 1957; Lindsay 1970b, 19T70c; Mark 197k,

Shaw 1977). Although interactions of a clast with the
transporting medium are complex (e.g. Mark 19T7kL), and
several combinations of processes mey lead toc the same
orientation fabric, it is now possible to establish whether
clast orientation is primarily the result of englacial or
subglacial fabric-forming processes (Lindsey 1970b, Mark
197L). However, in the study of conglomerates, few workers
have recognised the potential of clast orientation in
recording the transportational, depositional and post-
depositional processes operative at the depositional inter-
face, and no model equivalent to that for glacial tills has

been developed.
Approach to Clast Orientation in the Kidnappers Group

A review of the literature shows that orientation
studies can be approached at two levels, one to derive

paleocurrent directions and the other to determine the



152

depositional environment. In line with this approach and
to help meet the objectives outlined in Chapter 1, 6 sites
within conglomerates of the Clifton Sand and Clifton

Conglomerate were selected (Fig. 5-2.) and clast measure-

ments made (Table 5-1.).

Site Dip Dip Trend Plunge L I s No. Litho-
Direction
ab ab a a Clasts type

1 4 4 v/ 4 4 4 Y 120 1

2 / 4 5k 1

3 4 4 100 1

L 4 4 56 1

5 % % 51 1

6 4 4 Y/ 4 4 4 4 100 5

Table 5-1. A summary of the measurements made on each
elast at each site. The 'ab' refers to the plane,
'a' to the axis, 'L' to length of the a-axis, 'I'

the b-axis and 'S' the c-axis.

Each orientation measurement was corrected for tectonic
tilt following the procedure outlined in Chapter 3. The
original and corrected values of ab plane measurements made
at sites 1 to 6 and the g—axis plunge and trend together
with the axial lengths and shape indices for site 1 and 6 are
included in Appendix II. Although all data were treated
mathematically and approximately TO petrofabric diagrams

were constructed, only the most relevant information 1is

included here.
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5-2. Stratigraphic column indicating the position of
Sites 1 to 6 and lithotypes 1 and 5 in the cocastal

exposure (N135/416207 to 424202) of the Kidnappers

Group.
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$-2 ORIENTATION FABRICS OF CLASTS FROM MARINE AND FLUVIAL

CONGLOMERATES
Comparison of Petrofabric Diagrams

Orientation fabrics of a-axes and ab planes of clasts
at site 6 (marine) and 1 (fluvial) are plotted in Figs. 5-3
to 5-6. The a-axes at site 6 (Fig. 5-3A.) define a sub-
horizontal girdle with two sets of modes each 180° apart.
The direction normal to one set of modes (F-F') is 120°
and the other (G-G') 80°. Minor concentrations also occur
approximately 900 from the modes F-F'. Surprisingly,
a-axes orientations at site 1 (Fig. 5-5A.) also have two
sets of opposing modes, however the girdle is no longer
subhorizontal but gently dips towards the south. The
direction normal to one set of modes (P' - P'y) is 116°
and the other (R' - R',) is 139°. 1In addition, there is
an appreciable concentration of more steeply plunging
a-axes trending north-west.

The orientation of ab planes at each site is, however,
quite different as emphasised by their distribution. At
site 6 (Fig. 5-4A.) the poles to the ab planes appear to
be distributed about the c-axis describing an orthorhombic
symmetry. As indicated by elongation of this fabric pattern
there is slight imbrication of clasts in an easterly and
wvesterly direction. In comparison, poles to ab planes of
clasts at site 1 (Fig. 5-6A.) have well defined bimodality
with maxima offset from the c-axis, This fabric describes
a monoclinic symmetry characteristic of the action of gravity
plus a unidirectional current (Potter & Pettijohn 1963).

Paleocurrent directions within the marine conglomerate

at site 6 were determined independently from 3 small-scale
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Fig.

5§-34.: Equal area plot of a-axes orientations
of elasts at site 6. Number of points = 100.
Contour intervals: 9%, €%, 4%, 2%, 1%, per 1%
area. Modes F-F' have a direction ncrmal to
trend of 120° and modes G-G' of 80°. The
trends of the cross-stratification indicated

by arrows are 318° and 80°.

5-3B.: Point distribution of the trends of

a-axes at site 6. Number cf points = 100.

5-4A.: Equal area plot of poles to maximum
projection (ab) planes of clasts at site 6.
Number of poles = 100. Contour intervals:

18%, 11%, 6%, 2%, 1%, per 1% area.

5-4B.: Distribution of poles to maximum

projection (ab) planes of clasts at site €.

Number of pcles = 100.
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tabular cross-beds and these directions are included in
Fig. 5-3. The paleocurrent directions indicated by cross-
bedding are 105° apart and match those normal to the trends
of a-axes orientations. The position in outcrop where the
clast orientations were measured was within several metres
of the cross-bedding but site 6 itself lacked evidence of
cross-stratification. If the current directions indicated
by the cross-bedding are accepted, then the a-axes aligned
transverse to current. Further, bimodality in the a-axes
orientation fabric may be a function of the wide divergence
in current directions, where some clasts have oriented
transverse to one current direction and other clasts trans-
verse to a different current direction. This may also
explain the orientation fabric of ab planes (Fig. 5-kLA.)
where the effect of different current directions has been
to disorient the ab plane with respect to dip direction but

maintain some preferred orientation with respect to dip.

Paleocurrent directions measured from occasional cross-
beds in the Clifton Conglomerate are consistently from the
west between 0T70° and 150°, As the directions normal to the
trend of a-axes orientations at 116° and 139° (Fig. 5-5A.)
are comparable to paleocurrent directions indicated by cross-
bedding, it supports the view that the a-axis of a clast
aligns transverse, rather than parallel to current flow.
Paleocurrent directions from the west and north-west are also
consistent with imbrication of the maximum projection of the
ab plane in an upstream direction. As a whole, monoclinic
symmetry is characteristic of clast orientation in the
Clifton Conglomerate as evident from the orientation fabrics

of poles to ab planes at other sites (Figs. 5-10; 5-12; 5-1L;

5-16).
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Fig.

5-54.: Equal area plot of a-axes orientations
of clasts at site 1. Number of points = 100.
Contour intervals: 6%, 4%, 3%, 2%, 1%, per 1%
area. Modes P' - Py' have a direction nérmal

to trend of 116° and modes R' - Ry' of 139°.

5-5B.: Point distribution of the trends of

a-axes at site €. Number of points = 120.

§-6A.: Equal area plot of poles to maxirmum
projection (ab) planes of clasts at site 1.
Number of poles - 120. Contour intervals:
6%, 4%, 3%, 2%, 1%, per 1% area. The current
direction indicated by the direction through

the girdle axis 1is 143°,

5-6B.: Distribution of poles to maximum

projection (ab) planes of clasts at site 1.

Number of poles = 120.
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Comparison of Imbrication Angles

Imbrication angles for the pebbles measured at sites
1 and 6 show significant differences in the positions of
modes (Fig. 5-T.). The smallest difference between modes
is 10° and the average difference is 150. Pettijohn (1975)
reported the mean upstream inclination of pebbles in fluvial
deposits ranges from 150 to 30o while the mean inclinations
for marine deposits is only 2% to lSo. The range of inclin-
ations of the clasts in this study are on average 50 higher
than those reported by Pettijohn for both the deposits at

sites 1 (fluvial) and 6 (marine).

KEY

5 Marine (Site 6)
Fluvial (Site 1)

Percent

T AT
10° 50° 90°
Inclination of ab planes

Fig. 5-7. Comparison between imbriecation angles for

site 1 (fluvial) and site 6 (marine).

The difference in imbrication angles between sites 1
and €6 may reflect the persistence and strength of unidirect-
jonal versus polydirectional currents, an interpretation

consistent with the petrofabric dizgrams and evidence of
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paleocurrent directions from cross-bedding. Also, from a
consideration of orientation theory and flume experiments,
& decrease in fluid velocity is known to lower the imbric-

ation angle (Rusnak 1957; Jizba 1971).

Although, for the Clifton Conglomerute, monoclinic
symmetry and a-axes orientation transverse to current, do
not exclude a marine origin, these features, together with
the larger imbrication angles, strongly suggest a fluvial
origin for this formation. This hypothesis is further
strengthened by considering the fluvial shape characteristics
(Fig. L-12), the absence of marine fossils, and the markedly
different orientation fabric of a conglomerate unit known

to be marine.
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6-3 PALEOCURRENTS

Paleocurrent directions in conglomerates of the
Kidnappers Group have been determined on the basis of
clast orientation and dip direction of foreset beds.
Where possible, directions derived from clast orientation
have been corroborated by directions from cross-bedding.
As the conglomerates exposed inland are mainly inaccessible,
a regional pattern of paleocurrent directions could not be
established. Therefore paleocurrents in the coastal
conglomerates were determined, and their directional

variability used in palecenvironmental reconstruction.
Paleocurrent Directions in the 110 ft. Conglomerate

In this formation paleocurrent directions have been
defermined from dip directions of planar cross-stratified sets
(Lithotype 2, Section 2-6). The principal modes of current
directions are represented as vector means in Fig. 5-8, and
all paleocurrent directions measured in the formation are
incorporated in Fig. 5-9 and Appendix III. A feature of
the current directions is their bimodality. There is a
definite trend for the angular separation of modes to increase,
and for directions to become more easterly with time through
the formation. The three principal modes evident in Fig. 5-9
are deceptive, in that at any one stratigraphic level there
are at most, only two modes, and these are generally less
than 90° apart (Fig. 5-8.). Nevertheless, Fig. 5-9 shows
that at times during deposition of the formation, currents

flowed in various directions between 240° west to 40° east.
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5-8. Paleocurrent directions indicated by foreset dip
directions in the coastal exposure of the 110 ft.
Conglomerate (N135/437197 to 453203). Principal modes
represented by vector means are indicated as arrows.

The paleocurrent directions are bimodal and from the

south.
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Fig. 5-9. Rose diagram of paleocurrent directions derived

from the dip direction of foreset beds in the 110 rt.

Conglomerate in the coastal section.

Paleocurrent directions from cross-bedding in conglom-
erates in the Mt. Gordon Beds are similar to those in the
110 ft. Conglomerate, although directions in conglomerates
of the Rabbit Gully and Trig. N. Beds are more westerly

(Appendix III).
Paleocurrent Directions in the Clifton Conglomerate

In view of the paucity of cross-bedding in the Clifton

Conglomerate, paleocurrent directions were established from
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clast orientation measurements at five localities (Fig. 5-18.).

Petrofabric diagrams were constructed from the dip and dip
directions of clast ab planes (Figs. 5-25, 5-16, 5-1k4, 5-12,
5-10 for sites 1 to 5 respectively). Vector means were also
calculated and rose diagrams constructed to illustrate the
paleocurrent data in the standard format (Figs. 5-19, 5-17,
5-15, 5-13, 5-11 for sites 1 to 5 respectively). The paleo-
current directions measured from each of the analyses are

summarised in Fig. 5-18.

The paleocurrent directions indicated by the petrofabriec
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5-10A.: Equal area plot of poles to maximum project-
ion (ab) planes of clasts at site 5. Number of poles
= 51. Contour intervals: 12%, 8%, 6%, 4%, 2%, per 1%
area. The current direction indicated by the direction

through the girdle axis is 135°.

5-10B.: Distribution of poles to maximum projection

(ab) planes of clasts at site 5. Number of poles = &51.

5-11.: Rose diagram of the directions 180° opposite
to the dip directions of maximum projection (ab)
planes of clasts at site 5. Number of values = 51.
The vector mean indicated by the arrow is 144° and
the midpoint of the principal mode 130°. The class
intervals are 20° and the scale represents 10% of

the values.

5-12A.: Equal area plot of poles to maximum project-
ion (ab) planes of clasts at site 4. Number of poles
= §6. Contour intervals: 14%, 10%, 7%, 3%, 2%, per
1% area. The current direction indicated by the

direction through the girdle axis is 102°.

5-12B.: Distribution of poles to maximum projection

(ab) planes of clasts at site 4. Number of poles = 56,

$~-13.: Rose diagram of the directions 180° opposite

to the dip directions of maximum projection (ab) planes
of elasts at site 4. Number of valuegs = 56, The
vector mean indicated by the arrow is 105°. The mid-

points of the two principal modes are 70 and 130°,
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5-10A e 5-10B




Fig.

Fig.

5-14A.: Equal area plot of poles of maximum project-
ion (ab) planes of clasts at site 3. Number of poles
=100. Contour intervals: 10%, 7%, &%, 2%, 1% per 1%
area. The current direction indicated by the direction

through the girdle axis is 118°.

5-14B.: Distribution of poles to maximum projection

(ab) planes of clasts at site 3. Number of poles = 100.

5-15.: Rose diagram of the directions 180° opposite
to the dip directions of maximum projection (ab)
planee of clasts at site 3. Number of values = 100.
The vector mean indicated by the arrow is 1329 and

the midpoint of the principal mode 120°. Class inter-

vals are 20° and the scale represents 10% of the values.

5-16A.: Equal area plot of poles of maximum projection
(ab) planes of eclasts at site 2. Number of poles = 54,
Contour intervals: 18%, 13%, 7%, 3%, 2%, per 1% area.
The current direction indicated by the direction through

the girdle axis 1s 98°.

5-16B.: Distribution of poles of maximum projection

(ab) planes of clasts at site 2. Number of poles = 54,

6-17.: Rose diagram of the directions 180° oppeosite
to the dip directions of mazimum projection (ab)
planes of clasts at site 2. HNumber of values = 54,
The vector mean indicated by the arrow <is 103°. The

midpoints of the two principal modes are 70° and 130°
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Fig. 5-19. Rosge diagram of the direction 180° opposite
to the dip direction of maximum projection (ab)
planes of clasts at site 1, corrected by removing
the influence of a-axis plunge (see Section 5-4).
Number of values = 120. The vector mean indicated
by the arrow is 133° and the mid-point of the

prineipal mode is 130°.

Fig. §-20. PRose diagram of the directions normal to the
trend of the a-axes at site 1. Number of values =

120. The mid-point of the prineipal mode is 100°.
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diagrams are unimodal and flowed from the west and north-
west with only 370 of directional variance. Although paleo-
current directions could not be confirmed at sites 1 to 5

by the dip directions of foresets, where cross-bedding does
occur in the formation (Section 2-6) the directions indicated
are between 070° and 150° from the west. Hence the current

directions shown in Fig. 5-18A are in agreement with those

from cross-bedding.

The paleocurrent directions and environmental signif-
icance in conglomerates of either marked paleocurrent

veriaebility or uniformity, are considered more fully in

Chapter T.

5-19 5-20

RN

o 0%

Comparison of Petrofabric and Mathematic Analysis of Paleocurrent

Directions

Palecurrent directions measured from petrofabric diagrams
(Figs. 5-25, 5-16, 5-1L4, 5-12, 5-10.) are in close agreement
with vector mesns (Appendix III ), except for site 3 where there
is a discrepancy of 18° (rig. 5-18.). However, the directions
indicated by the principal moaes in the rose diagrams (Figs,

5-19, 5-17, 5-15, 5-13, 5-11) are sometimes similar and some-
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times different from petrofabric and vectorial analysis
(Fig. 5-18.). For a symmetricel, monocliniec, orientation
fabric (e.g. Fig. 5-25.), the paleocurrent direction is
more precisely determined by vectorial analysis than by
measurement off the petrofabric diagrams, since it is
difficult to place a monoclinic distribution on a great
circle. Vectorial analysis is further advantaged by its
rapidity and the additional statistical information (e.g.
vector magnitude) which quantifies current variance, there-

fore facilitating comparison of paleocurrent directions.

However, where the distribution is non-normal, the
vector mean may indicate an incorrect direction (e.g. site
3, Fig. 5-15 c¢.f. 5-14.). The other form of mathematic
analysis, rose diagrams, are also often inadequate as a
near-symmetrical distribution (e.g. 5-16) has been shown to
become bimodal (Fig. 5-1T7.). An explanation for these
discrepencies may lie in the nature of the current direction
indicator. Possibly more than with any other paleocurrent
indicators, clasts as indicators do not have an equivelent
ability to correctly predict the paleocurrent direction.
Invariably, a proportion of the clast orientations are not
related to the current direction because of bed irregularity
and lodgement effects. In petrofabric diagrams the extra-
neous orientations may be visually eliminated but in math-
ematic analysis all directions, including the erratic cnes,
are equally weighted. Hence, construction of petrofabric
diagrams is required to inspect and evaluate the distribution

for such irregularity.

The paleocurrent direction at Site 1 was deliberately
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derived from Fig. 5-25, rather than from Fig. 5-6, because
of marked bimodality in the distribution of ab plane poles.

The reason for the bimodality is considered fully in the

following section.
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Fig. 5-18. Paleocurrent directions indicated by clast
imbrication in the coastal exposure of the Clifton
Conglomerate (N135/418207 to 423203). Numbers refer
to measurement sites of clast orientation. The arrows
above A are current directions measured from petro-
fabriec diagrams (the direction through the girdle
axis and the centre of the stereonet). Arrows above
B are vector means and those above C are principal
modes in rose diagrams. Current directions derived
from foreset dip directions of occcasional cross-beds
are indicated within the column where they occur.
Paleocurrent directions are consistently from the west.
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6~4 COMPLICATIONS IN THE DETERMINATION OF PALEOCURRENT

DIRECTIONS FROM CLAST IMBRICATION IN CONGLOMERATES

From the study of modern rivers and flume experiments,
other workers (e.g. Rusnak 1957; Potter & Pettijohn 1963;
Rust 1972) have concluded that the direction of dip of the
maximum projection of the ab plane of clasts is a more
consistent current direction indicator than the a-axis of
clasts. However, this has not been adequately tested in
conglomerates, Awareness of potential complications in
the measurement of paleocurrent directions from clast
orientation in conglomerates, arises from an attempt to
explain the bimodality in the distribution of the poles to

the ab planes of clasts at site 1 (Fig. 5-6A.).

Bimodality in the Distribution of ab Plane Pole Orientations

at Site 1

Fig. 5-29 (located as a fold-out on p.181) shows the
maxima of a-axes points and ab plane poles from Figs. 5-5A.
and 5-6A. Reservations have been expressed about using
maxima divorced from the total distribution (Turner & Weiss
1963), tut this has been done initially to simplify the
situation. The total distribution will be considered later
in this section. Three great circles may validly be described
taking into account the maxima for the a-axes points and ad

plane poles:
(i) Points P' - Q' - Pao' lie on great circle (1)
which is defined by the girdle axis Qp.
(ii) Points P' - P;' - Py' siﬁilarly lie on great

circle (2) about a girdle axis Py.
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(iii) Points R' - Py' - Q;' - Ry' lie on great

circle (3) and define a girdle axis Ry.
A girdle axis is located at the pole of a great circle.

For an orientation fabric a(t) b(i) (Fig. 5-21.), b
is always 90° from a. In this case the pole to the ab plane
and the points of the a-axis will lie on the same great
circle, where the adb plane pole is 90° along the great
circle from each point. Hence the ab plane pole and girdle
axis should lie in a plane which passes through the centre

of the stereonet.

In considering Fig. 5-29 it appears this condition is
satisfied for great circle (2). It also satisfies great
circle (3) if one accepts Q;' - P;', as a continuous girdle
with R;' as the midpoint. However, for great circle (1)
the condition is not satisfjocd as the maxima Q;' is not in
the same vertical plane as the girdle axis Qp and the centre
of the stereonet, as it is further removed from P' than

from Py'.

The Implication of Bimodality in the Distribution of ab

Plane Poles in Determination of Paleocurrent Directions

If one determines the paleocurrent direction normal to
the a-axes maxima R' - Rp', i.e. the direction through the
midpoint of the girdle Q;' - P;', then the current has a
direction of 139° (Fig. 5-29.). Similarly, if the current
direction is taken as that normal to the a-axes maxima
P' - P,' and therefore corresponding to the direction of
dip of the &b plane pole maxima P;', the paleocurrent would

have a direction of 116°. Marked bimodality in ab plane
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orientations at any site has not been reported elsewhere
and appears to be inconsistent with the evidence derived
from modern rivers by Bluck (1974, 1976). Simply recording
a mean direction of 127° will not resolve whether the bi-
modality is due to bimodal current directions or whether

it is due to some effect other than clast interaction with

the current.

A Theoretical Explanation for Bimodality in the ab Plane

Pole Distribution at Site 1.

To better understand bimodality in the maxima of the
ab plane poles and the reascn that in only one of the three
great circles the respective maxima and girdle axis occur
in a plane through the centre of the stereonet, it 1is
necessary to consider a theoretical situation. The stereo-
graphic position of the pole to the ab plane for a clast
with an orientation fabric a(t) b(i) is shown in Fig. 5-21.
Alternative positions uf the pecle for increasing imbrication
angles (6) are shown as crosses. Consider modification
of the orientation fabric a(t) b(i) by imposing a plunge of
a degrees on the a-axis (Fig. 5-22.). A new pole position
is defined shown as the square mark. If for a number of
clasts the dip on the ab plane is held constant (i.e. the
dip on the b-axis) but the a-axis plunge is varied (a degrees),
a simple ab plane pole distribution will no longer be defined.
If the a-axes trending in opposite directions have similar
plunge, the poles to the ab planes will describe a girdle
wvhich lies on the same great circle as the a-axis and is
symmetrically distributed about thé mid-point, 900 from

the trend on the a-axis. Further, if the plunge on the a-axes
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trending in one direction is greater on average than that
trending in the opposite direction, a girdle will be
described. However, the girdle will now be distributed
about a point on the great circle that is further removed
from the a-axes maxima with the greater a-axes plunge,

than from the opposing a-axes (Fig. 5-22.).

From inspection of Fig. 5-29., it is immediately
apparent that asymmetry exists about great circle (1),
where the mode Q;' is asymmetrically distributed about its
girdle axis Qp. Hence a current direction normal to the
a-axes and therefore through the girdle axis and the centre
of the great circle will not coincide with the direction

through the ab plane pole girdle.

An hypothesis is suggested that the asymmetry in the
distribution of the ab plane poles at site 1 is a function
of plunge on the a-axes. Also, it is probable that the
bimodality is a function of the same effect and that Q;'

in particular, is an apparent mode only.

A measure of the distribution asymmetry, is gained by
how far the ab plane poles are removed from a position
equidistant from the a-axis maxima (e.g. the distance that
Q;' is from Qo' in Fig. 5-29.). Hence by only plotting
the ab plane poles it is not possible to detect asymmelry
in the distribution which will, if present, introduce error
in the determination of paleocurrent directions. This can

only be established accurately if the a-axes trends and

-

plunge are also plotted.
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alt) bli)

5-21. Diagramatic and stereographic representation

of the orientation fabric a(t) b(i). The a-axis 18

represented by 2 points where the great circle meets
the primitive. The crosses represent the positions

of the poles to the ab plane for increasing imbric-

ation angles (8), where the distance of the pole

from the centre increases with 6.

a(t) abli)
5-22. Diagramatic and stereographic representation
of the orientation fabric a(t) ab(i). Imposing a

tilt on the a-axis of the clast rotates the pole to
a new position marked by a square. The new pole

position is now more than 90° from the trend of the

a-axis now projected upwards.
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Correction of the ab Plane Orientation for a-axis Plunge

at Site 1

An analysis of the a-&axis plunge on clasts at Site 1
with respect to their trend, shows that the north-easterly
trending axes have on average 10° greater plunge than the
south-westerly trending axes (Fig. 5-23.). Thus the
potential exists for the theoretical situation outlined

above to occur.

SW Piunge
NE Plunge

Number

AN

ga-axes plunge

Fig. 6-23. Histogram of the plunge on north-cast
and south-west trending a-axes of clasts at
Site 1.
To remove the effect of the a-axis plunge, this hypo-
thesis was tested by stereographically rotating selected
ab plane pole positions about the normal to the trend of

the a-axis.

Rotation of Selected ab Plane Pole Positions:

Clasts with ab plane poles in the mode Q1' and an a-axis
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plunge and trend typical of those in the a-axis maxima

R' were rotated. The new positions are represented by
black dots on Fig. 5-2L4. Likewise clasts with ab plane
poles in the north-east part of the mode P;' and an a-axis
plunge and trend typical of those in the a-axis maxima

P,' were also rotated to new positions marked as white
dots. Appendix IV i gives the initial and new positions
for the ab plane poles. The greater the plunge on the
a-axis the further the rotation of the adb plane poles;
conversely, the lower the dip on the ab plane the greater

the angular rotation of the ab plane pole.

The effect of removing a-axis plunge is to reduce the
bimodality and, more especially, to rotate the ab plane
poles away from Q;'. It seems reasonable therefore, on
the basis of some selected positions, to tentatively suggest
that the hypothesis is correct. A new great circle may
be drawn in reservedly as S' - S;' - S3' which has a girdle
axis SA and defines a palencurrent direction of 1290 (Fig.

5-2k4.).

Rotation of all ab Plane Poles at Site 1:

To test whether or not the theoretical situation, which
only dealt with selected cases in the maxima, does reflect
the true situation, all clasts measured at site 1 were
stereocgraphically rotated about the normal to the trend of
the a-axis to remove the plunge on the a-axis. Recorrected
values are shown in Appendix IV ii and thg new orientation
fabric (Fig. 5-25.) is displayed alongside the original

(Fig. 5-26.). The ab plane pole distribution is no longer

bimodal but rather displays monoclinic symnmetry typical of



5-24. Rotation of selected ab plane poles about the
normal to the trend of the a-axis. The current
direction indicated by the direction through the

girdle axis S, is 129°.
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& unidirectional current. The distribution centred about
the maxima is now almost exactly equidistant from the
trend of the a-axes, thereby describing a symmetrical
distribution. On this basis it is felt the hypothesis

.

can be accepted.

It is difficult to determine the current direction
from such a symmetrical distribution; however a value of
132° found by centring the distribution on a great circle
is acceptable by visual inspection. The original bimodal
character of the direction of dip of the ab plane is also
apparent in the rose diagram Fig. 5-27. However, removal
of the a-axis plunge restores a principal mode as shown in
Fig. 5-28, the mid-point of which gives a current direction
of 130°. Similerly, calculation of the vector mean for
the recorrected ab plane poles gives a value of 133°,

Hence for the reasons outlined in discussion of Fig. 5-29,
a paleocurrent direction in the range 129° - 1329 is thought

to be the most accurate estimate.
A New Orientation Fabric a(t) ab(i)

If a symmetrical or an asymmetrical distribution occurs
a new fabric can be postulated, namely that of a(t) ab(i)
(Fig. 5-22.). The reason for this is that the dip and
direction of dip of the &b plane has elements in common
with the plunge on the a-axis and the b-axis. The fabric
a(t) b(i) is reserved for describing the pattern where the
a-axis has no plunge and the imbrication if due only to the

plunge on the b-axis.

In the ideal situation where all the a-axes are trans-

verse to current, a(t) ab(i) will descrite a girdle and
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Fig.

Fig.

5-254.: Equal area plot of poles of maxtimum project-

ion (ab) planes of clasts at site 1. Recorrected by

: : er o
removing the influence of a-azts plunge. Numb f

poles = 120. Contour intervals: 13%, 8%, 4%, 2%, 1%,

per 1% area. The current direction indicated by the

. .o o
direction through the girdle axtis ts 1327.

5-25B.: Distribution of poles to maximum projection
(ab) planes of clasts at stite 1. Recorrected by
removing the influence of a-axis plunge. Number of

poles = 120.

5-26.: Equal area plot of poles to maximum projection
(ab) planes of clasts at site 1. Number of poles =
120. Contour intervals: €%, 4%, 3%, 2%, 1%, per 1%
area. The current direction indicated by the direction
through the girdle axis is 143°. Note: a duplicate of

Fig. 5-64.

5-27.: Rose diagram of the directions 180° opposite

to the dip directions of maximum projection (ak) planes
of clasts at site 1. Number of values = 120. The
vector mean tindicated by the arrow is 140°. The mid-

points of the two main modes are 110° and 170°. Class

intervals are 20° and the scale represents 10% of the

values.

5-28.: Rose diagram of the directione 18027 opposite to

the dip directions of maximum projection (ab) planes

of elasts at site 1. Recorrected by removing the

influence of a-axis plunge. Number of values = 120.

The v . Y . o
ector mean indicated by the arrow is 133° and the

midpoint of the principal mode is 1300,

2
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a(t) b(i) a monoclinic symmetry pattern. 1In practice it
will be difficult to distinguish a girdle due to variation

in the plunge of the a-axes and dip of the ab planes from
one where there is no plunge on the a-axes but the trend

is variable. This will immediately become apparent however,
if the trend and plunge on the a-axes are plotted. Under
this classification sites 1, 4 and 3 (Figs. 5-6, 5-12, 5-1k.)
are described as a(t) ab(i), and sites 5 and 2 (Figs. 5-10,

5-16.) have an a(t) b(i) fabric.
The Significance of an a(t) ab(i) Fabric

Sedimentological information about the depositional
surface may be derived from the fabric pattern. In the
a(t) ab(i) fabric the plunge on the a-axis is due to a
transverse slope on the surface of deposition. If the
fabric reflects a symmetrical distribution, a-axis plunge
may reflect surface irregularities in no preferred direction,
but if an asymmetrical distribution occurs a consistent
slope in one direction is indicated. This is significant
in that it may identify the side slope of a channel or

channel bar which may otherwise not be discernable.

The recognition of an inclined bedding surface in the
Clifton Conglomerate is important in view of the initial
assumption expressed in Section 5-1 that because of difficulty
in identifying bedding planes, it was necessary to assume an
average horizontal plane as a depositional surface. This
study has however rejected a horizontél depositional plane
at site 1 because the fabric elements do ;ot have an orient-

ation fabric consistent with this. Furthermore, the validity

of deriving paleocurrent directions by only measuring the
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orientation of the ab plane, as commonly suggested by
others (Rusneak 1957; Porter & Pettijohn 1963), is now
questioned. This arises because the slope of the
depositional surface will have a significant effect on
the orientation of the clast. However, if the trend
and plunge on the a-axis is also measured, the effect
of the dip of the original depositional surface on the

ab plane orientation may be eliminated.

Most published petrofabric diagrams of pebble &b
plane orientations in modern braided rivers (e.g.
Sedimentary Petrology Seminar, 1965, Fig. 1.) display
perfect monoclinic symmetry. This perhaps reflects that
many sedimentologist, preferring not to get their feet
wet, have biased the sample by choosing flat bar tops to
measure pebble orientation. In a braided fluvial sub-
environment a flat bar top may not be the most typical
position and therefore to always expect a monoclinic
symmetry pattern, as suggested in the literature, is

rather misleading.
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5-29. Petrofabric diagram showing the maxima for
poles to maximum projection (ab) planes of clasts
(from Fig. 5-6A.) as solid blgek, and the maxima
of a-axes orientations of clasts (from Fig. 5-5A.)
as hatehing. The dotted lines represent great
eircles on which lie ab plane-pole and a-axes
maxima. The poles to the great circles are the
girdle axes Q,, P, and R,. The direction through
Qqs Py and the centre of great circles (1) and (2)
is 116°. The direction through R, and the centre

of great circle (3) is 139°.

It is apparent in the diagram that ab plane
pole mode Q1' is asymmetrically distributed about
great cirele (1). Hence a paleocurrent direction
through the ab plane pole girdle Q' - Ry' - Py'

18 not coincident with that normal to the a-axes
maxima. Correction of the ab plane direction of
dip by removing the influence of plunge on the

a-axis, rotates the ab plane poles into a single
mode, the paleocurrent direction through the mode

now being im the range 129-132° (indicated).

Hence it is important that the trend and
plunge of the a-axis of clasts should be measured
in addition to the dip and direction of dip of the
maximum projection of the ab plane, as slope on the

depositional surface has an influence on the orient-

.ation of the ab plane.
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5-5 ORIGIN OF CLAST ORIENTATION

To help establish whether clast orientation in conglom-
erates of the Kidnappers Group relates primarily to orient-
ation during transport or to post-depositional reorient-
ation, the scalar properties of clasts in relation to their
orientation were studies. In this context post-depositional
reorientation is taken to mean the reorientation of a clast
while it remains either in contact with the fluid medium,
or in contact with other clasts in the proéesses of transport

and depostion.

Method

For sites 1 and 6 (Fig. 5-2.) the clasts were grouped
into three classes on the basis of size (taken to be the
length of the b-axis), three on the basis cf sphericity
(maximum projection sphericity), and three on the basis of

the elongation index (Table 5-2, Appendix V).

Class A B C
size >8cm <8 >6cm <6 >3cm
sphericity >0.6 <0.6 0.5 <0.5
E.I. >0.8 <0.8 20.6 <0.6

Table 5-2. A summary of the class limits for
each of the size, sphericity and elong-

ation indices classes.

The clasts were approximately equally distributed within

each of the three classes for size, sphericity and elongstion
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index. The orientation of each clast within each class
was plotted graphically and analysed mathematically. This
procedure was followed for both 2-axis and ab plane orient-
ations at sites 1 and 6, although only the most relevant
information is presented here (Figs. 5-30 to 5-32, Table

5-3 and 5-L4).

The Influence of Clast Attributes on the Orientation of
a-axes at Site 1.

Petrofabric Analysis of Size. Sphericity and Elongation

Index Classes:

In Figs. 5-30A, B, C the a-axes distributions are plotted
with respect to each of the size classes of pebbles at site 1.
Similarily Figs. 5-31A, B, C represent the distribution of
the sphericity classes and Figs. 5-32A. B. C the distribution
of the elongation classes. Incorporated in Table 5-3 is a
summary of the statistics for each of the nine classes. The
trend values of clasts within each class are included in

Appendix V.

The petrofabric diagrams in general show little preferred
orientation with no one class completely explaining the
tendency for clasts in the total distribution (Fig. 5-5A.)
to have a-axis orientations either normal or parallel to
current flow. The same comment can be made from the math-
ematical analysis where most classes fail to find a signific-
ant difference between the vector means at P = 0.05. Despite
this general statement, Fig. 5-30A shows that the largest
size class contains the greatest number of clasts aligned

parallel to the flow direction. Conversely, pebbles in the
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5-304A. :

5-30B.:

i8 size
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Point distribution of the trends of a-axes
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remaining size classes, and in particular Fig. 5-30B, show
a greater tendency to be aligned transverse to the current

direction.

The difference in the orientation of the largest size
class from the smaller size classes is statistically signif-
icant at P = 0.05 (Table 5-3). In line with this, the
largest size class also has the lowest variance and standard
deviation and the highest confidence limits. Orientation
of the largest clasts parallel to current, as observed above,
does not agree with the transverse mode of others (Johansson
1963; Sedimentary Petrology Seminar 1965; Kelling & Williams

1968).

There is no discernable trend in the distribution of
clasts with respect to sphericity. It is probable that the
inability of sphericity to impose a trend is a function of
the independence of sphericity and size, as a reduction in
size is finely balanced by a change in shape to give a
similar sphericity value (Section L-6). The lack of any
preferred orientation in the petrofabric diagrams is mirrored
in the large variance, standard deviation, confidence limits
and significance values (Table 5-3). The trend noted by
Rusnak (1957) and Kelling & Williams (1968) for dispersion

to increase with an increase in clast sphericity, is not

apparent in this study.

In comparison, a small amount of the total distribution
is explained by the three elongation index classes. Most
of the clasts wvhich plot parallel to flow, occur in the
large and intermediate elongafion classes (Fig. 5-31A & B).

This is not however, statistically significant (Table 5-3).



Fig. 5-32A.: Point distribution of the trends of
a-axes in elongation index class A. Elongation

index value 20.8. Number of points = 37.

Fig. 5-32B.: Point distribution of the trends of
a-axes in elongation index class B. Elongation

index value <0.8 >0.6. Number of points = 55.

Fig. 5-32C.: Point distribution of the trends of
a-axes in elongation index class C. Elongation

index value <0.6. Number of points = 28.
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Stdev. Vec. Mag.% 95% con. 99% con.

n Mean Var.
TOTAL 120 349 5893 T7 39.24 1k 19
Size >8cm 34 315 3708 61 55.75 21 - 28 :>_
<8 >6em 36 15 Lh65 67 59.55 23 - 31 >o- >208
<6 >3cnm 50 353 7554 87 24, 46 25 L33 7
Ratio I/L  20.8 37T 353 Lash 66 54,6k 22 - 30 :>__
<0.8 >0.6 55 333 6166 79 30.86 22 ri 29 :>__10>57
<0.6 28 5 6010 78 4. 00 31 IS SR
Sphericity 20.6 Ly 359 5817 T k2.L8 2l - 32 ;>—- >20%
<0.6 20.5 L7 351 6205 79 35.45 2k - 32 So- 208
<0.5 29 332 5390L Th 42,31 28 L:_gq_ “,2O>10%
Cross-correlation LL 1k 343 1804 43 78.7h 25 35
LM 17 280 hiok 65 52.k41 34 L6
LS 3 340 6085 79 LT.17 19k 248
ML 13 2 LL46T 67 57.12 41 57
MM 17 15 3007 56 71.52 29 Lo
MS 5 Lk 3470 59 68.86 Th 122
SL 11 22 11880 109 14,98 Th 105
sM 20 313 8059 90 10.31 42 58
SS 19 350 5004 T2 48,88 35 48
Grouped LL, LM, ML, SL 55 330 4889 70 44,03 19° 26 :>__ 107
correlation ;¢ o gy gg b7 355 6952 8L 30.73 25 33
Table 5-3. Summary of the statistics resulting from.the veetor analysis of a-axes
orientation data at Site 1. S. refers to Significance Level. A complete

summary of thne data is ineluded in Appendiz V.

L8l



n Mean Var. Stdev. Vec. Mag.% 95% con. 99% con.

TOTAL 120 140 3139 57 6L.27 12 14

Size >8cn 34 133 1625 L1 T7.72 1k 19

<8 >6cm 36 143 1953 L5 T4.30 15 21

<6em 50 150 L4701 69 50.91 20 26

Ratio >0.8 37 150 2829 5L 68.0k 18 2k

<0.8 >0.6 55 133 3303 58 62.35 16 21

£0.6 28 143 2628 52 70.00 20 27

Sphericity 0.6 Ly 1kk 2748 53 66.52 16 22

<0.6 >0.5 LT 1k2 3206 57 63.00 17 23

<0.5 29 135 3351 58 67.35 23 30

Cross-correlation LL 14 135 1206 35 8L.39 21 28

LS 3 164 38 T 99.62 16 35

LM 17 117 2050 L6 73.85 2L 33

ML 13 152 1559 Lo 79.84 24 34

MM 17 1h0 2525 1 70.29 26 36

MS 5 128 1h1i2 38 8L4.10 L7 78

SL 11 160 6823 83 33.30 56 79

SM 20 148 5024 71 ho .48 3L L6

SSs 19 1Lh 3431 59 62.17 29 39

Grouped correlation LL, ML 27 143 1bh12 38 81.26 15 21

" " LM, LS, MM, MS, SL, 92 139 3593 60 60.21 13 17
SM, SS

Total-axis plunge removed 120 133 L4515 68 52.03 13 17

Table 5-4. Summary of the statistics resulting from the vector analysis of ab plane
pole orientations at Site 1. The directions used in calculation are 180°
opposite to the direction of dip of the ab plane.

A complete summary of the data is included in Appendix V.

881
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Nevertheless, this does agree with the findings of
Johansson (1963) and Kelling & Williams (1968) who
observed more elongate pebbles transverse to current

flow.

Part of the reason the Sedimentary Petrology Seminar
(1965) did not find a relationship between clast shape
and orientation, may lie in their use of the 3-dimensional
flatness ratio rather than the elongation index. Fluvial
sedimentologists have been reluctant to use this simple
2-dimensional measure, although glacial stratigraphers
have realised its environmental sensitivity and have put
it to good effect in recognising transverse and parallel

clast orientations (Drake 1977).

Petrofabric Cross-correlation:

By simply analysing the clast orientations with respect
to si;e, sphericity, and elongation classes, insuffient of
the total orientation pattern is explained. It therefore
appears that either the orientation is more subtly related
to size and shape, or in fact there is no relationship.

The difference in the orientation of the large size class
and the large and intermediate elongation classes from
other classes, prompted the plotting of various size/elong-
ation cominations as a cross-correlation. The matrix is

illustrated below:

LL LM LS
ML MM MS
SL SM S5

The notation used to characterise each of the nine sub-

classes in the cross-correlation is as folléws: L, M and S
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refer to the large, intermediate and small size and
elongation classes. The first letter in the two letter
abbreviation, refers to the size class and the second
letter to the elongation class. For instance LL is the
large size large elongation subclass, while SM is the

small size intermediate elongation subclass.

The orientations for clasts in the nine subclasses
were plotted on petrofabric diagrams but although not
included here, the trend values for each subclass are
included in Appendix (V) and a mathematical summary
of the results is included in Table 5-3., Certain trends
are apparent. The subclasses LL and LM consistently plot
in the north-west quadrant and LS in the north-east and
south-west quadrants. Other combinations also have a
fendency to plot either predominantly transverse or para-
llel to current flow. As the number of pebdbles in each
subclass was not statistically significant, combinations
which showed similar trends were grouped into two diagrams,
one of LL, LM, ML and SL in Fig. 5—33 and the other of LS,
MS, SM and SS in Fig. 5-34. The combination MM was not
plotted as it did not fall directly into one or other of

the patterns.

Each of the two grouped correlations have factors in
common. In Fig. 5-33A not only do clasts have a-axis orient-
ation transverse to current direction, but also this group
contains most of the pebbles oriented parallel to flow.

On the cther hand, in Fig. 5-34A orientations are predom-
inantly transverse to current flow. The effect of the

graphical cross-correlation has been to sort and stress



Fig.

Fig.

Fig.

5-334.: Equal area plot of a-axes orientations
of clasts in the grouped correlation of subclasses
LL, LM, ML, SL. Number of points = §5. Contour

intervals: 8%, 6%, 4%, 2%, per 1% area.

5-33B.: Point distribution of the trends of
a-axes of clasts in the grouped correlation of

subelasses LL, LM, ML, SL. Number of points = &5.

5-34A.: Equal area plot of a-axes orientations
o/ clasts in the grouped correlation of subeclasses
Ls, Mc, SM, SS. Number of points = 47. Contour

intervals: 7%, 5%, 3%, 2%, per 1% area.

5-34B.: Point distribution of the trends of
a-axes of clasts in the grouped correlaticn of

subelascses LL, LM, ML, SL. Number of points = 47.
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5-34B




192

the slight tendency for each size and elongation class to
explain the total distribution. The result is that although
the greatest tendency is for pebbles to be oriented normal
to flow, those that are parallel to flow have large sizes
and large elongation values. This explains in part the
orientation of some large clasts parallel to current flow

(c.f. Johansson 1963; Kelling & Williams 1968).

The Influence of Clast Attributes on the Orientation of ab

Planes at Site 1

Modification of the dip direction of the &b plane by the
external factor of channel slope, has already been established
(Section 5-4.). As the distribution of the ab plane poles
is closer to the c-axis in Fig. 5-25A. than in the original
distribution (Fig. 5-26.), it appears that removal of dip
on the a-axis reduces the imbrication angle. Although this
occurs, clast imbrication is still present irrespective of

depositional slope.

An analysis similar to that for the a-axes was undertaken
to establish whether the influence of scalar properties was
recorded in the orientation of ab planes (Appendix V).

No discernable trend, either on the basis of petrofabric
diagrams or mathematical treatment (Table 5-4), was evident
for any particular class to explain parts of the total orient-

ation fabric (Fig. 5-6A.)

A cross-~correlation between size~and elongation was also
developed and it was found that certain subclasses gave
concentrations in similar regions of the stereonet. Grouping
the subclasses yielded two diagrams, one of LL and ML in

Fig. 5-35 and the other of LM, LS, MM, MS, SL, SM and SS in
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Fig. 5-36. Neither of these orientation fabrics is able
to explain the bimodality in the original fabric (Fig.

5-26A.) and therefore reinforces the influence of channel

slope.

The inability to detect a signific;nt influence of
scalar properties on orientation is understandable, as
most pebbles irrespective of size and shape are imbricated.
The least spread in the two distributions occurs in Fig.
5-35A which also has, on average, lower imbrication angles.
A lower standard deviation, higher vector magnitude and
higher confidence limits (Table 5-4,) confirms the reduced
spread. For this reason the larger size/elongation clasts
are more attractive as paleocurrent direction indicators.
However, the vector mean for these clasts 1is lh3° (Table
5-4.), more removed from the correct range of 129-132°
(Section 5-4.) than the value 139° for the alternative
grouped correlation. Therefore it appears larger size/
elongation clasts are more affected by slore of the deposit-
ional surface. If for these pebbles it can be established
that the a-axis has no plunge, or if it is measured and a
correction made, an accurate indication of the paleocurrent

direction may be derived by measuring a reduced number of

these clasts.

The Influence of Clast Attributes on the Orientation Fabric

of Site 6

The same method of analysis outlined for site 1 was
repeated at site 6, but neither the individual size, sphericity
or elongation index classes, nor a cross-correlation gives

any indication of a relationship between a-axis and 2b plane



Fig.

Fig.

Fig.

5-354.: Equal area plot of poles to maximum
projection (ab) planes of clasts in the grouped
correlation of subclasses LL and ML. Number of
poles = 27. Contour intervals: 22%, 15%, 11%,

?%, 4%, per 1% area.

5-35B.: Distribution of poles to maximum projection
(ab) planes of clasts in the grouped correlation of

subclasses LL and ML. Number of poles = 27.

5-364.: Equal area plot of poles to maximum project-
ton (ab) planes of clasts in the grouped correlation
LM, LS, MM, MS, SL, SM, SS. Number of poles = 92,

Contour intervals: 8%, 6%, 4%, 2%, 1%, per 1% area.

6-36B.: Distribution of poles to maximum projection
(ab) planes of clasts in the grouped correlation of

subclasses LM, LS, MM, MS, SL, SM, SS. Number of

poles = 92,
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orientations and clast attributes. Evidently, the
influence of polydirectional currents is to confuse
pebble orientations, particularly the direction qf dip

of the ab plane, and complicate the effect on orientation

of clast shape and size.

The Theory of Grain Orientation Development during Transport

and Deposition

Jizba (1971) believes that the preferential alignment
of clastic particles in sedimentary rocks can best be
explained by studying the phenomena of tumbling in free
fall and hydrodynamic drag. This view, supported in part
by Rusnak (1957), echoes the minimum energy hypothesis
developed by Jeffery (1922), in a study of the motion of
ellipsoidal particles immersed in a viscous fluid, and
Taylor (1923) has provided experimental verification of
this. The following is a brief summary of fluid forces

acting on a clast based on Rusrak (1957) and Jizba (1671).

Orientation due to Anguler Momentum:

A clast in motion has an angular momentum which is
the product of the moment of inertia about the axis of
rotation and the angular velocity. A pebble will only
maintain its angular momentum if it rotates about the
c-axis or s-axis (Fig. 5-37.), where this corresponds
respectively to a maximum and a minimum moment of inertia.
A clast is unable to rotate about the b-axis (Fig. 5-37.)
when it has a forward velocity, and consecuently randomly

tumbles when in free motiocn.



196

(i)

Fig. §-37. Rotation about the a-azis (i) and
c-axis (11) and tumbling about the b-axis

(121) when a clast is in free motion.

Upon deposition, the orienting force due to angular
momentum will cease and therefore the orientation of the
pebble will reflect the axis about which the pedbble
tumbled. Consequently, these pebbles which tumbled about
the b-axis will be randomly oriented, compared with those
which rolled around the longest axis and are now trans-
verse to current direction. However, clast motion is
constrained within a fluid and therefore drag and 1lift
may play a greater role than angular momentum in deter-

mining particle orientation (Jizba 1971).

Orientation due to Fluid Drag:

The drag of a particle is given by the formula:

D = LC_ Vv2s,

D

Where D is drag, Cp the drag coefficient (related to shape),
fluid density, V fluid velocity,.and S1 area of the grain
as projected on a plane perpendicular to the fluid flow.

The drag will be at a minimum when the grain's long axis
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is aligned parallel to flow. For a platy clast the most
stable orientation is one with the ac or ab plane projecting
into the current. Where a grain is in an inherently
unstable position, the fluid drag will reorient the pebble
so as to present the least surface area to the current and

produce the least fluid drag.

Orientation due to the Lift Force:

The force acting on a grain in a direction perpendicular
to fluid flow is called 1ift. The amount of 1lift is given

by the formula:
= L 2
L = lZCLV Syy,

Where L is the 1ift, C; is the 1lift coefficient of the
particle (related to shape) and Sp; is the plan area of the
grain as projected horizontally. The most stable grain
orientetions are those that have a negative (downward) 1lift.
This corresponds to a position where the clast is facing

into the current in an imbricate fashion.

In summary, the preferred orientation of a pebble in
response to interaction with the flow, will depend on the
relative importance of each of the three fluid forces.
This in turn is dependent on the size and shape of the
clast, where the larger and more elongate a clast the more
likely & preferred orientation at right angles to flow
(greater influence of inertial forces) and conversely, the
smaller a pebble the more likely it is parallel to current

(drag forces).
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Factors of Clast Reorientation

Collisions:

It has long been recognised in the application of
theory to the understanding of clast orientation in
glacial tills, that the preferred orientations reflect
processes other than Just the forces exerted by the
transporting medium (c.f. Jizba 1971). Manley et al.
(1955) and Glen et al. (1957) have pointed out that
reorientation of clasts results from interaction between
clasts. Glen et al. (1957) envisaged that the collisions
of particles in motion was a mechanism by which clasts
moved towards an orbit of minimum energy (Jeffery 1922).
For instance, a prolate clast rolling irn an orbit of
minimum energy would "sweep out the least volume'", there-
by coming into contact with a minimum of other clasts
which could disrupt this preferred orientation. 1In the
same way, the orbit of a clast in an unstable rotation
would occupy a larger volume and therefore have a greater
chance of colliding and changing orbit. Thus & transverse
orientation would be favoured for prolate clasts whereas
for an oblate clast, for which the minimum energy hypocthesis
favours a transverse mode, would on the basis of collisions

favour the parallel direction.

In support of this idea Manley et al. (1955) observed
that the orbit of a single rod remained constant for a
long time, whereas when the density wés increased the
transverse orientation developed. These views do not
completely concur with the experimental and field evidence

of Johansson (1963) and Rust (1972) who found collisions
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caused rotation from the transverse mode; an effect which
increased with pebble concentration. This d4id however,
mainly occur with collisions of moving and stationary
clasts (c.f. Glen et al. 1957). An opposite relationship

holds for imbrication which improves with pebble concent-

ration (Rust 1972).

Velocity:

Apparently an increase in current strength results
in improved clast imbrication (Rusnak 1957). On flow
velocity, the Sedimentary Petrology Seminar (1965, p.278)
commented that "the currents that orient gravel during
floods in Wolf Run are evidently so intense that variation
in size and flatness has virtually nec influence on the
hydrodynamic response of the particles". Rust (1972)
noted that as a-axis orientation parallel to current
repreéented the saltation mode of transport, a-axis orient-
ation could be used to infer the magnitude of ancient
stream velocities. Kelling & Williams (1968) found re-
orientation to be an in gsitu process and primarily a
function of flow velocity. An increase in current strength
reorients pebbles with a transverse mode but at low
velocity ranges, the attitudes of pebbles is directly
controlled bty the geometry of the bedforms; an effect
similar to lodgement c¢f small perticles in irregularities

of a depositioned surface (Hendry 1976; Laronne & Carson
1976).
A Synthesis of the Origin of Clast Orientation

A synthesis of the theoretical views and experimental

and field observations of others would suggest that the
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processes orienting clasts may include interaction with

the fluid forces, interaction between particles, and
between a particle and the depositional surface. Further,
the opportunity for interaction may occur during transport
and/or after deposition (Fig. 5-38.). 1In line with this,
the terms transportational orientation and post-depositional
orientation are used to respectively describe the groups of
forces responsible for clast orientation while in motion,
and orientation imposed on the clast while it remains in
contact with the current or other particles transported

by the current.

Influence a-Axis ab Plane
Saltation Traction
Angular Momentum Parallel*¥* Transverse¥ N.P.O.¥
Drag parallel¥*+ conformable¥*+
Lift imbricate+ imbricate+

Collisions
Bedform
Lodgement

Particle Density

transverse¥*

transverse+

N.P.O.+

transverse/parallel+

N.P.O.%¥

N.P.O.+

N.P.O.+

imbricate+

A summary of the preferred crientation

of the a-axis and ab plane of a clast likely

to develop under each influence.

N.P.O. means no preferred orientation.

¥ means influence operative during transport.

+ means a post-depositional influence.
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A-axis orientation parallel or transverse to current
may result either from the transportational orientation
or its post-depositional modification (Fig. 5-38.). How-
ever, imbrication of the ab plane is exclusively a post-
depositional orientation fabric, hence it has potential
in establishing the importance of transportational versus
post-depositional influences on the origin of clast orient-

ation.
The Origin of Clast Orientation at Site 1

In the graphical cross-correlation those clasts parallel
to current were mainly large sizes with large elongation
index values (Fig. 5-33A.). According to Fig. 5-38, such
an orientation may develop through angular momentum or
reorientation parallel to flow by fluid drag once deposited.
The second alternative is unattractive especially as the
smaller clasts do not seem to have reoriented under this forece
(Fig. 5-34A.). Hence the most probable origin of the parallel
modes in Fig. 5-33A is one of orientation due to transport

where the clasts tumbled about the b-axis in a random fashion.

As the smaller clasts are transverse to flow, this
evidently reflects movement by rolling on the &a-axis, an
orientation reinforced by post-depositional processes (Fig.
5-38.). An apparent contradiction is highlighted in that
larger clasts moved by saltation and smaller clasts by
traction. A possible explanation drawn from Figs. 5-33A
and 5-34A lies in the movement of the largest clasts at high
flood stages with subsegquent deposition. With falling flood
stage, the remaining population continues to be transported

until a critical velocity is reached immediately above which
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a clast is in traction transport, and below which a
particulaer size is no longer transported. Therefore,
although a total population may at some stage have moved
in saltation/suspension, only the largest clasts are most
likely to maintain this orientation, with most others

recording a traction orientation prior to deposition.

No trend in clast size or shape was evident in the
preferred orientation of ab planes at site 1 (Figs. 5-35A
& 5-36A.). Ubiquitous however, is imbrication, evident
from Fig. 5-38 to be a post-depositional modification.
Imbrication is predominantly due to the 1ift force and
particle density effects (Blatt et al. 1972; Hendry 1976).
For a given 1ift force the larger clasts have a lower angle
of imbrication, consistent with that found in Fig. 5-35A &
5-36A. The very high imbrication angles and in particular
the inclination of clasts in a downstream direction, reflect
lodgement effects. Hence, the predominance of upstream
imbrication strongly suggests that clasts have suffered
reorientation by rotation of the ab plane upstream. This
process most likely occurs during falling flood stages and
normal stream flow, when the current is largely incompetent
to move the sediment, but of sufficient strength to reorient

clasts in situ.
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6-6 A MODEL OF CLAST ORIENTATION

Clast orientation may record a spectrum of trans-
portational and post-depositional processes operative
on clasts. At one extreme, the orientation fabric may
be wholly the result of orientation during transport,
preserved by rapid burial, or at the other extreme post-
depositional influences may have completely modified the
original orientation. Hence clast orientation, at least
in the extreme cases, is now thought to be a sensitive

environmental indicator in conglomerates.

A model (Fig. 5-39.) is presented which enables the
relative importance of the processes operative during
transport and after deposition to be evaluated. The
model contains two enclosing boxes, an outer one represent-
ing the ab plane and an inner one representing the a-axis.
Imbrication is largely synomonous with post-depositional
modification and hence its recognition is evidence of thisj;
the degree of development indicating the amount of modif-
ication. It is evident from the model that most clasts
may be imbricated although the smaller more elongate
pebbles are most susceptible to lodgement. The a-axis
orientation is less sensitive at distinguishing transport-
ational and post-depositional orientation as each may
develop the same fabric. However, it may in part explain
the hydrological regime and mode of transport. A 3 x 3
matrix of size and elongation index élasses improves
resolution, where the influence of clast shape is to
establish a preferred or & non-preferred orientation during

transport. Clast size on the other hand largely determines

the post-depositional stability.
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Fig. 5-39. Clast orientation model. For two examples of
operation of the model see the text in Section 5-6.
N.P.0. means no preferred orientation.

P.D.S. means post-depositional stability.
T/P means transverse/parallel orientation during

transport.
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Operation of the model is best explained by two
examples. The fabric identified at site 1 had large size/
elongation clasts parallel to flow, other clasts transverse
to flow, with all clasts imbricated. Clearly, the imbrication
indicates significant post-depositional modificaticn. In
considering a-axes orientations, the largest sizes are most
stable after deposition and although there may have been a
slight post-depositional tendency to develop a parallel
orientation for LL, the orientation largely indicates
deposition from turbulent transport in saltation. The
smaller clasts are less stable and have inherited their
transverse orientation both from rolling on the a-axis and
the reinforcement 6f this orientation after deposition.

As explained earlier (Section 5-5.) a-axis orientations

are consistent with a flood and falling-stage regime.
Further, it is thought there is a genetic association of
large clasts parallel to current and well developed imbric-

ation, both being indications of strong currents.

An alternative fabric is one with poorly developed
imbrication with large clasts transverse and small clasts
parallel/transverse to flow. The absence of imbrication
suggests the unimportance of modification after deposition
owing to rapid burial. Hence the a-axis orientation pre-
dominantly transverse to flow is developed during transport.
A depositional setting in which such a fabric may develop

is by avalanche cof clasts down the foreset slope of a
migrating channel bar.

The above model is intended to illustrate that a spectrum

of clast crientations exist which relate to .the processes of
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sediment transport and deposition. In its extremes the
model is valuable, although the natural variability of

clast orientation may preclude further refinement.
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CHAPTER 6: SEDIMENT TEXTURE AND
MINERALOGY

Sediment texture is interpreted here as the particle-
size distribution of the so0lid, inorganic constituents of
deposits. Textural analyses generally have been used to
describe grain-size distributions, to characterise or
identify depositional environments, and to interpret the
hydrodynemic regime of sediments. Studies by Friedman
(1961), Allen (1965), Visher (1965, 1969) and others have,
however, been concerned mainly with sandy deposits. Few
textural studies of conglomerétes have been reported, and
where they have, the deposits have been predominantly sandy
gravels (e.g. Bork 1970; Hume et al. 1975). For the reasons
outlincd in Section 3-4 detailed textural analysis to identify
the depositional environmenta has not been attempted. Rather,

hydrodynamic interpretations are emphasised here.

In view of the limited applicability of the usual forms
of lithostratigraphic correlation, tephrostratigraphy, largely
determined by the ferromangesian minerel assemblages, was
investigated to establish, if possible, correlation of °

coastal and inland exposures of conglomerates.
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6-1 TEXTURAL ANALYSES OF SOME CONGLOMERATES

Twelve gravelly samples (014-025) were analysed
following the procedure outlined in Section 3-4 and the
results are summarised in Fig. 6-1. Most samples are true
gravels with OlL, 015 and 024 being muddy, sandy gravels

and 025 a sandy gravel (terminology after Folk et al. 1970).

Contrary to the results of Visher (1969), the cumulative
size frequency curves on probability paper (Fig. 6-1.) do
not clearly display separate log-normal suﬁpopulations
corresponding to traction, saltation and suspension modes
of sediment transport. The slopes of the curves are also
decidely more shallow than the average slopes of Visher.
This not only refects the more poorly sorted nature of the
conglomerates, but also the coarser grain-size and fine
skewness, where the abundance of material in the coarse phi

intervals has a damping influence on the distridbution.

Excluding Fig. 6-1lc, samples have mean and median sizes
coarser than about -3¢, are poorly to very poorly sorted and
strongly fine-skewed. The poor to very poor sorting is
partly a result of the wide range of grain sizes available
for transport, and partly the result of rapid deposition.
Similerly, positive skewness may be explained by rapid
deposition preventing the washing out of fines (Hume et al.
1975 c.f. Friedman 1961). Kurtosis is quite variable and
has commonly been found not to be a useful grain-size para-

meter (Baker 1968).

Hence the absence of meaningfui log~-probability plots
together with the non-normality of these gravels, limits

interpretetion of the grain-size distribution in terms of
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depositional environments.
Grain-Size Distribution of Lithotype 1.

The sedimentation units in three couplets of Litho-
type 1 were analysed: the lower part of the inversely
graded unit (Samples 014, 015, Fig. 6-1A.), the upper part
of the inversely graded unit (Samples 016, 017, 018, Fig.
6-1B.), and the normally graded unit (Samples 019, 020, 021,
Fig. 6-1C.). Samples in Fig. 6-1A are bimodal (< -5¢ and
-4 to 2¢), in Fig. 6-1B are strongly unimodal (< -=5¢), and
in Fig. 6-1C are largely unimodal (-5 to -14). To interpret
these grain-size distributions a shear velocity relationship
of bedload to suspended load sediment, developed by Walker
(1975) for resedimented conglomerates, has been applied to

the couplets of Lithotype 1.

For sediment to remain in suspension the applied shear
stress must generate turbulent eddies thet can prevent
sediment from settling to the bed. Similarly, for roliing
of pebbles on & bed, the applied shear stress must be great
enough to overcome the rolling resistance of the clasts
A(Harms et al. 1975). Hence, a relationship between the size
of clasts transported by rolling and the size of sediment
suspended for a given flow velocity has been derived (ivia.
pl39). Furthermore, Walker (1975) graphed equivalent
suspended sediment and bedload clast sizes for various shear
velocities (Fig. 6-2.). Mean flow velocities in m/sec.

egquivalent to shear velocities were also calculated by

Walker (1975, Fig. TA.).

One interpretaticn of Fig. 6-2 is that relatively small

fluctuations above and below a critical shear velocity will
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result in either rolling of gravel on the bed with
suspension of sand, or cessation of gravel rolling and
deposition of sand for appropriate size distributions

(Harms et al. 1975). 1In Fig. 6-1B, cessation of movement

of gravel sizes from -5 to -6¢ (3.2 to 6.4 ecm) should result
in sand finer than -1.0 to -0.25¢ (2.0 to 1.2 cm) being
maintained in suspension (Fig. 6-2.). However, in Fig. 6-1B

there is minimal sediment coarser than -1¢ associated with

this mode.

This may be interpreted in a number of ways. Either
no sediment coarser than -l1¢ was available for transport,
or it was available but never deposited, or alternatively it
was deposited and then removed. The first alternative is
unlikely in view of finer grained sediment above and below
samples 016, 017 and 018. It is difficult to establish which
of the remaining alternatives holds, however, it is signific-
ant that.fhe "missing" grain sizes from -5 to -1¢ abound in
overlying unit of the coupiet (Fig. 6-1C.). Neverthéless,
in view of the larger range of grain sizes in samples 016,
017 and 018 (Fig. 6-1B), it seems unusual that the upper
unit (Fig. 6-1C.) is the more poorly sorted. Hence it is
possible that at one time a greater quantity of sediment
in the range -5 to -1¢ was deposited, but that it has sub-
sequently been washed out. The presence at the base of the
inversely graded unit of a heterogeneous grain-size distrib-
ution from -6 to >3¢ (Fig. 6-1A.) is additional support for

this view.

A mean current velocity in the vieinity of 3.5 m/s is

indicated for the lower unit of the couplet, and a velocity
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of 1.8 m/s for the upper unit (Walker 1975, Fig. TA.).
The environmental significance of textural associations
in couplets of Lithotype 1 are considered more fully in

Chapter T.
Grain-Size Distribution of Lithotype 4

Bimodality of pebble and fine sand modes characterises
the grain-size distribution of Lithotype 4 (Fig. 6-1D.).
Comparison of the average pebble size (1.6 cm) with the fine
sand mode (0.2 mm) in Fig. 6-2 establishes marked disparity,
indicating suspension of sand until the current velocity
had decreased significantly from that when pebble transport
ceased. However, the intimate associate of pebbles and sand
in the lithotype indicates their contemporaneous deposition.
An alternative explanation is that in deposition on a foreset
slope (Section 2-6.) the shear velocity relationship may not

hold, as gravity is now also a significant force.
Grain-Size Disgtribution of a Unit in Lithotype 3

Two samples from cross-bedded units, one iilustrated in
Fig. 2-27, were texturally analysed and the results are
presented in Fig. 6-1E. The distribution is clearly bimodal
with a greywacke mode from -5 to -3¢, and a pumice mode from
0 to 3¢. The mean current velocity derived from the grey-
wacke mode is in the vicinity of 1.0 to 1.5 m/s, which
compares favourably with the >1.0 m/s suggested by Hume
et al. (1975) for similar units in the Upper Pleistocene

Hinuera Formation.
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6-2 COMPOSITION OF CONGLOMERATES

Conglomerates in the Kidnappers Group consist predom-
inantly (>95%) of clasts of indurated sandstone, or "grey-
wvacke", typical of that forming much of the axial ranges of
the North Island. Of the remaining pebble lithologies chert
is by far most important. Hard white Whangai argillite,
first noted by Beu & Taylor (1975), and limestone fragments,
occasionally occur in the upper most conglomerates of the

group, especially the Clifton Conglomerate.
Petrography of Greywacke Pebbles

Thin-sections were made of five pebbles (samples 026
to 030) selected from conglomerates of the Mt. Gordon Beds,
110 ft. Conglomerate, and Clifton Conglomerate. The texture
and composition of the pebbles range from well sorted fine
sandstones - feldsarenite and lithic feldsarenite - to poorly
sorted medium coarse sandstone - feldspathic litharenite.
Too few sections were described to confirm the association
of increasing lithic content with increasing grain-size and
decreasing sorting; nevertheless, it is apparent that the
sandstones are highly variable, both in texture and compos-

ition.

The greywackes consist of detrital grains of quartz,
feldspar, mica and lithic fragments imbedded in & finer
grained matrix. Detritel quartz usually forms 10 to 20%
of the rock, occurs as angular grains with undulatory
extinction, and often has inclusions. Anhedral tc rectang-
ular euhedral crystals of detrital feldspar dominate, form-
ing up to 35% of the rock. Plagioclase feldspar diéplaying

multiple twinning dominates by 3:1 over microcline and
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untwinned orthoclase. Brown biotite is the dominant
ferromagnesian mineral forming amounts of 2 to 5%. Green
chlorite with anomalous blue interference colours is a
common saccessory mineral, occurring mainly as chloritised
biotite. ©Small, colourless or yellowish green epidote,
colourless sphene, and blue/green hornblende are some-
times present. Lithic fragments, probably mainly of
volcanic origin, form up to 30% of the rock. The lithic
fragments are mainly rounded but are often difficult to
detect as they grade imperceptibly into the matrix of

interstitial silt and clay.

Distinctive intergrowths of quartz and feldspar are
present as veinlets up to 1 mm thick, and although zeolite
veins are present in hand specimens, none were observed in
thin-sections. Detrital feldspars are often highly weathered
to kaolin and sericite. This 1s especially noticeable in
poorly sorted coarse arenites where grains havc sometimes

been completely altered.
X-Ray Diffraction Analysis of Greywacke Pebbles

The bulk mineralogy of eight greywacke pebbles (samples
031 to 038) selected from five formations was determined by
X-ray analysis (Section 3-5.). Invariably plagioclase A
dominated over plagioclase B and the total wt.% plagioclase
feldspar exceeded potash feldspar by 2 to 4 times. The bulk
mineralogy of greywacke pebbles is best expressed by the
ratios of quartz, feldspar, and clay minerals, since most
of the lithic fragments are mainly composed of quartz and
feldsper, while the matrix typically consists of clay

minerals. The pebbles X-rayed have a generally similar
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bulk mineralogy averaging 30 to 50% total feldspar, 20
to 40% quartz, and 25 to 35% clay minerals. On the basis
of these samples there appears to be no systematic change
in the bulk mineralogy of greywacke pebbles with time

through the group.

X-rey analysis, as a rapid means of semiquantitatively
determining bulk mineralogy and hence source rock provenance,
is limited by the inability to distinguish detrital quartz
and feldspar from that in associated lithic fragments. How-
ever, where the bulk mineralogic composition of the lithic
fragments can be determined, their influence in sediments
may be evaluated. For example, it would be of value to
determine by X-ray analysis whether greywacke rock fragments,
8o dominant in the conglomerates, persist into the sands

and silts of the Kidnappers Group.

Thirty-nine coarse sand to fine silt samples from the
group were X-rayed and the ratio of quartz, feldspar and
clay minerals plotted (Fig. 6-4.). An unusual feature is
the high relative amount of clay minerals in moderately to
well sorted coarse to fine sands. The bulk composition of
the coarse to fine sands is only slightly more quartz rich
(30 - 45%) than the greywacke pebbles (Fig. 6-3.), and
feldspars (30 - U5%) and clay minerals (20-30%) are slightly
less. As clay size material is of low abundance in the
sandy samples, the clay minerals must be inherited from the
greyvacke rock fragments. This indicates the importance of
the latter in the sands as well as in the conglomerdfes of
the group. Because 35% of the greywvacke pebbles (Eig. 6-3.)

and 25% of the sands (Fig. 6-4.) consist of clay minerals,
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then, together with some detrital clay minerals, the

sands must contain more than S50% by weight rock fragments.

The mineralogy of the coarse to fine sands was checked
optically and by field of view method these grains were
composed of 40 - 60% rock fragments (Table 6-1.). It is
also apparent in Fig. 6-4 that a linear decrease in rock
fragments with grain-size corresponds with a linear

increase in the relative abundance of clay minerals.

Sample No. Rock Fragments % Felsics % Others
081 ks - 50 AL 0 10
082 4o - 50 50 1
083 55 - 60 Lo 2-)
08k B8 - 52 50 o)
085 45 - 55 50 2
086 55 - 60 40 2
087 48 - 50 Ao L-6
088 55 - 60 ~Lho 2
089 55 - 60 AL o 2

Teble 6-1. Optical determination of percentage rock
fragments in coarse to fine sandy units of
the Kidnappers Group.

‘6-3 HEAVY MINERALOGY OF TEPHRIC UNITS
Ferromagnesian Minerals Identified

Ferromagnesian minerals were identified in the 2-4¢
fraction of samples 039 to 054 using the criteria of Kerr
(1959) and Heinrich (1965). Mineralogic notes for heavy

minerals follow. Colours are for transmitted light.

Hypersthene:

Colourless to yellow-green, euhedral and subhedral,

occasionally well rounded grains. Two pleochroic
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schemes are recognised, one strongly pleochroic
from bright yellow-orange to mid-green (samples
050 ,051 ,052), and the other colourless or pale
green to pale yellow-pink. Straight to slightly
angular extinction (1-3°), high reiief, with low
to moderate interference colours. Occasional
inclusions of apatite, magnetite, and glass.
Grains in some samples show multiple, needle-like
pyramidal terminations. The origin of the sharp
terminations is attributed to post-depositional

solution along planes of weakness (Seward 19Tkha).

Biaxial -ve.

Hornblende: Predominantly dark-green, elongate, euhedral

to subhedral smaller grains and often fractured sub-
hedral to anhedral larger grains. Extinction angles
from 1 - 20°, moderate relief with low to moderate
interference colours. Pleochroic from light-green
to dark-green and occasionally green to brown.

Biaxial -ve.

‘Augite: Colourless to very pale-grecen stubby grains with
some subhedral faces giving the minerals a slight
degree of elongation. High relief, with very high
interference colours and an extinction angle of 4O -

45°, Some shown to be Biaxial -ve.

Magnetite: Small evhedral to anhedral opaque grains,
often exhibiting good crystal faces defining a

hexagonal form.
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Biotite: Large grains forming irregular to pseudo-
hexagonal plates resembling a stack of cards. Green-
brown colour, slightly pleochroic. Low relief, low
interference colours and a low 2V angle. Incipient

alteration to chlorite sometimes observed.

Zircon: Clear and colourless, varying from long acicular
euhedral grains to stubby triangular-shaped grains.
Straight extinction. Extremely high relief and inter-
ference colours which often have a washed-out appear-
ance. Invariably inclusions, possibly apatite, are

present.

Calcic-Amphibole: Brown to black or dark brown to burnt

orange if oxidised, these grains are slightly larger
than hornblende. Interference colours commonly 2nd

order greens.

Epidote: Small, euhedral, well rounded grains. Distinctly
pistacchio green. Pleochroic from yellow-green to

green., Derived from mesozoic rocks.

Apart from epidote the heavy mineral assemblage of the tephras
is typically that characterising the rhyolitic deposits

derived from the Taupo Volcanic Zone (Ewart 1966; Seward
1976).

Distribution of Heavy Minerals within Different Size Grades

To establish whether mineralogy varies with grain-size
and with modification by water action, two trough cross-
bedded sets (samples 039 and 0OLO) in the volcaniclastic
unit overlying tephre Unit A (Fig. 2-9.) were sampled,

separseted into %% and %¢ intervals in the 2-4¢ fraction,
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and the relative heavy mineral abundances determined
(Section 3-5.). The results are illustrated in Fig. 6-5

and the data are included in Appendix VI i.

Heavy minerals occur in the sand through coarse silt
fractions but are most abundant in the fine and very fine
sands. The presence of heavy minerals in the whole sand
fraction, and especially their abundance, highlights the

mineralogic immaturity of the volcaniclastic sediments.

From Fig. 6-5 it is evident that the trend in mineral-
ogic changes with grain-size are similar for both samples.
More importantly, however, there is a large increase in the
relative abundance of opaques, mainly at the expense of
hyperstheme, in the very fine sand fraction. Hornblende
shows less relative decrease in abundancé with augite also

showing little variation. In general the combined 2-4¢

mineralogy is most similar to the modal class (Fig. 6-5.).

Fig. 6-6 shows there is little difference in the 2-4¢
heavy mineralogy of samples 039 and 04O compared with that
in the parent tephra (0Ll), despite the large difference in
‘wt.% heavies. Therefore, under the influence of water action
sufficient to form trough cross-bedded sets, the relative
abundance of the major heavy minerals has not changed. On
this baesis the mineralogy of slight to moderately reworked
tephra is probably preserved, and providing there are diff-
erences in the abundence of major heavy minerals with succ-
essive tephras, velid correlation is possible, However,

specific minerals such as biotite are susceptible to select-

ive sorting (Fig. 6-6.).
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Unit A (041) with its reworked equivalents (039, 040).

Ferromagnesian Mineralogy of the Tephras

Details of the ferromagnesian assemblages of the tephras
are summarised in Fig. 6-T.and the data are included in
Appendix VIii. A large relative difference in wt.?% heavies
and opagues occurs between some tephras. This occurrence,
and an inverse relationship between wt.% heavies and opaques,
may reflect one of a number of influences, such as differ-
ences in the eruptive mineralogy of tephras, differential
weathering, differences in grain-size and hence minerslogy,

or modification due to water action.

As the percent heavy minerals in rhyolitic tephras is
normally low, rarely exceeding 5% (Fieldes & Weatherhead
1966), the first alternative is unlikely to explain the
maegnitude of inter-~tephra differences. Differential

wesathering is not supported as an explanation as normally
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an increase in both wt.% heavies and opaques would occur
and not an increase in one and the reverse with the other.
Further, the abundance of glass shards, which are readily
weathered materials, precludes significant relative

enrichment of heavy minerals.

However, modification by sorting may increase the
wt.% heavies as demonstrated in Fig. 6-6. Also, an increase
in heavy minerel grain-size will concomitantly depress the
rercent opaques, a corollary of Fig. 6-5. This has occurred
in sample OL46 (Fig. 6-T.). Current-bedded and flame struct-
ures in Unit E) are evidence of water action, and the
everage size of heavy minerals in this unit is 1l¢ larger
than the average heavy mineral sizes in all other tephras
in the group. Therefore, abnormally high amounts of heavy
minerals and lower than average percent opagues probably
refleét reworked tephra. This situation for tephras in the
group (Fig. 6-T7.) is supported by field observations where
samples OL6, 053, 051, 052 and, to a lesser extent, 050 and

054, show some evidence of current bedding.
Tephra Correlation

Correlation of tephras in the Kidnappers Group was
established on the basis of similarity in the relative
sbundance of hypersthene, hornblende and augite, and on
field charescteristics (Chapter 2). Coastal and inland
tephras can be confidently grouped in three cases (Fig.
6-8.). Correlation of Units Ay and A, (samples 0Ll and
042) is alsc supported by the biotite content which agrees
with its reported occurrence by Seward (1975) in sample 217

from the same unit.
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Fig. 6-8. Correlation of tephric units on the relative

abundance of hypersthene, hornblende and augite.

The dominance of hypersthene in Units H;, Hy and
Hj (samples 050, 051, 052) and exclusion on a stratigraphic
basis (Fig. 2-9.) of Units B, C and F affords good correl-
ation across the basin (Fig. 2-9.). Similarly Units I,
and I, (samples 058 and 059) are correlated on their
hornblende abundance. Although samples 050 and OS54 may
have been slightly reworked, it is believed differences in
the mineralogy of units H and I reflect reel difference in

eruptive mineralogy of the tephras.

A tentative correlation is made between Units E; and
E, (samples 046 and 0L9) Fig. 6-8.). On the assumption
that all tephras in the inland sections are present on the
coast ,then E, approximates E; more closely than any other

coastal tephre.
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CHAPTER 7: PALEOENVIRONMENTS

Factes models for environments of conglomerate depos-
ition are poorly developed, mainly because of the
general absence of a deseriptive framework - that 1is,
there is little agreement as to the features that must
be observed and recorded in outerops of conglomerate.

(Harms et al. 1975, pl33).

In this chapter an attempt is made to determine the
depositional environments of conglomerates in the Kidnappers
Group. The various lithotypes established earlier correspond
to environmentally sensitive facies. The depositional history
of the group is interpreted from the succession of these facies
and from the alternation of conglomeratic and finer-grained

lithologies.
7-1. MARINE AND FLUVIAL CONGLOMEFRATES IN THE GROUP.

Marine and fluvial conglomerates have been distinguished
in this study on the basis of their fossil content, their clast
orientation fabric and clast shape, and their stratigraphic

relation to adjacent beds of known marine origin.
Fossil Content

Inclusion of marine fossils in conglomerates in a whole
or smashed condition in sufficient concentration to preclude
transport by birds is nearly always an indicator of marine
deposition. Shell fragments are a constituent of Lithotypes
4k end 5 only. The absence of fossils, howvever, does not
necessarily preclude a marine origin as, for example, the

coarseness of the substrate may have prevented organism growth,
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Clast Orientation Fabric

The ab planes of clasts in Lithotype 1 (Clifton Conglom-
erate) consistently dip west and north-west. The monoclinic
symmetry displayed by the ab plane poles (Figs. 5-6, 5-10,
5-12, 5-14 and 5-16) is characteristic of fluvial gravels
deposited under the action of gravity plus a unidirectional
current (Potter & PettijJohn 1963). Upstream imbrication is
confirmed by paleocurrent directions derived from the dip
direction of foreset beds (Section 5-3.). 1In comparison, the
ab plane poles of clasts at Site 6 (Clifton Sand) show orthor-
hombic symmetry (Fig. 5-L.). This fabric is interpreted as
forming from the action of widely diverse currents periodically
reorienting clasts in & marine environment (Section 5-2.).
Marine deposition for Lithotype 5 (Site 6) is supported by the
abundance of marine fossil fragments, and by the widely

opposing current directions indicated by cross-bed directions.

An average difference in imbrication angles of 15°
between Sites 1 and 6 (Fig. 5-7) is comparable with the diff-
erence between the inclination of clasts in modern fluvial and

marine environments (Pettijohn 1975; Rust 1975).
Clast Shape

The interpretation made from clast shapes of inferred
fluvial, marine and unknown conglomeratic environments (Section
4L-5.,) is that pebbles from Lithotypes 1, 2, 3, and 5 have
typically fluvial shapes while those from Lithotype 4 have
shapes more characteristic of a low energy beach (Dobkins &
Folk 1970). However, as discussed above, Lithotype 5 is most
probably & marine deposit. The environmental significance of

this dichotomy is discussed more fully in Section T-L.
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Stratigraphic Context

In a number of cases fossiliferous marine units bound
the upper and lower extent of conglomerates (Log I). VWhere
conglomerates are thin and lense-like, the depositional
environment is probably marine (e.g. Lithotypes 4 and 5 in
the Maraetotara Sand and Clifton Sand respectively). Con-
versely, where conglomerates are thick and continuous, the
environment of deposition is probably non-marine (e.g. Litho-
type 1 in the Clifton Conglomerate). As Lithotypes 2 and 3
are bounded, at most, by only one contact with fossiliferous

marine units, their depositional origin is most probably non-

marine.
Summary:

From these various lines of evidence any one feature of
the conglomerate cannot be confidently identified as being
marine or fluvial. Nevertheless, the evidence taken together
points towards a fluvial origin for Lithotypes 1, 2 and 3,

and & marine origin for Lithotypes U4 and 5.
7-2. BRAIDED RIVER ENVIRONMENT

In view of the coarseness of conglomerates in Lithotypes
1, 2 and 3, the depositional setting anticipated for the grey-
wacke conglomerates of the group, is one of a braided fluvial

environment.

Braided streams are characterised by high width/depth
ratios, steep slopes and generally lowvsinuosities (Miall 1977).
They consist of a series of rapidly shifting channels and mid-
channel bars, the whole environment being flooded during

periods of high discharge. The deposits of braided rivers are
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normally coarser than those of other river types, and are

dominated by sand or gravel (Miall 1977).

Environmental interpretation of ancient braided stream
deposits has been aided by establishing the relationship of
bar types to stratification in modern braided rivers (Smith
1974 ; Boothroyd & Ashley 1975; Harms et al. 1975; Hein &

Walker 1977).

Common Associations of Features in Conglomeratic Lithotypes

1, 2 and 3.

The common associations of features which define Litho-
types 1, 2 and 3 (Section 2-6) are summarised in Fig. 7-1.
Noticeable differences between these Lithotypes identify a
proximal-distal sequence within the braided fluvial environ-
ment. Each of Lithotypes 1, 2 and 3 encompasses facies

characteristic of their position in this sequence.
Gravel Bar Terminology

Gravel accumulations in braided rivers are collectively
called bars. Where they divide the flow and cause the braided
pattern they are informally referred to as braid bars (Allen
1965; Rust 1972a). Braid bars may have a simple depositional
history, in which case they are known as unit bars (Smith 197L;
Hein & Walker 1977), but more typically they have a complex
history of multiple episodes of deposition and erosion. Four
types of unit bars have been commonly recognised in modern

braided rivers (Fig. T-2.).
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Lithotype 1. Lithotype 2. Lithotype 3.

Clast Supported

Uncommon Abundant ‘\\\\\\\\E;;Ebn to

uncommon
Cross-strat Cross-strat
Cross-strat
Abundant Uncommon Uncommon to
Common
Grading Grading
Grading
Fabric
a(p) a(i) Uncommon Uncommon
a(t) v(i)
a(t) ab(i)
75 m thick 33 m thick 5 -« 10 m thick
N.P.A. N.P.A. Mudstones
Lignites
Paleosols
PROXIMAL MID-REACH DISTAL

Fig. 7-1. Common associations of features in conglom-
erates which define facies changes from proximal
to mid-reach to distal areas of a braided river
environment. N.P.A. means no preferred associa-

tion with other lithologies.
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EXPOSED BAR REMNANTS

v, \ & BAR WITH FORESET SLOPE
| ' . TRANSVERSE

Fig. 7-2. The common gravel bar types in modern

braided rivers (After Hein in Harms et al. 1975).

7-3. CONGLOMERATIC LITHOTYPES 1, 2 and 3, AND THEIR FACIES

EQUIVALENTS
Lithotype 1 - Channel Lag and Longitudinal Bar Facies.

This lithotype consists of a recurring couplet having a
lower inversely graded unit and an upper normally graded unit
(Fig. 2-18.). From various lines of evidence, including the
features summarised in Fig. T7-1, Lithotype 1 is interpreted as
proximal channel and longitudinal bar facies in a braided

river environment.

Evidence from Clast Crientation Fabric:

An investigation of the origin of clast orientation at
Site 1 (Section 5-5.) revealed the following features:
(£) Tnhe a-axes of large clasts are either parallel or trans-

verse to paleocurrent direction.
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(ii) The smaller clasts are dominantly transverse to
paleocurrent direction.
(iii) Imbrication is primarily developed by post-deposit-

ional clast reorientation.

This orientation fabric may have formed during a flood
and falling-stage regime. During flood flows the total
sediment population moves in traction, saltation and suspen-
sion modes. As the flood-stage begins to fall the flow
becomes partially incompetent and the larger clasts are depos-
ited. Immediately prior to deposition the large elongated
clasts with a-axes transverse to flow moVe as bedload by rot-
ation about the a-axis. The large oblate clasts, however,
having a-axes both transverse and parallel, move in saltation
by tumbling about the b-axis. With continued fall in flood-
stage the remaining population is deposited. The dominance
of a-axes orientations transverse to flow for smaller clasts
indicates movement in the traction mode by rotation about the

a-axis.

To maintain dispersion of clasts above the bed, strong
currents are required, & condition also needed for the develop-
ment of clast imbrication (Bluck 1976; Rust 1975). Further
evidence for strong current activity is found in the low
directional variance of paleocurrents in the Clifton Conglom-
erate (Fig. 5-18.) and the slightly higher than normal imbric-

ation angles (c.f. Pettijohn 1975).

Evidence from Grading, Sorting and Size Distribution:.

The lower unit in the couplet of Lithotype 1 may be only
one pebtble diameter thick or an inversely graded unit up to

30 em thick (Section 2-6, Fig. 2-18.). Inverse greding in
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the lower unit and normal grading in the upper unit is
evident both in the field and in textural analyses of
selected couplets (Fig. 6-1.). Davies & Walker (1975)
related the presence of inverse grading to size sorting
within a layer of clasts maintained above the bed by dis-
persive pressure. The working of smaller clasts down
through the layer, the so-called kinetic sieve mechanism,

is regarded by Middleton (1970) as the dominant process form-
ing inverse grading, raether than the movement of larger clasts
to & region of minimal shear stress. High concentrations of
dispersed clasts, & high shear stress, steep slopes and
proximal environments are implied by Walker (1975) for the

formation of inverse grading.

An improvement in sorting, positive skewness, and the
absence of granules and small pebbles in the upper part of
the inversely graded unit (see Section 6-1.), is significant
in view of the well developed clast imbrication at the same
position. The absence of sediment in the size range -1 to
-44, and its abundance in the overlying normally graded unit,
suggests sediment has been washed out of the lower unit to

form an imbricate open-work deposit.

The washing out of fines concomitant with formation of
e lag deposit has been observed in modern braided rivers.
Hein & Walker (1977) related bar front migration to velocity
increases upstream and to increased Jjostling of the cocarse
bedlocad material washing out the finer clasts. Bluck (1967,
1976) invoked the washing out of fines as the processfforming
positively skewved coarse lag deposits. Further, Blupk equated

reworking to be an indicator of non-uniform flood flows,
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Fahnestock & Haushild (1962) observed experimentally that
reorientation of pebbles was enhanced by selective erosion

of interstitial sand.

Hence, it is suggested that after emplacement of the
inversely graded unit continuing strong flows washed out
the fines and reoriented clasts im situ. A fall in the
flood-stage, together with downstream sorting of small
pebbles and granules, resulted in deposition of the normally
graded unit. Mean flow velocities in excess of 3.5 m/sec.
occurred at the time of emplacement of the lower unit in the
couplet, and this had fallen to less than 1.8 m/sec. with

deposition of the upper unit (Section 6-1.).

Evidence from Shape:

A clast size-dependent and size-independent relationship
with shape was established in Section L-T. In particvlar,
the larger sizes are dominantly oblate and the smaller sizes
range from bladed to prolate. Bradley et al. (1972) and
Spalletti (1976) consider that platy (or oblate) clasts move
in suspension with an erratic saltation motion but when depos-
ited are the most stable clast shape, as they provide most
resistance to flow. Therefore, concentrations of large
oblate clasts may be interpreted‘as e lag deposit where the
smaller pebbles have been washed out. In this case, clast

shape is a facies indicator.

Channel Lag and Longitudinal Bar Facies:

From the verious lines of evidence discussed above Litho-
type 1 is interpreted as a flood and falling-steage deposit,
The formation of the lcwer unit in the couplet is not dissim-

jlar to that postulated for the diffuse gravel sheets descriveg
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by Hein & Walker (1977). However, in their study of the
Kicking Horse River in British Columbia, diffuse gravel
sheets were only a few pebble diameters thick and no mention
was made of an inversely graded unit. The difficulty of
observing braided rivers in flood, and of trenching gravel
bars, may be the reason that inversely graded units have not

been previously described.

The development of channel bars from diffuse gravel
sheets according to the scheme envisaged by Hein & Walker
(1977) is summarised in Fig. 7-3. In view of this model, the
crudely horizontally bedded, normally graded unit of Lithotype
1l reflects vertical aggradation and the formation of longit-
udinal and/or diagonal bar facies. The low paleocurrent
directional variance (Fig. 5-18.) suggests that longitudinal
bars with symmetrical current flow are the most likely bar
facies (Fig. T-3.). The crude horizontal bedding evident in
the upper unit is typical of that described for longitudinal
vars (e.g. McDonald, & Banerjee 1971; Smith 1970, 197L4; Harms
et al. 1975; Rust 1975; Church & Gilbert 1975; Hein & Walker

19775 Miall 1977).

The facies associations of Lithotype 1 imply high fluid
and sediment discharge in proximal reaches of a braided river.
Steep depositional slopes are implied by the dominance of
coarse-grained channel and bar facies, and by the absence of

any overbank deposits.
Lithotype 2 - Transverse and Longitudinal/Diagonal Bar Facies.,

Lithotype 2 consists of planar sets of cross-stratified
conglomerate (Section 2-6.). This lithotype occurs ﬁainly in

the 110 ft. Conglomerate as solitary sets near the base but
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SYMMETRICAL

LONGITUDINAL BAR mieh oo, @
NO FORESE
DIFFUSE ASYMPMETRICAL
GRAVEL stz LAG Srmzssusgiom DIAGONAL BAR HIGH 0; Qs (D
SHEET NO FORESET

SYMMETRICAL
TRANSVERSE BAR tow are, @
FORESET

OW ANGLE
ED STRATIFICATION

jam
Z e~

NGLE - OF - REPOSE
ROSS-STRATIFICATION

o>

'CORE: DIFFUSE GRAVEL SHEET

Figure 7-3. Relationship between bar types and stratification.
As the diffuse gravel sheet stops moving, it forins a lag,
which can develop into a longitudinal bar if flow on either
side of the bar is symmetrical. If flow is asymmetrical
(higher discharge on one side than the other), the bar will be
diagonal to the main stream dicection. If fluid discharge Qf
and sediment discharge Qs are both high, gravel will move
across bar top and growth will be downstream. If Qg and Qf
are low, the bar will tend to aggrade, build a steeper down-
stream face, and eventually form angle-of-repose cross-
stratification. The horizontal or low angle stratification (1
in diagram) is associated with longitudinal and diagonal bars
without angle-of-repose foreset slopes. High-angle cross-
stratification (2 in diagram) tends to be associated with
transverse bars with foresets. (After Harms et al. 1975;
Hein & Walker 1877).
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as cosets higher in the formation. Massive, polymodal,
clast supported conglomerates occur throughout the formation

but are especially associated with the solitary sets.

The large scale cross-stratification is formed by down-
stream migration of avalanche faces of migrating transverse
bars (e.g. Doeglas 1962; Ore 196L4; Collinson 1970; Smith
1970, 197L4; Rust 1975; Hein & Walker 1977). The massive to
crudely horizontally bedded conglomerate is formed by the
aggradation of longitudinal and/or diagonal bars (Smith 197k,
Hein & Walker 1977). In modern gravelly braided rivers these
bars form by vertical aggradation of a diffuse gravel sheet
where transverse bars preferentially form under low flows
and longitudinal/diagonal bars under conditions of high
sediment and fluid discharge (Fig. T7-3.). Hence, the assocc-
iation of these bars in the lower parts of the 110 ft. Conglom-
erate relates to formation of different bar types with varying

discharge conditions.

Passing upwards through the formation the abundance of
planar cross-bedded sets increases markedly. This is paralleled
by an increased separation of paleocurrent modes and by a
tendency for the paleocurrent directions to become more easterly
with time (Fig. 5-8.). The angular separation of modes ranges
from 34° to 130°, with the profuéely cross-bedded middle and
upper parts falling within the range of 90° to 130°. The dip
directions of foreset beds in modern braided rivers are also
typically bimodal, their separation ranging from 90° to 180°
(Ore 19643 Bluck 1976). Therefore, on the basis of cﬁrrent
directional variability and internal stratification,'Lithotype
2 probably formed by the migration of transverse bars in

association with longitudinal/diagonal bar facies.
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From Hein & Walker's (1977) model (Fig. T-3.) an
increase in the abundance of transverse bars corresponds to
a decrease in fluid and sediment discharge. At periods of
low flow the reworking of channel bars, and especially their
dissection, are emphasised as the method of forming avalanche
faces (Ore 196L; Smith 19Th). Also a sudden increase in
depth by flooding will result in a height differential and
deposition of successive transverse bars (Smith 197L) to form

the profusely cross-stratified nature of the 110ft. Conglomerate.

The disrupted mudstone lenses associated with Lithotype 2
in the 110 ft. Conglomerate formed during flood ‘events and
attest to periodic deposition of mud in low energy back-water
areas during normal flow. The facies associations of Lithotype
2 imply lower fluid and sediment discharges than do those of
Lithotype 1, probably on moderately steep slopes in the mid-

reach of a braided river system.
Lithotype 3 - Channel and Topstratum Deposits

Any palecenvironmental interpretation of the thin conglom-
erates of Lithotype 3 is exceedingly difficult on the basis of
their internal characteristics alone. However, recognition
of recurring features (Fig. 7-3.) in the conglomerates, and
especially their association with other lithologies, has
enabled the synthesis of two idealised sequences (Figs. 2-26

and 2-28.).

Lithotype 3 is a fining upward cycle from basal massive,
poorly stratified conglomerates, into cross-stratified conglom-
erates and sands, and then into mudstones. This sequence
probably corresponds to a progression in the distal reaches

of a braided river environment from channel bar facies through



241

.

to topstratum overbank deposits. Within Lithotype 3 two
subtypes are recognised on the basis of association with
raleosols in Lithotype 3A and with lignites in Lithotype

3B (Figs. 2-26 and 2-28 respectively).

The fully developed fining upward cycle comprises three
main parts: a lower coarse-grained division, an upper fine-
grained division, and a capping of either a lignite or a
paleosol. The conglomeratic member lies on either an

erosional or a non-erosional surface (see Section 2-6.).

It was earlier suggested in this Section that massive
poorly stratified conglomerates formed by accretion of longit-
udinal bars and/or diagonal bars, while planar cross-strat-
ification formed by migration of transverse bars. Low-angle
inclined stratification in the upper parts of conglomerates
(Figs. 2-26 and 2-28.) may reflect infilling of broad shallow
channels (Fig. 2-29.) or local scours, or alternatively be the
accretion deposits of pouint bars (Harms et al. 1975). On
occasions, sandy cross-beds, resulting from the migration of

small transverse bars, may infill the paleochannels.

The medium and small scale planar or trough cross-beds
and ripple sands in Lithotype 3A formed by the migration of
dunes and ripples across bar surfaces during low water-flows
(Miall 1977). The upward change in grain-size from conglom-
erate to sandstone and from conglomerate to mudstone is always
sharp. The fine-grained unit in Lithotype 3B is typically
mudstone with rare interbedded fine sahdy units. The mudstone
superficially appears to be massive but on close inspection
micro-horizontal laminations are evident. This unit is inter-

preted as representing depositicn of suspended sediment in

overbank aress.
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Paleosols and lignites as upper members of Lithotype 3
are important as they signify emergence of a flood plain for

some time, enabling growth of organic material.

Longitudinal bar migration typifies the upper reaches
of braided rivers, but under moderate to high~-stage flooding,
longitudiral bar growth by slipface migration has also been
reported in the lower reaches of outwash fans (Boothroyd &
Ashley 1975). Erosional lower contacts and the incorporation
of rip-up clasts are further evidence of initially high
currents. The increasing vertical incidence of small scale
cross-stratification indicates fluid and sediment discharge
characteristics more typical for distal reaches of braided

rivers.

Braided streams are not characterised by large areas of
flood plain. Nevertheless, abandoned areas with variable
amounts of vegetation cover have been reported in the distal
reaches of modern braided rivers (e.g. Doeglas 1962; Williams
& Rust 1969; Smith 19Th; Boothroyd & Ashley 1975; Miall 1977)
and in ancient analogues (e.g. Bluck 1967; Kelling 1968).
Accumulation in modern braided rivers of fine beds up to 2 m
thick (Smith 197k; Boothroyd & Ashley 1975) is comparable to
the thickness of mudstone units in Lithotype 3 (Section 2-6.).
The trapping of fine sediment is encouraged by vegetation which
ultimately becomes the source for the lignites (Bluck 1967;

Kelling 1968).

The sudden upward change in greain-size above the conglom-
erate meost probably relates to channel shifting by avulsion
(Miall 1977). Therefore, where the percent sandstone and mud-

stone is low and Type 2 lignites predominate, the restricteqd
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upper reaches of a flood plain are suggested. Conversely,
where mudstones and sandstones are well developed and Type
1l lignites predominate, lower regions of a flood plain are

more probable. .
Proximal - Distal Sequence.

The features of Lithotypes 1, 2 and 3 (Fig. T7-1.)
define facies typical of those in proximal, mid-reach and
distal areas of modern braided rivers. In-channel diffuse
gravel sheets and longitudinal bars (Lithotype 1), increasing
amounts of transverse bars (Lithotype 2), and fining upward
cycles of channel and topstratum deposits (Lithotype 3) are
similar to downstream changes in braided rivers reported by

Church & Gilbert (1975) and Boothroyd & Ashley (1975).

Included in Fig. T-4 is & summary of the fluvial conglom-
eratic paleoenvironments and their stratigraphic position in

the Kidnappers Group.

7-4. MARINE CONGLOMERATES OF DELTAIC AND ESTUARINE

PALEOENVIRONMENTS

A marine origin for Lithotypes 4 and 5 was established in
Section T-i. Marine conglomerates are only volumetrically

important in the Te Avanga Beds.

The high-angle planar cross-beds of Lithotype L are
interpreted as representing deposition on the foreset slope
of a prograding delta. The pebbles have shape attributes
typical of those on a low energy beach (Fig. 4-12.), and
indicate some wave abrasion of the sediment on a shoreface or
barrier spit. The marine conglomerates of Lithotype 4 in the

Marsetotora Sand are considered to have formed by progradation
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of an alluvial plain from the west, which formed a shallow
embayment and eventually estuarine conditions as now
evidenced in south-western exposures of the formation (Kamp,

in prep.).

In Lithotype 5 the overwhelming evidence for a marine
origin (Section T-1.) contrasts with the fluvial shape
characteristics of the pebbles (Fig. 4-12.). This dichotomy
is resolved by envisaging deposition in a restricted marine
environment where there was insufficient wave energy to
modify pebble shapes (Sames 1966). An estuarine/subtidal
origin for Lithotype 5 is supported by the palecenvironmental
interpretation of the enclosing fine-grained, fossiliferous
marine sediment (Log L). The lenticular shape of the conglom-
erates indicates that they may have infilled paleochannels of

tidal origin.

The stratigraphic position and paleoenvironments of the

merine conglomerates are included in Fig. T-L.



Paleosols

From their horizon colours, compacted nature and sub-
gammate pattern (Section 2-4.), the paleosols in the Mt.
Gordon Beds appear similar to modern yellow-grey earths
(Gibbs 1969). However, the degree of development and
preservation of the paleosols, in view of their age and

depth of burial (300 m), require some explanation.

If the concentration of organic material in the uA
horizon is a compaction feature resulting from depth of
burial, then the original A horizon must have been three
or four times thicker than the present uA horizon. This
is atypical of yellow-grey earths, whose A horizons generally
are poorly developed. Alternatively., the organic material
may have been concentrated by leaching of an overlying bed
with subsequent movement into the paleoscl. This alternative
is considered unlikely, however, as there are no organic
horizons in the overlying 100 m of sediment, and there is no
evidence of organic stainirng in the tephres immediately over-
lying the paleosols (e.g. Fig. 2-T.). The most likely
explanation for the well developed uA horizons involves
selective preservation due to the stability of the humus-
allophane colloidal complex, a condition known to cause the
persistence of colour and structure in uA horizons of paleosols

derived from volcanic parent materials (Gibbs 1971).

A second difficulty in classifying the paleoscls as buried
yellow-grey earths lies in their extremely indurated nature.
A compacted subsurface fragipan is an important feature of
New Zealand yellcw-grey earths (Gibbs 1971). However, only

in exposures subjected to pronounced wetting and drying do
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modern yellow-grey earths approach the degree of compaction
exemplified by the paleosols in the Mt. Gordon Beds (Prof.
H.S. Gibbs, pers. comm.). For the paleosols to represent
fossil yellow-grey earths, post-burial induration, which
reinforced pedogenic compaction, must be shown to have

occurred.

As tephras immediately overlying the paleosols are loose
and display undisturbed shower bedding, and as the underlying
siltstones are relatively soft (e.g. Fig. 2-7.), the induration
cannot be explained by depth of burial. Rather, it is antic-
ipated that dissolution and movement of silica from the over-
lying tephras into the pore spaces of the paleosols is
responsible for the degree of induration. This process
probably occurred soon after burial =2nd would have been aided
by the extremely porous nature of the overlying conglomerates

and the low sedimentation rates in the Mt. Gordon Beds (Fig.

7-6.).

The origin of fragipans in New Zealand yellow-grey earths
is not clearly resolved. Some pedologists (e.g. Raeside 1964)
attribute the fragipan to compaction during accumulation of
parent material, so that time is the dominant factor, while
others (e.g. Prof. H.S. Gibbs. pers. comm.), explain the
fragipan as being formed by alternate wetting and drying,
with climate the dominant factor. If the second hypothesis
is correct, and the paleosols in the Mt. Gordon EBeds are in
fact yellow-grey earths, then they probably formed under a
climate similar to that where yellow-grey earths presently
occur, namely one characterised by 700 to 1000 mm of rainfali

with distinct moist and dry seasons.
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Lignite Paleoenvironments

The paleobotany reported here is that discussed by

R.A. Cooper in Kingma (1971). Pollen grains of Nothofagus
(beech) and Podocarpaceae (conifers) are very rare in the
Kidnappers Group suggesting that beech end conifer forest
was a consideravle distance from the site of active sediment
accunulation. The vegetation represented is mainly that of
alluvial flats with swampy patches. Podocarpus daecrydioides
(kehikatea) and probably P. totara, Leptospermum (manuka),
Coprosma, Cyperaceae (sedges), and Gramineae (grasses) are
the main elements. Spores of tree ferns and other fernms,

probably growing in nearby gullies, are also abundant.

The flora of the Kidnappers Group indicate a rainfall of
probably less than 1000 mm per annum, but there is no evidence
of ma:kedly cool or warm temperatures. In fact, the flora
suggest a climate similar to that in Hawke's Bay at present.
The lignites probably formed during river flooding, which
buried and preserved the surrounding vegetation. Only in a

lignite in the Trig. N Beds (Lithotype 1) is there evidence

of peat formetion.
7-5. PALEOENVIRONMENTAL SUCCESSION

The depositional environments of conglomeratic lithotypes
in the Kidnappers Group sediments range from proximal fluvial
through distal fluvial to nearshore subtidal (Fig. 7-4.). 1In
general, the conglomeratic lithotypes in the coastal section
are more distal facies than their equivalents in the inland
section (Fig. 7-4.). From the stra£igraphic distribution of
cocnglomeratic lithotypes and fossiliferous gandstones and

mudstones, it is evident that the Kidnappers paleoshorelines
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only rarely migrated inland further than the modern coast-
line. Hence, from the vertical succession of conglomeratic
facies and marine fossiliferous units (Fig. 7-4.), a chronol-
ogy of submergence and emergence events in the Kidnappers

Depression can be derived (Fig. 7-5.).

Sedimentatiuon of the Kidnappers Group commenced during
lower Okehuan times (Fig. 2-30.), with deposition of the
Maraetotara Sand as a prograding conglomeratic shoreline in
the east, and a shallowing embayment in the south (Kamp, in
prep.). By 0.85 m.y. B.P., when the Kidnapper Tephra was
deposited, the Kidnappers Depression was emergent in the east,
where paleodunes accumulated, and almost emergent in the south,
where upper estuarine conditions preveiled. A brief intervsal
of fluvial deposition of volcaniclastic material in the
Kidnapper Tuff was followed in the Mt. Gordon Beds by the

first.appearance of extensive conglomerate (Fig. 2-10.).

The distal reach of a braided river was the main environ-
ment of deposition in the Mt. Gordon Beds (Fig. T7-L4.),
although occasionally upper estuarine mudstone was deposited
in the coastal section. Gradual thinning of this formation
towards the axis of the depression (Fig. 2-9.), together
with the occurrence of paleosols and the long time interval
represented (Fig. 2-30.), indicates slow sinking of the

depression with persistence of terrestrial conditions.

The style of sedimentation changed dramatically over the
Okehuan/Putikian boundary with greater subsidence in the axis
than on the margins of the depression (Fig. 7-L.). This
resulted in rapid latereal thinning to the south-west of

succeeding formations, subsidence of this nature persisting
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to the base of the Te Awanga Beds (Fig. T-h.).

The 110 ft. Conglomerate (Fig. 2-11.), restricted
essentially to the coastal section, represents progradation

of mid-reach over distel braided fluvial facies of the Mt.

Gordon Beds (Fig. T-5.).

Rapid submergence of the depression following deposition
of the 110 ft. Conglomersate is marked by a thick mudstone
unit (Fig. 2-12.) which contains marine fossils in the
Maraetotara River section. Marine conditions did not continue
in the Rabbit Gully Beds, however, as the basin emerged with
deposition of distal flood plain facies (Lithotype 3A). For
a time conditions became more terrestrial as a thicker, more
cross-bedded conglomerate (Fig. 2-20.), underlying tephric
unit E; (Fig. 2-9.), was deposited which represents slightly

more proximal fluvial facies than does Lithotype 3A (Fig. T7-5.).

The basin rapidly submerged again across the Rabbit Gully/
Trig. N Beds contact (Fig. T7-5.). The submergence event is
represented by a fossiliferous siltstone at the base of the
Trig. N Beds which overlies a wave planed conglomerate (Fig.
2-13.). The basin became emergent and more proximal towards
the upper boundary of the Trig. N Beds (Fig. 7-5.), completing
a cycle essentially identical to that recorded in the Rabbit
Gully Beds. Rapid subsidence of the depression axis during
these cycles is evidenced by marked lateral thinning of the
Rabbit Gully and Trig. N Beds towards_the south-wvest (Fig.

T-4.).

Submergence of the basin in the Clifton Sand (Fig. 2-1L.)
was more gradual and prolonged than it had been in earlier

events (Fig. 7-5.). From the base of this formation a sub-
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merging sequence is recognised by the change from upper
estuarine sand and silt deposition to a thick subtidal mud-
stone. The sequence is then reversed, and becomes emergent
through intertidal sediments to flood plain facies with a
thin lignite at the base of the Clifton Conglomerate (Kamp,

in prep.).

The same facies succession is recorded inland along the
straight line section Z-V-X (Figs. 1-6 and 2-15.), although
most of the formational thinning occurs at the expense of
the subtidal mudstone unit. A conspicuous feature of the
Clifton Sand is the dominance of fine-grained lithologies
and the general absence of conglomerate (Fig. T-4.). The
abundance of conglomerate stratigraphically below and above
the Clifton Sand suggests that its absence relates to base
level control rather than to a lack of supply of conglomerste
(Chaptér 8). As thickening of the basin axis is of the same
order as for most other formations in the group, it appears

that basin subsidence is unrelated to lithology.

Sedimentation became most terrestrial in the basin durihg
deposition of the Clifton Conglomerate (Fig. 2-16). A thin
lignite, together with thin mudstone lenses and some cross-
bedding at the base of the formation, indicates progradation
of fluvial mid-reach facies over distal facies. However,
the bulk of the formation consists of proximal facies, the
deposition of which persisted for a considerable time (Fig.

7-5.).

The rapid lateral thinning of the Clifton Conglomerate
elong the section Z-v-X (Fig. 2-15.) records progressively

greater subsidence of the basin in the north-east. The



paleocurrent directions in the Clifton Conglomerate (Figs.
5-18 and T-T7.) are almost 90° to the cross-section (Fig.
2-16.) which suggests that paleocurrents were funnelled

into the axis of the basin from the west.

Deposition of proximal facies in the Clifton Conglomerate
ended abruptly with sudden submergence of the basin. As the
upper boundary of the Clifton Conglomerate is delineated by
a remarkably sharp contact, lecking any undulations (Section
2-5.), the formation is considered to have undergone wave
planation prior to deposition of the Te Awanga Beds. The
wave planation was followed by an interval of fossiliferous
margne conglomerate and sand deposition, before the basin

finally beceme & distal flood plain.

The Te Avangs Beds, in contrast with most underlying
formations, thin towards the axis of the depression (Fig.
2-9.). This indicates that the locus of maximum basinal
subsidence migrated west after deposition of the Clifton
Conglomerate. The Kidnappers Depression ceased to exist as

a depositional basin approximately 0.1 m.y. B.P.
7-6. CYCLICITY IN PALEOENVIRONMENTAL SUCCESSION

The single most outstanding feature of Fig. T-5 is the
cyclical alternstion of submergence and emergence events
recorded by the succession of paleoenvironments. From the
base of the 11C ft. Conglomerate four complete cycles are
recognised (Fig. T-5.). It is important to note that these
cycles may only be meaningfully comparedé from the base of the
110 ft. Conglomerate, since when the basin has subsided and
accunulated sediment at an essentially constant rate (Fig. 7-6.),

Prior to this time the Mt. Gordon Beds accunmulated over s
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longer time period (Figs. 2-30 and 7-6.) with frequent

reriods of non-deposition and soil formation.

In considering the cyclical paleocenvironmental succession,

two features are especially evident:

(i) there are common facies associations which are repetitive

in the sequence;

(ii) the submergence/emergence cycles are asymmetrical, with
the submergence event being rapid and the emergence one

gradual.

The natural associaticn of facies in each cycle is one of
marine sediments followed by a progression in the braided
river environment from distal flood plain to mid-reach and,

occasionally, to proximal facies.

Submergence of the basin with deposition of a marine
fossiliferous unit is consistently a rapid event in the group
and is responsidble for the asymmetry in each cycle. However,
submergence is normally a chort-lived event with the basin
subsequently becoming & fluvial flood plein. In several of
the cycles & number of fining-upward sequences record
successions of flood plain progradation in a depression
which was constantly subsiding. Eventually the mid-reach
facies of the braided river progrades over the flood plain

to produce fully terrestrial conditions.

The fecies successions and cyclical asymmetry relate
primarily to fluctuations in base 1evél. Irrespective of
the controls on base level, discussed briefly in Chapter 8,
a sudden elevation in base level causes abrupt submergence

of the basin. The braided river in its mid-reach becomes



incompetent and the fine-grained sediment which previously
by-passed the immediate vicinity of the basin is now deposited,
forming a suitable substrate for colonisation by marine
organisms. The marine environment, however, remains restricted
and never becomes more open than nearshore subtidal (Kingma

1971; Beu & Grant-Taylor 1975).

A sensitive indicator of base level is the ratio of
conglomerate to mudstone. Where base level is high and a
marine environment prevails, the ratio is nearly always low
as exemplified particularily by the Clifton Sand (Fig. T-4.).
Conversely, where the elevation of base level is lowered,
progradation through the distal to proximal sequence occurs,
with progressively increased amounts of conglomerate.
Initially, a slight lowering of base level gives the distal
reach of a braided river sufficient competence to deposit
thin 6onglomerate with variable amounts of mudstone. Succ-
essive fining-upward sequences within each cycle relate to
minor fluctuations in base level. However, a major drop in
base level occurs towards the close of each cycle, and
facilitates the progradation of more proximal over distal

facies.

Although each cycle has similar characteristies, a number

of variations occur which are worthy of brief comment.

(1) The submergence event in the Clifton Sand is more
gredual and prolonged than equivalent events in

other cycles.

(2) The emerging sequence up to the proximal facies of

the Clifton Conglomerate is more rapid than normal.
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(3) On two occasions, one in the 110 ft. Conglomerate
and the other in the Clifton Conglomerate, the basin
becomes markedly terrestrial with deposition of a
thick sequence of ccnglomerate (Fig. T-4.). This is
reflected particularly in the Clifton Conglomerate

by the greater amplitude of the cycle (Fig. T7-5.).
7-7. RATE OF SEDIMENTATION AND SEDIMENT SUPPLY

The rate of sedimentation of the Kidnappers Group appears
to have been quite variable, increasing ma?kedly from 150 mm/
1000 yrs to 860 mm/1000 yrs across the Okehuan/Putikian
boundary (Fig. T7-6A.). Low sedimentation rates during the
Okehuan are supported by the presence of three paleocsols in
the Mt. Gordon Beds, each probably representing up to several
thousand years of non-deposition (Fig. T-6A.). The high
sedimentation rate was continuous through the group from the
base of the 110 ft. Conglomerate, with no breask in sediment-
ation being apparent at the Okehuan/Putikian boundary (Fig.

T-6A.).

The inland section along the Maraetotara River shows a
similer trend, although sedimentation was initially higher

during the Okehuan and lower during the Putikian (Fig. T-6B.).

The abrupt increase in rate of sedimentation over the
Okehuan/Putikian boundary reflects increased subsidence of
the depression and poscsibly an increased supply of sediment.
From Section T7-6 it is evident that the rate of subsidence
of the basin is unrelated to the lithology deposited and there-
fore subsidence may reasonably be dssumed to have been constant.
Further it was shown that base level strongly influenced the

character of the lithologies.
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There is ample sedimentologic evidence (Section T-3.)
to establish that deposition of the Clifton Conglomerate,
for example, was rapid. Hence base level must have been
depressed for a sufficient length of time for this thick
formation to have been deposited. In a depositional setting
with rapid subsidence and fluctuations in base level fine
grain-sizes do not necessarily indicate slow rates of
accunulation. In the Clifton Sand, for example, deposition
of fine-grained sediment has occurred because of a rise in
base level and because no coarser sediment was being trans-
ported into the basin. With sufficient supply of sediment,
the rate of accumulation, controlled by the rate of subsid-
ence, is likely to have been comparable to that of conglom-
erate, Hence, the rate of sedimentation since the Okehuan
was most probably linear with respect to thickness (Fig. T7-6.).
Therefore the periods represented by the submergence and
emergence events in Fies, T-5 are probably a reasonable

estimate of the periods of fluctuations in base level.

The rate of sedimentation may also be related to the
supply of sediment which is an important consideration in
Hawke's Bay as rivers flowing from the axial ranges have
changed direction during Castlecliffian and Hawera times

(Kingma 1971).

Beu & Grant-Taylor (1975) considered the quantities of
ignimbrite pebbles in the formations overlying the Marae-
totara Sand and underlying the Rabbit Gully Beds (Fig..2-2.)
indicated a former course of the Mohaka River south-west
into the Kidnappers area (Fig. 7-T7.). Further, they consid-

ered that the presence of hard, white Whangai Argillite above
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the Rabbit Gully Beds indicated a period of major drainage
reorganisation, with the Tukituki River flowing north into

Hawke Bay about 0.25 m.y. B.P.

Although reversal of a proportion of the dextral trans-
current movement along faults bounding the axial ranges would
give & more wesierly direction to the Mohaka River (Dr. A.G.
Beu, pers. comm.), this is not consistent with the southerly
current directions in the Mt. Gordon Beds and the 110 ft,.
Conglomerate (Figs. 5-9, 7-6 and Appendix III.). Further,
as a restricted seaway existed north-west of the Kidnappers
Depression, linking the eastern Ruataniwha Basin with Hawke
Bay (Kingma 1971), paleocurrent directions from the north-
west are thought to be unlikely during Putikian and Lower

Hawvera times.

Therefore, together with the non-observance by the writer
of any ignimbrite pebbles in the 110 ft. Conglomerate, it is
likely that the Tukituki River broke through into Hawke's Bay
at an earlier date of about 0.5 m.y. B.P. (c¢.f. 0.25 m.y. of
Beu & Grant-Taylor 1975). Hence, an increase in supply of
sediment across the Okehuan/Putikian boundary may have

coincided with increased subsidence of the basin.

An equally important change in river direction occurred
later in Hawera times, immediately prior to depositicn of
the Clifton Conglomerate. In this formation paleocurrent
directions consistently show & west to rorth-west direction
(Fig. 5-18.), in line with the present trend of the Ngauroro
River west of Maraekakaho (Fig. 2-3.). During the greater
part of Castlecliffian and Hawera times the Ngauroro River

supplied gravel to the Ruataniwhs Basin and was ponded behind
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a resistant barrier at Maraekakaho. At approximately

0.2 m.y. ago the river cut through this barrier and supplied
gravel to the Kidnappers Depression (Fig. 7-T7.). The
correlative of the Clifton Conglomerate and Te Awanga Beds
on the north-western flank of Te Mata Peak (Fig. 1-6.)

could also only have been deposited by the Ngauroro River.

Pettijohn (1975) found that the mean size of clasts is
directly proportional to the diameter of the largest clasts.
On this basis it has been shown that measurement of 10 of
the largest clasts in outcrop is a reliable way of detecting
changes in the mean size of gravel and hence transport
directions (e.g. Seward 19Thka). 1In the coastal exposure of
the Clifton Conglomerate the mean size of the largest clasts
increases upward (Section 2-5.) and therefore, the increase
in size relates to the depositional environment becoming more
proximal. Moreover, as the distance from source is similar
throughout the formational exposure, the increese in size
must correspond to a reduced residence time in the braided
river. Hence the rate of sediment supply must have increased
dramatically with time through the formation, as the mean

size of clasts doubles up through the formation.

This relates well to Hein & Walker's (1977) model of bar
formation (Fig. 7-3.) in that fhe proximal facies of Litho-
type I formed under the influence of high sediment and fluid
discharge. Hence, the dominance of Lithotype I in the upper
two-thirds of the Clifton Conglomerate results from an abrupt
increase in supply of sediment together with a drop'in base

level.
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CHAPTER 8: SUMMARY AND CONCLUSIONS

Geologic Structure and Stratigraphy

Following a complex history of Mesogoic and Tertiary
sedimentation, the Kidnappers Group, located immediately
south of Hawke Bay, was depocsited in an east-west structural
depression lying oblique to the dominant NE/SW and less

pronounced NW/SE regional structural trends.

The Kidnappers Depression (Fig. 1-6.) is fault and fold
bounded in the south and fault bounded in the north-west. A
NE/SW trending anticline (Kidnappers Anticline 1) involving
Pliocene - Middle Pleistocene strata 5-10 km east of Cape
Kidnappers, formed the eastern boundary of the depression.

The Kidneppers Group is presently folded about a growing anti-
cline (Kidnappers Anticline 2) located on the western flank of
Kidnappers Anticline 1. A modern westward plunging syncline
occurs immediately offshore and intersects Kidnappers Anticline
2. The mildly deformed north and north-westward dipping strata -
of the group are consistent with the occurrence of an offshore

syncline.

The Pleistocene Kidnappers Group rests unconformably on
Tertiary lithologies with deposition commencing during the
Okehuan and persisting for approximately 0.85 m.y., until

0.1 m.y. B.P.

The group shows wide lithologic diversity, including
conglomerates, fossiliferous and unfossiliferous sandstones
and mudstones, tephras, palecsols and lignites. The dominant

lithology in the majority of formatiocns is greywvacke conglomerate.
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Ten lithostratigraphic formations were originally estab-
lished by Kingma (1971): Maraetotara Sand; Kidnapper Tuff; Mt.
Gordon Beds; 110 ft. Conglomerate; Rabbit Gully Beds; Trig.

N Beds; Clifton Sand; Clifton Conglomerate; Upper Clifton

Sand and the Te Awanga Beds. In this séudy only nine of these
formations are recognised, as, on the basis of lithology, the

Upper Clifton Sand has no special geologic significance which

warrants formational distinction from the Te Awanga Beds and,

at best, warrants only member status.

Intrabasinal tephrostratigraphic and lithostratigraphic
correlation reveals rapid lateral thickening of some formations:
towards the axis of the Kidnappers Depression, coinciding in
location tc the modern coastal section, from which it is
evident that subsidence increased abruptly across the Okehuan/
Putikian boundary. From the westwards thickening of the Te
Awvanga Beds it is deduced that with emergence of Kidnappers
Anticline 2 about 0.12 m.y. B.P., the locus of subsidénce

shifted west into the Heretaunga Plains.
Methods Develcoped (Chapter 3):

Three computer programmes were developed and a fourth
adapted to aralyse textural, mineralogic, shape and orientation
data of clasts in conglomerates. The texture progremme is a
rapid method of obtaining & complete graphical, statistical
and descriptive summary of the grain-size distribution of
earth materials. The minerslogy programme is & rapid, effort-
less computerised method of mineral identification from X-ray
diffraction analysis. The shape progremme calculates the
shape indices of maximum projection sphericity, oblateness-
prolateness, elongation index and bladed index. Further, it

calculates the statisticsz for the distribution of each shape
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index and positions the pebble values on a sphericity-form
triangle. The fourth programme vectorially and statistically

anelyses the clast orientation data and is a modification of

an existing programme.
Sedimentology and Paleoenvironments

"Five conglomeratic lithotypes are recognised to emphasise

the distinctive Teatures of different conglomerates in the

group:

Lithotype 1 - Imbricated, inverse to normally graded conglom-
erate;

Lithotype 2 -~ Planar cross-stretified ccocnglomerate;

Lithotype 3 - Thin, massive to stratified conglomerate;

Lithotype 4 =~ ©Planar cross-stratified, shelly, sandy conglom-
erate;

Lithotype 5 - Thin, massive to low-angle cross-stratified,

shelly conglomerate.

The characteristic development of cross-stratification, the
shape and orientation fabric of clasts,and the textural and
mineralogic analyses,together enable the identification of

conglomeratic paleoenvironments.

Shape (Chapter L):

On the basis of shape indices, pebbles from Lithotypes 1,
2, 3 and 5 have typically fluvial shapes while those from
Lithotype 4 have shapes more characteristic of a low energy
beach. Compared with the results of Dobkins & Folk (1970),
the oblate-prolate index is a more reliable shape discrimin-
atory index, znd maximum projection sphericity less so, in
establishing the paleoenviroﬁments of pebbles in the Kidnappers

Group. The success or otherwise of each shape index tc
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correctly predict the paleoenvironment, is related to the

region on the sphericity-form triangle where most pebble

forms occur.

A clast size-dependent anad size-independent relationship
with shape occurs in conglomerates near the base of the
Cliftcn Conglomerate. Here the concentration of large oblate

clasts is considered to be a facies indicator of channel lag

deposits.

Orientation Fabric (Chapter 5):

In Lithotype 1 the orientation of clast a-axes transverse
to paleocurrent directions and the monoclinic symmetry pattern
of ab plane poles are characteristic of fluvial gravels. In
comperison in Lithotype 5 the orthorhombic symmetry of the ab
piane poles are consistent with deposition in an estuarine/
subtidal maerine environment. The difference in clast imbric-
ation angles of 150 is comparable with that reported from

modern fluvial and marine environments.

A new orientation fabric, namely a(t) ab(i), is defined
which identifies the side slope of a channel or channel bar,
e feature which may not otherwise be discernable in conglom-
erates. If a slope exists on the depositional surface then
paleocurrent directions derived simply from the direction of
dip of the maximum projection of the ab planes cf pebbles may
be in error. However, if the trend and plunge of the a-axis
is also measured the correct paleocurrent direction may bve
determined by stereogrephic removal of the plunge on the a-

axes.

A model for the origin of clast orientation haes been

developed (Fig. 5-~3%2.). The orientation fabric of clasts in
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Lithotype 1 is indicative of flood and falling stage flows

with the development of imbrication being mainly a post-

depositional event.

Texture and Mineralogy (Chapter 6):

Clasts in conglomerates in the Kidnappers Group are mainly
of pebble size although cobbles occur locally. In the Clifton
Conglomerate the mean size of the largest clasts doubles
upwards through the formation indicating that the rate of
sediment supply increased. The texture and grading in Litho-
type 1 imply high concentrations of dispersed clasts, a high

shear stress, steep slopes and proximal depostional environ-

ments.

Correlation of conglomeratic lithotypes was aided by
cdmparing the heavy mineral assemblages of tephras in the group.
The fephras vary markedly in their relative abundance of hyper-
sthene and hornblende (Fig. 6-T7.). Despite limited water
sorting of some of the tephras,the relative abundance of the
major heavy minerals in the volcaniclastic units has not

changed significantly from that in the parent tephras.

On the basis of fossil content, clast orientation fabric,
clast shape and the stratigraphic context of the conglomerates,
Lithotypes 1, 2 and 3 are assigned s braided fluvial origin
and Lithotypes 4 and 5 a shallow marine origin. Certain sign-
jficant differences between Lithotypes 1, 2 and 3 (Fig. 7-1.)

identify a proximal-distal sequence within the braided fluvial

environment.

Lithotype 1 - channel lag and longitudinal bar facies formed
under high fiuid and sediment discharge in

proximal reaches of a braided river.
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Lithotype 2 - transverse and longitudinal/disgonal bar facies
formed under lower fluid and sediment discharge,
probably on moderately steep slopes in the mid-

reaches of a braided river system.

Lithotype 3 - fining upward cycle probably corresponding to a
progression in the distal reaches of a breaided
river environment frcem channel bar facies through

to topstratum overbank deposits.

Lithotype L4 - deposited on the foreset slope of a prograding

delta.

Lithotype 5 - lenticular conglomerates deposited in an estuarine/

subtidal environment.

In addition to the marine conglomeratic lithotypes, fossil-
iferous marine sandstones and mudstones occasionally occur in
the grcup and provide evidence of the inland migration of

Kidnappers paleoshorelines.

From the vertical succession of conglomeratic facies and
marine fossiliferous units (Fig. 7-L4.), a chronology of sub-
mergence and emergence events in the Kidnappers Group has been
derived (Fig. T7-5.). The cyclicity event in paleoenviron-
mental successions relates primarily to periodic fluctuations
in base level. The period of each cycle is considered to

be a reasonabtle estimate of the period of base level fluctuations.
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CONTROLS ON SEDIMENTATION IN THE KIDNAPPERS GROUP
(1) Teetonic Control

Tectonism has played an important role during deposition

of the Kidnappers Group. Four major influences are recognised:

(i) The group was deposited in a subsiding fault and
fold bounded depression;

(ii) Through rapid uplift, the axial greywacke ranges
provided a source area for the widespread conglom-
erates in the group;

(iii) Fault control of river directions has influenced
the supply of conglomerate to the depression;

(iv) Uplift of a rising anticline approximately 0.12 m.y.

B.P. terminated sedimentation in the depression.

Tectonism may have controlled cyclical changes in base
ir
level in at least two ways, one involvingAregular rates of
subsidence in the basin, and the other involving movemesnts in

the hinterland. Irregular rates of basinal subsidence are

discounted for several reasons:

(1) There is & complete absence of synsedimentary faulting

or slump structures in the group;

(ii) As far as can be determined, all strata are conform-
eble with no detectable disconformities;

(iii) The rate of sedimentation for post-Okehuan szdiments,
established from fission-track dates, is essentially
constant (Fig. 7-6.).

(iv) The nature of lateral thickening of post-Ckehuan
formetions towards the axis of the depression indic-

ates continuous subsidence irrespective of lithology

(Fig. 2-9.).
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On the other hand a mechanism involving constant sub-
sidence with variable sediment input, a reflection of tectonism
outside the basin (Steel 1976, Steel et al. 1976), may explain
partly the pslecenvironmental succession. With constant sub-
sidence, periods of non-deposition followed by periods of in-

filling could produce cyclical submergence and emergence events.

However, by itself this mechanism is unlikely to have
produced the observed paleoenvironmental successions as there
is no evidence in post-Okehuan sediments of disconformities
marking breaks in sedimentation. Further, such a mechanism is
unlikely to cause the periodicity, asymmetry and magnitiude of
the paleocoenvironmental successions. Nevertheless, the sudden
inputs of sediment at approximately 0.5 end 0.2 m.y. B.P. (Fig.
T-7.) have been related to changes in river direction as a
consequence of faulting. Thus tectonism may explain, in psart,

the repetitive paleoenvironmental succession in the group.
(2) Glacio-Eustatie Control

The most reliable sea level curve for the Pleistocene is
that derived from the oxygen-isotope record preserved in cores
V28-238 and V29-239, from the equatoriel western Pacific (Fig.
8-1, Skackleton & Opdyke 1973, 1976). Dating of these cores
was done primarily by the geomagnetic scale (Fig. 8-1.). Both
cores are complete with sedimentation rates of 1.7 em/10C0 yrs.

in core V28-238 and 1 ¢m/1000 vyrs. in core V28-239.

Each core records the same number of events in the last
800,000 years. During this time there have been 10 glacial
events at approximately 80,000 to 100,000 year intervals.
Typicelly the glacial periods ended abruptly during times

designated by isctope stages 2, 6, 10, 12, 20 and 22 and less



Fig. 8-1. The oxygen-isotope and paleomagnetic record in equatorial Pacific core V28-238

and V28-239 (after Shackleton & Opdyke 1976).
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clearly in 4, 8 and 14 (Fig. 8-1.).

The sedimentologic record of submergence and emergence
events in the Kidnappers Group has been compared using the
same time scale with the relevant part of core v28-238 (Fig.
8-2.). Sedimentation of the group is taken as being constant
from 0.45 m.y. B.P. (see Section 7-7.). Only slight compressiocn
of isotope stage 9 is required to fit core V28-238 between
three fission-track dates for the Kidnappers Group. Compression

of isotope stage 9 was no further than its reduced duration in

core V28-239 (Fig. 8-1.).

The nature of the successive submergence-emergence events
derived from the sedimentology of the group resembles closely

the sea level curve derived by Shackleton & Opdyke (1973, 1976).

This is exemplified by the following points:

(i) Emergence events A, C, E and G coincide with, and
are of similar duration to, glacial isotope stages
6, 8, 10 and 12.

(ii) The rapid submergence events G/F, E/D and that foll-
owing A are identical to the abrupt terminations of
glacial stages 12, 10 and 6 respectively. The
asymmetry in most submergence-emergence cycles is
typical of that induced by glacio-eustatic sea level
fluctuations (Matthews 19T7L4).

(iii) The more gradual and prolonged submergence event B
in the Clifton Sand (Section 7-6.), is identical to
the prolonged rise in sea level into interglacial

event 7 (Fig. 8-2.).

Hence strong evidence exists that the primary contrcl on

the succession of palecenvironments in the Kidnappers Group has
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been glacio-eustatic sea level fluctuations. The magnitude

of facies changes from mid-resach fiuvial, and occasionally
rroximal fluvial, to subtidal marine requires considerable

and rapid base level fluctuations which are compatible with

glacio-eustatic sea level changes.

Independent support for transgressive event B (Fig. 8-2.)
is the probable correlation on the basis of its high hyper-
sthene content (Fig. 6-T.) of tephric unit H with the Mt. Curl
Tephra (Mi;ne 1973). The Mt. Curl Tephra has an age of 0.23%
0.03 m.y. B.P., which compares with an age for Unit H of
0.28 m.y. estimated on the beasis of constant sedimentation
from Unit F (0.32 * 0.07 m.y. B.P., Fig. 2-30.). It has been
estimated by Milne (1973) that the Mt. Curl Tephra was deposited
within 3000 years of the end of the cold climate episcde pre-
dating the penultimate interglacial. On this basis the
Wanganui marine bench sequence can be correlated satisfactorily
with raised coral reef sequences in Barbados and HNew Guinea.
The occurrence of tephric unit H in the upper part of the Trig.
N Beds (Fig. 2-9.), and therefore the latter part of glacial
stage C (Fig. 8-2.), supports correlation of the penultimate
interglaecial isotope stage 7 with the penultimate interglaciel

event B in the Kidnsppers Group.

The interglacial climate indicated by flora in the lignites
of Lithotype 3B is consistent with a high interglacial sea

level following an interglacial maximum (e.g. event F, Fig,

8-2.).

Any record of submergence and emergence in Okehuan sediments
of the group is poorly preserved as the rate of subsidence and

sediment accumulation was low ard discontinuous (Fig. T-6.).
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Nevertheless, three paleosols in the Mt. GCordon Beds, inter-
Preted as forming under climatic conditions similar to that
in Hawke's Bay at present, may represent three interglacial
stages. If this were so, then they may relate to isotore

Stages 13, 15, 17 of Shackleton & Opdyke (1973, 1976).

The New Zealand Late Quaternary glacial/interglacial

succession relates well to the regressions and transgressions

recorded in the Kidnappers Group.

Stage Fvent
Waimean Glacial A

Terangian Interglacial B
Waimaungan Glacial c
Waiwheran Interglacial D

E

Porikan Glacial

Hence the earliest recognised Late Quaternary cold phase, the
Porikan Glacial Stage, would have occurred in latest Castle-
cliffien times, at approximately 0.36 m.y. B.P. (Fig. 8-2.).
Further, there is evidence of several more glacial/interglacial

cycles before the Okehuan/Putikian boundary.

There exists some irregularity in the transgressive-
regressive chronology recorded by post-Okehuan sediments, as
exemplified by the greater ampiitude of event A, and to some

extent also of event G (Fig. 8-2.).

From the sedimentology of conglomeratic facies, particularly
Lithotype 1 in the Clifton Conglomerate, it is considered that
the greater amplitude reflects the reinforcement of a glacially
induced regression with increased sediment discharge. This
relates to feult control of river directions and subsequent

debouching of the Tukituki River into the depression at about
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0.5 m.y. B.P., followed by the Ngauroro River at approxim-

ately 0.2 m.y. B.P. (see Section T7-T7.).

During Castlecliffian-Hawera times the Ngauroro River
was ponded at Maraekakako behind the Puketapu Fault. It is
anticipated that the fall in sea level leading into the
Waimean Glacial Stage provided the potential for cutting
through the resistant barrier of Nukumaruan limestones. With
a lower base leve;, and the large sediment supply behind the
barrier, gravel was poured into the Kidnappers Depression
forming the proximal fluvial facies in the Clifton Conglomerate.
This mechanism, together with renewed uplift of the Puketapu
Fault, formed the Waharoa Terraces. A similar mechanism is
envisaged for the breaking through of the Tukituki River,
although the absence of a large supply of gravel would only

have enabled progredation of mid-reach fluvial facies.

IMPLICATIONS

(i) Glacio-eustatic sea level fluctuations recorded
in the Kidnappers Group resemble closely those
derived from Pacific Ocean cores by Shackleton &
Opdyke (1973, 1976).

(ii) The sedimentary record of the Kidnappers Group is
essentially continuous with good absolute time
control. This potentially enables correlation of
Middle to Late Pleistocene successions throughout
New Zealand with paleoenvironmental successions in

the Kidnappers Group.



It is perhaps appropriate to record Butzer's (1976,

P32) comment

correlation of Shackleton's multiple
deep-sea units with existing, continental
time-stratigraphic schemes is next to
impossible, although cautious comparisons
with detailed lithostratigraphic sequences,
defined with some measure of radiometric

control, appear to be possible eventually.

2176
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APPENDIX (I i)

THIS PROGRAM CALCULATES VARIOUS SHAPE INDICESs DETERMINES

THE STATISTICAL NATURE OF THE DISTRIBUTION FOR EACH INDEX AND
PLOTS THE SHAFE ON THE SPHERICITY-FORM DIAGRAM OF SNEED AND FOLK
THE SHAPE INDICIES CALCULATED ARE : MAXIMUM PROJECTION SPHERICITY
(SNEED&FOL.K) s OBLATENESS=PROLATENESS INDEX (DOBKINS&FOLK) s

BLADED INDEX (THE BASAL PARAMETER IN THE SPHERICITY-FORM DIAGRAM )
AND THE E{.ONGATION INDEX (FOLK)

THE SIMPLF STATISTICS CALCULATED ARE : NsMEANs SUM OF MEAN DEVIATI ONS,
VARIANCEs STANDAR{) DEVIATIUNs AND 95 PERCENT CONFIDENCE LIMITS.
S=READITsUNIT=READER

COOO0OO0OOO0O0

-
—
r
m

FILE 6=PRINTDATAsUNIT=PRINTER

REAL L(1000)sM(1000)9S(1000)sST(1000)sLM(1000)9SS(1000)sLT(1000)>
1LS(1000) sNAMES (6) 9T (40) 4LX(1000) 4LY(1000)
COMMON 1R, 1w

IR =5

Iw = o6

READ(1Rs1) NRANGE s NO
C NRANGE SPECIFIES THE RANGE OF THE DATA VALUES. IN THIS CASE 0.0 = 1.0
C NO SPECIFTES THE NUMBER OF SAMPLES

1 FORMAT (215)
READ (IR 2) (T(I)sI = 1,435)
2 FORMAT (2nF4.2 / 20F4.2)
DO 14 NB = 19 NO
READ (IRs3) NAMES 4 K
C K IS THE NUMBER OF VALUES IN EACH SAMPLE
3 FORMAT (6A615)
WRITE (Iwe4) NAMES 4 K
4 FORMAT ('1'4/' '36A6 +15s"' PEBBLE MEASUREMENTS!')
=1
=5
KK = K/5
6 J = 1leKK
READ (IRs5) (L (I)eM(I)9S(I)el=IIsJJ)
C L = LENGTH LONG AXISs M = INTERMEDIATEs AND S = SHORT AXIS LENGTH.
S FORMAT (S5(3F5.2) 95X)
II1 = 11 + 5
JJd = JJ + 5
6 CONTINUE
DO 7
LY(I)
SS(I)
LM(I)

= 14K
M(I) 7/ L(I)
S¢l)y # S(I)
LeI) * M(I)
ST(I) Ss(I)/LM(T)
T ST(I) ST(I) ## 0,333333
DO 8 I =1l«K
LICD) (L(I)=M(I)) 7/ (L(I)=5(1))
LS(I) S¢l) 7 LD
8 LX(I) 10.0%C(LI(I) = 0e5)/LS(I))
ST MAXIMUM PROJECTION SPHERICITY _ ‘
LI RATIO PLATY TO ELONGATED OR THE BLADED INDEXe
LS RATIO CUMPACT 70 PLATY o
LX OBLATENESS = PROLATENESS INDEX
LY ELONGATION INDEX

[ I I ]

[t}

nunnn

[sXeXeNoXe!



WRITE (IW,9)
9 FORMAT(//' 's'LONG'92Xs ' INTERMEDIATE ! 92Xy ' SHORT ' 32Xy 'SPHERICITY (S

INEED&FOLK) ' 92X "BILADED INDtX',ZX,'RATIO COMPACT : PLATY!'9SXs'OP IN
1DEX' 98Xy 'ELONGATION INDEX')

IC =0
DO 13 I = 1,K
1€ = 1Cc + 1

IF(IC.NE«41)GO TO 11
WRITE (Iw,10)
10 FORMAT ("1 19/ 141y LONG!' 92Xs ' INTERMEDIATE ' 42Xs 'SHORT ' s2Xs ' SPHERICITY
1 (SNEEDSFOLK) '92Xs 'BLADED INUEX!'42Xs'RATIO COMPACT ¢ PLATY!'45Xs'0P
1 INDEX'sBXs 'ELONGATION INDEX')

IC =0
l} WRITE (Iw.12)_L(I),M(I)qs(I);ST(I)yLI(I)yLS(I)oLX(I)qLY(I)
12 FORMAT( ' '3F5.295XeF5.295X0F5e2912X9F5e2911X9FSe2914XsFSa2915XsF7

1.2,10X4F5.2)
13 CONTINUE

SUBROUTINF STAT IS REPEATEOLY CALLED TO CALCULATE STATISTICS ON

THE SHAPE INDICIES AND SIZE

CALL STAT (MsKsT)

CALL STAT(STsKeT)

CALL STAT(LX9KsT)

CALL STAT (LYK, T)

CALL STAT(LIsK,sT)

CALL PLOT(LIsLSsKsNRANGE)

SUBROUTINE PLUT IS CALLED TO PLOT THE VALUES.
14 CONTINUE

SToP

END

SUBROUTINE STAT(AsKeT)
DIMENSION A(300)sT(40)
COMMON IR, IW
SUM = 0.0
DMEAN = 0,0
DO 1 I = 19K
1 SUM = SUM + A(I)
AMEAN = SUM / K
DO 2 I = 1K
2 DMEAN = DMEAN + (AMEAN = A(I))## 2
IF(K=30)34394
VAR = DMEAN / (K-1)
STDEV = SQRT(VAR)
GO TO S

w

4 VAR = DMEAN / K
STDEV = SQRT(VAR)
S IF (K = 35) 1l4s1246
6 IF (K = 40) 1241347
7 IF (K = 50) 1341448
8 IF (K = 60) 1441549
9 IF (K = 90) 15416410
10 IF (K = 120) 16417418
11 TE = T(K-1)
GO 70 19
12 TE = 2.03

GO T0 19



13
14
15
16
17
18
19

20

TE = 2.02
GO TO 19

TE = 2.01
GO TO 19

TE = 2.00
GO TO 19

TE = 1.99
GO TO 19

TE = 1.98
GO TO 19

TE = 1.96
Z =K

CON = TE # STDEV / SQRT(2)
WRITE (IWs20)Ks AMEANs DMEAN Y VAR STDEV 9 CON

FORMAT (Y 19N = 1 5313s5Xs' yMEAN = ' gF7.295Xs ' s DMEAN = "9FG4345Xs eV
TARIANCE ='9F7e¢395Xs " 9STDEV = '4F7e3945Xs'9CON = 'oF7.3)

RETURN

END

SUBROUTINF PLOT(LIsLSsNgNRANGE)

DIMENSION LI(300)4LS(300)9sP0S(514101)40P0OS(30092) «POSPLT (4)
DATA CLASS/'e'/9BLANK/' '/ 4PUSPLT/ ' 4141214130 ,141 /,PERCNT/ ' 51/
COMMON IR, IW

DG 2 U = 1+¢50

DO 2 1 = 19101

POS(JsI) = BLANK

POS(5141) = CLASS

DO 3 I = 19101910

POS(51s1) = PERCNT
DO &4 1 = 2950

K = 52-1

L = 50+1

POS (IsK) = CLASS
POS (1sL) = CLASS

POS (I951) =PERCNT
DO S I = 6946495

K = 52-1

L = 50+I

POS (IsK) = PERCNT
POS (IsL) = PERCNT
DO 20 I = 19N

X = Ls((l)

Y = LI(I)

IF(Y.E0.0.0) Y = 00001
1F (NRANGE .EQ«100)GO TO 8
IF (NRANGE.EQ«10)GO TO 7

XPOS = 1000* X/2e

GO TO 9

XP0OS = 10.0 #* Xrs2.
Go To 9

XPOS = 1.0 #* X/2.

CONTINVE

ZP0S = XPOS + 0.5
£P0S = 51-4pPUS



11
12

13
14

15
16

17
18

19

20
2l
22

23
24

IF (NRANGE.EQ«100)G0O TO 13
IF (NRANGE.EQ.10)G0O TO 12

YPOS = (101e=((100. * Y)+ 0,.5))
GO TO 14
YPOS = (101e=((10.0 % Y)+ 0.5))
GO TO 1¢4
YPOS = (101e=((1.0 * Y)+ 0,5))
CONTINUE

XPOS = (5].=XP0OS) /510

JPOS = (50.~YPOS) # XPOS + 52.0

IF (JPOS.LF.0)JPOS = 1

0POS(1s1) = £POS

OPOS(1s2) = JPOS

KOUNT = 0

DO 15 J = 1sl

IF (OP0OS(Js1) +EQ.ZPOS.AND.OPOS (Js2) JEQ.JPOS) KOUNT = KOUNT + 1
CONTINUE

IF (KOUNT.GT.0)GO TO 16

IF (ZP0S+GTe0+AND« JPOS.GT.0)GO TO 17
GO TO 18

IF (ZP0SeLT «52AND . JPOS.LT<102)G0 TO 19
WRITE(IWs/) IsXsYsZP0OS,JPOS

GO TO 20

CONT INUE

IF (KOUNT «GT«3)KOUNT = 4

POS (ZPOS s JPOS) = POSPLT (KOUNT)

CONT INUE

WRITE (IWs21)

FORMAT ('11)

WRITE(IWs22) N

FORMAT (' ' 963Xy 'COMPACT ' s15Xs 'N =1'414)
DO 23 M = 1lybl

WRITE (Iws24) (POS(MsN)sN = 19101)
FORMAT (' '916X9101A1)

WRITE (IWs25)

> FORMAT (' V912K 'PLATY ' 997X,y 'ELONGATED!)

WRITE (IWs21)
RETURN
END
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APPENDIX (I ii)

THIS PROGRAM CALCULATES STATISTICS ABOUT THE DISTRIBUTION OF
ORIENTATION DATA.

THE PROGRAM 1S AN ADAPTION OF AN EXISTING PROGRAM (SEWARDs1974) «
THE STATISTICS CALCULATED ARE :VECTOR MEANs VECTOR MAGNITUDE (%)
VARIANCEs STANDARD DEVIATIONSSUM OF THE MEAN DEVIATIONS +THE

95 AND 99 PERCENT CONFIDENCE LIMITS.

S=READITHyUNIT=READER

m

6=PRINTDATAsUNIT=PRINTER

REAL LOCET(18)+LOCNO
DIMENSION A(500) sM(200) T (40)sTT(40)
IR = 5
IW = 6
READ(IRs1l) (T(I)sI = 1435)
READ(IRe 1Y (TT(I) eI = 14935)
T SPECIFIES THE T VALUES IN THE STUDENTS T DISTRIBUTION CORRESPOND
=ING TO P=0,U5 (2P)
TT SPECIFIES THE T VALUES WHERE P=0,01 (2P)
1 FORMAT (20F4.2/720F4.2)
WRITE (IWy2)
2 FORMAT ('1's////' VECTOR MEANs STANDARD DEVIATIONs, CONFIDENCE
1INTERVAL (95%) AND (99%) '/10Xe'FOR CURRENT DIRECTION DATA")
GO TO0 S
3 WRITE(IWs4)
4 FORMAT (Y11 ///7)

P=0
G0 TO 6
5P =1

6 READ(IRs7)NsLOCET
N = THE NUMBER OF VALUES IN EACH SAMPLE
LOCET = INFORMATION ABOUT THE SAMPLES : POSITION AND SEDIMENT STR.
7 FORMAT(I341Xs18A4)
IF(N) 4944948
8 CONTINUE
WRITE(IWs9Q)LUCET
9 FORMAT (/' '420A4)
P = P+l
READ(IR910) (A(I)sI = 14N)
10 FORMAT (19F4.0)
L N
I 1
N 1
DO 14 J = 1lsL
IF(A(I))119llel2

wnu

11 N = N=1

GO TO 13
12 A(N) = AC(])
13 1 = I+1
14 N = N+1

N = N-1

IF(N=1)6s15916
15 GO TO 47
16 CONTINUE

SS 0.0

SC 0.0



DO 17 I = 14N
SS = SS+SIN(A(I) #0,01745)
17 SC = SC+COS(A(I) # 0.01745)
R = SQRT(SS # SS+SC % S(C)
VMEAN = (ATAN(SS/SC) # 180./3.14159)
IF(SS)21418,18
18 IF(SC)2041991Y
19 VMEAN = VMEAN
GO To 23
20 VMEAN = VMEAN + 180."
GO TO 23
21 IF(SC)20422+22
22 VMEAN = VMEAN + 360.
23 CONTINUE
EL = R # 1000/N
SUMV = 000
DO 28 I = 14N
DIFF = (VMEAN = A(1))
IF(DIFF = 180.0)259244264
24 DIFF = A(I) + 360.0 = VMEAN
GO TO 27
25 IF(DIFF + 18040)264926427
26 DIFF = VMEAN + 360.0 = A(I)
27 CONTINUE
M(I) = A(I)
28 SUMV = SUMV + DIFF ## 2
IF (N=30)29929+30
29 VAR = SUMV/N
STDEV = SQRT(VAR)
GO TO 31
30 VAR = SUMV/N
STDEV = SQRT(VAR)
31 IF(N~-35)37+38932
32 IF(N-40)38939+33
33 IF(N=50)39940934
34 IF(N-60)40s41935
35 IF (N=90)41s42936
36 IF(N=120)42+43944
37 TE = T(N=1)
TTE = TT(N-1)

GO TO 45
38 TE = 2.03
TTE = 2.73
GO TO 45
39 TE = 2.02
TTE = 2.70
GO TO 45
40 TE = 2.01
TTE = 2.68
GO TO 45
41 TE = 2.00
TTE = 2466
GO TO 45
42 TE = 1.99
TTE = 2464
GO TO 45
43 TE = 1.98
TTE = 2.62
GO TO 45
44 TE = 1.96
TTE 257

45 Z = N



CON = TE # STDEV/SQRT(Z)
CONN = TTE # STDEV/SQRT (Z)
VMEAN = VMEAN + 0,5
SUMV = SUMV + 0.5
STDEV = STDEV + 0.5
CON = CON + 0.5
CONN = CONN + 0.5
WRITE (6946) VMEANSVAR »STDEVINyEL
46 FORMAT(' ' 9'VEC MEAN='9F4e091Xs ' VARIANCE="'9F54091X9s 'STDEV="4F44051
1Xs "READINGS="9I391Xs'VEC MAG(%)='9F6.2)
WRITE(IWek0) CUNsCONNSSUMV
60 FORMAT (' 19 'CON INTVL(9S%)="'3sF4¢0s1Xe'CON INTVL(99%)="9F4e041Xs'SU
lMV’:.,FgoO)
47 WRITE(IWs&48) (M(I)eI = 19N)
48 FORMAT (' TRUE AZIMUTH'111I5)
IF (P=12)64353
49 STOP
END
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APPENDIX (I iii)

THIS PROGRAM CALCULATES AND PRESENTS THE TEXTURAL DISTRIBUTION OF
EARTH MATERIALS
IT IS WRITTEN TO COMBINE RAW DATA FROM SIEVES (=6.0 PHI TO 4.0PHL)
WITH HYDROPHUTUMETER DATA.
THREE TYPES OF INPUT ARE REQUIRED 3THE CUMe WTS.FOR SUCCESSIVE
SIEVE INTEVALS, THE TRANSMISSION READINGS FROM THE HYDROPHOTOMETER
AND THE WEIGHT OF Muv.
THE TEXTURE UISTRIBUTION (S PRESENTED AS PLOTS OR STATISTICS:
(1) THREF CURVES =ACCURACY 0.5%
(A)HISTUGRAM
(B)% CUMe WT. (ARITHMETIC ORDINATE)
(C)% CUMe WT.(PROBABILITY ORDINATE)
(2) THE EXACT POSITIONS FOR THE DATA VALUES IN THE CURVES(0.005)
(3) PERCENT GRAVELs»SANDsSILTsCLAYs RATIO CLAY/SILT AND SAND/MUU
(4) TEXTURAL CLASS FOR GRAVEL FREE /GRAVEL BEARING DETRITAL SEDS
(5) FOLK STATISTICS:= MZsSURTINGSKEWNESSsKURTOSIS
(6) MEDIAN AND C STATISTIC
(7) VERBAL CLASSIFICATIUN FOR STATISTICAL PARAMETERS (FOLKjsANDREW
SsyAND LEWIS)

S=READITsUNIT=READER

6=PRINTDATASUNIT=PRINTER

DIMENSION NAMES(5) sRI(10)9WI(49)9RJI(I)sLINE(101) 4XI(49),

1RD(9) ¢RP(G) s RU(8) s WILOG (49)

DATA RJ/43.08927e52917e64910e8096¢7494¢6093,1091.9390.56/
DATA TOOT/"e"/ 9 IBLANK/' "/ 4 ICROSS/us#M/y [PLUS/M+M /3 TEX/VXY/
COMMON IR4IW

IR = 5
IWw = 6
S=0

READ(IRs14END=102) NAMES

NAMES IS THE SAMPLE NUMBER AND LOCATION,.
READ(IR9s2) (KR1(I)gI=1499)swM

RI SPECIFTES HYDROPHOTOMETER TRANSMISSION READINGS AND WM = WT.MUD
READ (IR92) (WIC(I)sI=1940)

Wl SPECIFIES THE CUMULATIVE SIEVE WEIGHTS.
FORMAT (5A6)

FORMAT (10F3.2)
WRITE(IWyG)NAMES s (RI(I) eI=199) 9 WM

FORMAT (M1ng /" MeSA69" RI"99FBe29" WT MUD="9F8.2)
WRITE(IWs9)

FORMAT (S0Xe"KEY ¢ "sGXe"+ = % INTEVAL WT.')

WRITE (Iwsll)
FORMAT (62X "% = % CUMeWTe (ARITHMETIC ORDINATE)™)
WRITE (Iwslc)

FORMAT (62X s "X

W=WM+W I (40) i
CONVERSION OF TRANSMISSIUN VALUES TO PERCENT OF TOTAL DISTRIBUTION

IN HALF PHI INTEVALS BEGINS

DO 10 I=1.9
RI(I)=100%#ALOG(100.0/RI (1))

R1(10)=0.0
DO 15 I=149
RI(I)=(RI(I)=RI(I+1))*RJLD)

S=S+RI (1)

% CUM.WT. (PROBABILITY ORDINATE)")



o o o

21

120

25

26

30

100

102

DO 21 I=1.9

RD(I)=RI(1)%*wM/S

WMW=WM=RD (9)

DO 24 I=1,8

RD(I)=RI(1)#WMW/S

D0 22 I=1.8

RP(I)=RD (1)

RP(I)=(RP(I)/WMW)*RD(9)

DO 23 I=1.8

RU(I)=RD(T1)+RP (I)

DO 20 I=1,8

COMBINATION UF CUMULATIVE WTS.SIEVE + HYDROPHOTOMETER.
WI(40+I)=wI(39+1)+RU(I)
WS=WI(40)+wWMwW

DO 120 I=1s48

XI(I)=wI(])

SETTING UP OF THE GRAPHS COMMENCES.
D0 25 I=1.101

LINE(I)=IDOT

WRITE(Iwess) LINE

FORMAT ("0tt9101AL s PHI %I eWTe CeWTe %CeWTe PROBM)
R==6.0

START OF A MAJOR LOOP WHICH SUCCESSIVELY CALCULATES AND PLOTS THE
APPROXIMATE AND EXACT POSITIONS OF THE DISTRIBUTION IN PHI INTEVAL
DO 100 I=).48

LINE(1)=INOT

IF(I.LE«40)GO TO 26
WRITE(IWs6)LINE(L)

R=R+0,.,25

CONTINUE

A IS CUMe WEIGHTSWIC(I) IS %CUMeWT3B IS % IeWTe
A=WI(I)

WI(I)=100+A/WS

B=WwI(I)

IF(IeNEel)B=B=WI(I-1)

WILOG IS PROB TRANS
WILOG(I)=PRPLOT(WI(I))

K IS ROUNDED WI POS

K=WwI(I1)+1.5

KK IS ROUNDED B POS

KK=B+1.5

IF(KK,GE.101)KK = 101

KKK IS ROUNDED WILOG POS
KKK=WILOG(I)+1l.5

IF(KKKeGE.101)KKK= 101

DO 30 J = 24101

LINE () =1IRLANK

LINE (K)=ICROSS

LINE (KK)=1PLUS

LINE (KKK)=IEX

R IS PHI

R=R+0.25

WRITE(IWws6e) LINESR9ByAsWI(I) o WILOG(I)
FORMAT (" nelULALlsF5.294F642)
CONTINUE

CALL RVALNE(XKILsw)

CALL STAT(wI)

GO TO 101

STOP

END



FUNCTION PRPLOT(Z)
THE FUNCTION SUBROUTINE TRANSFORMS THE ARITHMETIC VALUE TO THE
EQUIVALENT LUG PROBABILITY VALUE AND RETURNS THIS TO THE MAIN
PROGRAM WHERE 1T IS PLOTTED AS A LOG VALUE ON ARITHMETIC PAPER.
DATA Al9A29A35A49A53A6eATIABIBLlIB2+B39B4syB5sB69B7:885sC19C29C39C4y
=C59C64CT79CBsL19sD24sD39D4sD54DOSDLT408/
—=e4438509143091.09.31169251605E-29~.45542638681»
= 253496726939 ¢377693691709~,342834439719.25829275637,
== 254908394519 ,928091545679=1.09.329944521369
0021073384241 9=.319532957694+.63935580804E=19.46044014867E-1»
~=.188785896249.794317635399¢=1.09.39466194490,
=e359557976809=.888402353614.70866465260s=,17975642347
=e99443262630E=19=,193251759119.90713856871E~19.3100715305E-2
=¢353189246229=1e049.941427417829=.29461486428/ )
Y=Z2/100.
BNEG=1.
IF(Y.GT«0.5) GO TO 2
Y=1e=Y
BNEG==1.
IF(YelLTee7661446733) GO TO 4
IF(YelLTee91l64546629) GO TO 5
IF(YelLTeo9740244848) GO TO 6
IF(YelLTee9918300158) GO Tu 7
IF(YeLTee9999) GO TO 8
Y=BNEG#3.7
GO T0 10
Y=BNEGH# ( ( (A4*Y+A3) #Y+A2) #Y+AL1) / (((AB*Y+AT) #Y+A6) #Y+AS)
GO 7O 10
Y=(((34%Y+B3)#Y+B2)#Y+B1)/ (((BB#Y+B7) #Y+B6) #Y+BS) #+BNEG
GO TO 10
6 Y=BNEGH#* ( ((C4#Y+C3)#Y+C2)#Y+CLl)/ (((C8#Y+CT) #Y+C6) #Y+CHS)
GO TO 10
7 Y=BNEGH* ( ((D4®Y+D3)#Y+D2)#Y+D1) /7 (((D8¥*Y+D7)#Y+D6) #Y+D5S)
GO TO 10
8 Y=172.8395%#(Y=0.97791433) #BNEG
10 PRPLOT=100e%#(Y/744+0+5)
RETURN
END

n

&

Ui
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SUBROUTINE RVALUE(XIsw)

THE SUBROUTINE CALCULATES THE % GRAVEL ySANDsSILT+CLAY AND FINDS
THE CORRECT TEXTURAL CLASS FUR EITHER GRAVEL FREE OR GRAVEL
BEARING DETRITAL SEDIMENTS

DIMENSION XI (49)

COMMON IR.Iw

DO 110 I=1+48

XI(I)=100*XI(I)/w

CLAY=100.-XI (48)

SILT=XI(48)=X1(40)

SAND=XI(40)=X[(20)

GRAVEL=XI(20)

WRITE (IWs7)GRAVEL 9SANDsSILTsCLAY
FORMAT (" CUMBWT e GRAVEL="9F 7429 s SAND="9F 729" 9 SILT="sF7 .25
1My CLAY="FT7.2)

RCS=CILAY/SILT

RMS=SAnND/ (SILT+CLAY)

WRITE(IWs8)RCSsRMS

FORMAT (" w9 "RATIO CLAY/SILT="9F7.29"sRATIO SANOD/MUD="9sF7.2)
IF (GRAVEL.LE«V.0)GO TO 250

WRITE(IWs200)
1FORMAT(" TEXTURAL TERMINOLOGY FOR GRAVEL BEARING DETRITAL SEDIMENT
s

IF (GRAVEL=-8040)203+201+201

WRITE(Iw,s202)

FORMAT (5Xe 'GRAVEL ")

GO TO 300

IF (GRAVEL=30.0)212+2044+204

IF (RMS=1.0)205¢920545207

WRITE(IWs206)

FORMAT (5X, 'MUDDY GRAVEL?')

GO TO 300

IF(RMS = 9,0)2084+2089210

WRITE(IWs209)

FORMAT (5X+'"MUDDY SANDY GRAVEL!)

GO TO 300

WRITE(IWes211)

FORMAT (5X4 'SANDY GRAVEL?!)

GO TO 300

IF (GRAVEL=5.0)221.213,4213

IF(RMS =1.0)2144214,4,216

WRITE(IWs215)

FORMAT (5X 4 "GRAVELLY MUD?!')

GO TO 300

IF(RMS=9.0)217+2179219

WRITE(Iwe218)

FORMAT (5X+ 'GRAVELLY MUDDY SAND')

GO TO 300

WRITE(Iws220)

FORMAT (5Xs 'GRAVELLY SAND?'")

GO TO 300

IF (GRAVEL=~0.U1)23092229+222

IF(RMS =1,0)2235223+225

WRITE (69224)

FORMAT (5X4 'SLIGHTLY GRAVELLY MUD'Y)

GO TO 300

IF (RMS=9,0) 22642264228

WRITE (Iwe227)

FORMAT (5X« 'SLIGHTLY GRAVELLY MUDDY SAND")



GO TO 300
228 WRITE (IW,229)
- 229 FORMAT (5X4 'SLIGHTLY GRAVELLY SAND!')
GO TO 300
230 IF(RMS =0.1111) 2319231,233
231 WRITE (Iw.232)
232 FORMAT (5Xs'MUD')
GO TO 300
233 IF(RMS—= 1.0) 23492344236
234 WRITE (Iwe235)
235 FORMAT (5Xs'SANDY MUD!')
GO TO 300
236 IF(RMS = 9.,0) 23742374239
237 WRITE (IW,238)
238 FORMAT (5X, 'MUUDY SARND!')
GO TO 300
239 WRITE (lw,240)
2460 FORMAT (SXs'SAND!')
250 WRITE( Iw.251)
251 FORMAT (' TEXTURAL TERMINOLOGY FOR
1st)
IF(SAND = 90.0) 25442524252
252 WRITE(IWe253)
253 FORMAT (5Xs'SAND')
GO TO 300
254 JF (SAND= 50.0)26342554255
255 IF(RCS = 2.0) 25842564256
256 WRITE (Iv.257)
257 FORMAT (5Xs'CLAYEY SAND!')
GO TO 300
258 IF(RCS=0.5) 26142594259
259 WRITE (1lw.260)
260 FORMAT (5Xs 'MUDDY SAND!')
GO TO 300
261 WRITE( Iwl.262)
262 FORMAT (5Xs'SILTY SAND ')
GO TO 300
263 IF (SAND =10.0)2724+2644264
264 IF (RCS = 2.0)c2674+2654265
266 FORMAT (5X+ 'SANDY CLAY!')
265 WRITE (Iws266)
GO TO 300
267 IF(RCS = 0.5) 27042684268
268 WRITE (Iw.269)
269 FORMAT (5xs'SANDY MUDV)
GO TO 300
270 WRITE (Iw.271)
271 FORMAT (5Xs'SANDY SILT!')
GO TO 300
272 IF (RCS-=2.0)2754273,273
273 WRITE (Iw.274)
274 FORMAT (5Xs'CLAY!')
GO T0O 300
275 IF (RCS = 0.5) 278+4276+276
276 WRITE(IWe277)
277 FORMAT (5Xe'MUD')
GO TO 300
278 viRITE (Iw.279)
279 FORMAT (5Xs'SILT")
300 RETURN
END

GRAVEL FREE DETRITAL SEDIMENT
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318

SUBROUTINF STAT(WI)

THE SUBROUTINE CAILCULATES THE FOLK&wWARD STATISTI

DtTERMINES THE VERBAL CLASSIFICATION FOR THE PAR§3E¢ggS AFTER
THE SCHEME OF FOLKsANDREWS AND LEWIS.

DIMENSION wI (49)

COMMON IR« 1w

DO 318 I=)s48

IF(WI(I).GE.9Y5)6G0 TO 319

CONTINUE

WRITE (IWs320)

320 FORMAT (' 95 PERCENTILE NOT PRESENT 5 CALCULATION OF FOLK PARAMETER

319
801

802
827

300

301
3u2

304
305
817

818
820

308
309
813

8la
8ee

310
311
810

811
Bed

1S NOT POSSIBLE ')

GO TO 101

IF (I-42)8019801+802

PLYS = =5,75 +(I=-2)#0.25

IF(I.GE«41)PLYS =PLO5 +0.25

GO TO 827

PLO9S = 4,50+ ([=42)%0,5

PU9S =PL95+0.25

PHI9S5 =PL9S *(95-—WI(I-l))*(PU95-PL95)/(WI(I)-WI(I-I))
DO 301 I=1s48

IF(WI(I).GEele0)GOTO 302

CONTINUE

PL1==5,75+(1I-2)%0,25

IF(I.GE«+41)PLI=PL1+0.25

PU1 =pPL1+0.25

IF(I1eGE«40)PUL=PU1+0.25

PHI1 = PL1+(le0=-WI(I=1))®*(PUl - PLI)Z(WI(I)=wI(I=-1))
DO 304 1 =1448

IF(WI(I)GE«S)GO TO 305

CONTINUE

IF(I-42)817+8174818

PLS ==5.75+(1=-2)%0.25

IF(I.GE«41)PLS = PLS + 0.25

GO TO 820

PLS = 4450 +(I=42) # 0,5

PUS = PL5+0.25

IF(I.GE«40)PUS = PUS +0,25

PHI5 =PL5+ (S5¢=WI(I-1))#*(PUS=PLS)/(WI(I)=WI(I~-1))
DO 308 I =1,438

IF(WI(I).GE.16)GO TO 309

CONTINUE
IF(I-42)813+8134+814

PL16 = =5.75+(I=-2)%#0.25
IF(I1.GE«41)PL16 = PL16+0.25
GO TO 822

pL16 = 4050 + (1-42)“005
PU16 = PL16 +0.25

IF(I.GE«40)PUl6=PULl6 40,25

PHI16 = PL16 +(16.=-WI(I=1))#(PUl6 = PL16)/(WL(I)=WI(I-1))
DO 310 I =1,48

IF(WI(I).GE«25)G0 TO 311

CONTINUE

1F (I-42)81058104+811

PL25 = =5.75 +(I-2)%#0.25

IF(I.GE«41)PL2S = PL25+0.25

GO TO 823

PL25 = 4.50+([-42)#0.5

PU25 =pPL25 +U.25

IF(I«GE«40)PULS =PUR25+0.25

PHIZ2S5 =PL25 +(25.=v [ (I~1))*(PUZ5-PL2S)/(WI(I)=WI(I-1))



DO 312 I=1,48
IF(WI(I)«GE.S0)GOTO 313
312 CONTINUE
313 IF(I-42)808+8089809

808 PLS50 = =5,75 +(I-2)%0,25
IF(I.GE«41)PL50 =PLS0 +0.25
GO TO 824

809 PLS0 = 4.50 +(I-42)#0,5
824 PUSO =pPLS0+0.25
IF(IeGE«40)PUSO =PUS50+0,.,25
PHISO0 =PL50 +(50¢=WI(I=1))#(PUSO=-PLSO)/ (WI(I)=WI(I-1))
DO 314 I= 1440
IF(WI(I)GE.75)G0 TQO 315
314 CONTINUE
315 IF(I-42)806+806+4807

806 PL7S = =5.75 +(I-2)#0,25
IF(I.GE«41)PLTS = PL75+0.25
GO TO 825

807 PL7S = 4.50 + (I-42)%0.5
825 PU7S5=PLT75+0.25

IF(I1.GE«40)PUTS = PUTS5+0.25

PHITS = PLTS +(7S5.=WI(I-1))#(PU7S5=PL7S)/(WI(I)=WI(I=-1))

DO 316 I= 148

IF(WI(I)GE.84)GO TO 317
316 CONTINUE
317 IF(I=42)80498044805
804 PL84= =5,75+([=2)%#0,25

IF(I.GE«41)PLB4 =PL8B84+0,25

GO TO 826
805 PL84 = 4,50 +(I-42)%#0,5
826 PUB4 = PLB4 +0.25

IF (I.GE.40)PU54=PU84+0.25

PHIB4 =PLB4+(B4e=WI(I=1))*(PUB4=PLB84)/ (WI(I)=WI(I-=1))

CALCULATION OF FOLK STATISTICS

FMZ = .3333%#(PHI16 + PHISU + PHIS84)

FSI = «25#(PHIB84=PHI16)++1515% (PHI95=PHIS)

FSKEW = «S#*(((PHI16+PHIB4=2.%#PH150)/(PHIB84=PHI16))+ ((PHIS+PHI95~C.

1#PHIS0) /7 (PHIYS=PHIS)))

FKG = «4098%# ((PHIQS-PHIS) / (PHIT75=-PHIZS))

WRITE(IWs321)FMZyFSIsFSKEWIFKG
321 FORMAT (' FOLK STATISTICS ¢ MZ ='9F7.29"'9SORTING ='9F 739"+ SKEWNESS

1 =1 9F7e39!'sKURTOSIS ='4F7.3)

WRITE(IWe322)PHIS0sPHI1
322 FORMAT (' MEDLIAN ='9FT7.295X9'C STATISTIC = '4F7.2)

WRITE(IWs401)
401 FORMAT (" VERBAL CLASSIFICATION FOR STATISTICAL PARAMETERS (FOLKsAN

1DREWSsAND LEWIS)"™)

DETERMINATION FOR VERBAL CLASS FOR SORTING

IF (FSI =440) 40444044402
402 WRITE (Iws403)
403 FORMAT (5Xs 'EXTREMELY POOKLY SORTED!')

GO TO 425
404 JF(FSI =2.0) 40744075405
405 WRITE (Iv.4006)
406 FORMAT (5xs'VERY POORLY SORTED')

GO TO 425
407 IF(FST =1.0 )410+4109408
408 WRITE(IW9409)
409 FORMAT (5Xs '"PUOURLY SORTED!)

GO TO 425
410 IF(FSI -0.71)413+4139411
41) WRITE (IW.ale)
412 FORMAT (5Xs'MODERATELY SORTED')

GO TO «2S



413
414
415

416
417
418

419
420
425
426
427

428
429
430

431
432
433

434
435
436

437
438

450
451
452

453
454
455

456
457
458

459
460
461

462
463
464

465
466
101

IF (FSI =0.5)416+416s414

WRITE (IwWs4l15)
FORMAT (5X, '"MODERATELY WELL SORTED')
GO TO 425

IF(FSI = 3.5)419+4174417

WRITE (IWe418)

FORMAT (SXs'WELL SORTED!')

GO TO 425

WRITE (Iwe420)

FORMAT (5Xs'VERY wELL SORTED')

IF ((FSKEW +1+0)=1.30) 428+426+426
WRITE (lw.427)

FORMAT (5Xs'STRONGLY FINE SKEWED')
GO TO 450

DETERMINATION OF VERBAL CLASS FOR SKEWNESS
IF ((SKEW +1.0)=141)431+42949429
WRITE (IWs430)

FORMAT (5Xs!' FINE =SKEWED!')

GO TO 450

IF ((FSKEW +1e0) =.9 )434+4329432
WRITE (Iw.433)

FORMAT (5Xs 'NEAR=-SYMMETRICAL?')

GO TO 450 :

IF ((FSKEW +140) =.7)4379 4354435
WRITE (IW.4306)

FORMAT (5Xs'COARSE SKEWED!')

GO TO 450

WRITE (IW.438)

FORMAT (5Xs'STRONGLY COARSE SKEWED!')
DETERMINATION OF VERBAL CLASS FOR KURTUSIS
IF (FKG =3.0) 4534453,451

WRITE (lw.452)

FORMAT (S5X9e'EATREMELY LEPTOKURTIC!')
GO TO 101

IF(FKG =1.5) 45694569454

WRITE (IW,455)

FORMAT (5X, 'VERY LEPTOKURTIC")

GO TO 101

IF(FKG =1.11)459445949457

WRITE (IW.458)

FORMAT (S5Xs'LEPTOKURTIC!")

GO T0 101

IF (FKG=0.9) 462494629460

WRITE (IWs461)

FORMAT (5X9 '"MESOKURTIC!")

GO TO 101

IF (FKG =0.67)4654463,463

WRITE (Iw,464)

FORMAT (S5Xs'PLATYKURTIC!')

GO TO 101

WRITE (IW.466)

FORMAT (SXxs'VERY PLATYKURTIC')
RETURN

END



30,30 W1 MUD=

5T SAM K 8.80 9,30 10.10 11.20 13.60 15.80
KIUNAPPERS TEST SAMPLE 1 I cer'%; 1.20  13.60 1S

® = % CUM.WT. (ARITRMETIC ORDINATE)

X = % CUMeWT, (PRODABILITY ORDINATE)
oo-0'.00....-....0.00.0.!t.'oooo.ooolOn'.oooo'.0.-0.0.ooo..o.o.clon."'.o.l..‘.o..to..t..'o.l.oo...o'-:Hggﬂlauza
i =5.50 0,00
X -5.25 0.00
X -5.00 0.00
X 4,75 0,06
x 4,50 0,00
A ~4.25 0,00
X -4.00 0,00
. x -3.75 2.68
. . X =3.50 V.UV
v @ X =3.2% 0,89
- - X =3.00 0.,U0
v . X -2.75 0,00
. . X -2.50 0.28
o ® x -2.25 0.56
- . X -2.00 0.32
. . X -1.75 0.41
e - x -1.50 0.0¢
+ * X =125 0,50
o - X -1.00 0.51
o . X ~0.75 0,60
ot d X =0.,50 0,89
ot » X “0.¢5 0.9
o . X 0.00 1.49
.t i X 0.25 2.65
. * * X 0.50 4.30
. * * X 0.75 3.95
. . d X 1.00 6.50
. + . X 1.25 6.606
. - . X 1.50  7.49
. . X 1.75 7.16
. * X e 2.00 S.87
. + X . 2.25 8.76
. . X ° 2.50 5.21
. e X . 2.75 7.03
. 3 . 3.00 3.39
. + X 3.25 5,04
.+ X 3.50 4.27
- X 3.75 1.5
.« * X 4,00 2.51
o+ X 4,50 1,38
ot X S5.00 1.31
s 3 5.50 1.05
o X 6.00 1.21
. X 6,50 0,58
ot 7.00 0,56
- * 7.50 0,33

.
. X 8,00 0.28
CUMBWTJGRAVEL=  6065+SAND= B6+28+SILT=  6.69,CLAY= 0,38

KATIU CLAY/SILT= V.0604RATIO SAND/MUD= 12,20 .
TEATURAL TERMINOLOGY FOR GHAVEL BEARING DETRITAL SEUIMENTS
GRAVELLY SAHD
FOLK STATISTICS 3 ML = 1.80+SURTING = 1.6679SKEWNESS = =0.049+KURTOSIS = 1,455
MELIAN = 1.79 C STATISTIC = =3.91
VEKBAL CLASSIFICATION FOR STATISTICAL PARAMETERS (FOLKyANDREWSYAND LEWIS)
FUORLY SORTEVD
NEAR=SYMMETRICAL
LEFTOKURTIC

4,86

CeWlo RCowl,

(")
Ve00
0.00
V.00
0.00
V.00
V.00
0.00
1.83
1.43
Zehb
Coll
Cabb
2.63
3.0l
3.23
Jebu
3.d6
4420
4455
4496
S.57
0.19
Tela
B.9S
11.88
14.57
19.00
23.564
28465
33.53
37.53
43.50
47.05
S2.25
54.56
58.00
60.91
61490
63.61

64455
65.44
66,16
66.99
67.38
67.77
67.99

0.00
0.u0
0.00
LRy
V.00
V.00
J.u0
V.Jyu
2.08
2.0l
3.58
3.58
J.o8
J.ob
“onl
G l4
Yeus
5.00
6.10
6.017
T.27
He17
Y.u8
10,67
13.13
17,92
2131
27.80
REPS-74
wz.02
49.17
S5.04
63.80
69.00
70.03
30.02
85,u6
89.33
Yu.78
93.29

94406
95.98
97.03
9@.24
Yu.82
99.38

9.7

PROD.
0.00
0.00
0.00
V.00
0.00
¢.00
V.00
V.00
23.93
23.93
25,65
FET-H)
éb.05
2o.ll
2o.97
21442
clabd
2d.00
29.17
2vy.72
3v.33
Jl.l16
3l.95
33.0¢
34.86
37.33
39.27
42.07
Gu.02
47.28
“9.72
S1.71
Su.77
50,70
S9.82
61.38
64,04
66.81
67.9¢
T0.264

71.80
73.62
75.47
T8.46
80.60
87.10

94497

66.19100400100.00



APPENDIX (I iv)

THIS PROGRAM IDENTIFIES THE MINERALOGY OF A SAMPLE ANALYS ED BY
X=RAY DIFFRACTION,

THE VALUES INPUT ARE THE DEGREES 2-THETA AT WHICH PEAKS OCCUR IN
THE XRD TRACE

THE PROGRAM CUNVERTS THESE VALUES TO ANGSTROMS AMD COMPARES THE
VALUES TO A STANDARD VALUE LIST FOR MINERALS.

THE OUTPUT CUNSISTS OF THt ORIGINAL VALUES INPUT,THE CONVERTED
VALUESs AND THE MINERALS 1DENTIFIED.

"ILE  S5=READIT,UNIT=READER

TOOOOOOOO0

FILE 6=PRINTDATAsUNIT=PRINTER

DIMENSION XMINRL (6+30) 9ARRAY (25),4,PTR(30)9s NAMES (6)
COMMON IRs1IW

IR = 5
Iw = 6
N=1

TAB FOR ERROR OR DISCREPENCY TO BE ALLOWED IN COMPARING A STANDARD
1VALUE WITH AN OBSERVED VALUE
ERROR = 0.02
READING IN MINERALL NAMES AND THEIR ASSOCIATED PEAKS. LAST CARD HAS
UXXXXXX'" PUNCHED IN THE IST SIX SPACES. THIS GIVES A DATA ERROR WH
EN
AN ATTEMPT IS MADE TO READ IN USING F6.4 FORMAT,
1 READ(IRs2 oDATA =7) (XAMINRL(IsN) sI=1+6)
2 FORMAT (3Fhe493A6)
C WRITE OUT THIS LIST OF MINERALS AND THEIR STANDARD VALUES.,
WRITE(IWs3 ) (XMINRL(IsN)9s1i=196)
3 FORMAT(3(2XeF744)310X93A6)
N=N+1
IF(N.LE«30)GO TO 1
C ERROR MESSAGE IF ATTEMPT TO KEAD MORE THAN ALLOWED 30 MINERALS.
WRITE (IWs4)
4 FORMAT ("™ ONLY THE IST 30 MINERALS AND INFO HAVE BEEN STORED,.'")
C SKIP OVER REMAINING MINERALS< (UNTIL CARD = MXXXXXX'")
S READ([R9s64DATA=T)PTR(1)
6 FORMAT (12Fbe498X)

OO0 oo

GO TO 5
C SET MINRL'" COUNTER BACK TO TRUE VALUE.
T N=N-1
C COUNTER FOR ARRAY THAT STORES OBSERVED PEAKS.
8 ICOUNT=1
C READ IN ORSERVED PEAKS.

READ (IR99,END=23) NAMES
9 FORMAT (F6.490A06)
WRITE(IwWs10)NAMES
10 FORMAT (*1ts/'" Me6A6,)
JJd=12
DO 11 J=1,2
READ(IRs64DATA=12) (ARRAY (1) ¢ ISICOUNT s JJ)
ICOUNT=ICOUNT+12
Jd=JdJd+12
11 CONTINUE



(@]

o0 o o0o00co00 O

OO0

O [eXeXe NN o}

o0 00

12

13

14

SET "PEAK COUNTER" BACK TO TRUE VALUE

ICOUNT=1COUNT-1

WRITE THE VALUES OF THESE PEAKS

WRITE(IWs13 ) (ARRAY(I)s1=14ICOUNT)

FORMAT (//1 VALUES INPUT ARE "/ (T204F9e4))

CALL CONVERSION ROUTINE TU CUNVERT DEGREES TO ANGSTROM UNITS.

CALL CONVRT (ARKRAY ¢ ICOUNT)

E;ART CHECKING STANDARLD MINERAL VALUE AGAINST THOSE OBSERVED VALU
ONLY CHECK UP TO THE LAST OBSERVED VALUE ON THE IST PASS BECAUSE
AT LEAST ONE MORE VALUE IS NEEDED TO "CKROSSCHECK® A 2ND OR 3RD VAL
UE IN THE STANDARD VALUE LIST.

DO 21 I=1,ICOUNT=-1

COUNTER FOR NOU OF MINERALS THAT CHECK WITH "I®TH OBSERVED VALUE.
KOUNT=0

ALLOWING FOUR A DISCREPENCYs TEST WHICH OF THE STANDARD PEAKS
CHECKS WITH THE "I"TH OBSERVED PEAK.

DO 14 JU=1.N

IF (ABS (ARRAY (1) =XMINRL (19J)) +GE.ERROR)GO TO 14

KOUNT=KOUNT+1

STORE THE ARRAY NO OF THAT MINERAL

THIS ARRAY BEHAVES AS A POINTER LATER ON TO INDICATE WHICH MINERAL
S CHECK WITH THE OBSERVED VALUE

PTR(KOUNT)=J

CONTINUE

IF NO MINERALS CHECKs GO TO NEXT OBSERVED PECK

IF (KOUNT.EQ.0)GO TO 21

FOR EACH OF THOSE MINERALS THAT CHECK WITH THE “InTH OBSERVED PEAK ,
CHECK IF THE SECUND STANDARD PEAK MATCHES WITH ANY OF THE SUBSEQUE
NT OBSERVED PEAKS

DO 20 J=1.KOUNT

NMINS=1

CHECK 2ND STANDARD PEAK.

DO 16 K=I+1sICOUNT

IF (ABS (ARRAY (K) =XMINRL (29PTR(J))) «GE.ERROR) GO TO 16

NMINS=NMINS+1

IF A SECOND PEAK IS FOUND CHECK FIRST IF THERE ARE ONLY 2 STANDARD
PEAKS

IF (XMINRL (39PTR(J)) .EQ40.)GOTO 17

IF THERE ARE 3 STANDARD PtEAKS sCHECK FOR THIS THIRD ONE IN THE SuUB
SEQUENT ORSERVED PEAK VALUES

DO 15 L=K«ICOUNT '

IF (ABS (ARRAY (L) =XMINRL (3sPTR(J))) «GE.ERROR)GOTO 15

NMINS=NMINS+1

GOTO 17

CONTINUE

THREE STANDARD PEAKS CANNUT BE FOUND. GO ON TO NEXT MINERAL.

GOTO 20

CONTINUE

TEST FOR NO UF PEAKS. IF ONLY ONE GO TO THE NEXT MINERAL.

IF (NMINS=2)20+18+18

WRITE(IWs19)NMINSy (XMINRL(LsPTR(J)) 9L=496)

FORMAT (® “elly" PEAKS FOUNU. MINERAL IS "43A6)

CONTINUE

CONTINUE

WRITE (IW,22)

FORMAT (/¢ ALL OBSERVED PEAKS TESTED.'")

GOTO 8

STOP

END



SUBROUTINE CONVRT (ARRAY s ICOUNT)

THE SUBROUTINE CONV
DIMENSION ARRAY (1)
COMMON IR,.Iw

DO 1 I=1,7COUNT
NCOUNT =1

IF (ARRAY (1) «EW.0.0) GO T0 2
1.5418/(2.*SIN(ARRAY(I)*3.1415926/180./2.))

1 ARRAY (1D =
GO TO 3
ICOUNT = (NCUUNT=~1)

Swn

WRITE (IW,5)

U

RETURN
END

4.2600 33400 0.0000
8.4200 3.1100 2.7100
5.5400 445300 2.7700
3.4000 27700 2.6900
3.4000 3.2700 1.9800
10.1000 3.3700 2.6600
9.9500 3.3200 0.0000
363500 26400 1.7700
3.0400 2.2900 0.0000
4.0500 2.8400 244900
8.3800 3.0700 27500
2.9900 248900 25300
2.8900 2.1900 17900
209000 24000 16400
2.8300 245700 245000
27700 25100 2.4600
2.7100 3.1200 2.5000
29700 25600 245300
8.9000 39700 29700
3.1700 3.0100 2.8300
12.3000 8.7100 2.9500
6.3900 3.7800 3.2000
442100 3.2400 0.0000
4.0200 3.8000 3.1800
4e8300 245300 00000
3.3500 3.0300 0.0000
3.3100 249900 0.0000
3.2000 248900 0.0000
10.0000 444800 0.0000

ERTS THE DEGREES 2-THETA TO ANGSTROMS «

WRITE (IWs4 ) (ARRAY (1) 51=15ICOUNT)
FORMAT ("* CONVERTED VALUES ARE

PN/ (T204F9.4))

FORMAT (//n PEAK PAIRING STARTED.")

QUARTZ
ACTINOLITE
ANDALUCITE
APATITE +CARB
ARAGONITE
BIOTITE
MUSCOVITE
CASSIDERITE
CALCITE
CRISTOBALITE ALPHA
CUMMINGTUNITE
DIOPSIDE
DOLOMITE
EPIDOTE
FAYALITE
FOSTERITE
GLAUCOPHANE
HEDENBERGITE
HEULANDITE
LARSENITE
ZEOLITE AsSOUIUM
ALBITE #
MICROCLINE
ORTHOCLASE
MAGNETITE
HORNBLENOE
AUGITE
HYPERSPHENE
ILLITE



VALUES INPUT ARE

TEST SAMPLE

8.7600
9.9400
10.5500
20.8700
22.4000
26.2000
26.4000
26.7000
29.0000
30.1000
32.3000
32.5500
33.3000
33.6000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

CONVERTED VALUES ARE

10.0941
8.8983
8.3852
442563
3.9689
3.4013
3.3759
3.3387
3.0789
2.9689
2.7715
2.7508
2.6905
2.6672

PEAK PAIRING STARTED.

LChhwWww

ALL

PEAKS
PEAKS
PEAKS
PEAKS
PEAKS

FOUND,
FOUND.
FGUND.,
FOUND,
FOUND.

MINERAL IS
MINERAL IS
MINERAL IS
MLINERAL IS
MINERAL IS

OBSERVED PEAKS TESTED.

BIOTITE

HEULANDITE
CUMMINGOTUNITE

QUARTZ
APATITE

syCARB



APPENDIX (II i) SITE 1.

Note: (1) The values are recorded in degrees.
(i2) ab direction refers to the direction of dip.

Field Measurements Corrected for Tectonic Tilt
a ab a ab
Plunge Trend Dip Direction Plunge Trend Dip Direction
1.} 37T W 319 |ho W 329 30 W 320 32 W 327
2. 5 E 38 |5k w 311 11 N 360 b7 w 308
3.1 26 W 330 |29 W 340 18 W 330 21 W 3h1
L, | 19 E Yy |20 w 257 12 E 3 20.5 W 236.5
5.1 20 E 73 (40 E 73 21 E 70 L2 E 81.5
6.| 25 E 17 |50 W 343 19 E 15 |k2 W 344
T.1| 30 W 315 |35 W 305 22 W 316 29 W 297
8.1 15 v 348 |37 E 29 7T W |348 33 E 39
9. | 17 E 2 |50 W 26k 9.5 E 1 L8 w 257
10. | 18 E 8 |31 W 344 7 111 E 7 23 W 3L46.5
11. | 15 W 299 | L8 E 22 8 W 298 L3 E 27.5
12. | 25 W 329 |40 w 324 17T W 329 32 W 321
13. | 19 W 306 |19 W 306 12 W 307 12.5 W 286
14, | 12 E 60 |20 N 360 11 E 58 13 E 1k
15. | 10 E 48 |18 E 10 7.5 B[ k7 12 E 32
16. | 24 W 290 |30 W 303 18 W 292 2k W 292
17. | 10 E b3 (26 W 326 T E L2 17.5 W 322
18. 5 E Ly |38 W 274 1 E 43 35 W 264
19. | 25 ¥ 336 |54 W 286 17T W 336 ho.5 W 281
20. 5 E 46 |5k W 326 2 E ks L6 w 325
21. L ow 201 |[Lk2 W 283 10 W 202 38 W 275
22, 5 W 314 {50 W 308 3w 134 L3 w 304
23. | ko W 345 [28 W 282 32 W 3L4% 2Lk v 267
24, | 10 E 56 |65 W 332 8 E 55 ST W 331.5
25. 6 W 245 |68 W 32L 6 W 2hs €0.5 W 323
26. | 25 W 333 |Lo w 284 17T W 333 35.5 W 275
27. 0 E 23 |47 W 296 6 v 203 I I 290
28. | 36 W 340 (36 W 340 28 W 340 28 W 341
29. | 53 w 350 |53 W 350 Ls w |3L8 Ls w 351.5
30. 0 E 29 |36 W 3hT 5 W {210 28 v 3kg
31. | 10 E 65 |20 FE 101 9.5 E| 6L 26 E 11k
32. |14 E 27 |24 W 357 9 E 26 |17 E 5
33. | 26 ¥ 345 |30 W 357 18 W |3L5 23 E 3
3, 5 F 48 |19 W 270 2 E | W7 11 W 270
35. | 20 E 35 |50 W 321 16 E 33 ho w 319
36. | 11 W 329 |23 W 263 3 W 329 22 W 2ho
37. | 36 E 2 |37 W 328 29 N 360 20 W 325
38. 0 81 (68 W 350 2w |261 60.5 W | 351
39. | 31 N 360 (33 W 310 23 W |358 26 W 303
Lo. | 20 E 39 (51 W 350 16 E 3€ WL w 351
ki, |20 W 350 {20 W 350 12 W 3ko 12.5 W 357
L2, 0 336 (20 W 271 | 8 E 156 18.5 W | 246
L3 18 W 350 |58 E 33 10 W 349.5|54 E 37.5
bh. | 0 E b6 |52 W 313 3w |226 |bs w 310
b5, | 6 w | 236 |50 W 33L 8 w |237T |s1w 333
h6. 28 W 316 |28 W 316 20 W 317 21 W 308
v, | 7wl 3031 7w 303 0 303 | 5 W 520




Field Measurements

Corrected for Tectonic Tilt

a ab a ab
Plunge Trend Dip Direction Plunge Trend Dip Direction

0 13 | 4h w 280 T W 194 Lo w 272
8 E 82 |38 w 350 10 E 81 30 W 353
18 w 321 |18 W 321 10 ¥ 322 10.5 W 308
0 E 62 |29 W 277 1 W 2L2 25.5 W 264
20 W 343 |30 W 279 12 W 343 26 W 266.5
20 W 342 {32 W 264 12 W 342 31 W 250
0 20 |14 E 96 6 W 200 19.5 E 118
12 E 59 |83 W 340 11 E 57 75 W 340
20 E 56 |55 W 352 18 E 53 L8 w 35L
26 v 324 |28 W 277 18 w 325 25 W 26k
15 W 342 |23 W 278 T W 342 19 W 265
22 W 306 |31 W 352 15 W 307 2Lk w 357
28 W 340 | 3L W 355 20 W 3Lk0 26.5 W 359.5
15 W 282 |40 E 10 10 W 284 34 E " 16
15 N 360 | 25 W 335 8 w 359 17 W 335
48 E 20 |48 E 20 42 E 1k h2.5 E 26
11 E 96 | 25 E 20 15 E ol 20 E 35
1k W 290 | 30 N 360 8 W 291 23 E 6
25 E 16 |38 W 323 19 E 13 30 W 320
17 E 52 |39 N 360 15 E 50 32 W 5
13 E 30 |36 W 303 8 E 28 29.5 W 295

0 77 |18 W 308 2 W 257 12 W 285
22 E 2 |28 W 331 14 E 0.5{20 W 328
25 E 15 { 43 W 338 19 E 13 35 W 338
19 E 20 | b5 W 350 13 E 18 37T W 352
15 E 17 {30 W 33k 10 E 17 22 W 346

0 8 32 W 286 T W 188.5|27.5 W 275

0 10 {28 W 299 T W 191 22.5 W 286
21 E 23 | L2 E 75 15 E 21 Ly E 83
19 E 10 [ 32 W 292 12 E 9 2T W 281
23 N 360 | L1 E 18 16 W 359 35 E 25

0 531 W 279 7.5 W|185 27.5 W 268
29 N 3k9 | 32 W 308 21 W 347 25 W 300
15 E 79 | 56 W 358 17T E 17 Lo N 360
17T E 2 23 E 103 10 E 1 29 E 115
30 W 300 | 37T W 310 23 W 302 30 W 303.5
16 E 15 | 24 w 335 10 E | 13.5(16 W 330

0O E 37T |10 W 323 L w 218 | 2.5 W 280
11 E 85 | 23 N 360 13 E 83 16 E 10
15 W 212 | k7 W 295 20 W 21k b1 w 289
32 E 65 | 83 W 350 32 E 60 75 W 350.5
59 N 345 | 59 W 3Lk5 51 W 345 51 W 3ks5.5
9 W | 2k2 |52 W 33k 10 W |22 Lk W 333

8 E 17 | 20 E 64 2 E 17 21 E 85

5 E 60 | 27T W 348 6 W 2kl 19 W 353
how 237 | 1k W 307 5 W 238 8 W 280

5 W o2ho [ 21L4 W 275 5 W 250 12.5 W 242
12 v 308 | 35 XN 360 6 vV 307 28 E 5

8 E 31 | 38 W 297 3 E 30 32 W 289

0 38 | 58 W 310 L w l218.5(51 W - 307

0 50 2 W 343 2.5 W|230 6 E 150

L W 219 | 22 W 293 8 W 220 1T W 275
10 E 78 | 14 E 1k 11.5 E! T6 9 E 47




101.
102.
103.
10k,
105.
106.
107.
108.
109.
110.
111,
112.
113.
11k,
115.
116.
117.
118.
119.
120.

Field Measurements

Corrected for Tectonic Tilt

a ab a ab
Plunge Trend Dip Direction[Plunge Trend Dip Direction
0 30 {50 W 303 5 W 210 43 w 298
10 E 96 (4o N 360 15 E oL 33 E 5
8 E 60 |33 N 360 TE 59 26 E 6
35 W 352 {30.5 315 27T W 351 25 W 310
10 E 90 (40 N 360 T W 271 33 E L
15 E 13 |28 w 320 9 E 12 20 W 31L
22 W 333 |30 W 270 ik w 333 27T.5 W 255
23 E 60 |52 N 360 22 E ‘57 50 E 178
22 E L2 |38 E Ls 19 E 39 31 W 310
15 W 301 (2L W 269 8 w 300 16 W 268
30 E 16 |LT w 347 23 E 13 39 W 3h9
L v | 239 |60 W 338 5w |2ko |52 W 338.5
0 18 |20 W 260 6 W 199 19 W 237
0 18 |38 W 327 6 W 199 30 W 32L
60 W 348 |60 W 348 52 W 345 52 W 349
12 E 34 | Th W 307 TE 33 TT W 306
10 W 212 |50 W 298 15 W 21k hy w 293
12 E 37 |41 w 31h 8 E 36 3h W 309
by w 333 |k W 333 36 W 333 37.5 W 297
28 E 58 |90 W 320 26 B 54 82.5 W 320




Note:

O CoO=NoWwm Fwh -

APPENDIX'(IIii) SITE 1.

(i) L, I and S refer to the lengths of the Long,
Intermediate and Short axes of a clast recorded
in em.

(i1) I/L is the elongation index.
(i1i) Sphericity is the maximum projection sphericity.
L I S I/L Sphericity
13.2 12.7 3.8 .96 Al
11.4 5.2 3.2 L6 .55
12.6 11.5 h.1 .91 .o
13.0 l12.2 3.0 .93 .38
6.3 6.0 2.7 .95 ST
6.7 3.8 1.9 5T .52
9.6 8.8 L.6 .92 .63
10.9 5.9 2.7 .5k .18
15.2 11.0 6.0 .73 .60
9.9 5.7 L.3 5T .69
10.7 8.2 3.1 <TT .48
9.3 7.0 1.5 .76 .32
10.6 8.3 2.8 .78 b5
6.6 L.5 2.8 .68 .63
6.4 b7 2.5 .TL .55
15.0 12.0 6.0 80 .58
8.7 T.2 3.1 83 .53
8.5 L.L 3.2 .52 .65
7.2 T.1 3.1 .98 .60
7.0 L.8 1.8 .68 b5
7.6 b7 1.9 .62 AT
9.6 5.8 2.9 €0 .53
9.0 7.3 4.5 82 .68
23.2 14,4 10.6 62 .69
11.8 8.8 5.8 T5 .68
6.8 3.6 1.2 53 .39
5.6 L.s5 1.5 79 Jhh
17.h 8.7 L.6 50 .52
9.1 6.8 2.5 75 AT
7.7 6.3 3.0 82 5T
6.8 5.6 L, 2 82 CTT
7.1 6.4 3.0 .89 .58
11.3 11.1 3.8 .99 .22
6.4 3.1 2.2 .48 .62
13.1 T.7 4.1 .59 .55
11.9 8.6 Lh.o T2 .5k
12.2 11.3 5.7 .93 .61
23.8 12.2 11.3 51 <15
9.7 7.1 4.0 73 .61
4.8 L.s 1.8 0L .53
8.3 7.0 4.0 85 .6
13.0 6.8 3.1 52 .6k
9.1 5.4 2.9 59 156
13.7 9.6 5.1 70 .58
13.6 8.7 5.5 6k .63
0.0 8.1 5.1 90 . T




ol

I I/L Sphericity
13.3 9.7 5.8 .73 .63
T.2 5.5 3.2 .76 .6h
11.2 T.h L.2 .66 .59
13.1 12.1 6.0 .92 .61
12.4 9.7 2.8 .78 .ho
9.6 6.9 2.8 .72 Lo
13.k 10.6 L.3 .79 .50
12.1 4.6 2.6 .38 .ho
13.3 8.0 5.0 .60 .61
5.9 4.6 3.0 .79 .69
8.9 6.4 3.1 .72 .55
11.4 7.5 L.6 .66 .62
7.1 b.9 1.9 .69 b7
10.9 8.9 3.9 .81 .5k
T.L k.o 3.0 .5k .67
12.5 5.9 5.2 hT .71
10.1 T.7 5.2 .76 .70
7.9 6.3 3.2 .79 .59
11. 4 5.6 L.3 .ko .65
9.3 6.5 3.1 .70 .54
T.h4 4.2 3.3 .56 .69
8.9 6.5 2.3 T2 ik
9.1 5.3 .1 .58 .70
12.0 9.5 5.7 .80 .65
9.0 6.8 L. L .T6 .68
9.9 5.7 L.2 .58 .68
8.3 6.6 L.3 .80 .T0
10.9 7.9 3.6 .73 .53
16.8 11.6 h.9 .69 .50
9.2 6.7 3.4 .69 .56
14.0 9.7 L.h .69 .52
7.8 L.o 3.5 .63 .68
9.2 T.1 L.o 1T .63
6.4 6.3 2.6 .98 .55
7.5 6.3 2.5 .84 .51
5.8 h.9 2.2 .84 .55
10.5 9.4 3.6 .89 .51
9.6 9.6 4.0 1.00 .56
12.5 8.7 L.2 .69 .54
5.8 5.2 3.4 .89 .73
8.2 h.9 2.7 .60 .56
L.L 3.3 1.3 .16 .9
6.5 5.k 3.5 .83 .70
6.1 3.7 1.8 .61 .52
5.5 3.4 2.5 .70 .70
8.1 T.5 3.6 .59 .59
6.3 5.0 2.% .57 .57
T.h 5.3 3.2 N 6L
12.8 9.0 L,2 .53 .53
T.4 3.9 2.7 Jh2 kb2
15.6 9.7 5.5 .62 .58
6.5 4.0 1.4 .62 L
5.7 4.6 2.0 .81 .5k
8.5 6.8 3.4 .81 .58
5.2 5.1 2.5 .97 .62
12.0 9.6 6.0 .80 .68




L I s I/L Sphericity
103. 5.4 3.7 2.2 .69 .62
10k, 8.5 7.5 2.1 .88 ko
105. 8.2 5.6 2.7 .68 .5k
106. 9.3 6.2 3.4 .66 .58
107. 7.6 L.s 2.3 .59 .5k
108, 5.5 3.7 1.9 .67 .55
100. 1h.5 7.4 3.0 .51 Ll
110. T.3 b7 2.3 .6L .53
111. 10. k4 6.1 3.7 .59 .60
112. 10.5 8.1 3.2 CTT ko
113. 5.6 4.8 2.9 .86 .68
11k, 5.6 .1 1.9 .72 .5k
115. Lh.s5 4.3 1.1 .96 .38
116. 11.3 6.8 3.0 .60 .48
117. 9.2 Lh.T 2.3 .51 .50
118. 8.1 6.4 3.4 .78 .60
119. 7.2 6.3 2.9 .87 .57
120. 10.0 T.1 2.4 LTl .43




APPENDIX (II iii) SITE 6.

Note: (1) The values are recorded in degrees.
(17) ab direction refers to the direction of dip.

Field Measurements Corrected for Tectonic Tilt
a ab a ab
Plunge Trend Dip Direction Plunge Trend Dip Direction

1. 0 E 30 (12 W 312 L w 21.0 5 W 288
2. 129 E 53 |60 E 102 27T E | L6 66 E 105
3. |12 E 123 |12 E 123 20 E 122 20 E 133
4, | 20 E 15 (23 E 67 14 E 13 25 E 83
5. |16 E 27 |16 W 322 11 E 25 9 W 318
6. 6 v 30hL 6 W 30k 2 E 125 L w 200
T. |15 W 355 |17 W 334 TWw 355 9 W 3ko
8. |19 W 34y |28 E 12 11 W 343 23 E 25
9. 9 W 312 9 W 312 1 W 312 3 W 262
10. | 17 E 38 {22 E L5 1k E 36 21 E 66
11. | 10 E 90 |22 E 53 14 E 88 22 E T2
12. | 15 E 22 |26 E 59 10 E 20 2T E T4
13. 0 53 4L E 132 1w 233 12 E 143
1k, 0 353 |52 E 5L T E 173 52 E 60
15. 2 W 34l 2 W 34l 6 E 16k 6 E 1ks
16. L E 39 8 E 90 1E 38 14 E 119
17. 0 23 |10 E 70 5 W 22h 14 E 102
18. 3 E L |19 W 340 L E 165 12 W 34T
19. 5 E 6h 8 E 127 5 E 63 16 E 138
20. 0 52 |10 W 347 1w 232 b w 28
21. 2 E L |15 E 57 5 E 164 16 E 83
22. |10 W 310 |10 W 310 2 W 310 L w 267
23. | 15 E 10 |25 W 330 9 E 9 17 W 331
24, | 1k W 350 |27 E 68 T W 3k9 29 E 83
25. | 14 E 22 |32 E 70 9 E 21 32 E 82
26. 0 35 |14 W 298 3 W 215 9 v 271
27. | 16 E 52 {16 E 52 14 E 50 17T E 79
28. | 10 E 20 |35 E 82 L E 19 39 E 91
29. 2 E 21 |15 W 287 L E 167 10 W 257
30. | 15 W 357 |29 W 328 8 W 356 20 W 327
31. 5 W 315 (18 E 66 W E 136 20 E 86
32. | 16 E 30 |48 E 2 12 E 28 41 E 6
33. 3 E 5 (11 N 284 Y E 165 8 W 242
34, | 12 E 70 |12 E 70 13 E 68 16 E 98
35. 6 E L 6 E L7 L E L6 9 E 106
36. | 13 E 100 (21 E 29 18 E 98 18 E Lo
37. 0 E 30 (17T W 311 L w 210 10 W 300
38. 0 E 25 (b1 W 29k 5 W 205 35 W 288
39. 6 E 8 T E 50 1w 188 9 E 101
L4o. 8 E 4y |13 E T2 6 E 43 16 E 100
k1. | 25 E LY |32 N 360 22 E Lo 25 E 8
L2, 2 v 290 |10 E T 5 E 112 6 E. 53
43, 2 E 10 2 E 10 5 W 191 6 E 133
L, 0 E 75 |18 W 351 2 E 75 10 E 8
L5, 8 E 77 |19 E 1k 10 E 76 14 E 35
46. 0 E 33 (1T W 300 L w 213 10 W 303
L. 0 E 33 {13 W 317 b w 211 5 W 301




Field Measurements

Plunge Trend

a

ab

Dip

Direction

Corrected for Tectonic Til%t

ab

Direction

18
5
16
10
14
20
10
10
8
0
T
15
0
8
10
10
>
18
L
21
17
0
1k
10
1L
0
6
6
22
3
18
20
23
3
18
0
N
0
18

N
o

|
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n
OOO0OVWFOFOMOWVMIOOOW
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31
20
20
69
65
316
360
316
3kh9
20
3L
293
5L
TO
23
1L
3L
L3
54
25
353
9
30
63
53
360
53
313
43
306
356
53
LYy
27
303
56
6L
33
30
T0
297
38
33
12
355
354
26
352
85
30
11
10
50
354

28
5
16
16
1k
Lo
12
10
17
39
T
27
17
18
10
10
5
21
29
21
36
16
90
33
1k
12
25
1k
25
9
18
21
23
3
18
22
12
33
18
25
3
20
L6
L6
1k
20
23
13
20
15
2L
31
0
286

EolE ol N Gl I i ol ol o e i i o N o Bl i ol o N e e o B Al o Bl o e Bl o M ol e o B i ol oo B i o sl o N el ol e e
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76
20
20
90
65
360
n
316
265
319
3k
3ko
323
20
23
1k
3L
353
20
25
296
90
307
341
53
T2
1k1
5L
356
260
356
159
LY
27
303
327
303
297
30
41
297
343
300
300
228
255
126
136
108
335
318
292
50
19

a
Plunge Trend Dip
1k E 20 32 E
1 W 199 6 E
11 E 18 12 E
11 E 67 21 E
14 E 63 16 E
12 W 316 33 E
3 W 359 19 E
2 W 316 3 W
0O W 348 T W
5 W 200 31 W
3 E 3k 8 E
9 W 29l 18 W
1w 23l 10 W
9 E €9 24 E
22 E 5 8 E
L E 13 TE
1 E 33 T E
15 E ] 24 E
3 E 53 25 E
16 E 22 22 E
9 W 352 30 W
T W 189 21 E
10 E 29 82 W
11 E 61 25 W
13 E 51 15 E
7 S 180 15 E
5 E 52 32 E
3 E 13h 15 E
19 E Lo 18 E
5 E 126 10 W
11 W 355 21 E
19 E 50 22 W
20 E L1 22 E
2w 207 7T E
11 W 304 11 W
1w 237 15 W
5 E 63 6 W
L w 213 26 W
14 E 28 16 E
21 E 67 2h E
S E 118 5 E
5 E 37 22 W
4y E 32 39 W
9 E 11 39 W
8 E 175 17T W
15 E 173 20 W
1 W 205 16 E
8 E 173 15 E
17 E 83 15 E
9 F 29 6w
3 E 10 16 W
13 E 9 25 W
2 W 230 8 E
8 E 17k 15 W

89
108
L8
108
91
5
95
280
239
316
89
345
323
LY
T2
59
107
5
32
16
289
109
307
345
82
100
143




APPENDIX (IIiv) SITE 6.

Note: (i) L, I and S refer to the lengths of the Long,
Intermediate and Short axes recorded in em.
(1) I/L is the elongation index.
(i171) Sphericity is the maximum projection.

L I S I/L Sphericity

1. 11.h 5.5 5.3 .18 .76
2. 5.8 L, 2 2.2 .73 .58
3. 5.3 3.9 2.3 CTT .64
L. 5.3 b.1 2.7 LT .69
5. 9.7 6.8 6.8 .T0 .88
6. L.3 3.8 2.2 .87 67
T. 5.3 .1 3.2 1T .78
8. 3.8 2.7 1.7 .70 .65
9. h,2 3.0 1.3 .71 .51
10. 6.7 5.3 L.o .78 LTT
11. L.6 3.4 2.6 CTh .75
12. 7.6 5.5 3.5 .72 .67
13. 5.3 3.5 3.1 67 .80
1k, 5.1 4.3 1.8 .84 .52
15. 6.5 .2 2.1 6L .55
16. 6.8 5.4 3.6 80 .72
17. L. L 3.9 1.9 90 .59
18. 8.6 5.3 L7 62 .79
19. 5.3 L.o 2.1 75 .59
20. 6.0 3.4 1.6 56 .ho
21. L.8 2.6 1.5 .54 .55
22. L,.8 2.5 2.3 52 .75
23. 6.9 5.8 3.8 8L .T1
2k, 7.5 4,6 2.9 61 .63
25. 6.9 3.8 1.6 .55 .22
26. T.4 5.4 3.6 73 .68
27. 3.7 2.9 2.2 78 .16
28. 5.6 h.,1 1.8 .73 .52
29. L.,8 3.5 1.6 .73 .53
30. 7.4 5.3 3.2 72 .63
31. T.2 b7 1.8 65 .22
32. 4.0 3.4 1.3 85 .ho
33. 5.7 b7 2.7 82 .66
3k, 8.2 3.2 2.3 39 .58
35. 5.0 3.6 2.k 73 .68
36. 7.8 5.3 3.0 .68 .59
37. 4.0 2.6 1.8 65 .66
38. 5.4 2.k 1.8 Ly .6h
39. L.6 3.2 0.9 70 .22
ho. 3.7 2.8 0.9 JTT .22
L1. 5.1 5.1 3.h 99 .76
L2, T.7 4.3 2.7 56 .59
43, h.7 3.2 1.1 67 .22
LY. 4.5 2.9 1.6 63 .59
45, bl 3.8 2.0 93 6L
46, 7.1 2.6 2.3 37 .66
L. 5.2 3.1 2.8 60 .79




=

I S I/L Sphericity
3.9 2.9 2.3 .73 CTT
.4 2.k 1.5 .54 .60
5.5 4.0 3.2 T2 .78
3.7 3.0 2.7 .82 .88
h.2 3.5 2.3 .83 LTl
8.0 5.0 3.8 .63 .71
5.4 hot 1.6 .87 T
7.6 4.9 3.5 6L .69
6.9 4.3 2.6 .62 .61
5.1 3.4 2.3 .67 67
6.6 L.2 3.2 6L LTl
7.0 5.2 2.8 Th .59
6.2 h.o 3.2 .79 .69
6.7 3.8 3.0 .57 .T1
6.2 5.1 3.0 .81 .66
6.0 3.0 2.6 .50 .71
6.7 3.6 3.2 .5 .Th
5.3 h.1 2.1 .78 .59
5.1 L.3 2.8 .84 .71
3.6 2.5 2.4 .68 .87
5.5 L. L 2.0 .80 .5k
6.0 3.9 2.0 .65 .89
.3 3.2 1.4 STh .63
5.4 2.7 2.2 .50 .76
5.1 L.s 2.2 .87 59
3.8 2.9 0.7 76 22
6.4 4.5 2.6 Tl .62
T.1 h.9 4.3 .68 .81
5.2 3.1 2.2 .60 .67
8.9 6.0 k.o .67 .67
h.s 3.9 2.5 .87 .71
7.6 5.0 3.0 .65 .61
5.2 3.3 1.5 .63 51
5.6 2.7 1.4 .48 ko
5.1 3.7 3.0 .68 .76
6.8 h.1 2.9 .60 67
h.2 2.8 1.5 .66 .56
T.b 5.9 3.6 .80 67
5.1 3.3 2.1 .63 .63
6.1 5.7 2.3 ol .5h
6.8 4.6 2.6 .67 .59
k.o 3.4 1.9 .70 .60
7.7 4.3 3.6 .56 .72
5.2 2.3 1.0 b3 .22
b7 3.9 1.2 .83 .22
.ok 3.2 1.5 .13 .53
L.9 3.8 2.1 .78 .18
6.9 5.2 2.2 .75 .51
5.1 2.3 1.6 L5 .59
10.2 4.5 3.2 L .60
5.2 3.3 1.1 .63 .22
6.1 2.8 1.k .hs5 48




O o=\ FWNH

APPENDIX (II v) SITE 2.

Field Corrected Field Corrected
Tectonic Tilt Tectonic Tilt
ab ab ab ab

Dip Direction Dip Direction Dip Direction Dip Direction
2hw 27Lh 21V 256 28.{1hw 260 14w 226
20V 31k 13W 301 29.|18w 317 11w 306
15W 265 1Lw 23h 30. |26W 299 20W 287
38W 309 31W 30k 31. (22w 218 2TW 203
56W 309 how 308 32.|30W 31k 22W 308
LTw 303 Low 299.5 |(33.] © 311 8E 157
38w 305 31V 299 34h.| 9w 268 oW 217
12W 307 6w 273 35.| hw 258 8E 187
35W 299 29w 290 36. |26E h 19E 15
53V 358 LEE 1 37. (2kw 283 20W 266
10E 158 18E 156 38. |28E 21 23E 35
22V 270 20W 250 39. (55w 260 shw 254
28w 316 20W 309 ho. (16w 248 17w 223
18E 126 15E 13k b1, (38w 25 38w 243
2TW 271 15W 256 Yo, l2hw 260 23W 2h1
23W 322 15W 316 L3, [37W 255 3TW 24
25W 315 18W 307 Ly, |31W 325 23W 323
11W 311 5W 273 Ls, |30W 306 23W 297
18w 322 10W 312 Le6., |21w 303 15W 286
16V 319 ow 306 W7, 27w 315 19W 308
10V 334 2W 33k L8, [Lhw 346 36W 348
L2E 110 L4L8E 115 ko, |28E 120 34w 307
25W 257 25W 2Lo 50. |16E 172 23.5W 3Lu7
1hw 297 19V 264 51. |39V 338 30W 339
30W 276 2TW 262 52.|37TW 318 30W 315
23W 272 20W 253 53. [22w 298 16.5W 282
22W 309 16w 295 5L, 11w 293 8w 253




APPENDIX (IIvi) SITE 3.

Fielad Corrected Field Corrected
Measurements Tectonic Tilt Measurements Tectonic Tilt
ak ab ab ab
Dip Direction Dip Direction Dip Direction Dip Direction

1. 1|90 296 83w 296 51. |16W 323 18w 319
2.(53v 326 Lsw 321 52. |38E 15 32E 23
3.]35W 273 32W 261 53. |35W 320 2TW 316
L. |3Lhw 31k 2TW 309 5L, |L3W 350 35W 352
5.|16E 11 10E 36 55. k1w 261 Low 25N
6.|6bw 355 56W 356 56. |L8W 359 L1E 2
T.|48W 311 hiw 221 57.|31W 301 2Ly 292
8.|52w 260 50V 253 58. |29V 265 2TW 250
9.|L6W 342 38w 3Lh3 59. |50W 272 hTw 266
10. | 36W 273 33W 262 60. |29V 358 21FE 6
11. (23WV 309 16w 2907 61. |32E 10 8E 81
12.|53W 270 50W 26l 62.|38w 324 30W 321
13.{37TW 335 28w 335 €3.|30W 258 29W o2kl
14, |30W 267 28w 253 64, {LLhw 289 39W 282
15.|37W 315 30W 311 65.|50W 350 Lhow 352
16.|23W 277 20V 259 66.|56W 333 LW 333
17.(31W 300 25W 290 67.|LLw 295 38w 289
18.|64W 289 58w 286 68.|5TW 351 Low 353
19.| 25V 283 21W 267 69.|Lks5N 360 38E i
20.|10W 297 6.5W 24T 70.|52W 336 Ly 336
21.|22v 310 15W 297 71. |20W 353 12E 1
22.|15W 3h1 v 348 T2. (21W 270 19w 248
23.(24w 315 16W 305 73.|39W 310 32W 305
2h .| 20w 27h 18w 252 TL. |36V 30L 30W 297
25.| 36N 360 28E 6 75.[53W 305 Léw 302
26.| 29w 281 25W 266 T6.|31W 260 30W 246
27.| 33N 315 26W 309 T7.|26E 5 19E 17
28.| 29w 293 23W 281 78.|how 343 32W 3h4s
29.| 26W 318 18w 311 79.|35W 282 31W 271
30.| 21V 322 13W 315 80. |4BW 3Lk9 liow 351
31.| 15E 13 10E L3 81. 28w 318 20W 312
32.| 2Lw 322 17w 316 82. 18w 309 11V 290
33.|26W 286 21W 270 83. |how 326 32W 373
3h.|15W 3k4s5 v 355 8L, [19oW 341 11W 3L5
35.| 20W 317 12w 306 85. [Lhow 323 Liw 321
36.| L1E 15 35E 22 86. |U9E 16 LoE 21
37.] 55W 336 37w 336 8T7. (27w 252 27w 237
38.| 21w 266 20W 2Ly 88. |50W 358 how 1
39.| k1w 263 Lhow 253 89.|32W 355 2LN 360
ho.| T6E 1k 30E 21 90. |22 284 18W 265
hi.|kaw 270 38w 261 91. [27TW 34 18w 347
ho .l 15¥ 270 1hw 238 92. |3TW 280 33W 270
4L3.| 38W 290 33W 281 93. |29V 305 22W 295
LY, | STE 7 SOE 10 ok, |5TW 353 Lhow 355
hs.| 33W 275 30V 263 05. [S6E 10 LoF 13
46.| 38w 295 32W 287 96. |54W 320 Léw 318
L7.| 60N 360 52E 2 97. |26W 309 19W 298
L8.| 71N 360 CLE 2 98. (31w 307 2hw 299
ho.| 29v 337 21V 336 99. 15w 319 8w 302
50.| 53E 30 L8E 35 100. 143w 281 30W 273




APPENDIX (II vii) SITE 4.

Field

MONOMONODOMODNONOHFRFERERERRFEFEE
@‘40“ﬂ¥?wf0FJO\OCD—JOﬂﬂ#ferFJP

OO 0\\WN WK

Corrected Field Corrected

Tectonic Tilt Tectonic Tilt

‘ab ab ab ab

Dip Direction Dip Direction Dip Direction Dip Direction
38w 318 30W 315 29. |3L4W 310 2TW 30k
2TW 330 19W 328 30. [L4TW 305 L0.5W 301
32W 29} 26W 28L 31. [36W 252 36V 2Ll
20W 310 13W 296 32.|18w 336 10.5W 33k
33W 272 30W 260 33. (28W 261 27w 246
137w 257 36V 246 34, [how 263 38w 25L
39W 258 38w 248 35. |50W 255 Lhow 248
26W 263 25V 247 36.|38W 243 39W 233
25W 297 20V 28L 37.|30W 292 25W 280
27w 273 2Ly 257 38. [36W 271 33W 260
37w 273 34w 262 39, |5hkw 295 L 8w 291
6w 265 8w 206 Lo. 24w 246 25W 229
18w 26k A% 239 41, |51w 246 51W 240
T2W 336 6Lw 336 L2, (133w 280 30W 269
3hw 340 26w 341 L3, (how 303 33W 297
2Lw 327 16V 323 LL, |28wW 292 23W 279
23V 325 15W 320 L5, |52wW 340 hhw 341
3hw 357 26E 3 L6, |3TW 307 30W 301
1bw 260 1hw 227 L7, [{19W 306 13V 280
v 309 TE 156 48, |60W 3h2 52V 343
11W 324 3W 302 Lo. |30E g 23E 20
6N 360 L4E 99 50. |20W 316 23W 30L
T1W 30k 6Lw 303 51. |22W 296 16V 279
8Lw 30k TTW 303 52. |26W 298 20W 285
T0W 30h 63w 302 53.|88wW 300 8Lv 300
LTw 256 Léw 2lh9 54, |4WTW 321 30W 319
1LE 85 18E 108 55.|90W 305 83w 305
33W 287 28w 276 56. |68W 290 63W 288




ab

Dip Direction

Field

APPENDIX (II viii) SITE 5.

Corrected
Tectonic Tilt

ab

Diffbirection

O Ol AWV =W
e o o o s e © o o o

38w
LOE
how
18W
32W
33W
hhw
3hv
T1W
8w
LOE
50E
33W
31W
65W
LBE
L1E
29V
58w
30W
10V
29W
28N
5L4LW
20W

353
18
338
330
330
324
328
28Y
317
302
12
33
306
301
285
L

N
352
354
312
301
306
360
293
318

30W
34E
3hw
10V
2Ly
25W
36W
29V
63W

5W
3L4E
LEE
26V
25W
60W
L1E
34E
21V
50V
23w

6V
22W
21W
48w
12W

356
25
338
325
328
320
327
273
316
228
19
40
299
281
282
8

9
356
356
305
246
297
8
289
310

Field
ab
Dip Direction
30V 306
63w 349
63W 3kh9
53W 327
61w 3k49
13w 331
S56F 2
h7w 258
1TW 2L6
61E 1k
35W 312
L7w 311
33W 330
56V 324
51W 259
19E 7
T2W 315
T2W 315
50W 303
28w 309
1hw 320
Low 290
32W 340
30W 290
35W 319
39W 348

Corrected
Tectonic Tilt

ab

Dip Direction
32w 300
55W 350
55W 350
Lhsw 326
S3W 350

5W 325
LoE 5
Léew 250
19W 269
SLE 17
28W 307
Low 30T7.5
25W 328

L 8w 323
LYE 2
1TE 25
6Lw 31h
6Lw 31k
52W 301
20W 299
oW 308
35W 282
2hw 3hk0
25W 278
2TW 315
31W 251




CLIFTON CONG.
VEC MEAN=103.

CON INTVL (95%

TRUE AZIMUTH
TRUE AZIMUTH
TRUE AZIMUTH
TRUE AZIMUTH
TRUE AZIMUTH

CLIFTON CONG.
VEC MEAN=132.

CON INTVL (95%) =

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH

CLIFTON CONG.
VEC MEAN=105.

CON INTVL (95%

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH

CLIFTON CONG.
VEC MEAN=144,

CON IMTVL (95%) =

TRUE AZIMUTH
TRUE AZIMUTH
TRUE AZIMUTH
TRUE AZIMUTH
TRUE AZIMUTH

110FT CONGLOMERATE FORMATION

VEC MEAN=344.

CON INTVL (95%)=

TRUE AZIMUTH

110FT CONGLOMERATE FORMATION

VEC MEAN= 18.

CON INTVL(95%)= 41

TRUE AZIMUTH

110FT CONGLOMERATE FORMATION

VEC MEAN=323.

CON INTVL(95%)= 30.

TRUE AZIMUTH

110FT CONGLOMERATE FORMATION

CON 1INTVL (95%) =

TRUE AZIMUTH

110FT CONGLOMERATE FORMATION

VEC MEAN=336.

CON INTVL (95%)=

TRUE AZIMUTH

APPENDIX (III)

SITE 2 AB PLANE (POLES)
VARIANCE=3836. STUEV= 62. READINGS= 53 VEC MAG(%)= 59,68

)= 18+ CON INTVL(99%)= 23, SUMV= 203300,
16? 76 121 54 124 128 120 93 110 181 336
270 129 314 76 136 127 93 73 102 132 126
154 295 60 84 82 73 115 46 126 107 23
128 337 37 7 135 159 195 86 215 T4 43
63 61 64 143 117 106 128 168 127
STITE 3 AB PLANE (POLES)
VARTANCE=2085. STUEV= 46. READINGS=100 VEC MAG(%)= 71.88
10« CON INTVL(9Y%)= 13, SUMV= 208498,
233 175 126 20z 156 64 73 201 81 58 101
190 83 107 182 182 156 215 139 203 136 172
74 182 112 7v 86 186 261 141 64 102 172
153 109 173 184 156 181 68 125 117 122 66
197 165 91 171 132 110 143 165 141 201 57
181 180 85 167 90 115 175 193 138 118 119
122 93 116 145 81 129 216 176 127 90 73
163 82 117 B4 155 73 131 79 110 106 87
67 117 168 125 7¢ 186 136 86 129 101 131
135
SITE 4 AB PLANE (POLES)
VARIANCE=2713. STUEV= 53. READINGS= 56 VEC MAG(%)= 71.66
)= l4e CON INTVL(9Y9%)= 19, SUMV= 151910,
108 135 148 104 116 80 66 68 67 104 77
82 26 59 156 161 143 140 183 47 336 122
279 123 123 122 69 288 96 124 121 6l 154
66 74 63 53 100 80 111 49 60 89 117
99 lel 121 109 163 200 124 99 105 120 139
125
SITE S AB PLANE (POLES)
VARIANCE=1443, STUEV= 38. READINGS= 51 VEC MAG(%)= 80.05
1le CON INTVL(99%)= 15, SUMV= 73587,
171 176 205 158 145 148 140 147 93 136 43
169 220 119 111 102 188 189 176 176 125 66
117 188 109 13v 120 170 170 146 170 145 185
70 89 197 12/ 127 148 143 182 205 134 134
121 119 128 102 160 98 135
8 M CROSS-BEDDING
VARIANCE= 7. STLDEV= 3. READINGS= 3 VEC MAG(%)= 99,90
o CON INTVL(99%)= 16, SUMV= 21.
340 345 346
8 M CROSS-BELDING
VARIANCE=1459. STDEV= 39. READINGS= 6 VEC MAG(%)= 80.57
CON INTVL(99%)= 63. SUMV= 8756..
355 360 10 36 100 350
12 M CROSS=BEDODING
VARIANCE=1271. STUEV= 36. READINGS= 8 VEC MAG(%)= 8l.87
CON INTVL(99%)= 45, SUMV= 10171,
356 354 344 305 270 260 340 340
12 M CROSS-BEDDING
VARIANCE= 156, STUEV= 13. READINGS= 4 VEC MAG(%)= 97.64
20e CON INTVL(YY%)= 37. SUMV= 626.
5 25 40 20
15 M CROSS-BEDDING
VARIANCE= 26, STUEV= 6. READINGS= 4 VEC MAG(%)= 99.061
e CON INTVL(99%)= 15, SUMV= 103.
340 333 328 34U



110FT CONGLOMERATE FORMATION 15 M
VEC MEAN= 16. VARIANCE= 136, STLEV=
CON INTVL (95%)= 29« CON INTVL(99%)=
TRUE AZIMUTH 31 3 12

110FT CONGLOMERATE FORMATION 13 M
VEC MEAN= 29. VARIANCE= 61, STUEV=
CON INTVL(95%)= 13« CON INTVL(99%)=
TRUE AZIMUTH 41 30 22 22

110FT CONGLOMERATE FORMATION 18 M
VEC MEAN=254. VARIANCE= 9. STUEV=
CON INTVL(95%)= 8. CON INTVL (99%)=
TRUE AZIMUTH 250 255 257

110FT CONGLOMERATE FORMATION 22 M
VEC MEAN=292. VARIANCE=1862. STUDEV=

12.
67,

8.
23.

3.
17.

Gb,

CON INTVL(95%)= 69« CON INTVL (99%)=127.

TRUE AZIMUTH 335 253 243 333

110FT CONGLOMERATE FORMATION g2 M
VEC MEAN= 43. VARIANCE= 114, STUEV=
CON INTVL(95%)= 12« CON INTVL(99%)=
TRUE AZIMUTH 35 53 22 43

110FT CONGLOMERATE FORMATION 25 M
VEC MEAN=265. VARIANCE= 17. STUEV=
CON INTVL(95%)= 1le CON INTVL (99%)=
TRUE AZIMUTH 260 270 265

110FT CONGLOMERATE FORMATION 25 M
VEC MEAN=354. VARIANCE= 3. STLEV=
CON INTVL(9S%)= Se CON INTVL(99%)=
TRUE AZIMUTH 353 356 352

110FT CONGLOMERATE FORMATION 27 M
VEC MEAN=263. VARIANCE= 185, STUEV=
CON INTVL(95%)= 22« CON INTVL(99%)=
TRUE AZIMUTH 254 245 270 280

110FT CONGLOMERATE FORMATION 27 M
VEC MEAN=346. VARIANCE= 168, STLEV=
CON INTVL(95%)= 33. CON INTVL (99%)=
TRUE AZIMUTH 334 340 4

110FT CONGLOMERATE FORMATION 30 M
VEC MEAN= 58. VARIANCE= 776, STUEV=
CON INTVL(95%)= 70« CON INTVL(99%)=
TRUE AZIMUTH 96 30 48

110FT CONGLOMERATE FORMATION 31 M
VEC MEAN= 7. VARIANCE= 441, STUEV=

11.
18.

50

5.
24,

10.

la,
40,

13.
75.

28

160.

22.

CON INTVL(95%)=189« CON INTVL(99%)=946,

TRUE AZIMUTH 28 346

CROSS-BEDDING

READINGS=
SuUMv=

3 VEC
409,

CROSS=BEDUDING

READINGS=
SUMV=

4 VEC
243,

CROSS~BEDDING

READINGS=
SUMV=

3 VEC
27

CROSS~BEDDING

READINGS=
SUMvV=

4 VEC

7449,

CROSS-BEDDING

110FT CONGLOMERATE FORMATION 32 M CROSS-BEDDING

VEC MEAN=291. VARIANCE= 54, STULEV=
CON INTVL(95%)= 19+ CON INTVL (99%)=
TRUE AZIMUTH 282 300 290

110FT CONGLOMERATE FORMATIUN - 32 M
VEC MEAN=339. VARIANCE=1511l. STLEV=

8.
43.

39.

READINGS= 6 VEC
SUMV= 685,
49
CROSS=-BEDDING
READINGS= 3 VEC
SUMV= Sl.
CROSS-BEDDING
READINGS= 3 VEC
SyMv= 9.
CROSS-BEDDING
READINGS= 4 VEC
SUMV= 741,
CROSS-BEDDING
READINGS= 3 VEC
SUMV= 505,
CROSS—-BEDDING
READINGS= 3 VEC
SUMy= 2330.
CROSS=-BEDDING
READINGS= 2 VEC
SuMv= 883.
READINGS= 3 VEC
SUMV= 163,
CROSS-BEDVING
READINGS= 3 VEC
SUMv= 4534,

CON INTVL(95%)= 97« CON INTVL(99%)=223,.

TRUE AZIMUTH 36 318 310

MAG (%) =

MAG (%)=

MAG (%) =

MAG (%) =

MAG (%)=

MAG (%)=

MAG (%)=

MAG (%) =

MAG (%)=

MAG (%)=

MAG (%) =

MAG (%)=

97.94

99,08

99.87

73.00

98.28

99.75

99,96

97.20

97 .45

88.53

93.34

99.18

78.40



MT GORDON FORMATION MIDDLE CROSS-BEDDING

VEC MEAN=324. VARIANCE=1942, STUEV= 45, READINGS= 12 VEC MAG(%)= 73,50

CON INTVL (95%)= 28« CON INTVL(99%)= 40, SUMV= 23301,

TRUE AZIMUTH 50 350 266 330 8 13 264 311 321 310 330
TRUE AZIMUTH 265

MT GORDON FORMATION TOP CKROSS-BEDDING

VEC MEAN= 30. VARIANCE= 313. STLDEV= 18. READINGS= S VEC MAG(%)= 95.30
CON INTVL (95%)= 22+ CON INTVL(99%)= 37, SUMV= 1564.

TRUE AZIMUTH 40 38 360 2V 50

RABBIT GULLY BEDS MIDDLE CONGLOUMERATE CROSS-BEDDING

VEC MEAN= 24. VARIANCE= 401, STUEV= 21. READINGS= 5 VEC MAG(%)= 93.98
CON INTVL(95%)= 25« CON INTVL(99%)= 42, SUMV= 2006.

TRUE AZIMUTH 356 40 50 2s 7

RABBIT GULLY BEDS UPPER CONGLOMERATE UNIT CROSS-BEDDING

VEC MEAN= 71. VARIANCE=3163. STUEV= 57. READINGS= 7 VEC MAG(%)= 66.56

CON INTVL(95%)= 53« CON INTVL(99%)= 79. SUMV= 22139.
TRUE AZIMUTH 37 298 98 60 80 120 76

TRIG N UPPER CONGLUMERATE UNIT CROSS-BEDDING

VEC MEAN= 42. VARIANCE= 465, STUEV= 22. READINGS= 3 VEC MAG(%)= 93,05

CON INTVL (95%) = S4e CON INTVL(99%)=124. SUMV= 1;95.
TRUE AZIMUTH 18 70 36



APPENDIX (1Vv i) SITE 1.

Values for selected ab plane pole positions rotated about
the normal to the trend of the a-axes maxima to remove
the effect of a-axes plunge.

(A) ab plane pole rotation about the normal to the a-axes
maxima trending north-east.

a-axis ab plane pole New ab plane pole
position position
Plunge Trend Dip Dip Direction Dip Dip Direction
10°E 45° 18°n 360° 13°W 329°
15°E 540 18°N 360° 15°% 306°
10°E 540 189N 360° 1L .5 327°
10°E 450 320N 360° 25,50% 3460°
150FE 540 320N 360° 26°W 335°
10°E 540 32°N 360° 270w 3440
100E 450 20°W 353° 15.5°W 3240
150F 540 200w 353° 18°y 308°
10°F 540 20°W 353° 17.5°%% 325°
10°E Ls© 30°W 3539 2ng~ 336°
15°E 549 30°W 353°" 26°w 326°
10°E 540 30°W 353° 26.5%w 335°

(B) ab plane pole rotation about the normal to the a-axes
maxima trending south-west.

10°v 196° 329w 260° 290y 276°
6°W 200° 320y 260° 29.5% 269°
Loy 206° 32°w 260° 30°W 265°
10°v 196° 30°W 270° 290y 2872
6°W 200° 30 270° 29°y 280

Loy 206° 30°W 270° 28%w 279°



APPENDIX (IVii) SITE 1.

ab Plane pole positions rotated about the normal to the
trend of a-axes.

Dip Direction Dip Direction
________________________ —

i. 4 E 20 Lo, 31 W 336
2. b1 w 299 50. 3 W 2Ll

3. 5 E 2L 51. 2L w 265
L, 31 W 220 52, 26 W 243

5. 22 E 91 53. 34 W 232
6. 30 W 332 5L, 20 E 101
T. 11 W 261 55. T3 W 337
8. 29 E Lo 56. i w 337
9. 51 W 250 57. 21 W 22k
10. 13 W 331 58. 19 W 2hs
11. L3 E 3L 59. 18 E 33
12. 15 W 313 60. 9 E -ha
13. 5 W 218 61. 35 E 30
1k, 9 W 322 62. 10 W 316
15. 5 E 10 63. 8 E 99
16. 6 W 292 6L, 18 W 351
17. 18 W 300 65. 22 E 25
18. 37T W 262 66. 23 W 28}
19. ho w 267 67. 24 w 340
20. 46 W 323 68. 30 W 283
21. 36 W 287 69. 20 W 289
22. L6 W 304 T0. 11 W 288
23. 35 W 209 T1. 22 W 312
2k, 56 W 326 T2. 26 W 3ko
25. 60 W 326 3. 14 W 325
26. 30 W 250 Th. 28 W 288
27. Lo W 297 75. 2h W 301
28. 0 0 76. 39 E 99
29. 1 E 6L 7. 29 W 260
30. 32 W 354 78. 22 E k2
31. 21 E 137 T9. 27T W 282
32. 19 W 34l 80. 18 E 67
33. 8 E 43 81. Iy 3h4Y
3k, 22 W 265 82. 34 E 129
35. ho W 301 83. T W 305
36. 21 W 235 8L, 11 v 294
37. 18 v 256 8s. h W 352
38. 61 W 350 86. 17T W 327
39. 22 W 252 87. Lo w 312
Lo. 3 W 336 88. 66 W 340
Lhi.. 0 0 89, 6 W 345
ho 20 W 268 Q0. s w 343
L3 L8 E i 91. 21 E 89
LY. s W 313 92. 22 E T
Ls. 52 W 340 93. 5 W 316
L6, L ow 2k9 ol , T W 233
L7. 5 W 220 95. 25 E 15
48, 39 W 280 96. 32 W 284




Dip Direction Dip Direction

97. 51 W 311 109. 36 W 282
98. 6 E 128 110. 11 W 2hs
99, 1h W 301 111. 20 W 326
100. 5 W 308 112, 53 W 342
101. L3 W 303 113. 1k W 250
102, 36 W 34 11k, 34 W 332
103. 22 W 352 115. 7T E 9
10k, 18 W 239 116. 7T W 304
105. 34 E 1k 117. L3 W 309
106. 17 W 290 118. 3L W 207
107. 28 W 228 119. 21 W 235
108. 72 W 189 120. 8Lh W 317



APPENDIX (V)

VECTOR MEANs STANDARD DEVIATIONs CONFIDENCE INTERVAL (95%) AND
FOR CURRENT DIRECTION DATA )

CL1FTON CONGLOMERATE FM., SITE 1 AB POLES

(99%)

VEC MEAN=140. VARIANCE=3139, STUEV= 57. READINGS=120 VEC MAG(%)= 64.27

CON INTVL(95%)= 11« CON INTVL(99%)= 14, SUMV= 376677.

TRUE AZIMUTH 140 147 128 161l 56 261 164 117 219 77 166
TRUE AZIMUTH 207 141 106 194 212 112 142 84 101 145 95
TRUE AZIMUTH 124 87 151 143 95 110 161 171 169 294 185
TRUE AZIMUTH 183 90 139 62 145 171 123 171 177 66 217
TRUE AZIMUTH 130 153 128 40 92 173 128 84 86 70 298
TRUE AZIMUTH 160 174 84 85 117 179 196 155 206 215 186
TRUE AZIMUTH 30 185 115 105 148 158 172 166 95 106 263
TRUE AZIMUTH 101 205 88 120 180 295 123 150 100 190 109
TRUE AZIMUTH 170 165 153 265 173 100 62 185 109 127 303
TRUE AZIMUTH 95 227 118 185 186 130 184 134 75 358 130
TRUE AZIMUTH 88 169 158 57 144 169 126 113 129 117

CLIFTON CONG. FMe SITE 1 AB POLES (EFFECT OF A AXIS TILT REMOVED)

VEC MEAN=133. VARIANCE=4515. STWwEV= 68. READINGS=120 VEC MAG(%)= 52.03

CON INTVL(95%)= 13 CON INTVL(99%)= 17. SUMV= 541766.

TRUE AZIMUTH 200 119 204 40 271 162 81 229 70 161 214
TRUE AZIMUTH 133 38 142 190 112 120 82 87 143 107 124
TRUE AZIMUTH 29 146 146 70 117 180 244 174 317 164 223
TRUE AZIMUTH 85 121 55 7% 170 72 156 180 88 224 133
TRUE AZIMUTH 160 69 40 100 156 64 85 63 52 281 157
TRUE AZIMUTH 167 44 65 213 221 210 136 279 171 205 104
TRUE AZIMUTH 160 103 109 108 132 160 145 108 121 279 80
TRUE AZIMUTH 222 lu2 247 164 309 125 114 162 147 132 160
TRUE AZIMUTH 165 163 269 187 136 53 195 104 131 308 121
TRUE AZIMUTH 128 123 164 172 59 194 110 48 6 102 665
TRUE AZIMUTH 146 162 70 152 189 124 129 27 5SS 137



CLIFTON CONGe
VEC MEAN=349,
CON INTVL (99%) =

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

CLIFTON CONG.
VEC MEAN=315.,.
CON INTVL (95%)= 2l

TRUE

AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH

AZIMUTH

SITE 1 A AXIS TOTAL
VARIANCE=5892., STULEV= 77.
14¢ CON INTVL(99%)= 19,
199 320 360 330 3 70
298 329 307 58 47 292
202 134 334 55 245 333
26 345 47 33 333 329
156 349 226 237 317 303
342 36 200 57 53 325
14 94 291 13 50 28
17 188 191 21 9 359
13 218 83 214 60 345
250 307 30 218 230 220
271 12 333 345 57 39
SITE 1 'A'AXIS ORIENTATION,

VARIANCE=3708,

320

TRUE AZIMUTH 345

TRUE

AZIMUTH

sS7

TRUE AZIMUTH 240

330
329
340

3
360
1

STDEV= 6l.
CON INTVL (99%)= 28,

316
261
191

1
226
9

READINGS=120 VEC MAG(%)= 39.24
SUMyv=

SUMV=

298
237

707076
15 316 348 1 7
42 54 43 336 45
203 340 348 210 64
360 261 358 36 349
194 81 322 242 343
343 307 340 284 359
257 1 13 214 18
185 347 77 1 302
33 242 17 241 238
16 210 94 59 351
300 13 240 199
SIZE.GE.8,0CMS
READINGS= 34 VEC MAG(%)= 55.75
126064.
307 292 245 55 340
317 303 322 242 342
14 218 307 219 94

302

SITE 1'A'AXIS SIZE«LTeBs0CMS.ANUGT+6.0CMS
READINGS= 36 VEC MAG(%)= 59.55
SUMV=

VEC MEAN=
CON INTVL (95%)= 23.

TRUE
TRUE

AZIMUTH
AZIMUTH

TRUE AZIMUTH
TRUE AZIMUTH

15.

VARIANCE=4464.

329
81
21
36

CON

42
343
185

333

INTVL (99%)= 31.

336
325
347

54

STUEV= 67.
344 348
342 14
77 241

210
94
76

SITE 1'A'AXIS SIZELE«6.0CMS.ANDGT«3+0CMS
READINGS= 50 VEC MAG(%)= 24.46
CON INTVL (95%) = 25. CON INTVL(99%)= 33. SuUMV=

VEC MEAN=353.

TRUE
TRUE
TRUE
TRUE
TRUE

SITE 1
VEC MEAN=359.
CON INTVL(95%)= 24

AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH

VARIANCE=7553,

360
333
359
242

57

VARIANCE=5816.

TRUE AZIMUTH 316
TRUE AZIMUTH 261
TRUE AZIMUTH 342
TRUE AZIMUTH 359
SITE 1 'A'axIS

70
203
€91

17
300

7
358
284

15

*A'AXIS SPHERICITY

S8
349
359

26
13
351

160715.
33
28
12

377661.
47 43
194 200

1 83
220 210

358
13
39

45
53
214
59

349 156
17 189
13 33

202 134
307 284
60 345
271 333

READINGS= 44 VEC MAG(%)= 42.48

SUMV=

STVUEV= 87,
348 7 58
47 36 350
257 18 359
250 30 230
199 345 214

«GEeVe6

STUEV= 77.

CON INTVL(9Y9%)= 32.
43 336 344
156 237 317
14 291 50
345 17 250

185

33

55
303
257
210

SPHERICITY . LTe0e6eANDGECV 5

255912.

245
194
1
94

64
322
13
59

47 360
57 53
18 17
199 36

VEC MEAN=351. VARIANCE=6204. STUEV= 79. READINGS= 47 VEC MAG (%)= 35.45
SUMV=

CON INTVL (95%) = 24

TRUE
TRUE
TRUE
TRUE
TRUE

SITE 1

AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH
AZIMUTH

38
33
189
241
13

CON INTVL(99%)= 32.

70
329
21
238
199

15
36
9
307
333

1
350
347
219

"A'AXIS SPHERICITY«LT.0.5

47
226
77
e20

292
81
1
76

42
342
302
271

291590.

134
325
14
12

340
340
218
333

210 26
94 13
214 242
57 300

k3

VEC MEAN=332. VARIANCE=5208., STDEV= 73. READINGS= 29 VEC MAG(%)= 42,31
SUMV=

CON INTVL (95%)= 28«

TRUE
TRUE
TRUE

AZIMUTH
AZIMUTH
AZIMUTH

370
348
351

CON INTVL(99%)= 37.
294y

330
345
39

3
242
240

3438
343
345

200

33

329
307
214

307
28
54

151026,
45
191

202
60

333 203
30 230



S{TE 1 A AXIS FLONGATION GE. 0.8 .
VEC MEAN=353. VARIANCE=4253, STOLEV= 66. READINGS= 37 VEC MAG(%)= 54,064
CON INTVL (95%)= 22« CON INTVL(99%)= 30. SUMV= 157369,

TRQE AZIMUTH 320 330 3 70 316 292 42 336 344 210 64
TRUE AZIMUTH 26 345 360 36 349 317 322 340 1 17 347
TRUE AZIMUTH 77 1 302 la 83 345 241 220 76 210 94

TRUE AZIMUTH 3S1 199 345 333

SITE 1 A AXIS ELONGATION GE. 0.8

VEC MEAN=333. VARIANCE=6166. STUEV= 79. READINGS= 55 VEC MAG(%)= 30.86
CON INTVL (95%)= 22« CON INTVL (99%)= 29, SUMV= 339103,

TRUE AZIMUTH 1 298 329 307 58 47 45 202 55 245 203
TRUE AZIMUTH 348 329 358 226 237 303 194 81 242 343 342
TRUE AZIMUTH 53 325 342 307 14 94 13 28 13 189 191
TRUE AZIMUTH 21 9 359 185 218 60 242 17 238 250 307
TRUE AZIMUTH 219 230 59 271 le 57 300 240 299 36 S4

SITE 1 A AXIS ELONGATION GE. 046

VEC MEAN= S. VARIANCE=5795. STDEV= 77. READINGS= 28 VEC MAG(%)= 44,00
CON INTVL (95%)= 30s CON INTVL(99%)= 40, SUMV= 162251.

TRUE AZIMUTH 38 15 348 7 43 134 333 340 47 33 261
TRUE AZIMUTH 156 350 200 57 284 359 291 S0 257 18 214
TRUE AZIMUTH 30 333 39 13 33 214

SITE 1 'YA'AXIS CROSS CORRELATION SIZE.GE. B8CMSsRATIO.GE.0.8 LL
VEC MEAN=343. VAR1ANCE=1675., STDEV= 4l. READINGS= 14 VEC MAG(%)= 78.74

CON INTVL (95%)= 24« CON INTVL(99%)= 33. SUMV= 23447,

TRUE AZIMUTH 320 330 3 316 292 345 360 317 322 31 1
TRUE AZIMUTH 302 13 94

YA'AXIS SIZEGFe B8BCMSyRATIOLT<0e8¢ANDGTs 0.6 LM

VEC MEAN=280. VARIANCE=3881. STUEV= 63, READINGS= 17 VEC MAG(%)= 52.4l
CON INTVL(95%)= 33« CON INTVL(99%)= 45. SUMV= 65969,

TRUE AZIMUTH 1 298 307 55 245 329 226 237 303 242 342
TRUE AZIMUTH 191 9 218 307 219 240

YAVAXIS SIZE.GFe BCMS4yRATIO oLEe 0.6 LS

VEC MEAN=340. VARIANCE=4056. STUEV= 64. READINGS= 3 VEC MAG(%)= 47,17
CON INTVL(95%) =159« CON INTVL (99%)=366, SUMV= 12169.

TRUE AZIMUTH 340 261 57

YA'AXIS SIZE«LT.8CMS.AND.GE.6CMSs RATIO GE 0.8 ML

VEC MEAN= 2. VARIANCE=4123. STUEV= 65. READINGS= 13 VEC MAG(%)= S57.12
CON INTVL.(95%)= 33« CON INTVL(99%)= 55. SUMV= 53595.

TRUE AZIMUTH 42 336 344 210 26 349 17 347 77 241 76
TRUE AZIMUTH 351 333

VAVYAXIS SIZE«LT«8CMS.AND.GE+6CMSy RATIO LT 0¢8¢AND<GT, 046 MM

VEC MEAN= 15. VARIANCE=2914. STDEV= 5S4, READINGS= 17 VEC MAG(%)= 71.52
CON INTVL (95%)= 28s CON INIVL(99%)= 39. SUMV= 49543,

TRUE AZIMUTH 329 348 358 81 343 325 342 14 94 13 28
TRUE AZIMUTH 13 21 185 12 36 S4

VAVAXIS SIZELT«8CMS.AND.GE«6CMSy RATIOWLE.O«6 MS ‘
VEC MEAN= 44. VARIANCE=2776. STUEV= 53, READINGS= 5 VEC MAG(%)= 68.86
CON INTVL (95%)= 66+ CON INTVL(99%)=109. SUMV= 13879.

TRUE AZIMUTH 33 156 39 13 33

IAYAXIS SIZELLE.6CMS sRATIO.GE.0.8 SL

VEC MEAN= 22. VARIANCE=##us#s# STUEV=104. READINGS= 11 VEC MAG(%)= 14.98
CON INTVL (95%)= 70 CON INTVL (99%)=100. SUMV= 118796. .
TRUE AZIMUTH 70 64 36 1 83 345 238 220 210 199 345



'AYAXIS SIZE.LE.6CMS SRATIOGLTe0e8eANDGT. 0.6 SM X
VEC MEAN=313. VARIANCE=7656., STOEV= 88, READINGS= 20 VEC MAG(%)= 10,31
CON INTVL (95%)= 41+ CON INTVL (99%)= 56, SUMV= 153113,

TRUE AZIMUTH 58 &7 45 202 203 194 53 307 359 60 242
TRUE AZIMUTH 17 238 250 230 59 271 57 300 199

VAYAXIS SIZELLE.6CMS sRATIOLLE.0.6 SS

VEC MEAN=350. VARIANCE=4825. STDEV= 70. READINGS= 19 VEC MAG(%)= 48,388
CON INTVL (95%)= 34+ CON INTVL(Y9%)= 46, SUMV= 91680,

TRUE AZIMUTH 38 15 348 4 43 333 47 350 200 284 359
TRUE AZIMUTH 291 50 257 18 214 30 333 214

YAYAXIS GROUPED CORRELATION LLsLMsMLsSL

VEC MEAN=330. VARIANCE=488Y,., STUEV= 70. READINGS= 55 VEC MAG(%)= 44.03
CON INTVL(95%)= 19« CON INTVL(99%)= 26. SUMV= 268889,

TRUE AZIMUTH 320 330 3 316 292 345 360 317 322 340 1
TRUE AZIMUTH 302 13 94 1 298 307 55 245 329 226 237
TRUE AZIMUTH 303 242 342 191 9 218 307 219 240 42 336
TRUE AZIMUTH 344 210 26 349 17 347 77 241 76 351 333
TRUE AZIMUTH 70 64 36 i 83 345 238 220 210 199 345

'AVYAXIS GROUPED CORRELATION

LS9+MS9sSMeSS

VEC MEAN=355. VARIANCE=6952. STUEV= 84, READINGS= 47 VEC MAG(%)= 30.73
CON INTVL (95%)= 25« CON INTVL(99%)= 33, SuMv= 326729.

TRUE AZIMUTH 340 261 57 33 156 39 13 33 58 47 45
TRUE AZ1MUTH 202 203 194 53 307 359 60 242 17 238 250
TRUE AZIMUTH 230 59 271 57 300 199 38 15 348 7 43
TRUE AZIMUTH 333 47 350 200 284 359 291 50 257 18 214
TRUE AZIMUTH 30 333 214
CLIFTON CONSLOMERATE SITE 1 ABPLANE (POLES) SIZE.GE.8.0CMS
VEC MEAN=133. VARIANCE=1625. STDEV= 41, READINGS= 34 VEC MAG(%)= 77.72
CON INTVL(95%)= 14+ CON INTVL(99%)= 19, SUMV= 55248,

TRUE AZIMUTH 147 161 S7 117 77 208 106 112 152 143 16l
TRUE AZIMUTH 183 62 145 171 130 153 128 40 128 84 70
TRUE AZIMUTH 160 180 143 106 101 124 150 100 185 127 185
TRUE AZIMUTH 159

SITE 1 ABPLANE (POLES) SIZE.LT.8CMS AND .GT.6CMS

VEC MEAN=143, VARIANCE=1953,

STDEV= 45, READINGS= 36 VEC MAG(%)= 74.30

CON INTVL(95%)= 15+ CON INTVL (99%)= 21. sumMy= 70307,
TRUE AZIMUTH 141 142 101 87 172 169 185 139 123 177 66
TRUE AZIMUTH 173 87 84 85 206 215 176 115 158 166 95
TRUE AZIMUTH 263 88 120 180 173 227 130 134 130 169 126
TRUE AZIMUTH 129 117 140

SITE 1 AB PLANF (POLES) SIZE.LE.6CMS

VEC MEAN=150. VARIANCE=4701.

STLDEV= 69. READINGS= 50 VEC MAG(%)= 50,91

CON INTVL (95%)= 20« CON INTVL(99%)= 26. SuMv= 235050,

TRUE AZIMUTH 128 262 164 219 167 194 2le 84 145 95 124
TRUE AZIMUTH 95 110 294 90 171 218 92 298 174 177 196
TRUE AZIMUTH 155 186 185 105 172 205 295 190 109 171 166
TRUE AZIMUTH 153 265 100 62 109 330 95 118 186 184 75
TRUE AZIMUTH 358 88 ST 144 169 113

SITE 1 AB PLANE (PULES) SPHERICITY .LEe0.6
VEC MEAN=144. VARIANCE=2748, STUEV= S3., READINGS= 44 VEC MAG(%)= 66.52
CON INTVL(95%)= 16+ CON INTVL(99%)= 22. SUMV= 120907.
TRUE AZIMUTH 117 i67 194 84 101 87 152 143 294 90 145
TRUE AZIMUTH 171 123 177 66 153 123 40 92 128 160 174
TRUE AZIMUTH 85 196 155 206 186 185 105 148 158 172 166
TRUE AZIMUTH 205 88 150 le6o 265 62 118 185 186 57 129



§1Tt_l AB PLANE (POLES) SPHERICITY «LT+0.6¢ANDGEs 0.5

VEC MEAN=142. VARIANCE=3206. STUEV= 57. READINGS= 47 VEC MAG(%)= 63.00
CON INTVL (95%)= 17+ CON INTVL(99%)= 23, SUMV= 150662,

TRUE AZIMUTH 128 262 164 77 212 112 142 124 161 169 185
TRUE AZIMUTH 1139 62 171 218 130 173 70 84 180 215 140
TRUE AZIMUTH 95 263 101 120 180 295 124 150 100 109 153

TRUE AZIMUTH 173 100 185 127 95 227 184 134 75 358 88
TRUE AZIMUTH 169 144 117

SITE 1 AB PLANE (POLES) SPHERICITY.LT. 0.5

VEC MEAN=135. VARIANCE=3235, STDEV= 57, READINGS= 29 VEC MAG(%)= 67.35
CON INTVL (95%)= 22+ CON INTVL(99%)= 30, SUMV= 93820.

TRUE AZIMUTH 147 161 57 219 208 141 106 145 95 95 110
TRUE AZIMUTH 172 183 84 87 298 177 115 106 171 109 330
TRUE AZIMUTH 130 130 159 169 126 113 140

SITE 1 AB PLANE (PULES) ELONGATION GE. 0.3

VEC MEAN=150. VARIANCE=282Y. STUEV= 54, READINGS= 37 VEC MAG(%)= 68.04
CON INTVL (95%)= 18« CON INTVL(Y9%)= 24, SUMV= 104667,

TRUE AZIMUTH 147 161 S7 262 117 112 142 101 87 169 294
TRUE AZIMUTH 185 183 145 171 177 128 128 180 148 166 120
TRUE AZIMUTH 180 295 124 150 190 1le6 173 95 227 118 185
TRUE AZIMUTH 130 57 169 117

SITE 1 AB PLANME (POLES) ELONGATION LTe 08 AND GT. 0.6

VEC MEAN=133. VARIANCE=3302. STLEV= 58. READINGS= 55 VEC MAG(%)= 62.35
CON INTVL (95%)= 16« CON INTVL(99%)= 21. SUMV= 181620.

TRUE AZIMUTH 77 208 14l 106 194 212 145 95 152 143 110
TRUE AZIMUTH 172 62 123 130 153 40 92 173 84 87 70
TRUE AZIMUTH 174 84 85 117 206 215 140 115 158 95 106
TRUE AZIMUTH 263 101 205 88 100 171 153 265 100 62 185
TRUE AZIMUTH 127 303 186 185 134 358 88 159 144 129 140

SITE | AB PLANE (POLES) ELONGATION LE. 0.6
VEC MEAN=143. VARIANCE=2534, STUEV= 51. READINGS= 28 VEC MAG(%)= 70.00
CON INTVL(95%)= 20« CON INTVL(99%)= 27. SUMV= 70954,
TRUE AZIMUTH 128 164 219 167 84 124 95 161 90 139 171
TRUE AZIMUTH 66 218 298 160 196 155 186 185 105 172 109
TRUE AZIMUTH 109 75 130 169 126 113

AB PLANE (PUOLES)CROSS CORRELATION SIZE«GE«8CMSsRATIO.GE.0.8 LL

VEC MEAN=135. VARIANCE=1120, STUEV= 34. READINGS= 14 VEC MAG(%)= 84,39
CON INTVL (95%)= 20. CON INTVL(99%)= 27, SUMV= 15674,

TRUE AZIMUTH 147 161 57 117 112 83 145 128 128 180 148
TRUE AZIMUTH 124 150 185

AB PLANE (POLES)SIZE.GE.8CMS,RATIO.LE.0.6 LS
VEC MEAN=164. VARIANCE= 25, STUEV= 5. READINGS= 3 VEC MAG(%)= 99,62
CON INTVL(95%)= 13« CON INTVL(99%)= 29. SUMV= 75.

TRUE AZIMUTH 161 171 160

AB PLANE (POLES)SIZE+GE«8CMSsRATIOLTe0+8eANDGT.0.6 LM

VEC MEAN=117. VARIANCE=1929. STUEV= 44. READINGS= 17 VEC MAG(%)= 73.85
CON INTVL (95%)= 23. CON INTVL(99%)= 32. SUMV= 32786.

TRUE AZIMUTH 77 208 106 152 143 62 130 153 40 84 70
TRUE AZIMUTH 106 101 100 185 127 159

AB PLANE (POLES)SIZE.LT.8CMS«AND«GE+6CMSsRATIO GE_O.B ) ML
VEC MEAN=152. VARIANCE=143Y. STUEV= 38. READINGS= 13 VEC MAG(R)= 79.84
CON INTVL (95%)= 23« CON INTVL(99%)= 33. SUMV= 18708,

TRUE AZIMUTH 142 101 87 169y 185 177 166 120 180 173 227
TRUE AZIMUTH 130 117



AB PLANE (POLES) SIZE.LT.8CMSeAND+GE «6CMSIRATIOLTe0e8.ANDeGTo0e6 MM
VEC MEAN=140. VARIANCE=2376. STUEV= 49, READINGS= 17 VEC MAG(%)= T70.29
CON INTVL(95%)= 26+ CUN INTVL(99%)= 35, SUMV= 40392.

TRU@ AZIMUTH 141 172 123 173 87 84 85 206 215 140 115
TRUE AZIMUTH 158 263 88 134 129 140

ABPLANE (POLES) SIZE.LT+BCMSeAND+GE+6CMSsRATIOLE«0.6 MS
VEC MEAN=128. VARIANCE=1129, STUEV= 34, READINGS= 5 VEC MAG(%)= 84,10
CON INTVL(95%)= 42« CON INTVL(99%)= 70. SUMV= 5646.
TRUE AZIMUTH 139 66 130 169y 126

AB PLANE (POLES)SIZE LE+6CMSsRATIO.GE.0.8 SL
VEC MEAN=160. VARIANCE=6203, STUEV= 79. READINGS= 11 VEC MAG(%)= 33.30
CON 1INTVL(95%)= 53+ CON INTVL(99%)= 76. SUMV= 68229.
TRUE AZIMUTH 262 294 171 295 190 166 100 95 118 57 169

AB PLANE (POLES) SIZE.LE.6CMSIRATIOLTe0.8¢ANDGTe046 SM

VEC MEAN=148. VARIANCE=4772. STUEV= 70. READINGS= 20 VEC MAGI(%)= 49,48
CON INTVL (95%)= 33. CON INTVL(99%)= 45, SUMV= 95438,

TRUE AZIMUTH 194 212 145 95 110 92 174 117 205 171 153
TRUE AZIMUTH 265 100 62 303 186 185 358 88 144

AB PLANE (POLES) SIZE.LE.6CMSsRATIO«LE«0.6 SS
VEC MEAN=144. VARIANCE=3250. STUEV= 58. READINGS= 19 VEC MAG(%)= 62.17
CON INTVL(95%)= 28+ CON INTVL(99%)= 38. SUMV= 61750,

TRUE AZIMUTH 128 164 219 167 84 95 90 218 298 196 155
TRUE AZIMUTH 186 185 105 172 109 109 75 113

AB PLANE (POLES) GROUPED CORRELATION LLsML

VEC MEAN=143. VARIANCE=1359. STUDEV= 37. READINGS= 27 VEC MAG(%)= 8l.26
CON INTVL(9S%)= 15« CON INTVL(99%)= 20. SUMV= 36705.

TRUE AZIMUTH 147 161 57 117 112 83 145 128 128 180 148
TRUE AZIMUTH 124 150 185 142 101 87 169 185 177 166 120
TRUE AZIMUTH 180 173 227 130 117

AB PLANE (POLES) GROUPED CORRELATION LSsMSsSMySS

VEC MEAN=139. VARIANCE=3593, STUEV= 60. READINGS= 92 VEC MAG(%)= 60,21
CON INTVL(9S%)= 13« CON INTVL(99%)= 17. SUMV= 330542.

TRUE AZIMUTH 161 171 160 139 66 130 169 126 194 212 145
TRUE AZIMUTH 95 110 92 174 117 205 171 153 265 100 62
TRUE AZIMUTH 303 186 185 358 88 144 128 164 219 167 84
TRUE AZIMUTH 95 90 218 298 196 155 186 185 105 172 109
TRUE AZIMUTH 109 75 113 141 172 123 173 87 84 85 206
TRUE AZIMUTH 215 140 115 158 263 88 134 129 140 262 294
TRUE AZIMUTH 171 295 190 166 100 95 118 57 169 77 208
TRUE AZIMUTH 106 152 143 62 130 153 40 84 70 106 101
TRUE AZIMUTH 100 185 127 159

CLIFTON SANDSTONE SITE 6 AB PLANE (POLES)

VEC MEAN=225. VARIANCE=7191, STUEV= B85, READINGS=101 VEC MAG(%)= 25.73
CON INTVL(95%)= 17« CON INTVL(99%)= 23. SUMV= 726272

TRUE AZIMUTH 84 108 285 313 263 138 20 100 205 82 246
TRUE AZIMUTH 252 254 323 240 325 299 28B2 167 318 208 263
TRUE AZIMUTH 87 151 @263 2602 91 259 271 77 147 266 186
TRUE AZIMUTH 62 278 286 229 120 108 281 280 188 233 313
TRUE AZIMUTH 188 215 123 121 269 288 228 288 271 165 275
TRUE AZIMUTH 10U 59 136 269 165 143 224 252 239 287 185
TRUE AZIMUTH 212 196 109 289 127 165 262 280 323 263 187
TRUE AZIMUTH 30 195 40 243 301 104 147 90 109 234 237
TRUE AZIMUTH 352 172 115 115 23 54 295 310 270 161 133
TRUE AZIMUTH 102 326



APPENDIX (VI i)

Heavy mineralogy versus grain-size. Relative abundance expressed as a percentage.

Sample Biotite Zircon Opaques Augite Epidote Caﬁiic- Hornblende Hypersthene :Z;v:es
: |
039 % ?
2.0 - 2.25¢ | 1.6 0.0 4.0 7.0 0.6 6.2 39.1 b1.5 6.0
2.25 - 2.5¢ 1.0 0.0 4.0 6.6 1.2 2.3 42.5 ho.4 9.0
2.5 - 3.0 0.6 0.3 7.3 6.4 1.2 1.2 bbb 38.6 13.2
3.0 - 3.5¢ 0.4 1.9 25.2 6.7 1.9 1.0 30.6 32.3 21.k
3.5 - 4.0¢ 0.2 2.5 Lo.2 6.6 1.6 1.0 32.0 15.9 17.6
Total/average 0.8 0.9 16.1 6.7 1.3 2.3 37.7 3h.2 13.4
Total
excluding
opaques 0.9 1.0 8.0 1.6 2.7 Lk.9 4o0.9
oko
2.0 - 2.25¢% 1.2 0.0 6.2 8.8 2.8 4.0 3k.5 42,5 3.6
2.25 - 2.5¢ 0.9 0.0 6.3 T.b4 1.9 3.7 39.1 4o.7 5.1
2.5 - 3.0¢ 0.4 0.6 8.5 7.7 2.4 2.k 33.9 Ly,1 8.0
3.0 - 3.5¢ 1.0 1.9 23.0 9.9 1.4 1.4 29.1 32.3 - 1.0
3.5 - 4.0¢ 0.1 4.0 38.1 9.5 1.0 0.9 27.5 18.9 ©10.3
Total/average - 0.7 1.3 16.4 ; 8.7 1.9 2.5 32.8 [ 35.7 ! 7.6
: | :
Total | i ‘
excluding : ! | [
Lopaques 0.8 1.6 10.% 2.3 3.0 39.2 ! 42,7 1




APPENDIX (VI ii)

Percent ferromagnesian minerals in tephric units A to I2.

Sample/Unit Biotite Zircon Augite Calcic-Hb Hornblende Hypersthene % Opaques Wt.% Heavies

041 A,y E 2.3 ! 5.3 § 2.9 § 2.3 % b1 E L6.1 1 0.7 26.L
ok2 A, | T.5 ! 2.8 i 5.1 | 2.2 ; 39.6 ? L2.8 i 1.6 27.9
043 B 0.6 | 2.7 , 10.5 | 0.3 i 5.1 ; 80.8 1.0 33.5
oLk c 1.3 i L.1 *? 13.9 ; 0.0 i 1k, bk ? 66.3 0.5 30.0
o5 D 0.5 | 0.5 BN ( é 0.2 | 357 5T.9 1.3 | iT1.0
oL6 E, 0.0 3 0.0 % 18.6 0.0 i L1.h é 40.0 13.3 19.4
ok E; = 0.0 ! 12 0 o7.0 | 1.6 | s | 3s. 18.9 2.0
okt F 0.0 % 1.1 ; 11.7 ; 0.4 ‘% 16.3 70.5 3k.5 1.0
048 ¢ 0.9 % 0.9 | 12.8 | 0.9 . 30.7 |  53.5 31.5 1.1
050 Hy | 0.3 é 0.0 § 21.8 | 0.0 E 6.9 69.3 10.3 2.8
051 H, 0.5 é 0.0 ? 11.3 | 0.5 ; L.2 | 82.8 11.3 9.6
052  Hgj 0.2 | 0.0 16.1 | 1.8 | 8.2 |  T3.5 17.3 13.1
053 I 0.0 3 0.0 1.6 0.0 % 92.6 2.7 28.2 8.0
osk I, 0.3 | 0.0 0.6 2.6 | 919 2.8 | ks 1.7
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