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- ABSTRACT

The Stairway Sandstone is an Ordovician formation of the Amadeus
Basin of Central Australia. Tt can be divided into a lower unit of
coarse grained super-mature orthoguartzites; a middle unit of siltstones,
claystones (mainly illite) and phosphorites, grading into carbonates then
"red-beds" to the south=east; amnd an upper unit mainly of fine grained
mature orthoquartzites, ~ The heavy mineral assemblage of the formation
is one typically associated with orthoquartzites - almost exclusively
well rounded tourmalines and zircons.

Detailed te§tuxal ammlyses of the arenites gave values for the
mean and median diameters, standard deviation, skewnéss and kurtosis
which suggest that the coarse sands were deposited in a beach or shallow
water marine ervironment and the fine sands in a shallow marine shelf
or lagoonal enviromment.

The isopachous waps show the Amadeus Basin to bé a basin with
an eroded northern margin of deposition, for the thickest part of the
Stairway Sandstone is abruptly cut off in the vicinity of the
Macdomnnell Ranges. Lithofacies studies suggest that the basin had a
north-west to sonth-east trending axis. Cross~bedding studies indicate
the palaeccarrents flowed from the southeeast, parallel to the axis,
except in the middle Stairway where the curients assumed a more
north=easterly trend. Other cross~bedding studies suggest the presence
of high energy zones at right angles to the main palaeocurrent direction.

The physico-chemical conditions during Stairway Sandstone times
are postulated from the mineralogy, textures and sedimentary siructures
of the sediments. These suggest a low average rate of sedimentation

(in the order of 0.1 mm. per anmum), fairly uniform conditions in the
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lower and upper Stairway, current velocities with a range of from 1 to
30 cms./seco, fai;ly warm conditions, nommal salinities (except in the
Mount Charlotte embaymept), pH values of from about 7.0 to 8;0 and Enh
values of about -0.2 (reducing conditions).

The environment of @eposition of the Stairway Sandstone is
delineated by means of the detailed graphic log. It is possible to
establish that the overall Stairway Sandstone sequence is regressive=-
transgressive.,- From the basic sedimentation units it is .possible to
recognise §ix;compogite sedimentation units (A, B, C, D, B, F) which
together make up a compound sedimentatiensunit which can be related to
a sedimentological model. It is found that two modern environments -
the barrier-lagoon enviromment and the intertidal flat environment
and a more hypothetical enviromment - the epeiric séa - are compatible
with the compound sedimentation unit. ‘

The phosphorites of the formation are considered in some detail
and ten types of phosphatic material afe recognized, some of which are
thought to be primary precipitates whilst others have replaced
carbonates etc. The main concentrgtion of phosphorites appears to have
taken place during winnowing. It is thought that upwelling currents
were probably the_main source of the phosphorites. The idea of upwélling
currents is compat;ble with a palaeogeographic picture.of the Ordqvician
Amadeus Basgin situated within the torrid zone, and probably within a
desert belt. The comection to the open sea was tothewest. Sediments
were derived mainly from distant plutonic and sedimentary sources located
to the south in the more tropical climstic zomne.

There are several economic implications of the sedimentological

study. Various potential mineralogical marker horizons are suggested
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for detailed stratigraphic correlation. The formation is considered to be
an excellent petroleum o¥ natural gas prospect and it is possible to
indicate areas where the best prospects of stratigraphic traps are
believed to lie. Finally, it is suggested that in order to find economic
phosphate deposits it is necessary to find 2zones where winnowing occurred
- possibly the southern margin of the basin. Alternatively rich primary
phosphorites undiluted by terrigenous sediments may be found to the north-

west of the basin.
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CHAPTER 1
INTRODUCTION

General ]

This sefiimentqlogi_c_gl gtudy is j:he p_rgduct“ of two years work
regsulting partly from the authoris investigations in his capacity
as a geologist of the Bureau of B;Iinez'a.l Resources, Geology and
Geophysics, Canberz:a, and partly fmgm irdependent :_‘anestiga‘bions
carried out at the Australiap National University under the
supervision of Dr.K.A.W. Crooke.

'I’he author }_;as been involved in the stud.ngf the geology of
the southern part of the No:f‘f;hezn._Tem'ito:ry since ?._961, and of the
Stairway Sandstone in particular since 1963. A total of three field
seasons, each of approximately five months duratipn, together with
laboratory investigations for a total period of abaut 8 months, have
given ample opportunity to study tﬁhe Stairwey Sandstone in detail.

These studies have included the compilation snd use of the graphic
log, thin section studies (both textursl and mineralogical), detailed
heavy mineral studies, the measurement of detailed stratigmphic
sections, ard crossbedding studies. All these studies have been used
to build up an integrated picture of the provenance, enj{imnments of
deposition ard the Apalaeogeography of the Stairway Sandstone. In
addition, the origin of pelletal phosphorites has “'peen investigated in
some detail because of its economic significance.

Investig:a.‘cions\were carried out on both surface and sub-surface
samples. Sur_*face s_amples are referred to by a prefix i‘elated to the
name of‘the 1_:}250,000‘sheet area from which they were collected -

specimen LA 188 was collected from the Lake Amadeus Sheet area (see
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fig.l). Sub-surface”core samples were obtained from four diamond drill
holes APl, AP2, AP3 and AP4 (see fig.1). They are numbered by using
the~dfill héle number as a prefix. The second set of nunmbers is the
number’of the sedimentation unit (see Chapter 7) and the third set
of numbers is the distance in inches f;om the top of the sedimentation
unit. Hence, specimen AP1/762/13 is a sample collected from a point

13 inches below the top of sedimentation unit 762 in the AP1 core,

The Amadeus Basin

The Stairway Sardstons is one of the ;ock units of the-Amadeus Basin,
a large sedimentery hasin in cenﬁral Australia, stretching from about
longitude 128°E in:Western Australia, egst t? about longitude 1§5°E in
the Northerg Territory and from Alice Springs in the north to near the
South Australian b order in the south (Fig.l). The basin is approximately
500 miles long and 170 miles wide and covers an area of about gb,OOO
sguare miles. e

The sediments o? the Amadﬁus Basin range in age fréﬁ Adelaidean
(upper Proterozqic) to Upper Palaeogoic and are mainly of the
miogeosynclinal type. They @ave & total thickness of approximately
30,000 feet. These sediments have been fully described by Wells,
Forman and Ranford, (1g65(a), (v)); Wells, Stewars and Skwarko, (1966);
Ranford, Cook and Wellis, (1966); and Wells, Ranford, Stewart, Cook and
Shaw, (19&6), Sedimentatiqn was interrupted by two major orogenies, the
Petermann Ranges Grogeny of La?e Prgterqzoic tp Egrly'Camhrian age
(Forman, 1966) amd the Alice Springs Orogeny of Late Palaeozoic age
(Forman, Milligan and McCarthy, 1966)3. The Lower Palasozoic of the
Amadeus Bgsin is dividéd into the Pertacorrta Group, the Lgrapinta

Group (Cambro-Ordovician) and the Mereenie Sandstone (?Ordovician).
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The Larapinta Group is made up of four formationsi=

Stokes Formation Upper Ordovician

Stairway Sandé‘éone m;_ldle Orf_igvician

Horn Valley Siltstone - Lower Ordovician

f’a;:oo‘ha Sardstone Upper Cambrian to Lower
Ordovician

These four formations are marine sediments probably d eposited

under fairly shg.}._low conditions, and are described by Cook, (1966 ).

Previous invegtigé.{iohg iof" ﬁhé'Stairway Sandstor;e )

The Larapinta Group was first defined by the Horn Expedition of
1892 (Tate and ng:t,_la%), and was originally called the Larapintine
Series.  Chewings (1935), was the first to use the name "Stairway"
and he refers informally to the unit as the Stairway Ridge Beds orthe
Stairway Q,uartzite. The formetion was fomally named the Stairway
Greywacke by Pmchard and Guinlan (1962)9 and defined as being "The
formation of qga.rt_z greywacke and guartz sandstone whicp at Ellery Creek
conformably ovgrlig’s'the Horn Valley Formation end is there followed
unconformably by the Mereenie Sandstone, It consists of ;O percent
of fine grained and ?edinm grained quartz greywacke, usually rather
silty, and sbout 40 percent _of cleaner quarts sandstone".

Wells, Forman and Ranford, (1952) renamed the formation the Stairway
Sandstone: The A.S‘ca.:i.rgray Sandstone has been d escribeé from various areas
of the Amadeus Basin by Wells, Forman and Ranford (19§2); Wells, Ranford
and Cook (1963), Ranford and Cook (1964); Wells, Sf;ewart and Skwarko,
(1964); and Wells, Ranford, Stewart, Cook and Shaw (1965). It has
been referred to briefly by Stelck and Hopkins, (1962); Rarmeft, (1963)

and Haites, (1963.). It is also described in various unpublished company
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reports - Gillespie} (1959) s Taylor, (1959); Weegar, (1959); Leslie,
(1960); Hopkins, %1962); McNaughton, (1962); and Haites, (1963).
Cook, (1963), recorded the presence of phosphorites in the Stairway
Sandstone. Crook, (1964), slso discussed the phogphorites9 and Barrie,
(1964), gave the preliminary results of a drilling programme in t he

Btairway Sandstone.

General St:atigraphyﬁof the ?tairway Sandstoné

The Stairway Sandstone crops out sporad?éally throughout much
of the Amadeus Basin (Fig.2). Although it has an outcrop area of
only gbo square milegs or possibly even less, it is estimated to
underlie an area of at least 20,000 square mi}es,

The palagogeologic map (Fig,S)'shows that in the northern half of
the Amadeus Basin the Stairway Sandstone rest conformably on the Horn
Valley Siltstonef To the saath it disconformably overlies the Cambrian
Pertaocorrta Group and unconformably overlies Upper Proterozoic
sedimentary rQCks,'_Further south and west (e.g., Petermann Range), the
Stairwéy Sandstone rests unconformably on igneous and metamorphic Tocks
of the Musgrave Block. In most areas the Stairway Sandstone is
conformably cverlain(by the Stokes Formgtion but in the eastern part
of the basin it is overlain unconformably by the Mereenie Sandstone
(Fig.3).

Tbe Stairway Sandstone ranges in thickness from 1840 feet in
the Idirrki Rane to 100 feet or less on the southern margain of
basin. The isopachous map (Fig.12) clearly demonstrates thatf the
present limits of the Amsdeus Basin are markedly different from
the ox?ginalilimits of depogition of the Stairway Sandstone. A%

the maximum development of the Stairway Sandstone seas the margins
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stretched well beyond f(fhe present limits gf the basin.

The Stairway Sandstone is Middle Ordovician in age with an
egtimated range of possible upper Llanvirnian to Llandeilian
(J.G.Tomlinson, gg_gs_.%) - equivalent to an interval of about
20 million years, Tomlinson (apperdix in Wells, Ranford and Cook,
19'6:3;) records & number of fossils from the Stairway Sandstone,
including trilobites, brachippods, peieycypods, gastropods, nautiloids,
various trace fossilg and sponge spicules. Some of the macrofossils
are notable for the size they attain; the author faind a trilobite in
the Johnny Creek area with a pygidium more than 1 foot across. Several
specimens of mautiloids several feet in length have also been found in
the northern part of the Amadeus Basin, Jones (pers., comm.) has found
a number of species of microfossils at various intervals within the
formation. .In spite of this wealth of palaeontological material it has
so far proved possible to erect only one time~line within the formation.
This divides the formation into what Tomlinson (pers.comm.) refers to as
the Early Larapintan (equivalent to the upper part of the Pacoota
Sandstone, the Homm Valley Siltstone and the lower and middle parts of
the Staiﬁay Sandstone) and the Late Larapintan (equivalent to the upper
part of the Stairway‘Sarxistone, the Stokes Fomgtion and the lower part
of the Mereenie Sandstone). The Stairway Sandstone is therefore a rock
unit and not a time-rock unit.

The Stairway Sandstone has been divided on lithological grounds
into lower middle and upper units which extend over much of the basin.
Fig«s shows 31 representative stratigraphic columns across the basin
and correlation lines have been drawn for the three rock units. OSuch

a correlation diagram is subject to severe limitations when there is
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no fossil control? and it is fully realized that later fossil evidence
may completely invalidate many of the correlations. However, the
three units are recegnisable in most areas as mappable units. The
three units shcgld sﬁriptly be ?eferred to as for instance "The
lower unit of the Stairway Sandstone® - however, from here on the
units are informally referred ito as the lower Staiiway, the middle
Stairway and theﬁupper Stgirwayo

The lower Stairway is the mogt uniform of the three units, both
in lithology and thickness. The thickness ranges from about 80 feet
in the south (the Mount Charlotte area) to about 200 feet inthe north
(the IdirrikilRange area). The unit is predominantly a white or grey,
fine to very coarse grained sandstone. It is well rounded and sorted,
pebbly in places; thin to massively bedded, ripple marked and cross-
bedded (fig.41). The basal sandstone is remarkable for the presence
of up to 20% of pyrite ocoliths in placeg (generally weathered out, or
in the form of limonite), The lower Stairway Sandstone contains a
great variety of bedding plane markings (fig.42), tracks and trails
(many of which are of an indeterminate nature) and one of the
gsandstones has s very characteristic texture referred to by Ranford,
Cook and Wells (1966) as a "ropey texture” gfigoéﬁ, appendix). - The
lower unit is frequently strongly silicifed; it is well exposed and
commonly f orms very prominent escarpments (fig.39, appendix).

The middle Stairway ranges in thickness from }ess than 100 feet
in the south to about 700 feet in the north. It is lithologically
the most varied of the three divisions. Tt is predominantly &
lutaceous interval, with siltstones, mudstones, and claystones which

are grey and green at the surface but black sub-surface. The
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lutites are sandy and micaceous in places, laminated, easily weathered
and very poorly exposed. They are interbedded with thin, very fine
grained, grey and white sandstones, and grey, brown or black pelletal
and nodular phosphorites. In areas to the south-east (Seymour Range)
thin yellow, or brown (grey or white at depth) dolomites and limestones
are fairly common. Further to the south-east red and red-brown poorly
sorted sarndstones and lutites are extremely coumons in the Mount
Charlotte area these "rgd-beds" make up the whole of the middle Stairway
Sandstone (fig.lg). Fossils are fair}y common in the middle interval;
“chewing" and "churniﬁg“ by infeuna is particulerly common (fig.4&ﬁppendix).
The'upperrStairwaykranges in thickness from less than iOO feet

to 1,000 feet, It is made up predominantly of vwhite and grey, very

fine grained sandstones which are cross-bedded in places and may

crop out fairly prominently when silicified, Interbeds of lutite,
though generally minory; may fom & fairly high percentage of the upper
division in places. The luti tes are green at the surface and black,
grey or grey-green at aepth; they are gengrally very poorly exposed.
Interbeds of pelletal and nodular phosphorites are present but not

very common. Fosgils and trace fossils such as Diplocraterion

(fig43 ) and Cruziana are very common.
Surmary

The Amadeus Bgsinﬁis a large Upper Proterozoic - Palaeozoic
basin in central Australia. The lower Palaeozoic of the basin is
divided into the Pertaoorrta chup, thg Larapinta Group and the
Mereenie Sandstone. The Stairway Sandstone is one cfAthe Kmembers
of the Larapinta Grouﬁ, and is of middle Ordovician age. It crops

out over a large area of the basin and has a maximum thickness of
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1840 feet, On lithological grounds the formation méy be divided
into three units; a lower coarse sandstonej;a middle phosphatic
lutite unit (grading laterally into carbonates and "red=-beds'; and

an upper fine sandstone with minor silts.
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CHAYTER 2

There are four basic rock types present in the Stairway Sandstone:-
quartz arenites,_lutites, phosphoritgs and carbonétes, There is some
overlap between these four types (e.g. sandy limestones). However,
only the basic typgs will be discussed separately. The phogphatic
gediments are dealt with later, in Chapter 8. All petrographic
determinations were estimated . ?etrographic descriptions of
approximately 200 specimens are summarized in Table 1,{appendix).
Arenites

The vast majority of the arenits fall into the orthoquartzite class
of Folk (19gi) or the quartzose arenite class of Crook (1966)o The
arenites are for the mgst part remarkable "pure” with 1little or no

chert, feldspar, or rock fragments. A very few fall into the sub~-

. arkose field of Folk, (1961); even fewer fall into the feldspathic

sub=labile arenite field of Crook, (1960)0

The basic philosophy behind the “"metamorphic! pole of Folk (1961)
is that this represents a metamorphic‘provenange and implies moderate
tectonism., On this basis there is some justification for including
"composite" quartz in this clas&T Similarly, the "rock fragment” or
"labile" pole of Crook (1960) includes chert because of its relative
instability. The author's observations on the quartz typeé within
the Stairway Sandstone suggest that composite quartz iz less stable
than other forms of gquartz. Composite guartz is, for instance,
apparently more common in the southexn part of the basin where it
is nearer the source area; in addition,; in many specimens the

distinction between a compésite grain and a stretched metaguartzite
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Poles P pole = plutonic or common quartz

U pole = undulose quartz
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Relative concentration of points
Blank areas -~ no points whatsocever

: ) a - less than 1 point per unit area
- b -~ 1 to 2 points per unit area
- ¢ -~ 2 to 4 points per unit area
d - 4 to 8 points. per unit area
® e - 8 to 16 points per unit ares
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grain is somewhat arbiffary.* Blatt, (1965,1964), Blatt and
Christie (1963) and Greensmith (1963), have also noted this apparent
instability of composite quartz. If composite grains were tobte
included with rock fragments then 10 - 20% of the specimens would
fall into the lithic sub-labile arenite field of Crook (1960) or
the sub-greywacke field of Folk (1961). A very small number of
speciﬁens with over 25% composite grains would fall into lithic
labile arenite or greywacke field. However, despite the
advantages of this approach, it is proposed to avoid confusion
by following the accepted procedure and inc}uding comﬁosite quartz
grains with "nommal" quartz. Rock types are named in accordance
with the scheme suggested by Folk (1961).

a) Orthoquartzite (0 - 5% feldspar, O - 5% metamorphic rock

fragments and 95 - 100% of quartz-excluding metaguartzite). -

The majority of the StairwaySandstone arenites fall into this
class., The essential minerals assemblage is extremely uniform,
and for instance over 50 percent of the orthoquartzites contain less
than 1% feldspar. The quartz is mainly "common" (straight to slightly
undulose extinction) or "undulose" (strongly undulose extinction).
"Composite" quartz forms only a small percentage of the total quartiz
(see Figs. 5 and 65. Chert and metaquartzite are present (Fig.44)
but rare, and no examples of reworked quariz grains are known. The
heavy mineral assemblage is also uniform, representing a typical
supermature assemblage of extremely well rounded tourmaline and zircon.

Both the lower and upper Stairway indisamond drill hole APl are
composed predominantly of siliceous mature orthoguartzites. There are

however important differences between the two (see table 1y appendix)a



fig 6

MINERALOGICAL _VARIATION OF ORTHOQUARTZITES N API

Qtz Fdr Heavies | Clay Carb Phos. | Pyrite Glaue
o
% 2 2 b4 Z %
050 [0 s o5 Jo25 Jo25 J025 0 5 |02 |gom
1 2
.. 100"
i
-
4
—200"
:—300,
* bl
400"
500"
t * *’ - 600"
) P )
ST EL B S POV TR R NN NN NS NN TS I 700’

TO ACCOMPANY RECORD 1966/1 AUS 1797




4)

- 14 -

The lower orthoqua;@zites have a modal grain size of about 1¢ to
20, and are quite commonly bimodal, with a secondary mode of 30
to 4f. The grains (particularly the coarse ones) are very round
(Fige45) and generally well sorted. Where the sands are bimodal,
the individual modes are well sorted (Fig.45). The feldspar
content is extremely low and out of 20 spegimens in the lower
Stairway of APl only one contained more than 1% feldspar.
Heavy minerals are very rare or absent. Quartz cgmenf is very
common in many of the arenites. Six (out of 20) specimens have
significant quantitiesvof clayey m?trix (see Table 1? appendix)
and several specimens haye carbonate cements. Phosphate and pyrite
(as cement and discrete particles) are fairly common. Glauconite is
present in 7 out of 20 specimens and forms 10 - 156 of the rock in
one specimen (AP1/754/é).

The upper qrthoquarﬁzites are generally.unimodal, with a grain

size of 30 to 4f. The grains are angular to sﬁb-angqlar and the

sorting moderate. Chert is present in many of “the specimens. The

feldspar contentAis generally in the range 2 - 3; the heavy mineral
content is in the range O - 1%. Clay, carbomate, phosphate, pyrite
and glauconite are either all absent or present in small quantities
only.

The qrthoquartzites of the phosphatic parts of the Stairway
Sandstone (i.e. the middle Stairway and the qppermost transitional
Stairway) are very fine grained sgb-mature to_immature orthogquartzites.
Their grain size ranges from 1¥ to 4 and bimodality is fairly common.
Grains are subangular and sorting is moderate. The feldspar content

is in the range 1 - 2%. Clay, carbonates and phosphate are all
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COmmon » Pprite is comparatively common in the middle part of the
Stairway Sandstone (1 - 2%) and is common in places in the uppermost
transitional part of the Stairway Sandstoge.

The considerable mineralogical variation within the orthoquartzite
group is shown in Fig.6. It is pessible.to divide the Stairway
Sandstone minerslogically, into much the same three units which have
been recognised in the field.

The siliceous cements are a very common feature of the Stairway
Sandsﬁone orthoguartzites, and the overgrowths are in optical continuity
with the grains. In places they may be replacing clay or carbonate
cement (although the thin sections were not examined under a universal
stage to confirm this), but generally there is little sign of replacement
and the quartz appears to be pore filling. The siliceous cement has
been found %o congiderably limit porosities in the potential reservoir
rocks of the StairwaySardstone and therefore it is important to know
when silipification took place., Consideradle silicification of many
of the Amadeus Basin sediments is thought to have occurred during the
Tertiary era, but this is unlikely to be the cause of the Stairway
Sandstone silicification, as the fommation is found to be just as
strongly silicified at depths of several thousand feet as it is at the
surface. 1t appears that there are gwerallikely causes of the
silicification. It is due to regional silicification during the Alice
Springs Orogeny, or to sub aerial exposure ard weathgring of the
Stairway Sandstones shortly after deposition or it is due to the
environment of deposition or it is the result of post-deposition
solution pressure.

There is little evidence of sub-azerial exposure of the sands -
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gsuch a thing may indeed have occurred but there are no clear
diastems or faumal breaks as proof. The second'alternative has
more to commend it. It is known that waters with a high silica
content are present in humid tropical areas (Krumbeiﬁ and Garrells,
1952), and there is evidence that the climate during Stairway
Sandstone times was in pgrt tropical. The mineralogy of the Stairway
Sarndstone orthoquartzites suggests that they may be whgt Krynine
(1941) calls "first-cycle orthoquartzites". Such rocks are
acknowledged to be the product of intense chemical decay and
destruction ard thg conditions producing this intense chemical
weathering also gave extremely high concentrationglof silica alkalis
in the sea-water to produce the authigenic or early diagenic
gilicification. Such silicification is extrgmely common in many of
the clgssic orthoguartzites (e.g. tthatesburg and Potsdam of North
America). However if silicification occurred in response to the
environment of deposition then it occurred in some cases as a later
stage diagenesig for in places phosphatic overgrowths on quartz are
themselves overgrown by silica.

The third altermative is the most widely accepted explanation
for silica cementation. Solution of quartz will take place at a
sufficiently high pressure, so that the silica is mobilized then
later redeposited in_some more favourable part of the sandstone.
Heald (1956) found that there was no relationship’ between faulting
and cementation but considered that pressure solution occurred
during structural deformation or if there was sufficient overburden.

Siever (1959,1962) sgrees with Heald's conclusion and further

asserts that it is impossible for the cemening silica to have come
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from sea-water, Heald and Anderegg (1960) found that interstitial
argillaceous material way considerably inhibit cementation due to
solution pressure resulting from deformation or overburden. Towe
(1962) maintains that considerable quantities of silica may be
dissolved by the action of alksline solutions obtained from the loss
of potassium from ;11ite.

A regional analysis of the variation in intergranular porosity
in the Stairway Sandstone would establish the validity or otherwise
of the post-depositional solution pressure theory. If porosity was
found to decrease from south to north ?hen this would suggest the
theory is correc? thqugh whether the s;licification would be due to
the Alice Springs Orogeny or the increase of overburden to the north
cannot be established.

Conclusions;

The lack of recognisable rewqued grains or chert suggests that
the lower Stairway orthoguartzites have a granitic provenance
(Folk, 19612. However, t he abundance of "common™ (non~undulatory)
quartz is considered by Blatt and Christie (1963) to be strong evidence
of reworking of grging from a sedimentary source area. Up to 10%
chert in some of the upper orthoquartziteé indicates that the provenance
for the upper Stairway was definitely mixed - both granitic and
sedimentary.

The lack of feldspar suggests thaﬁ the source area was intensely
weathered, i.e. a humid tropical p}imate. Alternatively the sediments
were subjected to very prolonged abrasion or are the'pr9duct of
reworked orthoguartzites. The increase in,feldspar content in the

upper Stairway orthoguartzites suggests that the climate may have
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become more arid than it was in lower Stairway Sandstone times,

The coarseness of the grains together with the high degree of
rourding and sorting of the basal orthoguartzite compared with the
higher orthoquartzites suggests a very muich more vigourous depositional
environment or one in which the rate of sedimentation was slow so that
the "rounding mechanism® (probably a beach environment) was able to
keepnpace with sedimentétion.

The presence of bimodality within the orthoquartzites suggests
that mixing of sediments formed in environments of different energy
levels has occurred. Folk (1961) suggests that this type of thing
commonly occurs in the neritic zone when for instance the sand grains
on a sand bar are blown into a lagoon and mixed with the finer sediments
being deposited there, »

b) Submarkose (5 - 25% Feldspar; O - 5% metamorphic rock fragment;
95 = 75% quartz) .

Very few of the Stgirway Sandstone arenites occur within the
subarkose group. An example is AP1/122/11, which is a very fine
grained siliceous immature subagkose.

The few subarkoses are in th? very fine-grained sand range and
are sﬁbangular and moderateiy to poorly sorteds

The quartz of the subarkose group is predominantly of the plutonic
or unﬁulose variety; there is however an indication that the percentage
of chert is higher in the subarkose than in the orthoguartzite (see
table 1, appendix). Heavy minerals are very mipor and allochemical
minerals (clays, carbonmates etc.) are absent. The feldspar is
predominantly microcline togethe? with minor indeterminate feldspar.

Generally the feldspar is finer grained than.the quartz and in some
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cagses it is better rcunéed. The feldspar grains are fresh in all the
slides inspected.
Conclusions:
The predominance of microcline suggests that the socurce ares
was plutonic., A fairly arid climate is suggested by the unweathered
stage of the feldspar and by the degree of rounding relative to that

of the quartz,

c) *Red Areniteﬁ ("Red-bedsf)

The sedimen%susf this gfoup are very fine grained sandy or silty
immature orthoquartzites but because of their distinective rsd colour
they are dealt with separately.

The grain size ranges from 30 to 5¢; the grains are angular and

sorting is moderate to poor (Pig, 46, appendix). The quartz types

axre the normal assem?lage for orthoquartzites, It is thought that
within the "red avenites" the percentage of composite quartz and chert
ig slightly less tﬁan in adjacent non-red sediments., Feldspar is
generally absent but rarely makes up 2% of the rock. ﬁeavy minerals-
are present only in very wminor amounts. Pyrite, glauconite, phosphate
and carbonate are absent, bu# clay is always present forming 5 - 20%
of the total rock. " It is the ferruginous clay matrix which imparts
the red colour to the sediments. Generally, quartz grains are not in
contact and each grainwis coated by red ?limonitiC'clay¥(Fig.47, appendix) .
There are however examples of quartz grains in contact with other
quartz grains, and with no red matrix between them but with an overall
red coating round the group of grains.

Observatiogs made on the AP2 and AP3 cores furiher complicate

the picture as in several places the "red-beds" have a markedly
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gradational bourdary with white sandstones.  Therefore the possibility
of ancient circulating iron-rich ground waters cannot be ignored.
However the di§tinct areal distribution of the "red-beds" and their
presence at depth are contrary to this hypothesis,

Conclusions:

The source area was probably composed of botb granitic and
sedimentary rocks. The form of 'the red matrix implies that fhe:red
colour probably results fromﬂla?eritic weathering inlthe source ares.
There is however some evidence to suggest that part of the red-matrix
may result from a parglic type of depositional environment. The
poor rounding and sorting imply a very tranquil type of environment
such as a lagoon, or relatively short-lived transport from the source

area, or both.,

Lutite

This ferm is applied to all terrigenous sediments which contain
50% or more of silt and/or clay.

(a) Siltstone

These do not differ markedly in mineralogy from the orthoguartzites

and may be considered as orthoquar?;ite-type siltstones. The only
differences are of grain size (48 to 8f), the sub-angular form of the
grains, a slightly higher percéntage of feldspar, amd the very mch
higherﬁpercentage of clay matrix in siltstone\(Fig.&S, appendix) .
The detrﬁtal grains may also be less well sorted and rounded.
Conclusions:

There is no difference‘in provenance or clémate between the
orthoquartzites and the siltstones. The lower textural maturity of

the siltstone is due to the environment of deposition being less
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vigorous than that in which the orthoquartzites were deposited. The

relatively high percentaige‘of clay matrix suggests that the
environment was either fairly deep neritic or lagoonal.
(b) Claystone
Claystones may form as much as 10 - 20% of the total thickness

of the formation, but few thin sections were available far
examination. 5 = 10% detrital quartz of very fine sand or silt
size is commonly present in the claystone - the quartz types being
the usual assemblage of plutonic (common) and undulose quartz with
only very minor composite guartz and cheri. Ff;ldspar and heavy
minerals are presemnt in the claystones. Fine flakes of mica are
COMMON « Glauconite is a’t}sent and pyrite ig rare. Phosphatic
material varies from O to H6. The percéntage of carbonate is
generally low, except in a few specimens. The carbonate (calcite,
dolomite or siderite) may be authigenic. Fig.49 (appendix) is an
exam;;le of a sideritic claystone, with patches of 7authigenic
siderite about .05 mm. across. No clay minerals were positively
identified from microscopic examination, but Crook (1964) has shown
that the dominant clay minersl is illite (70 - 100%), with minor
kaolinite (0 - 30%) and chlorite (0 - 12%).
Conclusionss

The sand and silt grains within the claystone indicate that the
provenance was predominantly igneous or sedimentary and the climate
humid tropical. This is supported by the presence of kasolin which
is generally regarded as forming in areas of inbtense weathering.

Chlorite may be indiecative of a lagoonal or near-shore environment.
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Present-day 1i1lite is most commonly fgund in an arid environment
(Jackson, 1958). It is however of uncertain value as an environmental
indicator.as ip is also formed by the iransformation of montmorillonite.
Hurley (1959) has a}so Shawp that much of phe illite in Recent sediments
has been cbtained from the reworking of ancient sediments.
Carbonatgs

Calcite, and dplomite are known to ocour as thin interbeds
within the Stairway Sandstone but are not common. Siderite is only
known in claystones (see Figo49, appendix). Both the limestones and
dolomites may contain significant amounts of ferrigenOUS material.
The quartz grains are ggnerally in the size range very fine samd to
coarse silt. The quartz is predominanfly the usual p}utonic and
undulose varieties and is angular to sub-round and moderately sorted.
Feldspar and heavy minerals form a very migor part of the terrigenous
fraction, but clays may form from O - 20% of the rock. 1 = 2% of
phosphate and pyrite are commonly present and the phosphate content
may be as high as 10%. GClauconite is absent.
(a) Limestone

The 1im§stongsezre mginly micrites and b%omicrites buﬁ clayey
micrites (e.g. AP1/184/0)and ?dismicrites (eog?’$P1/74/l) are known.
The fossils which may form quite &8 high pefcentage of the biomicrite
are predominantly brachiopods, gasﬁropods and pelecypods. They are
generally present as large fragments or whole fogsils, with few signs
of severe fragmentation. In places, it is clear that délomite is
replacing the calcite. '
{(b) Dolomite

Following the classification of Folk (1961) the dolomites range



- 23 -
from aphanocrystalline to coarsely crystalline @olomites. The name
may in addition be gqualified by one or other of‘the“prefixes "clayey",
"phosphatic"” or "sandy". Some of the dolomite crystals show an
extremely well developed rhombic form (Fig.50, appendix). Fossils are
abgsent .
Conclusions: )

It would appear that much of the dolomite has formed by the
replacemgnt of calcite - this is supported by the texture of the
dolomites and by the lack of fossils (possibly destrqyed during
dolomitization). Some of the finer grained varieties may however be
pPrimary .

The mineralogicsl assemblage of the t errigenous material indicates
the usual igneous or mixed provenanée and humid tropical weathering.

The:predominantly microcrystalline form of the calcite and the
Tprimary dolomite suggests that the rock was opce a microcrystalline
ooze, forming in & very quiet area. Folk (1961) considers that the
four environments where this type of sedimentation occurs are in
shallow protected lagoonss on broad shallow platforms to the lee-side
of barriers; in moderately deep wat?r in geosynclines; and in areas
. of organic baffling. The fossil content implies ?hat the first or
second suggestions are the more likely. The fact that the limestone
beds arevfery thin and commonly alternate with arenites further suggests
that the lagoonal environment is the most likely.

Summary
Three basic rock types are dealt-with -~ guartz arenite, lutite,
and carbonate (phosphorites are left until later). The arenites are

predominantly super mature orthoguartzites, apart»from some of those
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of the middle Stairway which may be sub-mature to immature. The
orthoquartzi tes are strongly silicified - perhaps due toearly
diagenes;s but more prob;bly due to late stage pressure solution.
Arkoses are present but rare - they are generally fine grained and
the feldspar is most commonly microcline. "Red-beds™ are also
known - they are red limonitié s}ightly'clayey sandstones. The

lutites are either “orthoguartzite=type" of siltstones, or

-élaystones made up predominantly of illi?e with minor keolinite

’and chlorite. 'The carbonates are limestones or dolomites, or

rarely sideritgo
The arenites suggest that the climate was tropical or

subtropical but hot arid in part, There was poséibly some
lateritic weathering in the source area. The pro%enancé is
predominantly plutonic (granitic) or mixed granitic-sedimentary,
There is strong evidence of:rewgrking of sedimentary rocks during
upper Stairway times, The quartz arenites may have been laid down
under fairly vigorous conditions but the lutites and carbonates

appear to have been lsid down in & very gquiet environment,



CHAPTER 3

HEAVY MINFRA STUDIES

Genera}" i o S

The methodology of the hea?y.mineral stpdiesiis given in the
appendix. Heavy mineral counts were made at regular intervals
throughout the Stairway Sarﬂsggng;l. In addition to t he mineralogy
it was glsp gote@ whether grains were rcun@gd, angalar or evhedral.
Tbe;percentage*of each heavy mineral was expressed“ag & percentage
of'the whole heavy mineral content. It was also initially intended
to consider the variation of the total heavy mineral assemblage as a
percentage of the whole rock btut this proved impossible because of
the high percentage of contaminating heavy suthigenic minerals such
as pyrite, dolomite and phosphate,

Results . )

The percen?ages of éngular and guhedral grains proved to be
so small in most cases (2% or less) that it was impossible to
separate them out on fhé graphical presentation of the results
(Fig.7). ) ]

In all, ?he presence of five“heavy minerals was noted in the
Stair?ay Sgndstone - tourmaline, zZircon, apat@ﬁe, garnet and ?utile -
?ut of these only tourmaline and zircon are abundant. The other
three minerals generally make up ohly 1 = 2% of the heaxj mineral
agsemblage. | i

Tourmaline occurs as six distinct types - brown, green, blue,
grey,‘pink and colourless, The brown gnd green forms are by far

the commonest. Zircon ocours in three forms - clear, brown and

purple, of which the clear and brown types are the commonest.



fig 7

VARIATION OF HEAVY MINERAL ASSEMBLAGE WITH DEPTH
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The vertical variation in the ratio of tourmaline to zircon is
marked by extreme variations comménly cccurring within s very small
vertical distance (Fig."r‘}. It was also observed that the diameter
of the tourmaline is commonly twice or threfe times that of the zircon
(Fig.51, appendix) - a reflection on the diffeﬁng hydraulic properties
of the two minerals (tourmline is tabular) and the specific gravities
(tourmaline is 3.1, zircon is 4.5). Both tourmaline and zircon show
an extremely well rounded habit throughout (Figs.52-53, appendix).
Authigenic tourmaline and zirconf orming as overgrowths on detrital
grains have been previously described (qunine, 194;:';); Awasthi,
1961) and one or two such overgrowths were noted in the Stairway
Sandstone (e.g. spec. APl/ééO/O). Many of the tourmaline and zircon
grains contained a variety of ”inclusions, but no quantitative study
of thf:; inclusions was undertaken.

Interpretatéén of the heavy mineral data

The extremely high degree of roundipg shown'by the heavy mineral
graing is a feature commonly shown by super-mature orthoquartzites
and suggests either extreme prolonged abrasion {and/or chemical
action) of an acid igneous source area or reworking of older sedimentary
rocks, However, the occurrence of extremely well d eveloped euhedral
zircon, together with e:_ttremely _well‘rounded zir‘?on at about 350 feet
in APl (see Fig.7) can only be satisfactorily e xplained by having a
mized provenance with the euvhedral grains being derived from a
primary plutonic (?granitic) source area and the well rounded grains
being derived from sedime_gxtary rocks (probably sandstones).

The considerable vertical variation shown :ir_x the tourmaline:

zircon ratio together with the extremely restricted nature of the
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heavy mineral assemblage make it unlikely that heavy mineral studies will
be of any great value for correlation purposes within the Stairway
Sandstone. The form of the tourmaline:zircon graph (Fig.?) may be
of some value in environmental interpreta#@on however, R.L.Folk
QEEEEREEEEL) has suggested that the type of variaﬁion in the tourmaline
and‘zircon percentages shown by the Stairway San@stone is commonly a
reflection of the deperdency of the heavy minerals on grain size, i.e.
a plot of modél grain size of the whole rock against percentage of
tourmaline or zircon gives a straight line relat@onship. This
however has been found not to be the case in the Stairway Sandstone
and there is no corzelatipn between grgin size an@ the” tourmaline:zircon
ratio (Fig.B). The variation is therefore probably dependent on one
or moré of tﬁe following factors:= (i) a change in the source area =
perhaps merely by a slight change inftﬁe river drainage pattern;
climatic changes which will selectively remove one or o6ther of the
heavy minerals: (ii) progressive erosion of siccessive layers of
rocks, some of which are rich in tourmeline whilst others are rich
in zircon: (iii) the heavy mineral assemblage may be related to
the strand line position so that any variation is a reflection of a
tranégress%on or regression. Bruckner and Morgan (1964) found that
the distribution of heavy minerals on the immer part of the West
African:cont§nenta1 shelf is related to their specific gravity (and
also presumably fo their hy@raulic behaviour ). Begression or
transgression in this area would result in 1é£erally ad jacent heavy
mineral assemblages bepoming also Yertically adjacent. This could
have happened during Stairway Sandstone sedimentation. Because of

the relative paucity of heavy mineral determinmations, it is not
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possible to substantiate this hypothesis for Fig.7 camot be compared
with Fig.26 to see if there is any correlation bgtwegn regression
transgression and tourmaline/zircon. Such a comparison would only
be possible by carrying out heavy mineral counts for each of the
sedimentation units.

There is howgver a striking similariﬁy between the form of the
heavy minepal plot (Fig.7) and the plot of the vertical distribution
of the number of sedimentation units per ten feet (Pig.23). This
similarity may be a reflection of the envirommental sensitivity of the
heavy mineral assemblage. ‘

Summm.

The Stgirway Sandstone has a typical supermature heavy mineral
assemﬁlage made up predominan?ly‘of well ?oundedxfourméiine and
zircon, The heavy mineral studies are of'littlé value for correlation
purposes bﬁt they do suggest the weathering of & mixed plutonic-
sedimentary source area. The relative proportions of tourmaline and
zircon may b e dependant on-a variety of factors but it is suggested
that the position of the strand line may be the most important single

factor.
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CHAPTER 4
DETATLED TEXTURAL ANQLYSES

General

Eightggn_deta@led ﬁe*tural analyses of 12 thin sections from
APl were carried out using Packham's (1955) method. The various
percentiles (¢é5, ¢é&, etc.) were obtained and the values for
mean diameter (Mz), standard deviationA(d.), skewness (Skl) and
kurtosis KK;) calculated by the method of Folk and Ward (1957).
Details of>the method are given in the appermdix. The percentiles
énd the textura} parameters are tabulated in Tables 2 t0‘4 (appendix) .,
Some analyses (those on AP1/51/2, AP1/112/70, AP1/601/0 and AP/755/0)
were made as part of the investigations into te origin of phoéphorites
and these analyses are discussed in more deisil in t he chapter on
phosphorites.

The cumulative frequengy curves (plotted on prdpaﬁility papei)
for the 18 analyses are shown in Fig.é. There are three main ’
textural groupings: the group on the extréme left of the graph
(i.e. the Qery coarse grained end) is composed of coupts of
phospﬁatic pellets, with the exception of APl/ééS/G (a coarse sand
which occurs near the top of thg lower Stairway). The middle groﬁp
of sediments gomprises meinly the coarse basal sandg plus the coarse
sands associated with phosphorites. The group on the extreme right
of the graph (the fine end) is made ﬁp~of fine and very fine grained
upper Stairwa:;r sands, veryvfine grained middle Stairway sands and
fine and very fine grained sand within phosphatic pellets.

The discussion on the significance of the textures is here for

the most part limited to the nonwphosphatic sediments. The shape
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of the curves may be to some extént envi ronmentally significant,

Doeglas (1946) suggests that there are 3 bhasic slina.pes of cumulative
frequency curves which are diagnostic of the environment but as his
plots are arithmetic the shapes of the curves cannot be conpared with
those in Fig.9, which is a logarithmic plot. It is therefore necessary
to look at the .actusl Yalues of the parsmeters (see Table 3) as
calculated by the’ equations suggested by Folk and Ward (1957).

Mean dismeter (Mz)

I P A
| g

Both the*meana{;d median diameters of the lower Stairway sands
are in thg very coarse sand range, whilst the middle and upper
Stairway sands are in the very fine sand range. .This suggests that
very much more vigorous conditions prevailed in lower Stalrway times
than was the case in._middle or upper Stairway times.

Stendard Deviation (d,)

a4 = Poi - P N
4 6.6

Standard deviation is a measure of the sorting of -a sediment.

The results obtained for the Stairway Bandstone vary fromd, = 0. 54p

1
to dl = 0,990 and indicate that all the sands fall into the moderately
to moderately well sorted range of Folk and Ward (195’?). There
appears to be a tendency for the finer sgnds to be slightly bett.er
sorted than the coarser _sands._ The mosthpoorly sorted specimen
(AP1/648/§) occurs near the top of the lower Stairway. Friedman
(1962) has shown that the environment of depssition of moderately

sorted coarse sand may be river, beach or continental shelf and
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that the environment of deposition of moderately well sorted very
fine sands may be river, beach, lagoon or continental shelf below

wave base.

Skewness (Sk.) _
E Pis ¥ Pea - Fo | Bs * Fos - o

?(ﬁe@ - ;61-6") 2(¢95 - ¢5)

Skewness is an indication of the assymmetry of curve and

Sk =
1

therefore also of the ?tails" of the curve. -The sands have a range
in skewness of -0 05 té f0.47, The coarse basal sands have near
symmetrical skewness (with the exception of gPl/bSS/éé. which is
fine skewed). The very fine sands of the upper Stairway are also
neayr symmetrical‘but the sands of the middle Stairway are strongly
fine skewed.

The fact that most of the sands are near symmetrical implies
that the environment in which they were deposited and acquired their
textural characteristics was not later modified by .winnowing or other
processes, i.e., the textures were in effect acquirgﬁ in situ. The
strongly fine skewed sards in the middle Stairway suggest that some
mixing:of environments may have occurred to produce a bimodal sediment.
Kurtosis (Kg)

- fos = P

- 2.44(hy5 - f0)

Folk (1961) states that most sediments have kurtosis values in

Kg =

the range 0.85 to l.4. It is found that the range of the Stairway
sands is 0,90 to 1.33. Most of the sands are mesokurtic. The
lower sands range from platy-knrtic to leptokurtic; the middle and

upper sands are mesokurtic or leptokurtic. The mesokurtic form
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of many of fhe sediments supports the conclusion already obtained
from the skewness that the sediments acquired their textures in
the environment in which they were finallyd eposited. The textures
were not inherited from an earlier environment {as appears to be
the case with some of the sands associated‘with t he phosphorites).
The strongly fine skewed - leptokurtic combination shown by
AP1/472/18 suggests that the coarser sands in this specimen
adquiréd their sorting in a slightly higher energy environment
than the one in which they are now found. EoWever, the lack of
any extreme skewness or kurtosis wvalues in t?e Stairway Sandstone
suggés%s that any mixing has oc?urred between sim;lar environments
(gnd probably geographically adjacent environments). Such mixing
as has occurr;d has been the result of coarse high energy sediments
being brought,into_a finer grained lower energy--environment.  There
is no evidence of the reverse having occurred. Winnowing night have

produced some of the l-sptokurtic values,

Detéfminétion:of ehvironment from the textural pargmeters .

Mason and Eolk (1958) hgve shown thatmit is‘p;ssible to
distinguish between beach and dune.énvironments by plotting
skewness against kurtosié, Ffiedman (}962) distinguished between
beach and river sands by usiné a plot éf sténdard deviation against
skewness, k

Both of these plots were applied to the Stairway Sandstone

‘ (Figolq)n"bpt in neither case can any envirpnmental significance

be ascé?ta;neé. There appears to be no obvious groauping of
# The points on the plots are identified by the numbers 1 to

18, The specimen number equivalents are given in Tables
2 - 3 (appendix).
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points according7tq stratigraphic position, presence or absence of

'phosphate, or grain size. No pre-existing plots are known to

the aﬁthop~which distinguish between two or more shallow marine
environments yy‘size analysis and w@ich cogld be usedAfor the
Stairway Sandstone. Ho?ever, a definite separation of points
is achieved by plotting standard deviation against kurtosis (Fig.l1B)
and standardmdeviatipn ?gainst mean diamet?r (Fig.llA). Two fields
(I and III) are common to both plots tut Fields IT and IV are

unique to the standard deviation~mean diameter plot and Field V

is unigue to the_standard dev;ationpkurtosis plot.

Stendard deviation against kurtosis produced a 3-field
separation (Fig.11B), TField I is the field of phosphatic pellets
(both pellgfs‘coup§ed aléne and pellets plus detrital quartz).
Field TIII is the fie}d of coarse grained sands agsociated with but
outside the phpsphatic pellets. Field V is the field of non
phosphatic sands plus the very fine sands foand within phosphatic
pellets.

The implicati?n of this is tpgt fairly simi}ar environmental
processes produce the non-phosphatic sediments, but that the
processes producing the textures of the phosphatic pellets, and fhe
coarse sands associated w1th the pellets are rather d1531q11ar°
The posztlon of Field V between Fields I and III ma&te élénlflcant.
It may 1nd1c§te that the textures of Fields I and ITI were produced
by modification of Field V by for instance winnowing or reworking.
‘ Standard:deviat;pn against mean diemeter gives & 4-field
separation. E?ield I is again the field of phosphatic pellets

(both with and without detrital quaxtz) and YIIT the field of
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" coarse sands in phosphatic sediments but outside the actual pellets,

Field IT is the field of the coarse sands of the lower Stairway and

Rean,

Field IV is the field of the very fine sands of the middle and -
upper Stairway gn§ the very fine sands within the pposphatic pellets.
Therefore whilst it is apparent from Field I_that the coarse and
fine sands are produced in mgch the same environment it i§_also
evident frnh the gxistencg of Fields IT and IY‘that two different
processes are acting within thé same bésic eﬁvironment to produce
lithe coarse and fine sands. Field IV appears to be thg environmental
}iela in which the phosphate’is precipitated but the fiel@ is
modified (either by transport or winnowing) to produce Field 1,
the environment in which the'phosphate pellets are concentrated.
This is discussed in more detail later (Chapter 8).

Sahu (1964) has introduced the use of the discriminant
function (Yh)‘into thewdetermipation of the depositionsal
en'?ironmel;xte Wo;‘king with both ancient and recent sedimerghs, Sahu
has found that by substituting the Folk and Ward (195?) parameters
into various gquations it is possgible to distinguish between aeoliang
beach, shallow water marine, (down to depths of 300 feet); fluviatile
and turbidity current gnvironﬁentso

To distinguish between beach and aeolian the equation used is:

(1) Tu = 3°5g88 (Mz) + 3,701g ('dlz) - 2°me;é (Skl) + 50113‘5(1{%)
for beach Yu = -3,9073 4 0.519
for aeolian Tu = «1.7824 ;;1,39?
Yu is less than -2.7411 for an aeolian enviromment and

greater than :2.?4113f0r a beach environment.
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To distinguish between beach snd shallow water marine the
equation uséd igt=
(2) Yu = 15.6534 (Mz) + 6517991 (dlg) + 18,1071 (Skl) + 18,5043 (-Kg)
for beach Yu = 51.9536 + 4,869
for shallow water marine Y = 104.7536 + 14.300
In addition, values for Yu above 65,3650 indicate a shallow water
marine enviponment and"below 65,3650, a beach environment.
To distinguish between shallow water marine and flgviatile:-
(3) Yu =0,2652 (Mz) - 8.7604 (dlz} - 4.8932 (Sk;) +0.0462 (K )
for shallow water marine Yu = =5.3167 + 2,190
) for fluvatile Yu = 10,4418 + 3,149
Values of Yg greater than -7.4190 indicate a shallow marine
environment gpd values less than -7.4190 indicate a fluvial

environment .

To distinguish between fluviatile and turbidity current,; the

- equation used igim

(4) Yu = 0,7215 (Mz) = 0.4030 (dlz) + 6,7322 (skl) + 5,2972 (Kg)
for fluvatilg Yu = 10,7115 & 1,197
for turbidity airrént Yu = 7.9791 % 2,570

Yu less than 9.8433 indicates turbidity current déposition and
Yu greéter than 9.8433 indicaxegﬁfluvial depogitionz )

On substituting results from the Stairway Sanistone into these
equations, it was found that all the sediments fell-intO'the shallow
water marine field, the beach field or the fluviatile field. In
addition; almost every sediment fell into the turbidity current field
on substituting in equation 4. Asg this is inconsistent with every

other feature of the Stairway Sandstone, it must be condluded that
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either the Stairway Sandstone is an exception t9'the rule, or
equation 4 is incorrect. Therefore, only substitutions in
equations 1, 2 and 3 are regarded as be;ng significant. The
values obtained for Yu in Stairway Sandstone sediments and the
environmental significance of the values; are given in Table 5
(appendix).

The majority of non~phosphatic sediments give values consistent
with é shalloy marine origin - this is particularly true for the very
fine grained san@sc One of the coarse basal sands (AP1/803/5) falls
into both ﬁhe_shallow water marine field and the beach field and
AP1/648/6 has 8 Yu value which ind;cates a fluviatile environment

(the coarse sands associated with phosphatic sediments give Yu

’ values for'beach). Thus it is apparent that the coarse basal sands

have some beach, shallow water marine (down to depths of 300 feet),
and fluviatil§ characteristics. The %ine gands of the middle aqd
upper Stairway (and the fine sands within phosphatic pellets) exhibit
shallow water marine characteristics only.

Summary

There are two main classes of sands - coarse sands and very
fine sards.

The coarse sands occur in the lower Stairwgy Sandstone and are
mainl& moderately sorted, near symmetrical mesokurtic sands. The
environment in which these sands were deposited and acquired their
textures has undergone little or no subsequent modification. By
combi;ing the conclusions reached from Mason and Folk (1958),

Friedman (1962)and Sahu (1964) it is apparent that the coarse sands
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were probgbiy éeposited on a beach or shallow water marine environment

; - - ‘
with a few rare coarse sands being subjected to some f}uviatile (or
perhaps tidgl channel) influence.

The fiﬁe sagds of the middle Stairway are moderate}y or
moderately ?eI; sorted, strongly fine skewed lepto-mesokurtic sands,
This suggests that a mixing of sediments from two or more environ-
ments has ocourred. Sugh a mixing commonly occurs in & lagoomsl
or bay environment, ]

The fine sands of the upper Stairway Sardstone are moderately
well sorted, near symmetrical mesoknrt%c sands . T@erq is no
suggestion of any mixing of environments.,. The post likely
environment for the fine sediments is shallow water marine lagoonal
o; shelf,

Therezﬁxe nqimajor env?ronment changes apparent between the ‘
coarse and the fine sediments - they represent 2 or 3 facels or

microenvironments of the same overall macro-environment.
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CHAPTER 5

E%?AEDCURREWT AND RELATED BASINAL STUDIES IN THE STATRWAY SANDSTONE

General

In order to understand fully the implicatiops of palaeocurrent
directions obtained from a study of cross-bedding, it is also
necessary to consider maps of other current-induced properties of
the Stairway Sandstone_eo Isopachous and lithofacies maps are
particularly relevant; iso-set and isc-angle maps are also
considered to be of value.

laopach studies

The isopachous map on the whole of the Stairway Sandstone
(Fig.lZ) shows a considerable thickening of the formétion to the
north with a marked cut-off on the Western Macdonnell Hanges (due
to the Alice Springs Orogeny). In the eastern side of the basin,
the formation-has been removed by-erosion subsequent to the pre~
Mereenie Sandstone uplif t, so that data is not now available from
a8 considerable poxﬁion4of the area in which the Stairway Sandstone
was originally deposited,

It is impossible to derive the precise form of the Stairway
Sandstone palaeéslope directly, but it is & reasonable assumption
that the isopachs reflect approximately the palaeoslope. It
therefore follows that the deepest Stairway Sandstone seas lie in
the northern part of the basin, :Efowever9 it is not impossible
that the thick section in the north may also reflect a more rapid
rate of subsidence.

Pig.13A shows the limits of the maximum extensions of the
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lower middle and upper Stairway seas and indicates that the
lower and”middle seas were Tairly restricted whereas the upper
Stairway sea was extremely widespread.,

It is apparent from the lower Stairway isopachous map
(Fig.lSB) that following the deposition of -the Horn Valley Siltstone,
a large shallow embayment fonned in the south-east part of the basin.
The extremely unifomm thicknesses of the lower Stairway suggests
that the palaeoslope was probably extremely gentle and that the
lower sand body was of the "blanket" type with very uniform
condi tions prevailing over é wide afea. The palaeoslope was at
the most (not allowing for differential subsidence) 1 foot per
mile and was probably‘considerably less (if subsidence is allowed
for)., These gradients are in the order of slopes found in ancient
epeiric seas (Shaw, 1964), ' '

The isopachous map on the middle Stairway (Fig.14A) shows
a more complicated picture, with the suggestion Sf some sort of
stratigraphic thinning along a fairly definite line north through
the Seymour Bange and the Chandler Range and then along a more
conjectural norﬁh—west line through the northemrm part of the James
Range. Vhether this thinning is merely due to non=-deposition or
the development of a topographic high is gncertain. This line
of thinn%ng effectively divides up the Amadeus Basin into a
western basin with a fairly thick sequence of sediments and with
no evidence of restriction to the open sea; a north-eastern
ares in which there is also & considerable thickness of sediments;
and also a south-easterly embayment with & very thin sequence of

sediments. The relation of the rock types to these sub«basins
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is shown in Fig.l6. From this it is evident that the zone of middle
Stairway thinning is also the zone of maximum carbonate precipitation.,
This may be due to the carbonates forming on a topographic high. The
carbonates are not however reef limestones - they are mainly thin-
bedded finely crystalline dolomites. Therefo;e this zone may also
be due to the fact that it was a zone of minimum terrigenous
sedimentation so that chemical precipitation was the predominant
sedimentation process.

The upper Stairway isopachous map (Fig.14B) shows little
relationshop to that of the Middle Stairway. The gub-basin in the
southern part of the Amadeus Basin has been delineated from only a
few known thicknesses and in addition the stratigraphy in parts of
the southern margin of the basin (the Mount Sunday Range area) is a
little uncertain; therefore too much significance should not be
attached tp it 9@ this stage. It would appear however that some
thinning of sgdiments occurred along an eastewest line running
through the middle of the basin,. There is a veryd efinite thickening
of the upper Steirway on the northefn margin of the basin so that
overall, the upper Stairway resembles the lower Stairway although
"~ the sediments are both more widespread and thicker.

Lithofacies variations

The paucity of outcrop prevents anything more than a very
approximate lithofacies map being drawn up for the whole of the
Stairway Sandstone (Fig.ls). To some extent this gives a false
impression of Stair&ay Sandstoné sedimentation for the map suggests

that the present northern margin of the Amadeus Basin was also the
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Ordovician margin. This has been shown not to be the case (see
Pige+13-14). The high sandsshale” ratios in the northern part of
the basin are‘entirgly due to the considerable thickening of the
upper Stai;way Sandstone to the north. The high sand:shale ratios
on the southern margin are mainly & reflection of the absence of
the predominantly silty middle Stairway. Therefore any lithofacies
interpretation based on Fig.l5 must be treated with cautiony it
does however show that tﬁe most lutaceous part of the basin is in
the middle. Source areas for the sediments may have been situated
on all gides of the basin except to the north-west, where it appears
that the basin was comnected to the open sea. The impression of a
north-west to south~east embayment is strangthened by the form of
the lithofacies map, This form suggests that the palaeocurrent
direction is in part pa;allel to the axis of the embayment or basin,
A very much more valuable picture would be obtained by drawing
up lithofacies maps (both sand:shale and clastic to non-clastic) for
the lower, middle and upper Stairway Sandstone, but this is at present
impossible becguse of the lack of data. Superficial examination of
the lithofacies picture in these three units suggest that the lower and
upper Stairway, whilst showing very little variation in sand:shale
ratio, would nevertheless show progressive decrease of sand to the
north and west. The middle Stairway Sandstone would show a marked
increase in sand to the south-east and would show its highest
proportion of non~clastics in the Seymour Range area (also the
approximate aréa of the lowest sand:shale ratio for the whole of

the Stairway Sandstone - Fig.15).

# The term "sand-shale" is used because it is in general usage =
it should not be taken as implying fissility in the luiites.
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The distribution of the rock types within the middle Stairway

Sandstone is shown in Fig,16, and it is apparent that there is a
change from marine shales in the north-west to carbonates and
paralic red-beds in the south-~east.

Palaeocurrent studies '

With the exception of the coarse sands in the lower Stairway
Sandstone, 9ross-beds are both fairly rare and poorly developed.
Therefore it is only possible to draw up a palaeocurrent map for
the Stairway Sandstone as a whole.

Fig.12 shows that in general the trend indicates currents coming
from the south-east. This direction is particularly evidermt in the
south-east and north-west parts of the basing in several places this
south-east to north-west direction is parallel to the iécpachs. In
the middle jone of the basin the current pattern becomes somewhat
irregular and there is a fairly strong northerlyAcomponent (ard a
minor southerly component in places). This northerly component
(i.e. current flowing from the south) would indicate currents flowing
down the palaeoslope = this’is commcnly found to be the case in
current studies (Potter and‘Pettijghn, 1963). Refe;ence to the
isopachous maps of the 1owe; end upper Stairway (Figs.lS? and 14B)
suggests that the currents from the south=east méy have been stroﬁg
ard persistent in the areas with minimum palaeoslope gradient.

These south-easterly currents were probably completely independent
of the palseoslope. However, on moving into an area where the
palacoslope was steeper, their direction became modified and was.
more dependent now on the palaeoslope.

Pig,17 gives mean current rose diagrams of the palaeocurrents
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for the entire basin. All of the rose diagrams show a fairly wide
spread of results (as is nomally the‘case in shallow marine
sediments). However it is evident that the mean current direction
for the whole formation was from the south-east. The same southw
easter}y current is also seen in the lower and upper Stairway. By
contrast the main current direction in the middle Stairway is from

the north-east. This may indicate that to some extent the
development of:the thick sands of the lower and upper Stairway is
dependent on the palaegcurrent direction. ”The presence of phosphate'
in the middle Stairway may also be dgpendent'in part on the palaeocurrent;
the no;th-easterly currenﬁ may have been the phosphate-bearing one.
Alternatively the north-easterly current may have been one which
carried liﬁtle terrigenous material so that there was no'dilution

of phosphate,

Tﬁere is also a suggestion from Fig.17 that the size of
detrital grains is in part dependenf 6n_the direction of the
palaeocurrent, so that coarse and very fine sands show a
palaeocurrent direction from the southeeast whilst fine and medium
sands generally show a current direction from fhe ~east (it may
be relevant to note that bimodal sands generally Fave the modes
very fine sand and coarse sand)., This change of grain size with
palaeocurrent direction may be.due fo the variation of current
velocity with the direction or could be a reflection of the
provenance,—ioe. coérse ard very fine sands are derived.from the

south-ecast whilst fine and mwedium sands are derived from the east.
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Cross-bed Studies

Cross-beds were studied at a number of 1ocaliti§s throughout t he
basin and in addition to the dip and azimuth of the cross~bed sets
(necessary for the determination of palaec-current directions) the type
of cross~bedding, the thickness of the c¢ross-beds and the grain size
of the crossfbedded units were allﬁnoted (see Table 9, appen&ix).

The crqu-beds are mainly of the curved tabular or straight
tabular type (Crook, 1957), and cammot be regarded as environmentally
significaptaexcept that theys;re of sub-aqueous origin. Similarly,
the values obitained from the angle of inclination of the cross«beds
cannot be regarded as being of environmental significance except the
average valﬁé"of 18° (range of 140 to 22° - see Tabvle 6, appendix)
indicates thait they were formed in a sub-aqueous enviromnment (McBride
and Hayes, 1962).

The questionuof vgriation of palaeocurrent direction with grain
size ﬁas already been mentioned; in addition cross-bedding is common
to very common in the coarse grained sandstones, common in the fine
to very fine grained sandstones, and probably raré in the medium
grained sandséones.

The quest@on of whether there is any variation of angle of
incliﬁation with grain size was not investigated.E When an iso-angle%h
map is drawn up (Pig.18A) an interesting though puzzling pattern emergés
in which there are three low angle zones (less than 200) amd two
intervening higb angle zones (greater thaﬁ 200). These zones trend
epproximately south-west to nérﬁh-east, i.e, at right angles to the

# Isoangles are lines joining points of the same angle of inclimmfion

of the cross-beds.
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palaeocurrent direction, and bear no relationship whatsocever to the
igopachous map.

The explanation of this zonation may be that high angle

" zones correspond to a low energy environment whilst the low angle
zones correspond to a high energy environment (Jopling, 1963).
The reason for the change in energy may have been a function of
sea-bottom topography but it is more likely to have been due %o
tides and currents. It may be feasible to apply this possible
indication of high cirrent activity to the phosphate sesrch for the
stronger the current, the greater the winnowing action and the
greater the phosphate enrichment. Jopling (1963) has also sﬁown
that an increase in the dip of cross~beds can be related to an
increase in the suspended load (probably due to an increase in
velocity of the current) and also to a shallowing of the basin).

The thickness of cross-bed sets were also plotted up (Pig.18B -
the isosetxjmaps)g with the original idea that the sets would
possibly show thickening towards the source area but this was not
found to be the case. The isoset map on the Stairway Sandstone as
a whole shows a distinct resemblance to the isocangle map except that
the trend is more east-west, There is however no correlation between
the thickness of the cross-bed set and the angle of inclination.

The lateral variation in thickness of cross-bed sets within
both the lower and upper Stairway show a trend opposite to the

expected one for both show a general thickening of the isosets

% Igosets are lines joining points with the same thickness of

cross~bed setd
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to the west (Fig°19)f The region with the thinnest isosets of the
lower Stairway corresponds fairly well to the area of the lower
Stai rway embayment - perhaps a fairly low energy zone., The presence
of the isoset minimum in the upper Stairway may be significant as
this "depression™ shows a fairly general sort of correlation with
the zone of miniﬁum sand :shale ratio (Fig.15) and msy again be a
reflection on a low energy zone s0 théé croséAbeds were poorly
developed and lutites form a high percentage of the seguence.

When isosets are plotted for particular grain sizes there
is somewhat less regional variation (Fig.20) suggesting that set
thicknesses are in part dependent on grain size (or on the current
velocitg, which in turn influences the grain sizé}e There are however
g variety of other factors such as the duration of a éurreﬁt, the
suspension load of the current or bottom topography which may
influence the thickness of the sets. The majority of the sets of
the fine and very fine grain sands are 5.0 to0.7.5 inches thick -
whilst the coarse and very coarse sands have éets 10 to 15 inches
thick. Apart from this variation there is also a very marked
diiference between grain size classes in that the isoseis of fine
sands thicken to the east whilst the'coarse sands thicken to the
west, This suggests that two distinct hydrodynamic systems were
operative at various times throughout the Stairway Sandstone times,
- one system produced cross-bedded coarse grained sands and the
other system produced cross-bedded fine grained sands. This does
not mean that the environments were necessa;ily very different;

it is for instance possible in the same beach environment to get
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cross=beds inclined at exactly the opposite di?ection to each

other (Logvinenko and Remizov, 1964), Altermatively, the variation
in the trend of the isosets may be a reflection of the fact that the
coarse sands are found predominantly in the lower Stairway which is
regressive wﬁilst the fine sands occur mainly in the upper Stairway,
which is transgregsive, ghough just how and why this would affect
the isoset pattern is unknown.

Summary

The isopgchcus maps clearly show that the present limits of
the A&adeus Basin are not the }imits of Stairway Sandstone deposition.
The lower Stairway sea was probably fairly restricted and the middle
Stairway sea even more restricted with "suh-basi?s" developed. The
upper Stairway Sandstone sea was. very eitensive and spread far ocutside
the present.limits of the Amadeus Basin,

The lithofacies map whilst treated with some resegvation shows
the highest percentage of lutite in the middle of the basin and also
emphasizes,the north-west southe-east trend of the eﬁbaymente The
connection to the open sea lay to the north-west.

The palaeocurrent directions indicate flow predominantly from
the south-east to the north-west, which was independant of the
palaeoslope in most aresas. There is however some modification of
this picture in the central part of the basin where the palacocurrents
have a northerly component which suggests some flow down the
palaeoslope -~ possibly in response to a steepeﬁing of the slope.

The main currents appear to have had a direction parellel to the
axis of the embayment. The main source area for the sediments

probably lay to the east and south-east. The iso-angle map suggests
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the presence of altermations of high energy current and low
energy current zones with a trend approximately at right angles

to the palaeocurrent direction. The range of wvalues of the angle
of inclination is one normally met with in sub-aqueocus cross-
bedding.

The isoset maps possibly show that the variation of thickness
of créss-hed gsets may be influenced by whether the environment is
"high energy" or “"low energy". TVWhether the sea was regressive
or trensgressive may also have been an important factor, with
the sets thickening in the direction in which the sea is "moving"

(i,e, the direction of transgression or regression).
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CHAPTER 6

PHYSI CO-CHEMICAL CONDITIONS

Jeneral

There are no precise envirpnmenﬁal indicators present in the
Stairway Sandstone. Some of the fossils may have heen subject to
quite fine physical or chemical limits but this type_éf detailed
palaeontological dats is not available. Therefore the mineralogy,
grain size etc, of theStairway Sandstone have to be used as keys
to the physico-chemical conditions (Fig.21).

Physical Cond itions

(a) Rate of Deposition

The Stairway_Sgndstone has a maximum thickness of approximately
1800 feet¢and embraces”a time-span of 20 million years. This is
equivalent to an average rate of deposition of about 0.3 mm. per
annum in the nort?ern part of the bagin (western Macdopnell Ranges
area). In the vicinity of APl the average rate of deposition
would have been gbout 0.1 mm per anmum. However, the grain size
of many of‘the lower Stairway sands is in the order of 0.5 mm.
diameter so that sedimentation was probably interrupted by a
great deal §f erosiéﬁ in between periods of fairly rspid deposition.
The preserce of abundant cross-bedding in the coarse sands of the
lower Stairway also suggests fairly rapid deposition at times.

The form and frequency of infauna is considered to be of value
in the interpretion of rate of sedimentation (Middlemiss, 1962).
The straightef the vermiform burrow the more rapid the¢ sedimentation

(e.g. as with Spolithus); the more cantorted the burrow the slower
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the rate of sedimentation (thus giving the burrowef greater
opportunity for reworking the sediments). If sedimentation is
extremely rapid then it is possible forvthe infauna to be
completely destroyed as_it is unable to keep pace with sedimentation.
On this basis, in the lower and upper Stgirway the lack of burrowing
and the fact that what burrowing there is is mainly of the vertical
variety, suggests that the rate of sedimentation was fairly rapid.
The abundance of burrowing in the middle Stairway Sandsione
suggests ?hat the sedimentation was extremely slow. This view
is supported by the distribution of phosphate (rare in the lower
and upper Stairway end ebundant in the middle Stairway),abundant
phosphate commonly being taken as evidence of a slow rate of
deposition.

In some circumstances the asbundance of fossils may Be taken
as an.indication of rapid burial; dit-may-however—also-be~an
indicati-en—of—rapid-—-buriali— it may however also be an indication
of optimum conditions for the development of a riéh fauna, or of
lack of scavengers; or of mass mortalities. The presence or
absence of fossils cannot therefore be used with any reliability
for the interpretation ?f physico~9hemioal conditions.

(b) The variability of comditions '

The presence of graded bedding (of the non-turbidite type)
may bé taken as evidence of predominéntly tranquil conditions.
However the converse does not apply, i.e. the absence of graded
bedding (the case throughout most of:the Stairway Sandstone)

cannot be taken as evidence of vigorous conditions. The number
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of sedimentation units per unit interval may give some indication
of the variability of conditions and Fig.23 suggests that conditions
were fairly variable throaighout the formation and particularly in
the middie part where there are numerous alternations of thin beds
of arenite, lutite or phosphorite.

(¢) Current velocities

Some idea of the current velocities operating during Stairway
Sandstone times may be obtained from the grain size by using the
curves computed by Hjulstrom (1939). The modal grain size (which
may reflect the ayefage curreﬁt veiocitﬁ) indicates the current
velocity ranged from 7 cms/sec. in the lower and upper Stairway
down to Oné‘cms/seco in the middle Stairway. The current
velocities obtained by use of the maximum grain size range frﬁm
30 cms/seco in the lower Stgirw&y to 10 cms/seco in the Upper
Steirwsy and to about 1 cm/sec, in the middle Stairway.

If phosphatic pellets are considered as detrital grains (as
has been suggeste@ by Crook, 1954), a very different pattern -
emerges with velocities of up o iSO cms/sec. being postulated
to move the pellets. Velocities of this order‘are considered %o
be highly unlikely and the present author believes that the pellets
are not detrital. This is discussed in more detail later
(Chapter 8).

(d) Bathymetry

Thé Sfairway Sandstone hag many indications of extremely
shalléw water sedimentation such as ripple marks, apd tracks
and trails of the mud flat type. It is also possible to fit

the sedimentary sequence into the barrier-bay, the inter-tidal
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flat or the epeiric sea environments (see Chapter 7) all of which
are shallow. Cloud (1955) has suggested that glauconite may form
between depths of 5 fathoms and 1000 fathoms but that it is most
likely to form between 10 and 200 fathoms so that the glauconitic
parts of the lower Stairway were probably deposited at depths
within this range.

Kazakov (1937) has suggested that phosphorites form hetween
depths of 50 and 200 metres tut NoKelvey, et al. (1959) have
suggested the depth range ig 200-1000 metres. It is probable
that much of the Stairway Sandstone was deposited in depths similar
to those suggested by Kazskov (1937) rather than those of McKelvey,
et al. (1?59)0 The abundancé of phosphorifes in the middie
Stairway may indicate a greater depth than is the cage for the
upper or lower Stairway where there are few phosphorites and
abundant:indications“of very shallow water sedimentatipno However,
the discussions in Chapter 7 reveal that in the epeiric sea br
intertidal flat model, the middle Stairway may be a shallower water
environment than Fhat of the lower or upper Stairway.

(e) Temperature

Cloud (1955) has shown that glauconite is of little value as
an indicatoé of temperature except that its formaﬁion is likely
t0 be inhibited in "markedly wam' waters. Phogphorites are
most commonly found'within the paiaeonclimat}c belt corresponding
approxima?ely to the preseqtcday zone 30°N tp 30°S. Within this
zone the water temperatures in shallow marine seas range from
fairlvaanm to very wamm (about 75°F). The presence of red-beds,

dolomites and super-mature orthe-quartzites all suggest iropical
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or sub=tropical climates with associated warm fo very warm
shallow marine seas.

Chemical Conditions

(a) Salinity )

There are few indica?ions of abnormally high salipities in
most of the Stairway Sandstone. There is some evidence of
evaporites east of Mount‘Charlotteyon the south-mst margin of
the basin, where a surface outcrop of the middle Stairway red-beds
is gypseéus; this may indiqate locally highly saline ccndit%ons
within the Mount Charlotte embayment. Some qf the dolomites ard
dololutites of the middle Stairway may be precipitates resulting
from §bn§rmal salinities, Tpere is also evidence of uncongenial
conditions for marine fauna at the time of carbonate deposition as
the only fossils are generally extremely small gastropods. There
is no evidence of gbno;mal salinities in the lower or upper Stairway.

(_b) pH conditions i

The work of Krumbein and Carrels (1952) has greatly assisted
the delineation of the chemical conditions at the time of deposition
of sediments; such chemical sediments as 1iﬁestone and phosphorites
are of particular importance (Fig.22) .

Chemical sediments are féirly rare in @he lower Stairway with
only minor pyrite and phosphorite but with fa@rly common inter-
grenular calcite and silica., The minor pyrite and phosphorite
suggest thﬁt conditions were in'part at least mpderatgly alkaline
with the pH ranging from 7.0 to 7.8, Some of the phosphatic }
pellets might be derived from other parts of theStairway Sandstone

basin but this is thought to be of only minor importance (see
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Chapter 8)., Some of the pyrite ooliths in the sandstones may

be produced by reworking of the underlying Horn Valley Siltstone
which contains abundant byrite ooliths, but the ooliths show no
signs of meghanical attrition to support the "reworking'" hypothesis.,
The sediments are therefore probably a faithful reflection of the
chemical conditionsiprevalent at the time of deposition. The
intergranular calcite possibly suggests that below the water/
sediment interface ponditions may have been slightly more alkaline
with a pH greater than 7.8, Conditions thrcughqut most of lower
Stal rway times were probably mainly fairly open circulation
conditions with normal open seampH values which according to
Krumbein and Carrels (1952) range from 7.8 to 8.4,

In the middle Stairway the abundance of phospﬁgrites suggests
that conditiogs were generally within the pH range of 7.0 to 7.8
for most of‘the time although the development.of fairly common
carbonates in the ?eymopr Range (Fig.16) suggests that conditions
mey have become more alkaline to fhe south-east with pH values in
the order of 8.0 or greatero

The upper Stairway is very similar to the lower Stairway
though intergranularrearbonate is less common ap§ phosphorites
are more common., The pH value wags probably within the range 7.0
to 7.8 for much of fhe time o

(c) Fh conditions

The presence of glauconite, and pyrite ooliths (and possibly
some ﬁarcasite ooliths) suggests reducing conditigns in the lower
Stairway with Fh values ranging from ebout -0.1 to =0,3. The

abundant intergranular silica would also support the suggestion
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of reducing conditions.

Mach of the middle Stairway contains abundant pyrite and
organic matter (in the black shales and within the phosphorite
pellets) but glauconite is absent. This suggests that conditions
were strongly reducing with an Eh range of «-0.2 to -0,4. However
the presence of the "red=beds" in the Mognt Charlotte embayment
although probably mainly due ﬁo lateritic Weatherihg in the source
area, may glso'in part be inﬁigative“of‘an oxidizing environment.
Therefore the Eh probably increased to the south-east in middle
Stairway times and attained positive walues in the vicinity of
Mount Charlotte. i

Eh conditions in upper Stairway times were similar to those

of lower Stairway times with fairly common pyrite (with some

marcasite) and glauconite (e.g. in the MountCharlotte area). These,

together with the presence of organic matter imply a reducing
environment. The presence of siderite in places suggests the
environment may have been 1ess strongly reducing than that of the

lower Stairway, with Eh wvalues in the range O to ~0.2,

Summary

TheAphygico=chemical conditions in Stairway Sandstone times
may be summarized as followsi=

Lower Stairway Conditions

(2) Raté of deposition ~ fairly rapid (greater than .1 mm
per annum)

(b) Conditions ~7fair1y constant
(¢) Current velocities = 5 to 30 cms/sec.

(d) Depth - shallow - possibly 10 - 200 fathoms
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(e)
(£)
(g)

(h)

Tempergttre - probably very warm (75°F plus)
'Salinity - normal

pH = normal open sea values - slightly alkaline with
a range of 7.8 to 8.4

Fh = generally reducing,; with an Eh range of -0.1
‘bO -0030

Middle Stairway conditions

(a)

(v)
(c)

()
(e)
(£)
(g)

(h)

Rate of deposition - probably very slow (less than
o1l mm per annum

Conditions moderately variable

Current velocities = generally 0.5 to 1.0 cms/sec. but
occasionally higher

Depth - shallow with a range of 50 to 200 fathoms

Temperature -probably wamm (up to 75°F)

Salinity = normal except to the south=east in the
Mount Charlotte embayment where they may have
been fairly high

pH - 8lightly alkaline, generally 7.0 to 7.8 but
increasing to the south-east to 8.0 or higher,

Eh ~ generally strongly reducing with an Fh range of
=0.2 to =0.4 but possibly becoming more axidizing
to the south~east where the Eh value may get as
high as +0,1

Upper Stairway Conditions

(a)
(b)
(e)

()

(e)

Rate of deposition = relatively rapid (in the order
of .1 mm per armum)

Conditions - fairly éonstant

Current velocities - generally range from 5 to 10
cms/seco

Depth - very shallow - possibly as shallowas
10 - 200 fathoms

Temperature - probably very warm (750F plus)
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(f) Salinity - normal

(g) pH - slightly alkaline range of 7.6 to 8.4

(h) Eh - slightly reducing with an Eh of O to =0.2
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CHAPTER 7

s

| THE DEPOSI TIONAL ENVIRONMENT OF THE STATRWAY SANDSTONE

General

Both_subwsurface and field information are valuable in
the interpreta?ion of_sedimentary environments. The basic
tool is the detailed graphic log (see appendix IV), compiled
from APl. Bouma (1962) has used the detailed log approach
for the delineation of turbidity cur?ent environments, but it
has not, to the author's knowledge, previously been_used in the
interpretation of'shaliow marine sediments. The methodology,
the meaning of the various symbols and the graphic logs may
gll be found in thg appendix.

Any interpretation of a grappic log of & ve?tical seguence

5 such as APl hinges on Walthers Law of Facies {Walther, 1893 =

94) which in effect states that where there are no time breaks,
sediments which succeed each other vertically must also succeed
each other laterslly, i.e. the v?rtical sequence is a reflection
of the lateral sequence. This premise may then be applied to the
comparison of sedimentary médels obtained from data on recent
seéiments;

It has already been possible to demonstrate from the

petrography, from the fossils, from the genersl lithological

. picture and from the size analyses that the Stairway Sardstone

Page 58 is

correctly is for the most part a shallow marine sequence and therefore
succeeded by -

page 60. There the search for models may be limited to Recent shallow marine
IS no page . . . .-

numbered 59 in ‘sediments. The shallow marine environment includes such

the original environments as open shelf, marine deltaic, tidal flat,
copy of 1966/1.
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Page 58 is correctly succeeded by page 60. There is no page numbered 59 in the original copy of 1966/1.
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lagoonal and estuarine., The littoral zone must also be considered
in this context. It is possible to distinguish for instance
between beach and lagoonal environments by criteria such as size
analyses. However, in most cases it is impossible to distinguish
between the various shallow water marine environments by any single
method. In spite of the intensive study that these sedimgnts have
been subjected to in, for instance, the Gulf of Mexico (e.g. Van

Andel and Curray, 1960), no characteristic patterns have emerged.

Shepard (1950) has suggested that it is possible to distinguish

between lagoonal and shaliow shelf sediments by the following

criteriac:

{a) Lagoonal sediments do not contain glauconite whereas shelf
sedimenps commonly do.

(b) Lagoonal sediments show good stratification (because the
bottom fauna is largely killed off) whereas on the shallow shelf
there is little or no stratificatién (because it is destroyed
by chewing organisms ).

(¢) Ewprites form in semi-arid lagoons.

(d) Sandy clays low in silts are common in lagoons but rare in
the shallow chelf environment.

It is however necessary to have most or all of these features
before it can be confidently stated that the environment is lagoonsl.

Visher (1965) gives a valuable series of sedimentological
models for uée in-environmental reconstruction, again using the
overall picture of sedimentation to delineate the environment.

I% is therefore necessary to determine the ovearall
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sedimentary picture in the Stasirway Ssndstone before veconstructing
the specific environment.

Transeression or Regression?

Evidence of some kind ofqrepeated sequence is immediately
apparent in the Stairway Sandstone, with the upper body of sand
bearing a strong resemblance to the lower sand.

The form of "repeating mechanism" is elucidated by Fig.Z23.

The plot of the vértical variation of thickness of s edimentation
units has been constructed from graphic log data and may give a
gualitative guide to the sitability or instability of conditions
in a given interval -~ the greater the number of sedimentation units
per 10 foot standard interval, the greater the instability. It is
however merely a guide to conditiogs as the thickness of the
sedimentation unit is governed to a considerable degree by the grain
size and also there is no record of sedimentation units which were
eroded away shortly after deposition. What the plot doss show
however is the way in which the upper part of the formation is the
mirror image of the lower pért of the formation, with a point of
symmetry at about 400 feet, ciose to the middle of the formation.
The striking similarity of“the various parts of the lower half of
the curve (A) to the equivelent parts of the upper half of the curve
(B) is shown in Fig.24,
Such =& mirrér image in a shallow marine sequence can only

be in response to a transgressivearegréssive or regressive-
transgressive cycle, If the lower half of the formation is
considered, it is evident from Fig.21 that there is a vertical

variation (amd from Walthers lLaw & lateral variation also) in a
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number of features,
The,hain vertical changes from lower to midéle Stairway are as
follows:e
(i) From predominantly arenite to predominantly lutite.

(ii) From coarse grained sands to fine silts and clays.

(iii) From "unchewed" sediments to strongly chewed sediments.

(iv) From non-phcspﬁatic to phosphatic sediments.

(v) ?rgm glauconitic to non-glauconitic sediments.

Reference to the transgressive and regressive models of

Visher (1965) strongly suggests that_thg lower part of the formation
is s regress&ve sequence., This is further supported by the fact
that the coarsest sgdiments are fcund\nearmthe top of the lower
Stairway. If the sequence was trensgressive then the coarsest sand
would oceur ét ﬁhe base of the sequence CVigberg 1965) . "Conclusive
proof is available from the field date - Fig.l3A shows that throughout
most of the basinthe southern limit .of the Horn Valley Siltstone
(pre-Stairway Sandstone) very closely coinc%des with the southern
limit of the lower and middle Stairway Sandstone.,.- This obviously
would not be the case had a majpr transéression occurred at the
base of the lower Stairway Samdstone. There is a very m}nor
successive onlap of the lower armd middle Stairway but this is
probably a reflection of reworking of the underlying sediment
on the margins of the lower and middle“Stairway seas. Therefore
it can be seen thgt the Stairway regression was not accompanied
by a major offlap; in fact there was no éhagge in the margin
of deposition. Instead there was a shallowing of the seas and

a seaward migration of near-shore environments. By contrast the
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upper Stairway Sandstone shows very strong onlap and in fact
tr@nsgresged well outside the present southern limits of the
Amadeus Basin.

Therefore, the basic Stairway Sandstone sequence is
regressive-transgressive.

Curray (1964) considers that transgressions and regressions
are the result of one or more of the following factors; the rate
of sedimentation, the intensity of oceanographic processes which
will sort or digsperse the sedimenis, the shape of the shelf and
the rate and direytion of changes in sea 1eve;e A modern regressive
sand from the Bulf of California has been described by Curray and
Moore (;964); ‘the regresgive san§ sheet fomms by the rapid supply
of sedimentﬁto longshore bars which coalesce and 8 new bar is
formed seaward of the o0ld bar so thet a large sheet sand develops
seawards. The basal regressive sand of the lower Stairway may
have developed in such a way although the texture of the basal
sands suggests an extremely mature sediment and & much slower rate
of sedimentation than is the case in the Gulf of California. It
is impossible at this stage to gstablish the factors causing the
lower and middle Stairway regression,

With the generalized environmeqtal condition (the mega-
environment) established, it is now possible to eétablishihe

macro and micro-environments from the graphic log.

The Sedimentation Unit
Otto (1938) defines the sedimentation unit as "that
thickness of sediment which was deposited under esséntially

constant conditions™. The smallest sedimentary division of
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the graphic logs is equivalent to the sedimentation unit and ih
all, over 800 have been recognized in the Sﬁairway Sandstone
(see Appendix IV)o Vé;y few of these 800 units are exactly
the same gnd therefore it is extremely difficult to work out a
simple environmental pichture for a sed?mentation unit or for a
group of sedimentation units. Also, as each sedimentation unit
has up to 30 paxameters within it, such as graded bedding, modal
grain size, maximum grain size etc., there are in the order of
25,000 sedimentary features to copsidervin the whole formation.
The handling of such a mass of dats proved extremely difficalt,.
' Crook (1964) considered that "composite units" could be set
up by mgking the-base of the unit %he poi§t where é significant
rise in maximum g?ain gize ocours. In his method, phosphatic
pellets were considgred along with detrital guartzg,on the grounds
that the phosphate was detrital, This meant in most cases a
phosphatic band at the bgse of the “composi?e unit®. By this

means Crook (1964) was abie to set_ﬁp 281 ”composi%e units" which
were furthermgr9u5e§ into 30 intervals.
The present author considers that the phosphatic pellets
are not detrital and that on these grounds the approach of Crook
(1964) is not strictly valid. However, theiinoming of phosphate
(wvhatever the process) denotes an important environmental event
énd therefore because of this, the base of each 5 edimentation unit
is marked by the incoming of a new phosphatic band irrespective of
the gigze of the phosphetic psllet. This gives s toial of 192 composite

sedimentation unitsA(many of which are in fact identical with those of

Crook (1964) in spite of the difference in approach). By considering
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8ll the other sedimentological data it is possiblé to set up six
basic types of compositg sedimentation units (A -~ F). The average
sedimentological characteristics of each of these six units are
summarized in~Table’10p(ApPendix) and in Fig.27. The order of the
sedimentation_units ié establishéd mainly on the order of appearance.
To some extent the average wvalues iq Table 10 are misleading in that
the aversge modal graip gize of Unit 3 in the lower Stai?way is in
the order of 1¢ wher§as thg average moda% grai§ gize of unit B in
the upper Stairway is 3¢ to 4¢, This does not however invalidate
this type 9f approach for the sedihentary processes are gtill basically
the same, but are taking place at different energy levels (i.e. a
difference of~Qegree rather than of kind)o

The vertical distribution of the gix composite sedimentgtion
units is shown in Fig,25. The distribution of phosphatic material
is also shown. It is apparent that the greatest concentration of
phosphaté cccurs in the middle part of the formation, which is glso
the part of the formation compose&_predowigantly of the lutaceous
composite sedimentation units D and E, There is no immediately
apparent relationship between étratigrapﬁic pgsition and the grain
size of phosplatic pellets. It can be seen in Fig.25 that in the
lower half of the formation, i;e° below about 400! there is a well
developed asgend?ng sequence‘of.A « Bw Twl e Ew- ¥, In the upper
half of the formation the ascending seQuence'is PwuBE=-D=C~B-A,
As it has already been established that the basal sequence is
regressive, then the A - ? gequence mst be regressive, whilst the
F - A sequence must be transgressive.

The vertical digtribution of the composite sedimeniation units
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is shown in Fig.26. Tach sedimentation unii is rep?esented by unit
thickness; i.e. the vertical scale is not a linear foot scale
(although footages are shown), because the thickness of the coamposite
sedimentation unit is inherent in the type of unit, The actual form
of the cyclicity is now apparent and can be seen fo be not just one
major regression—transgre§sion but a series of regressions and
transgressions. ?he fact that the sequence A = F ig regressive should
not however necessér}ly be construed at this stage as indicating that
for instgnce unit D formed in a shallower environ@ent than unit A,
for in fact the re#erse may hold if A represents a sand bar

environment ard D a lagoonal environment.

The Compound Sgdimsntation Unit
The Compound sedimentation unit is a un?t”maﬁe up o; allAS of the
composite sedimentation units &, By C, Dy, E and F, It is the
idealized complete sequence (Pig.27) but as can be seen in Fig.26,
there is no complete, unbroken A = F sequence in the formation.
Many of the sequences shown in Fig.28 cannot be dgsignated as in@icating
regressive (&) or transgressive‘(n) for thgy are made up pf the same
unit repeated (C = C - C ~ C etc.) which is designated “simple
oscillatory™ (SO), or alternativeiy they consist of repeais of adjacent
composite s;qimentation units (C =D = C =D =« C = D et6.)5 this is
designated "compound oscillg,toiy!' (0)., Within the Stairway Sandstone
there is evidence of 25 episodeswof appreciable regressionﬁgnd
transgression; 9 separate episodes of simple oscillatory sedimentation
and 8 episodes of compound oscillatory sedimentation.

The basic environment in which all these fluctuations were téking

place can be ascertained from the compound sedimentation unit.
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The Sedimentologicgl Model

To find a present day sedimentological model in which to fit the
available Stairway Sandstone data, we must look initially for a
regressive phase in which the shoreward sediments are finer than the
seaward sediments. There are two well documented modern environe
ments in which this occurs = the barrier island-coastal lagoon
environment and the intertidal fla? envirgnment°

The Barrier Island-lagoon Fnvironment :

Rqsnak (1966) describes in detail the sub-environments of the
barrier islaﬁd-lagoon”complex of the Lagung Madre of the Gulf of
Mexico. His envirormments are gshown in Fig.ZS‘together with the
Stairway Sandstone equivalents.  The ‘correlation' between the

Stairway compound sedimentation unit and Laguna Madre environments

ares~
A = Barrier island (fairly coarse grained, ¢ ross-bedded sands)
B = Barrier flats (Beddgd sands )
C = Shallow bay (mixzed sediments)
D = Shallow bay
E = Central bay (mixed sediments)
F = Central bay_ér upper bay (silty clay).

The environmental implicatiohs of theseAcorrelations for
each éf the composite sedimentation units can now be considered.
A1l the ;nformaticn on the modern environment is fgnm Rusnak (1960).
A, As can be seen in Fig.27, unit A is the most prominently
crosg-bedded unit in the gequence - this is completely

compatible with a barrier island sand. The presence of some
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gra@ed bedding suggests some inlet sands may have been
included within this cgmpcsite sedimentation gnit. - 1%
is suspepted that some of the phogphate of unit A may have
been derived, the pellets and nodules having been reworked
from some other part of the basin and then due to wave action
on the seaward side of the postulated barrier island, ine
corﬁorated iﬁ the barrier beach sandg.' The presence of some
cheﬁing»by'burrowing crganiéms is not a feature normally .
associate@ with barrier islands. This may again be dueito
some inlet sediments being included within unit A or
alternatively the barrier island may have been submarine for
a considerable part of its history.

B. This unit'is the thickest unit of the compound sedimentation
unity it may also have been the widest envirommental zone.
Most of the textural and other features could be associateé
with the barrier flat environment of Rusnak (1960) apart
from the presence of burrowing organisms - this again may
be attributable to the sediments of Unit B having been
depoéited at & greater depth below ses level than the

a?qgivalent zone in the Laguna Madre. Deposition during
unit B sedimentation was probably too arenitic for rich
phosphorites to form, but some concentrations occur at the
base of the unit. The concentration is probably the result
of winnowing, occurring either as a result of onshore winds
or due to waves or currents coming over the barrier island,
or both, -

C. The shallow bay environment occurs on the barrier island side
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of the shallow® bay of the Laguna Madre. In unit C there

is evidence of an apprecisble rise ip‘the infagnal activity,
and a decrease in grain size. FPhosphatic pellets were able
to form in the unit C enviromment and moderate concentrations
of phosphorites were prﬂduce§ when currents were available to
winnow the sands. As the shallow bay environment is some
distance away from the source of the detrital quartz {(the
barrier island) it is to be expected that by analogy unit

C would be thinner than unit B. This is found to be the case
(see Fig.B?},A_ ‘ .

The bay side of the shallow bay subfacies of Rusnak (1960)
which is beyond the zone of appreciable arenite sedimentation,
is the likely zone for the formation of unit D. As in unit
C, the environment of unit D is one of appreciable phosphate
deposition, with a high phosphorite to lutite ratio, probably
because the shallow bay environment is within the reach of
winnowing action. -

The most likely environment of deposition of unit E is the
central bay in the zone of silt/clay sedimentation§'where_
there is little terrigepous material. Unit E contains the
éreatest thickness of lutite of any of the composite
sedimentation units; and phosphate pellets are rare,
Winnowing took place only very rarely (perhaps when a major
breach of the postulated barrier island oceurred), so.that
the proportion of phosphorite band to lutite is very low in
unit E.

A slight increase in grain size occurs in Unit F as compared
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with E., This may indicate that unit F is equivalent in part

to the upper bay enviropment of the Laguna Madre. The

increa;e in grain size may not however be significant as there
is a corresponding decrease in amount of infaunal activity

in unitAF, suggestipg that it is probably equivalent to

nearer the middle of_thg central bay environment of the Lagunsa

Madref The enyironment represented by unit F is probably

one of optimum conditions for the depositiop of phosphate,

as phosphate occurs throughout mich of the lutite sequence.

Enrichmént does not however occur,; as the environment

repr?sented by upit Fisg either a£ too great a depth or

too far removed fromnﬁhe open sea for the effects of currents

or waves not to be felt..

Thus the compound sedimentation unit will fit satisfac?orily
into the barrier-bay facies of Rusnak (1960)5 The application of
this model camot be too strict as the type of lagoonsl environ-
ment envisaged for units D, ¥ and F during Stairway Sandstone times
is very much less restricped thgn that Qf the Laguga Madref

There are however difficulties in this concept - thg ma jor
one being the“magnitude'Of the lagoon. It can be seen in the
Stairway Sandstone of APl (Fig.25) that the interval 470! to 200!
is made up of simple oscillgtory or compound oscillatory.sequences
of Dy E or F so that for the whole of the middle Stairway times
a central bay“(withvminor shallqw bay and upper bay) environment
of the Lagupa Madre.type prevailed over an area of aboat 20,000
square miles; Thefefore in spite of the way the environment of

the compound sedimentation unit fits the bay-barrier island



p &

concept it cannot be considered as normal when it is necessary to

spread this essentially restricted environment over many thousands

of square miles.

The comparison is not therefore entirely satisfactory and it

is necessary to look at the second model.

The Intertidal Flat Environments

The intertidal flat environment and its subfacies has been

well documented by Evans (1965) who studied the intertidal flat

sediments of the Wash, Posgible cozrelationg between t he subfacies

of the intertidal zone of theWash and the composite sedimentation

units of the Stairway Sandstone are shown in Fig.28. The

correlations are as follows:

A =
B =
¢ =

Lower sard flats. (Little or no organic reworking, minor
wave action, strong tidal currents, slow sedimentation.
Lower mud flats. (Iittle reworking by waves or organisms;
rapid sedimentation).

Arenicolé sand flats. (Extensive reworking by waves and

Arenicola; slow sedimentation).

Inner sand flats. (Limite@ reworking by waves; extensive
rewq;king by Corophiums: slow sedimentation)

Higher mud flats'(very limited reworking by waves and
organisms, ?airly rapid sgdimentatién),

Upper part of the higher mud flats or the lower part of the
salt marsﬁ (no reworking by waves or-organisms; fairly slow

sedimentation, filter effect of plants).

The term "mud flat" and “sand flat" used by Evans (1965) are

field terms based on gensrsl appearance and not on size composition.
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The "lower mud flat" has for instance a median diameter of

3.57¢ which in fact would place it in the very fine grained sand

range. All the information used below for the modern

environment is from Evans (1965),

A,

Co

Megaripples are extremely common in the lower sand flat
part of the intertidal enviromment, due to very s trong
currents. Had such currents been operating during the
deposition of composite unit A they woiild have produced
cross-bedding indistinguishable in the core from any

other form of cross<bedding and could have broaught in
phosphatic pellets from other parts of%he‘ﬁalsino Boring
organisms arve fairly common both in the lower sand flat and

in composite unit A.

- The lower mud flat zone is the most steeply dipping part of

the intertidal zone; it is generally poorly'laminatéd with

alternations of sand and mud (unlike unit B which is virtually
all sand) and it is only rarely rippled. Burrowing organisms
are rare in both unit B and the lower mud flat zone. Little

reworking and winnowing of the lower mud flat zme ocours,

* consequently little concemtraition of phosphatic pellets tekes

place, in unit B and the ratio of phosphorite to arenite is

low.

Un%t Cis thcgght to be the equivalent of the Arernicolas sand
flat zone which is composed of well sorted sands, with poorly
deveioped laminae, and with abundant infauna - especially
Aregicéla (a living form probably very.similar to the

Ordovician Diplocraterion, a common fossil in the Stairway
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Sandstone) ., The Arenicola sand flats are apparently subjected

to fairly strong current aétion at times - Dby analogy,
composite unit C would be subjected to aurrent action, whiéh
would winnow away sand 1t produce enriched pelletal bandé
and give a h?gh phosphorite-arenite ratio.

Composite sedimentation unit D may be a fine grained
equivalent of the inner sand flat. There is an abundant
infauna in the inner sand flat environment vaarticularly
Coroghiu@ sp, wnich leaves a trail not unlike that of
Scolithus, and likeyise, unit D shows the effects of fairly
intense burrowing ac%ivitya There is some reworking in the
imer sand flat environment of the Wash, by wave action.
Wave action (even if only minor) would produce the type of
winnowing of phosphorites which is apparent in composite unit

D from the high phosphoriteslutite ratio.

This unit is considered to be equivalent to part of (or possibly

the whole of) the higher mid flat enviromment whieﬁ is made up
of well deveioged laminated mids. The average median diameter
of the sediments is 4.51f - compared with unit E which is
clayey silt (Table 10, appendix). The size ranges are
therefore very similar. Mud cracks are common in the higher
md flat envi_:g*bnmen‘i;, but could not be observed in-the APl
core. The lack of organisms reported by Evans (1965) in the
higher mud flat environment is somewhat different to the
abundant infauna of unit E. The absence of wave activity is
however eptirely compatible wit? the situation in unit E

where a very low value for the phosphorite to lutite ratio
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suggests that little winnowing occurred during most of the

sedimentgtion. S;;ph mworking as did occur in the unit E
erwironment would probably have been in response to some
exceptq’.ona}ly high tigle or storms.

The affinities of unit F are a little uncer_tain. Itg“
position above unit E (the equivalent of the higher mud flat
environment) would suggest that it shold be"‘corrgfated with
the sélt mg.rsh environment. This is also supported by_the
grain size; the median grain size is in the range 6;0 to

7 for unit F and 5.8¢ to 7.6 for the salt marsh environment.
In the saltv marsh environment there is no reworking by waves.
This is entirely in accord with the distribution of the
phosphatic pellets within unit F « the pellets have formed

in situ and have undergone no winnowing or gther reworking to
give ax;y concentration. Evans also considers that infauna
is rare“ - this does not fit in with the abundant infauna in
fimit Fs; nor dogs the abundance of such surface markings as
mud cracks or fossil tracks and trails. There is no evidence
of sub-aerial exposure in unit F. Also the salt marsh
environment is not one in which phesphorite Pellets would form
in situ, Conditions of pH of 7.1 to 7.8 (the conditions
necessary for the formatioﬁ of phosphorites - Krumbein and
Carrells, 1952) are not conditions attained in salt marshes,

Therefore ¥ is either equivalent to the top of higher md

~ flats or else represents a somewhat modified version of the

salt marsh environment.
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However, in general, the _sedf;ments of the intertidal mne
have‘many similaritigs with the composite sedimentation units
of the Stairway Sandstone, but as with the lagoomal environment,
there is a size problem. It is impossible to imagine an
intertidal zone hundreds of mi}es wide. Once a shallow-water
zone has this great width it loses its "normal" shallow water
characteristics because a very different mgchanical system is
set up. It is therefore necessary to 1ook»at g third model
which has ngxpresent-day counterpart but which may be considered
as having affinitigs with thehiptertidal zone model .

The Epeiric Sea Environment:

The environmental implications of epeiric sea sedimentation
have been clearly set out byShaw (1964) and Irwin (1965). Both
authors consider that there are three basic environments,
delineated by their hydraulic energies (named X, Y and Z by
Irwin, 1965). The outer zone (X) is a wide low energy ‘zone
below opén sea wave base. The second zone (Y) is fairly narrow
and has high energy; Vit represenﬁs the zone whe;e the oceanic
waves impinge on the sea-floor, expending their kinetic energy.
The inner zone (Z) is_a very wide shallow zone cf-verynlow
energy in Wﬁi§h even the effects of tides are not felt.
Therefore in this - inner zome the sediments are all extremely
fine grained and evaporites may form, for the lack of ¢irculation
ig likely to,produce high salinities, T{le high energy zone ig
the zone of the coarsest sediments. Irwin and Shaw both
consider théﬁﬂthis'is the zone of biogenicmsediments. However,

under the right circumstances it can also be the zone of coarse
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7Z - the energy zones of Irwin (19&5)
sediment picked up at strand line
sediment carried in shallow offshore wind-induced .current
very fine grained sediments in low energy environment

the offshore wind induced current meets the open sea
currents and waves

the velocity of the sediment-carrying current is reduced
to zero here therefore the load of sediment is dropped

sediment being winnowed by oceanic currents so that only
coarse sands remain

winnowed-out fines are carried into deeper water.
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terrigenous sedimentation particularly if there is a fairly
strong offshore wind or occasional offshore storms., This
will result in offshore currents, and waves in the shallowest
zone, i.o, the strand line, which is also commonly a zone of
sands. These 7wind induced shore currents will carry strand-
line sediments until they meet the oceanic currents in the high
energy zone, the sediment carrying current is reduced to zero
so that the load of detritus is now dropped into the high energy
zone., Within the high energy zone a considersble amount of sorting
end wimmowing will take place to produce coarse grained well sorted
well roanded sand§; The finer ma§§rial may be carried out into
the Zone X of Irwin (196?), Alternatively, the sands of Zone Y
may be carried into the zone by longshore currents, which would
not necessitate having to move terrigenous sediments 8cross the
low energy zone of the epeiric sea,

Shaw (1964) is wrong in asserting that an epeiric sequence of
coarse sediments overlain by fine sediments‘implies transgression
for in fact it can equally well imply regression - it all depends
whether the, overlying fine sediments are those of  the deepﬁ? Zone X
or those of the shallowe? Zone Z.

In the compound sedimentation unit (Fig.,27) of the Stairway
Sandstone the sequence is regressive coarse into fine, in which
the sediments of units A, B arx_i c are dep9sited in the high energy
zone (Y), and D, E and F in the low energy zone (Z). The sediments
of zone X are not represented in the sequence - they mai be
represented by the:predominantly silt/clay sediments of the

underlying Horn Valley Siltstone. The presence of phosphate is
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an added complication to the hydrodynamic picture for it may

mean that cold upwelling cirrents (McKelvey et al., 1959) are

also impinging on the epeiric sea. This is unlikely to alter

the energy picture appreciably. The epeiric sea model and its

Stairway Sandstone equivalents are now discussed in d_e_etail LI

A.

Composite sedimentation unit A represents the s eaward side

of the high energy zone, where there is a great desl of
reworking of sediments so that the sands are coarse grained.
Irwin (1965) considers that this high energy zone is the

zone of highest poros_ity (due to the winnowiz;g action) ‘and

in the Stairway Sandstone it is in fact faind that unit A

has the highest porosity (Fig.27), Phosphorites are probably
not precipitated in this zone but reworking pf" pel,l}ets OCCITS .,
Unit B is still within fhe high energy zone but a camsiderable
portion of the energy has already been expended in the zone of
unit & sedimentation, therefore the effects of winnowing are
less pronounced. It is also the zone of maximum arenite
accumilation, and this coupled with the lessened-wimnnowing
action produces 2 thiék sand sequence with only rare, thin,

pelletal bands.

.Unit C is on the edge of the high energy zone, consequently

current action is bnly minor and little reworking of sediments
occurs. There is however only minor arenite sedimentation, -
therefore themtio of phosphorite fo terrigenous sediment is
fairly high. High energy currents do occasgionally impinge
on this unit so that winnowing (and subsequent enrichment) of

phosphorites occurs. This is a zone of slow sedimentation,
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therefore there is an appreciable rise of infanhal activity

sini- between unit B and unit C.

D, Unit D is situated on the seaward side gf‘the'low energy
zone Z and is ogtside the zme or arenitic sedimentation.
Sedimentation is probably extremely slow so that the
proportion of phosphorite to lutite would be moderately
high. This is however coupled with the fact that whilst
the oceanic currents will only rarely impinge on this zone,
it is nevertheless, compared with the other lutite units E
amd T, a zone subjected fairly frequently (again, comparatively),
to high emergy reworking. Consequently, the ratio of
pho§phori§e to lutite is very high.

E. Unit E is well within the low energy zone (Z); sediments
are predominantly lutites, sedimentationiis sloﬁ, infaunal
activity is considerable, Because of its position within
zone Z, unit E is hardly ever subjected to high energy-
Wingowing”action. Therefore enrichments of phosphatic
pelléts occur only extremely rarely and the proﬁortion of
phosphorite to lutite is very low.

F. Unit F is the most shoreward development of the low énergy
epeiric sea environment represented in the compound sedimentation
unit of the Stairway Sandstone. It is evident that the
environment is one of extremely restyicted circulation and the
fauna inhibited, for there is an appreciable decrease of
infeunal activity in unit ¥ as compered with unit E. There
is a slight increase in the grain size and this may be a

reflection of the proximity of the strand line. Sedimentation
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iz extremely slow in this envi;onmeny éo thét phosphatic pellets
can "mske their presencé felt" bécaﬁse"of‘%he féck of
diluting terrigenous material. There is evidently no
reworking in thisg zone (because it is very faxr removed
from high energy zone Y) so that there are no winnowed

phosphatic concentrations in Unit F.

It would therefore appear that t@e compound sedimentation
unit can be fitted most satisfactorily into an epeiric sea
model by modifying the model of Shaw (1965) to account for
terrigenous sedimentation. Concentrations of phosphatic
pellets are in most cases a reflection of the impinging of
the high energy 2one. The reasons for migration of the high
energy zone are & little obscure. The most likely reasons aret=

(i) 1local subsidence of the epeiric sea floor may take
place; so that the high enevgy waves now impinge on &
more landward zone.

(ii) a general rise in the levels of the oceans, involving
global climatic changes. This is unlikely in view of
the freguency of winnowed phosphatic pellets,

(iii) Storms may produce higher energy waves than normal so
that they are able to venetraite further into the epeiric
sea.

(iv) the amplitude of waves way vary so that waves with a
smal ler amplitude than the normsl impinging waves would
also penetrate furvher into the epeiric sea.

It is 1iké1y that all of these mechanisms acted at some

time or other during the Stairway Sandstone sedimentation.
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Summary

The Stairway Samdstone is a regressive-transgressive sequence.

The large number of gedimentation units in the Stairway Sandstone
may be grouped into six types of composite sedimentation units
(4, B, C, D, E and F) which toggther form a regressive compound
sedimentation unit (A to F) or a transgressive compound sedimentation
unit (F to 4).

The compound sedimentaxign unit can be equated with two modern
nearshore environments, the barrier island-lagoon environment and

the intertidal zone environment and a more hypothetical epeiric

sea model.
STAIRWAY SANDSTONE BARRTER-LAGOON INFERTI DAL EPEIRIC SEA
. o ; FLAT -

F Blightly phos Central or upper Higher mud Inner low

fine silt =~ -~ bay flat or salt energy zone
margh

E v sparsely phos ‘Central bay Higher mud Middle low
clgyey sil% i . ‘ flat“ | energy zone

D Richly phos Shallow bay Inner sand Outer low
clayey silt : flat energy zone

C Richly phos v Shallow bay Arenicola Inner high

~ finé sand gand flat energy zone

B V' sparsely phos Barrier flats Lower mud Middle high
fine sand flat energy zone

A Slightly phos

Barrier island

Lower sand

Outer high

energy zome

medivm sand flat

Both the models of modern environments are inadequate because
of their small areal extent compared with the enormous extent of
the Stairway Sandstone enviromments. This difficulty could

posgibly be partly resolved by the intertidal or lagoonal

environment migrating over the basin so that gradually a

(2)

(2)
(2)
(Y) .
(Y)

(¥)
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coalescing body of lagoonal or intertidal sediments formed. The

third model is more satisfactory and 1t is possible to ascount for
most of the features of Stairway Sandstoné sedimentation, with the
sands bging laid down in the high energy zone (Zone Y), the silts
and clays being deposited in the low energy zone (Zone Z) and the
pelletal phosphorite concentrations resulting from reworking of

sediments brought about by migration of the high energy zone.
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CHAPTER 8

THE STATRWAY SANDSTONE PHOSPHORI TES

Genera}_uum

Phogphatic §e§iments have been foun? ip the Upper Proterozoic
and Lower Pala?azoicwsediments of the Amageus Bagin, but it is only
in ﬁhe_Stairway Sandstone that they are abundant. The ocourrence
of phosphorites in the Stairway Sandstoge was first noted by
Wells, Forman and Ranford (19éé). Subsequent work by Cook (1963)
and Barrie (1964) showed that the Stairway is slightly phosphatic
throughout éut sediments regarded as phosphorites occur mainly
in the middle Stairway, as is clearly shown in Fig.2ls, The
phosphatic mineral is crypto-crystalline tut X-ray studies by
Greaves (pers.comm., in Cook, 1968) have shown it to be apatite.

.The phosphorites most commonly are pelletal or nodular and
they are generally grey or brown in colour, although purple
pgosphorites are present ip the Mount Char?otte'area, and white
phosphorites are known from the viéigitymof The'S}sters, west of
the Mount Qharlotte Range. Tne phosphatic beds range in thickness
from less than 1 inch to about 8 inches ?ut their average thickness
would only be from 2 to 4 inches. Little is known about the
lateral extent of individual phosphorite beds as poor exposure makes
it impossiple to follow such_thin beds for more fhan.a few feet.
However, the same stratigraphic“interval appears to be phosphatic
over a wide area. Boundaries between phosphatic and nonyphosphatic
sediments are extremely sharp, particularly the lower boundary.

Current induced sedimentary structures appear tc be extremely rare

in the actual phosphoriteg, though they are common in associated
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sediments (e.g. ripple marks, cnoss—bédding). Rare worm burrows
have -been seen in very glightly phosphatic sandstones.

The nodules are extrgmely varied in Si;e and shape (Fig.54,
appendix) and P205 content, Pellets and nodu}es may range in
size from a-% inch or less, to 5 inches: Thg two main types of
nodules are grey and brown. The grey pellets may have an
extremely irregular form"with surfaces commonly re-entrant.

The surfaces are frequently finely pitted and have an appearance
not unlike @hat seen in the surface of some fossil algae., The
brown pellets are smoother than the grey pellets; they tend
towards an eliptical shape, whilst the grey pglléts are flatter
and slightly more disc-shaped. In hand specimen, the brown
pellets appear to be more sandy than thg grey peiiets. The
few analyses that have been undertaken indicate that the grey
pellets are more phosphatic than thg brownAPellets, 2., in
analyses from‘a locality neaxr APl, a grey pellet was found to
have 8 P205 content of 19% agd g brown pellet was faund to have
8 P205 content of only 1§% (p:obably a Feflection on thé higher
sand content - see Fig.80, appendix) .

Detailed study of many of the 219 phosphorite bands in the
APl core cqnfi:mfd t?e majority of the field observations. It
wés not however possible to distinguish different types of
pellets ?n the core, all the pellets being black (chroma N3 w
N4); In subsurface, boundaries between phosphatic and non-
phésphgfic sediment were also found to be extremely sharp.

In aédition, 16 bands showed good positive grading (i.e. coarse
pellets at the base and fine pellets at the top) and negative

graded bedding occured in 8 of the phosphorite bards. The
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graphic logs (see Appendix IV) indicate that many of the
phosphorite bands show a particular type of bimodality, with a
fine mode within the pellets.and a coarse mode in the gurrcunding
gsediment. This is discussed more fudly later. Both the modal
arnd maximum grain size of detrétal grains increases with the
incoming of phosphatic pellets, This will also be disqussed
more fully later.

Generally, the pellets appear to show a higher degree of
rounding and sphericity than is shown by the pellets in outcrop,
but as in most casesy, the sub-surface pgllets were only visible
in two dimemsions, this difference may be more apparent thanreal.
The pellets are commonly (but not always) aligned with their long
axes parallel. "

Chemi cal Anal&ses

The results of P205 and trace element analyses on samples
from the Stalrway Sandstone are recorded by Ranford Cook and
Wells (1966), Wells, Stewart and Skwarko (1966) and Barrle, (1964)

A total of 90 outcrop samples and subsurface samples have 850

far been analysed for P_0. (by volorimetric methods, using

275
molybdo:vanadate)o ~ The highest value obtained is 27% P 0 for
8, greyﬂphosphgtic nodule (speclmen number LA701C) from the
Inindisa Bgre area., The highest value obiained for a phogphatic
bed (as opposed to an individual nodule)“isjzl.&%-ons for
specimen LA 535(9) from the Johnny Creek area-of the Lake Amadeus
gheet“. There appears to be a wide vanatlon in the P205 content
bf- pelletal or nodular bands but mos? velues fall into the range

10 to 18% P0.. Very few amlyses of StairwaySandstone lithologies
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have P O contents below 0.5%, indicating that throughout the
5 : _ §
whole Stairway Sandstone, the P_0. contents are at least two

275
to three times above the average values for sedimepts. Barrie
(1964) considers that there may be some secondary enrichment of
the P205 content of be&g at the sur?ace as so far, the highest
value obtained for a sub§urface sample is gbcut half that
cbtained for surface samples. However, this camnot be confirmed
until many more analyses have been carried out,

The lack of an5a§equate number of analyses make it impossible
to reach any conclusions regarding the lateral or wvertical
variations of P205 content of phosphorites within the Stairwsy
Sardstone.

Fourteen samples of Stairway Sandstone sedimgnts have been
speotrochemical}y analysed for nickel, cobalt,; copper, vanadium,
and 1ead»(Eanford,'Copkwand Wells, 1966). Many of the samples
were found to have somewhat higher values for these trace elements
than is normal for. sediments. This is parﬁicularly ﬁ;ue for the
values thainedmfor lead and in a sa@ple with a ?205 gontent of
18% (ML37) the lead content was 400 parts per million; in the
samewsampie,\the,copper content was 100 parts per million,. The
few results gvailable show a cmde correlation of increasge in -
trace elements sueh_asmlead with an increase in the’P205“content
(Fig.30), but it is impossible to reach any definite cenclusion.
at this stage, with so few analyses available. It isy however,
anti¢ipated that more work will show a good coreelation between
phosphatic cpncentrgtion and trace element concentration as is

found for instance in the Phosphoria Formation (McKelvey et al.,

1959).
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Petrography . ..

Thin section examinaﬁion of the phosphori tes has shown that
there are a large number of forms in which the phosphatic material
{generally apatite) may occur. Its overall colour may range from
almost colourless to almost black but the most normal colour is
pale brown to dark brown. It shows all the normal properties of
the minergls refgrred to under the collective term of collophane,
such as high relief and isofrophy.

There appear to be ten mein modes of ocourrence of phosphatic
material, most of which are pelletal or nodular in fom. In the
type of empirical classification used here, there is of course
overlapping, with some pellets showing features of two or more
classes but in such cases compound names may be used to describe
the pellets. Most of the pelletal names pre-suppose that the
outline of the pellet is rounded and sub-spherical but if necessary
the class may be qualified by "irregular" etc. If it is desired
to give the phosphatic types a size connotstion, "pelletal' may be
replaced by "nodular" for coarser grades (generally 2mm. and above).

The ten classes of phosphatic types are now discussed individually.

1. Structureless pelletal phosphate (Figs.55-58, appendix).

This is one of the commonest pelletal forms and shcés no
internal siructure whatsoever (Fig.55, appendix), although it may
have & single thin dark rim {Fig.5g; appendix) (suggested by
Emigh (1958) as being caused-by the outward migration of carbonaceous
material in the phosphatic pellet). These pellets may range in
size from silt size and below to coarse grained sand size and above,

In some cases, the modal grain size of these pellets is the same as
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the modal grain size of the detrital quartz in the enclosing
sediment, suggesting that the phosphatic material may have been
swept in with the detrital sand or that it may have been winnowed.

In some thin sections (e.g. AP3/44/0), there is a striking
similarity of shgpe and size between structureless pellets and
glauconi te -pellets, and grains, suggesting that the structureless
pellets may be in part the result of early diagenetic replacement
of glauconite (Fig.57, appendix). Alternatively it may just
indicate that phosphate precipitates are formed in a similar way
to glauconite precipitates.

2. Concentric Pelletal phosphate (Fig.59, appendix)

This type of pellet is distinguished by the dark and light
bands within the pellets, which are concentric to the exterior of
the pellet, even when the gxterior of the pellet is_g;tremely
irregular ‘e.g. in LA 131 and in AP1/73/2 (Fig.59, appendix).
Emigh (1958) has suggested that the banding must be a diagenetic
featuré otherwise it would not be parallel_tO'the irregular
exterior of the pellets. He attributes the banding to the outward
migrat%on of organic carbon; Some of the banding in the concentric
pellets may possibly be attributab}e to this migration but little
evidence for or against Emigh's theory could be fougd.

There are however two speéial cases of concentric banding in
which the banding is almost certainly a primary feature. In
thin section LA 535 (A), very fine mica flakes within a pellet are
arranged withﬂtheir long axes concentric to the outside of the
pellet. . It is thought that tﬁis type of banding developed by

the rolling around of the relatively soft phosphatic pellet on
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the sea floor and as it rolled the fine flakes of mica were
picked up and subsequently incgrporgted igto the pelleﬁs.
Similarly, in AP1/596/0, very fine ooliths of Zpyrite are
arrnaged in two bands concentric tothe egteriorvof a pel}et
of about .075 diameter. As with the mica, the ooliths may
have been picked up by the pellet and subsequently incorporated
in it as it rolled over them, or alternatively, they may have

formed within the pellets during diagenetic pyritization.

B Compésite pélietalAphog?héte'(Fig;GO,'appénd;x)

As is suggested by the name, this pglletal form is ma@e up
of other smaller pellets (generally structureless). fhe composite
pellet is fairly common; & good example may be seen in-AP1/97/3
(Fig.60, appendix). ~ This type of pellet probably forms by the
cementing together of earlier formed pellets or more rarely
(generally restricted to the very fine grained pellgts) by the
"growing together" of pellets., These processes either form
primary compositeipelléts or else.beds which are subsequently
broken up to form pellets, or nodules.

4,  Structured pélletal phosphate (Fig.61, appendix)

 This pellgtal type shows an internal structure ﬁut is
distinguished from the concentric and composite pellets by
the fact that the internal strucﬁure is neither concentric nor
pelletal, but irrggular;l gn gxample of this type of pellet_
may be seen in LA139 (Fig.61, appendix), in which the internal
structure of the éellet is strongly convoluted. Few mxamples
of this type of pellet have been seen. The convoluted form

of the internal structure suggests that fhis type of pellet
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may possibly'be form?d-by the phosphatization of fecal pellets
although RESheldon (pers.comm.) reports that similar internal
structuresithought to be thg result of algal sctivity are present

in phosphorites of the Phosphoria Formation.

5. Mncasing pel}etalvphosphate.(Figs.BzoéS, apperdix)

The phosphatic material in %ﬂis type occurs as a thin skin
around aetri?al graigs {in most~cases quartz). Thg "skin" is
generally exﬁremely thiﬁ relative to the diaﬁeter.of fhe g;ain or
fragment it is encasing; it isvglso commonly colit;o, as may be
seen in AP1/398/0 (Figs.62-65, appéndix)f The encased grains
are génerally well-founded and normallyrfine'grained. The encasing
pellgts probably form in the menner as cglcarecus‘ooliths, i.e. by
the détrital grains acting as nuclei on which the crypto-crystalline
gpatite may precipitate and that-as the grains are gently rolled
around, further layers of cIypto-crystalline apatite are added.
This type of pellet may remain discrete or quitewcommonly, the
layers appear to have continued growing until they are sufficiently
thick to come into contact with their neighbours, so that movement
of grains became impossible and precipitation of ﬁhosphate either
ceased or continued as a cement,

6. Sandy pelletal phdéphafe (Pigs.64-65, appendix)

This type of pellet is ogé of the commonest (;nd possibly the
most ccmmén) pelletal form and is readily distinguished by the
high percentage of sand-sized detrital grains within it. The
detrital grains are generally quariz, or rarely feldspar, or héavy
mineral grains such as tourmaline or zircon. The crypto~crystalline

apatite is present as a cement or matrix, forming up %o '50% of the



» &

[

- 89
total pellet (Fig.64, appendix). In most cases, there is a
considerable difference in ﬁhe grain size of the detrital gquartz
inside the pellets and that outside, suggesting that the pellets
have been either reworked or winnowed. It is uncertain whether

the primary fomation of the pellets resulted from the initial

~precipitation in a pelletal form of the crypto-crystalline apatite

around detrital grains, or from the cemérintion of bedded detrital
quartz to give bedded phosphorites which were later broken up

and the material roanded to form pellets. In some of the pellets
(Fig.65,‘appendix), there is a distinct banding of the detrital
guartz within the pellets., In some cases, the éandy'pellets
appear to have formed by the aggregation of encasing pellets,

7. Cementing phosphate (Fig.66, appendix)

This type, in many cases, differs from the sandy pelletal
phosphaﬁe only by its lack of a pelletal outline. Instead it
has indistinct boundaries which may grade into calci te, dolomite,
glauconite or clay cements (Fig°66, appendix), although they were
not examine@ with.g universal stage microscope to confirm this.
This type of gradational beoundary suggests that the phosphatic
cement may have formed by the early diagenetic phosphatization
of the ;riginal cement, The cementing phosphate commonly has
inclusions of mica (both muscovite and biotite) which lends
weight to thg idea that the matrix was originally clayey.
However, much of the matrix is probably & primary phosphatic

cement.

8. Laminate phosphate (Figs.67u69J appendix)

This is a common form of crypio-crystalline apatite and
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and is composed of thin elongate laths and laminae which are

possibly also plateyt They are very variable in size ranging
up to 2 mms. in length. Their average width ranges from 0,05 mm,
to 0,1 mm, The laminae frequently are aligned with their long
axes parallel (Fig.é?, appendix). Many of the laminae show a
tripartite divisio? into thin upper and lower layers, in places
showing extremely fine "micro laminations" at right angles to
the axis of the macro-lamina (Fig.69, appendix) and a middle
layer which is structureless and very much thicker than the two
outer layers. The outer layers of many of the laminae shows
gsigns of corrosion - the corrosion possibly resulting from either
the action of micro-organisms or from chemical corrosion (Fig.68,
appendix ),

The laminate phosphate has either been formed by the break-
up of:what was once thinly bedded phosphorife or alternatively
is phosphatic shell material. The second possibility is
the more likely because of the tripartite form of the laminae.
The original shell material may have been phosphatic (e.g. an
inarticulate brachippod) or it may have been a calcareocus shell

which was subsequently phosphatized.

9. Phosphatized Fossils (Fig{?oj appendix)

In addition to the laminate phosphate whose fossil affinities
are somewhat uncertain, fragments of phosphatized shells of
?lamellibranchs, ?braéhiopods and other indeterminate fossils
are fairly common in the phosphorites of the Stairway Sandstone
(Fig.70, appendix). However, the number of cases of phosphatized

fossil fragments forming the centres of pellets or even occurtring
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anywhere at-all in pellets is remarkably small, especially when
compared with modern phosphorites such as th9ée of Southern
California, where a great many of the peilets or nodules contain
fossils.,

10, Seconﬁapy phosphates (Fing?i»?é,'apﬁenqix)

There are pr§bab1y a"lérge nuﬁber of secondary phosphate
minerals in the Stairway Sandstone,; resuliing from the alteration
and/or replacement of“the original crypto-crystalline apatite.
However, becsuse of thevlack of diagnostié optical properties,
the extremely complex chemical form of many of the phosphates
and becauge é tﬁérough search has not so far been made, only
one secondary mineral has so far been positively identified =
corkite.

The presence of“corkite - a lead arseno. phosphate complex
(pana 1947)“was_first confimed by Goadby (pers.comm., in Wells,
Stewart, and Skwarko, 1954)9 py Xeoray difffactionmanalysis on

-mHepbury sheet area, .
collected by Wells and Stewart, In thin section, the corkite
appears t$ be mainly interstitial, forming from § to 15% of the
total rock. Rarely, it has thg form of"structureless pellets
ortoqlithstﬁFigs.?l¢7?, appendix)e It is commonly isotropic
but iz distinguishe@ from cryptocrystalline apatite by its
characteristic bright green colour,

A colourless phosphate mineral commonly with a gpherulitic
habit (Fig.?3, appendix), occurs in vugs and in matrix and pellets,
replacing crypto-crystalling apatite (Fig.74, appendix). In

specimen HY 762 there is evidence of the mineral being both
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replaced by and replacing corkite. It also occurs subsurface
in AP3 (specimen APS/?lO/O) at a depth of several hundred feet
so that it is possible that it is also an early stage alteration
produce of crypto-crystalline apatite, or a phosphate mineral,
as well as possibly being a recent weathering froduct. The
mineral has not been identified any more positively than
Tapatite. Its optical properties suggest that it may be
dahllite,

Previous ideas on the origin of phosphorites

One of the earliest attempts to explain the origin of
phosphorites was made by Murray and Renard (1891), who as a
result of oceanographic observations made during the'Challenger"
voyage suggested that mass mortalities of fish and other marine
creatures are a major factor in the formation of phosphorites.
They suggested that ammoniacal solutions derived from the decay
of organisms would precipitate the phosphate. Blackwelder (1916)
also considered the decay of marine organisms to be a major factor
in the precipitgtion of phosphate, particularly in stagnant basins.
He postulated that in this reducing environmenf, the phosphate
may have replaced carbonate in places. Mansfield (1918), also
supported the idea that phosphorites result from the replacement
of calcium carbonate by phosphate-rich solutions obtained from
the decay of marine organisms, He later suggested (Mansfield,
1927), that phosphorites may also be precipitated directly from
a colloidal suspension of phosphate. A third hypothesis which
Mansfield (1940) put forward was that fluorine appears to

play a vital role in the precipitation of phosphorites and
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therefore times of vulcanism, when considerable quantities of-
fluorine are available, would also be times of maximum phosphate
precipitation. Pardee (1917) invoked climate as being of
primary importance in the formation of phosPhorites and suggested
that phosphorites'such as those of the Phosphoria Formation were
laid down under cold glacial conditions, when the seas would be
unsaturated in calcium carbonate; hence deposited calcium
phosphate would not be "diluted" by an accompanying precipitation
of calcium carbonate. Breger 21911)9 suggested that bacteria

is of importance in the concentration of phosphate. This has
been supported by Baas Becking (1957) who showed thet bacteria
in sea water is able to concentrate phosphate by a factor of 200,

Phosphatic nodules and pellets have commonly been ascribed
to the phosphatisation of fecal pell?ts (Hayes and Ulrich,1903;
Cayeux, 1939), but Emigh (1958) suggests that most phosphatic
pellets were formed by the pho%phatization of calcium carbonate
pellets. Sauchelli (19é2)9 also gtrongly supports the idea of
replacement of calcium carbonate. Frondel (1943), points out
that the phosphatization of coral limestones occurs on '"guano
islands". )

Pohcet (1964) has good evidence to suggest that phosphatic
pellets and nodules in the Ordovician of France are the product
of the phosphatization of clay pellets. Jitts (1959) has showmn
that bottom muds may absorb considerable quantities of phosphate.

Bushinski (1964) also considers that the phosphatization of

silts and clays is an important process but believes that the

phosphatization occurs in situ and that the silts are later
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winnowed to remove all sediments except the phosphatized silis and
clays which have aggregated to a pelletal or nodular fomrm.

Because of textural and other differences between phosphatic
pellets and their surrounding sediments, many workers have
postulated that the pellets hgve been rewoarked from older
formations. Hayes and Ulrich (1903) consider that the Devenian
phosphates of Tennessee have been formed by the mechanical reworking
of Ordovician phosphorites, Adams, Groot and Hiller (1961) also
suggest that the pyosphatic pellets of the Brighisea Formation of
Maryland may have been derived,

Kazakov (1937) postulated that phosphate may precipitate out
directly from sea-water given the right physico-chemical conditions.
He considered that precipitation occurs as cold water gscends onto
the shelf from the deep parts of the ocean on the western sides of
the continents., Calcium carbopate would be first precipitated out
as the temperature'and H of the water inc;gases and the partial
pressure of C02 decreases, The calcium phosphate would be
precipitated out at depths of between 50_and 2OQ metres, The
detailed work of the United States Geological Survey cn,ﬁhe.
Phosphoria Formation of the Wéste;n United States hgs broadly
supporited tﬂe concluasions of Kazakov. McKelvey, Sweanson and
Sheldon (1953), McKelvey et.al.(1959), Sheldon (1963) and
Cressman and Swanson (1964), all consider that ~g'xpzrell:'mg ocean
currents are the primary source of the phosphates and also that
much of tpe phosphate is probably precipitated ocut directly.

They considered however that phosphate is precipitated out before

calcium carbonate and also that the precipitation took place
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at depths of between 200 and 600 metres._ Upwelling currents
are now generally accepted as being a major (and possibly the
major) source of phosphate, although Bushinski (1964) has
suggested that in fact rivers flowing into barred basins are
capable of bringing in sufficient dissolved phosphate to form
many of the major phosphorite deposits.

Work by Dietz, FEmery and Shepard (1942) on Recent
phosphorites on the sea-floor off scuthern.California has showmn
that topography may bea major factor in the formation of
phosphatic nodules for almost all the nodules are fognd on
topographic highg and in a strongly oxidising environment,

They considered that the phosphate precipitated directly out

from a colloidal suspension and formed in situ. Both topographic
and tectonic control hgve been found by Bentor (1953) and
Altschuler (1958) to have influenced the deposition of the
phosphorites of the M;ddle Fast. Unlike the southern California
phosphoritgs, they found‘that the phOSphorites_occur in the
synclines yhich also formed the topographic lows during deposition.
The depositional environment was apparently strongly reduc@ng.
Youssef (1965} also points out that the phosphorites of Egypt
formed in depressions in a strongly reducing envirvonment., He

considers that the precipitation of phosphate is mainly a

_biochemical process and also questions the validity of the

upwelling current concept. McConnell (1965) also considers
that the precipitation of phosphates is brought about by
biochemical influences and suggests that certain enzymes may

be of considerable importance in these biochemical processes.
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Few hypotheses have so.farwbeen advanced to account for
the origin of the Stairway Sandstone phosphorites. Cook (1963)
suggested that the pellets fommed in situ, in localized basins
or depressions when the bottom watgrs which were saturated with
phosphate, were subjected to an influx of more oxygenated water
also carrying detrital quartz and the phosphate precipitated.
Barrie (1964) considered the enviromment of depoéition of the
ﬁhosphorites was oxidizing and that the phosphoritgs were mainly
formed on tQPographic highs., He also suggested that the Born
Valley Siltstones underlying the Stairway Sandstone acted as
a "reservoir" of phosphate which was "tapped" in Stairway Sandstone
times. Crook (1964) considered on petrographic evidence that
the phosphatic pellets were detriial allochemical, i.e. that they
were formed in one part of the basin and then later transported
to-another part by current action,

This brief summary is sufficient %o show the diversity of
previous hypotheses and indicate the difficulty in finding a
single theory %o explain all features of the Stairway Sandstone
phosphoritegu

The Origin of the Stairway Sandstone Phosphorites

From the previous pages of thig chapter it is apparent that
there are several things 1o be considered in the Stairway Sardstone
phosphorites:

i) Are the phosphatic pellets the result of reworking of an
older formation; have they been reworked and transported
from some other part of the Stairway Sandsitone basin of

deposition or have they formed in situ?
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ii) Were the phosphate pellets precipitated authigenically

by inorganic or organic means or did they form by the
diagenetic phosphatizgation of pre-existing pelletal
material,

iii) What was the environment.

iv) Did topography and/or tectonics influence the formation
of phosphorites in any way.

v) What was the primary source of the phosphate.

i) Transported or in situ?

Phosphatic pel}ets are fognd in several pre~Stairwgy
Sandstone formations of the Amadeus Basing the Areyonga
Fommation, the Tempe Formation, the Pacoota Sandstong, and the
Hom Valley Silﬁstone; However, little reworking of these
formations is thought to have ocourrdd du?ing StairwaySandstone
times and in addition, the guantities of phosphate pellets in
these four formations are extremely small. Reworking even of
vast areas of these formations would still not give the quantities
of pelletal phosphate present in the Stairway Sandstone. Reworking
of an older phosphatic formation can therefore be discounted as
the source of the Stairway Sardstone phosphoritesa

The question of whether the pellets have been reworked
within the confines of the Stairway Sandstone basin of deposition
or whether they have formed in situ is a difficult question %o
settle., Examination of thin sections of the pellets immediately
suggestis that the pellets have been transported into their

final resting place. Crook (1964) considers that the
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allochthonous origin of the phosphate is indicated by the

following features -

"{(a) slight to major differences in modal size of quartz
between pellet and enclosing sediment™

"(v) different appositional fabric between pellet and
gediment"

"(c) generally elliptical to ovate, sharp outline of

” pelletg"

"(d) truncation of rounded quartz grains within pellets
to conform with pellet margins™

"(e) darkening of peripheral zone of pellets in some cases".

Barrie (19é4) also states that the phosphatic pellets are
transported, put gives no supporting evidence,

Additional evidence which suggests that the phosphatic
pellets are transported is the almost ubiquitous relationship
between phosphate and the incoming of detrital guartz of very
fine to coarse grained sand size. A rise of both the modal and
maximum grain siée of detrital quartz occurs with the incoming of
phosphate in the majority of cases.

Change of modal grain size with incoming phosphate

Rise 85%
Fall 6%
Remains the same 9%

Change of maximum grain size with incoming phosphats
Rise 70%
Fall 13%

Remains the same 17%
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Therefore it appears that there is strong evidence to-suggest
that the pelle?s are derived or detrital.

If the evidence is examined more carefully however it becomes
clear that other explap&tions are squally valid.

The darkening of the peripheral zone of pellets adds no
weight whatsoever to the allochthonous hypothesis for it is
probably formedvnot by aib=aerial exposure, as has been suggested
by Crook (Qézg.gggg,) bgt by the migration of organic materisal
(Emigh, 1958), or by the partial diagenetic pyritization of the
phospha@ic pellet or by the deposition of more organic matter
during the last accretion of the apatite. In addition, dark
concentric zonesg whic@ are clearly not formed by sub-aerial
exposure occur well within the pellets (Fig.59,appendix), and
are identical with the dark peripheral =one.

The present author has seen few casesmof truncation of
rounded gquartz grains in the Stairway Sandstone phosphatic pellets.
By comparison, however, quartz grains quite commonly project out
of the marging of phosphatic pelletsy such a texture could not
be attrivuted to transport as the quartz grajn would very soon
be torn from the pellet. Similarly, pellets commonly have
highly irregular shapes with knobs and re-entrant faces; it
is most unlikely that such irregular features would survive any
appreciable transportation.

The difference in appositional fabric and grain size of
detri%al guartz between the pellet and the enclosing sediment
can be explained by moving the pellets into the environment

represented by the surrounding sediment as is suggested by
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Crook (1964). However the same effect may be achieved by the

pellets remaining in situ and new sediments (i.e. that now
surrounding the pellets) being swept into the envfronﬁent in which
the pellets are férming and the pre-existing seéiment being swept
out. Alternatively the s ediment may have been brought in,
phosphorites were precipitated and the sediment was winnowed so
that only the coarse detrital grains and the phosphatic pellets
remainedf

It is relevant to returnto the previous chapter briefly -
and eépecially to Fig.27, If the pgllets were transported then
the coarsest pellefs would be found kn the most coarsely grained
sedimentation unit., In fact, precisely the opposite occurs, for
the coarsest pellets are found in compositensedimentation unit ¥
- the most fine grained of the units. It is exceedingly difficult
to explain this size di§tribution by a "transportation theory".

In the author's opinion the hypothésis of the pellets being
transported is immédiately suspect because of the considerable
difference in grain size between the phosphatic pellets and
nodules, which ha?e diameters of up to 5 inches (approximately
-?g), and the éccompany?ng coarse grained sand with a diameter of
only Of to 1f. Thus, the two types of particles are out of
norﬁal hydrodynamical equilibrium. Nor can the argument be
invoked that the pellets and nodules had much lower specific
gravities than the associated quartz, as spgcific gravity
determinations on nodules (Table II, appendix) have shown the
average specific gravity of grey pellets to be 2.67 and Z2.61 for

brown pellets; both values are close to the specific gravity
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of quartz (2.65). It is possible to explain away the grain

size discrepancy by the suggestion thaﬁ the reason for the
absence of sand coarser than approximately 0¢ is that coarser
material was not available in the source area, or did not reach
the depositional area. However, this argument is virtually
invalidated by the fact that when congl omeratic or pebbly beds
occur within the_Stairway'Sandstone they are with few exceptions
completely non-phosphatic which is completely contrary to what
would be expected if the phosphatic material was transported,

The only exception known to the author occurs on the southemn

margin of the Amadeus Basin (the Mount Sunday Range and the Erldunda

Range) where large phosphaticwpellets occur in the conglomerate at
the base of the Stairway Sandstone.

There are also considerable hydrodynamic difficulties in
moving nodules. The current velocity necessary to transport a
nodule of 5 inches dismeter wou1§ be in the order of 200 cms.
per second (Hjulstrom, 1939). This is faster than the Gulf Stream
at its fagtest point and in.the:Stairway:Sandstone times any such
current must have swept over the entire bagin in order to give the
widespread pelletal gnd nodular phosphqrites intervals., This
would hawe produced tremendous sgouring effects within thg Stairway
Sandstone, yet these are not preserved. It is also physically
impossible for currents of this magnitude %o sweep over 40,000
sgquare miles of shalliow seas, for the resistance with the bottom
would be too great and also phenomenal quantities of water would
be moved so that many areas of the basin would haye literally been

swept "dry" by the current. Also, if times of maximum deposition
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of phosphaﬁé do indeed represent times of extremely high current
velocities, then it is remarkable that the phosphorites should occur
in a predominantly silty-clayey sequence which has all the features
of gquiet, slow deposition.

Thus,‘it is apparent that there are many difficulties in the
sugggstion of a transported origin for the phosphatic material.

In order to establish whether the phosphatic sediments have
been modified by transporting or by winnowing, the textural features
of the phosphatic pellets and their associated sediments must be
examined in detail.

Fig.9 shows a number of cumulative frequency plots for specimens
from the Stairway Sanastone of A1, As has already been mentioned
in Chapter 4? the curves at the left hand side (the coarse grained
end) of the plot, e.g. AP1/601/0 (c) represent plots of phosphatic
pellets and those at the fine grained end of the plot represent the
size distribution of very fine grained sands and alsoc the mands within
phosphate pellets. Plots in the middle of the field, e.g. AP1/792/66
are commonly coarse basal sands, The plot of AP1/51/2 is of a
phosphatic sandstone in which both the detrital quartz grains within
the phosphatic péllets and those in the surrounding sediment are
included in the grain size count. The sinuous form of the curve is
clearly the result of the combination of a "normal’ fine grained
cumulative freguency curve with a "normal' coarse grained cumulative
frequency curve.

Fig.31A shows faur cumulgtive frequency curves from the one
sample (AP1/601/0) - a sandy pelletal phosphorite.  Curve AP1/601/0 (A)

represents a textural analysis of the fine quartz within the pellet
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and is therefore an analysis of the sediment'in vhich the pellets
formed originally. Curve AP1/601/0 (b) is a textural analysis of
the coarse guartz associated with, but outside, the phosphatic
pellets (see Fig.75) - this plot therefore in effect assumes that
the coarse quartz has not moved with the pellets. AP1/601/0 (c)
is a size analysis of the coarse guartz plus the phosphatic
pellets - and therefore in this plot the assumption is made that
the pellets have moved with coarse quartz. AP1/601/0 (d) is
an anaiysis of the phosphatic pellets only, an@ therefore the
assumption is made in this case that either the pellets were swept
in, in an entirely separate episode from that which brought in the
coarse quartz, or alternately that the pellets have grown in situ
and therefore their size bears no relation to that of the coarse
quartz. The differences of median grain sizes between the four
curves can be clearly seen, with for instance a median grain size
of about 3.3¢ for the detrital quartz ﬁithin the phosphatic pellet
and about 19 for the deﬁrital quartz in the surrounding sediment.
This difference of about 2.3@ in the median diameter is typical of
many of the phosphorites.

The significance of the plots of skewness etc. have already
been discussed (Chapter 4 pages 32 - 34)3 it is however of value
to discuss here their significance in terms of phosphate
deposition.

A plot of kurtosis against standard deviation (Fig.11B) shows
three fields - I, IIT, and V. Field I represents the zone of
the textural parameters of the pﬁosphatic pellets; field IIT is

the zone of the detrital quartz which occurs within phosphatic
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intervals, but outside the actusl phosphatic pellets; field V
is the field into which the majority of samples fall - it is the
field into which the non-phosphatic sands and alsoc the sands
from within the phosphorit¢ pellets_fall. It appears that many
of the pellets are formed in the envir_*onment represented by field V,
which apparenﬁly was the commonest environment of deposiﬁion during
Stairway Sandstone Fimes. Therefore'it is field IIT which
represents the atypical Staifway Sandstone environment.

The plot of mean diameter against standard deviation (Fig.llA)
shows fields similar to those of the kurtosis-standard deviation
plot - fields I and IIT are identical and are the fields of
phosphatic pellets and coarse det?it&l qgartz outside phosphatic
pellets respectively., TField II is the field of coarse sands from
the non-phosphatic basal sands of the Stairway Sandstone. Field IV
is the field of the majority of the fine sands of the middle and
upper part of the sequence together with the fine d etrital quartz
from within phosphatic pellets. Thus again, the evidence suggests
that the precipitation of phosphaté occurs in the “normal® Stairway
Sandstone environment, particularly the environment of the very
fine gsands and that this environment is strongly dissimilar to
that of fields IT or III. Therefore it is most unlikelymthat
a current bringing with it sediments from field IIT (or field II)
would also carry with it phosphatic material, for the phosphatic
material has clearly formed in an environment divorced completely
from that in whichvthe coarse grained sediments were laid down.

It is also significant that fieid T (the field of the phosphatic

pel lets) is separated from field IIT (the field of the coarse
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grained detrita} quartz associated with pellets) by field ITI.
If the phosphatic peliets were detrital then fields I and IIT
should at least be adjacent and should in fact overlap, instead
of being widely separated by the non-phosphatic field II.

The Folk and Ward (195?) parameters of stendard deviationy
skewness and kurtosis (see tables 2.4, Appendix), of the detrital
quartz within the phosphatic peilets and that outside the
phosphatic pellets, gives further clues to the depositional history
of the sediments. The standard deviation indicates that the
degree of sorting of the detrital quartz is both more constant and
better outside the pel}ets than inside. Skewness values show
the detrital graing within the pellets are near symmetrical whilst .
those cutside the grains are fine-skewed which suggests that it
is not strictly unimodal. The kurtosis wvalues indicate that the
quartz grains within the pellets are mesokurtic, but the quartsz
sand outside the pellets is leptokurtic, implying that it is not
unimodal and that it received its textural characteristics inan
environment oﬁher»thén that in which it is now found. A summation
of the textural pareameters suggests that the coarse sands.were
originally laid down in a high energy enviromment and were iater
transported toa low energy ernviromment.

If the equations of Sahu (19;54) are applied to APl/éo;L/o
(see Chapter 4, pages 34-36, and Table 5, appendix) in order to
find the ervironment of deposition, the wvalue of the discriminant
function indicates & beach environment for the coarse éand outsiae
the phosphate pellets, ard a shallow water marine environment for

the fine grained sand within the phosphatic pellets. If the
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discriminant fgnction is cglceulated out for the phosphatic pellets
on the assumption that the phosphatic pellets are detrital, then
g fluviatile environment is suggested. As it is known from
other sedimentological and palseontological evidence that the
phosphatic pellets were not laid down in a fluviatile environment,
then either Sahu's equations are incorrect or the initial
assumption of the pellets being detrital is incorrect, The author
contends that it is probably the initial assumption of detrital
origin which is incorrect. It may be that the Sahu equations
are unable to differentiate between fluviatile and tidal channel
deposi te, but as there are no sedimentary structures interpretsble
as tidal channels within the Stairway Sandstone, even this "escape-
clause" is unacceptable.

As mentioned eariier9 an increase of 85% modal and 70%
maximum grain sizes occurs with the incoming of phosphate. This
may be tsken as eyi§ence of either transport or winnowing, bub
when the amount of increase of modal and maximum grain sizes is
considered, the evidence is in favour of winnowing.

Pig.31B shows in histogram form the amount of increase in phi
units for both'mg modal and maximum grain size. If the phosphatic
material was derived and the sandy sediment surrounding the pellets
gwept in with the pellets, then there would be no difference in the
degree ¢f the increase of the modal and maximum grain sizes with
the incoming ofphosphate as both would reflect the current velocity.
This is clearly not the case, for there is a very much greater
increase in modal grain size than there is in maximum grain sige,

with the majority of units showing increases of modal grain s ize



£
E |

o . , |
£ .

DN

L

"
2
o

&

<5
n ™
<
(&)
» O N 7
£ .
- MJ ..I §
o — - 7
o o o
s |8 = S
g |
o
£ :




e

44

'

« 107 -
of from 2 to 4 phi units (mean of 2.85 phi units) but increases
of maximum grain size of only from O to 2 phi units (mean of
1.12 phi units). These results may be adequately explained
by winnowing which would remove the finer material producing a
very marked increase in the modal grain size, whilst little or
no increase cceurs in the maximum grain size unless the winnowing
current also carries appreciable quantities of coarse sand.
It may be that the grain size which was previously the maximum
grain size on winmowing will become the modal grain size.
Therefore it appears that the magnitude of the increase of modsl
and meximum grain size which occurs with the incoming of phosphate
favours the winnowing concept.

If the modal and maximum grain sizes of detrital quartz in
the sediment surrounding the phosphatic pellets are examined
(Fig.32) it is apparent that there is no correlation whatsoever
between modal or meximum grain size and increase in the percentage
of phosphatic material. The phosphate should be accompanied by
such a correlation if it was of detrital origin, with the wirves
shown in Fig.32 migrating to the coarse side (i.e. to the left)
as the percentage of phosphatic material inoreasgso However, no
such migration occurs. The curves show a marked bimodality tut
the position of the peaks remains constant with increase in
phosphate, The median diameter of the maximum grain size is
remarkably uniform in the four classes of phosphate.’ The values
are as follows:-

Percentage of phosphatic material Median diameter

1"5% 1925¢
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Percentage of phosphatic material Median diameter
5-10% ' 1,108
10-20% 1.20¢
20-50% 1,100

The consistency of these values is inconsistent with a
detrital origin,

Even more significant in Fig.32 than the absence of any
change in the median values of the curves with increasing phosphste,
is the presence of & prominent fine tail in the modal grain size
curves, which gradually disappesars with increasing phosphate,
suggesting & winnowing mechanism. This $8il is particularly well
brought out by replotiing the four modal grein size curves on
probability paper (Figoss)o This shows that with low phosphate
the fine tail is extremely well developed; as winnowing proceeds,
the fine material is gradually carried off with the cmsequent
upgrading of the phosphatic meteriasl and the graduasl loss of the
fine tail. This wimnnowing action would mainly make ite presence
felt in the finer material and this is borne out by the lower
(coarser) halves of the curves which are all almost identical and
by the median dismeters which remain constant with incresse in

phosphate content. The wvalues of the median of the curves are as

followa s~
Percentage of phosphatic material Median Diameter
1-5% = 2.00
5-10% o 1,70
10-20% 1,80

20-50% 2,00
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Howgver? skewness, which is a measure of the tails of a
curve, should show a consistent variation, with‘increasé in
phosphate if winnowing is of importance in the upgrading of

phosphorites. The results obtained are as follows:-

% of phosphatic material Skewness
1-5% ~0.25
5-10% =0 .37
10~20% -0 .50
20-50% -0.83

These skewness results confirm that indeed winnowing is of
major importance in the formation and enrichment of phosphate

pellet concentrations.

(ii) Primary v Secpndary origin

The question of whether the phosphorites are inorganic or
organic primary precipitates or whether they are formed by
diagenetic replacement, has already been mentioned briefly,
There are few remains of macro-fossils associated w%th the
phosphorites to suggest that biochemical control was of imporitance.
However, many of the pellets contain black 7organic material and
the lutites inwhich the phosphorites occur are black and
carbonaceous so that a paucity of preserved macrofossils does
not necessarily indicate a shortage of organic material. It is
theréfofe impossible to say whether primary precipitation was
organically or inorganically controlled.

It is likely that at least some and perhaps even all of the

structureless pelletal phosphates are primary precipitates. The

phosphatic material in these pellets has the appearance of having
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crystallized opt as crypto-crystalline apatite from a colloidal
suspension. The structureless pellets have extremely sharp well
defined outlines even when the surrounding sediment is limestone,
Had the pellet been formed by diagenetic replacement of the
limestone, then the boundary would probably have been diffuse.
The encasing pelletal phosphate may also be a primary precipitate,
precipiteting out in much the ssme way as aragonite does, with
detrital grains forming the neucleii, Patchy developmentis of
phosphatic cement occur in some sandstones which lack any gther
cement . This suggests that there would have been nothing for
the phosphate to replace and that thersfore the phosphate cement
mist be a primary precipitate, Finaelly, there appears to be &
very common association beitween phosphate and detrital material
in the range 3@ to 40 suggesting that the precipitation of
phosphate may in some way be helped by the presence of detrital
material in this size range. Such an association is not however
shown by calcite, clay or glavconite, so that if the phosphatic
material was mainly formed by the replacement of one or other of
these minerals, it would not show t his association with 38 to
40 material, Therefore, as this association is in fact found,
then it follows that the phosphate is in part a primary precipitate.

The phosphate is clearly diagenetic in part, e.g. in the
structured’pellet where it may b e replacing fecal pellets or in
the phosphatized fossils (Figﬁ?ﬁ, appendix) - but both these types
of phosphate are fairly rare. There is, however, evidence to
éuggest that phosphatization of calcite and/or dolomite, glauconite

and clay occurs in a number of cases. Some thin sections
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(e.g. AP1/244/0 - Fig.sé, appendix ) show a grada tional boundary
between phosphate (in the form of crypto=-crystalline apatite)
and adjacent carbonate, glauconite and clay, thus supporting
replacement,

Replacement of glauconite is also supported by both the shape
and size of the structureless pellets being identical with
glauconite pellets in some thin sections. This however may
merely show that phosphate precipitates are formed im a similar
way to glauconite precipitates. The suggestion of the
phosphatization of glauconite is also countered to some extent by
the fact that numerous grains of glauconite with sharp fresh
marging have also been observed within phosphate pellets.
Similarly, a few phosphatic pellets have rims of glauconite which
also :show no signs of chemical corrosion or alteration at the
interface, (Fig.s76-77, appendix).

The phosphatization of calecite is known to occur fairly readily.
ft certainly takes place in some of the Stairway Sandstone fossils
which originally had calcareous shells. The similarity of some of
the phosphatic forms (such as the encasing pellets) to calcite
ooliths and other forms of calcite suggests that they may have
formed by replacement. Emigh (1958) strongly advocates this line
of argument. However, as with glauconite, it may well be that
the similarity of form is merely due to a similarity in the mode
of precipitation.

The replacement of clays by phosphate presents ccnsi&grable
chemical problems for it is difficult to replace a clay by &

mineral such as apatite. In spite of the chemical obstacles



8t

e

8t

- 112 -

however, it appears that such a replacement may take place.

The gradstional boundary has already been mentioned as evidence
of replacement. In addition, mica which is commdon in a clayey
(but not a glauconitic or calcitic) matrix, is also extremely
common in the phosphatic pellets, It has also been found that
of the sandy pellets, the one with the most poorly sorted included
detrital quartz and therefore the ones likely to have origindlly
had the maximum amount of clayey matrix (because ﬁf the lack of
sorting) are found to be the pellet with thelhighest percentage
of P205, ife. the higher the orig%pgl quantity of clayey matrix
present, tpe richer the ultimate phosphate.

Therefo?e, it appears that within the Stairway Sandstone, both
primary and secondary (replacing glauconite, carbonates and clays),
phosphates occur and that there is no single phosphatizetion
process as has been suggested for many other phosphorites.

Fig,35 indicates in diagrammatic form theprocesses involved
in the formation of theifhosPhatic gsediments in the Stairwsy Sandstone,
Whilst the terms Yprimary'" and "early diagenesis' are used, in fact
the two processes were probably going on almost simultaneously.
Wirmmowing may take place before or after diagenetic phosphatization.
The diagram indicates that without diagenesis or Qinnowing or both,
only slightly phosphatic arenites result. The richest phosphorites

are probably formed when both diagenesis and winnowing take place.

(1ii) The Pnvironment of Deposition

Cook (1963) and Barrie (1964) suggested that at the time of
precipitation of phosphate, conditions were in part oxidizing.

Reference to Fig.2l shows that the main phosphatic portion of
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the Stairway Sandstone is also the zone of greatest pyrite.
This together with the black colour of the interval (chroma
N2 to N4) indicating that organic matter is probably very
common, suggests that'the overall -environment was reducing
(B of about ~0.2 - see Fig.22). However the question of the
Eh is not particularly re;evant as the precipitation of apatite
is only pH controlled. The work of Krumbein and Carrels (1952)
shows that the pHilay within. the range 7.0 to 7.8 during the
deposition of the phosphorites, Whether these pH - Eh conditions
were representative of the macro-environment, i.e. that of the
bottom water, or as is suggested by Bushinskii (1964), of the
bottom muds, is a little uncertain. The greatest concentration
of phosphate occurs in the interval 200' to 500!, the zone of the
composite sedimentation units D, E and F (Pig.25) which are thought»
(by reference to the epeiric sea model) to have been 1laid down
in fairly shallow water conditions. Therefore it may be that the
pH conditions of the environment is & reflection of shallower water
epeiric ses conditions.

(iv) Topography and Tectonics

Barrie, (1964) considered that the deposition of the Stairway
Sandstone phosphorites occurred on topographic highs. He took as
his evidence a vidge of Upper ?roterozoic sediments north of AP4,
He considered that the ridge was also a submarine high during
Stairway Sandstone times, and that the phosphorites found in AP4
were initially formed on this high. There is however no geological
evidence that the ridge was an Ordovician high. The palaeocurrents

measured in the Stairway Sandstone just north of AP4 flow due north,
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straight across the postulgted high with no deflection whatsoever.
Therefore as the ﬁpper Proterozoic ridge on which the "topographic
influence" hypéthesig of Barrie (19é4) is based has been shown to
have exerted no inflpence on sedimentationy then the entire theory
mist be discarded until more réliable evidence is available.

Wells nggg;gggg;) reports that in the Kernot Rangé
south east of AP4 there is geological evidenée of & topographic high
(probably an'islénd)'in the Stéi?wéy’Sandstone seas. However, no
information on the Sﬁairway Sandstone phorphori{es or airrrent
directions is available from this area to show whether or not this
more definite "high" influenced sedimentation, Had there been any
submarine highs in the Stairway Sandstone seas then it is extremely
likely they would have influenced the aepositién of phosphorites.
Phosphorites on a topographic high would héve been more susceptible
to winnowing (and therefore of a‘higher grade) than those deposited
on the sea floor. However such a process camot be invoked until
sub-mafiﬁe topogrgphic highs in the StairwayWSandstone can be proved.

The isopachous map of the middle Stairway Sandstone (Fig.14A)
shows a marked thinning along a line thraugh the Seyméur'Bange,
the Chandler Range,yand ﬁhe James Range (the shaded area in
Fig.14A), dividing the basin into_two with the western half
possibly rep?esenting more open marine donditions in &hich the
phosphorites appear to be common and the esstern half, in which
conditions were more paralic. Thié line of thinning may merely
be & line along which deposition was minimal but it may also
represent a topographic high which influenced sedimentation.

It would certainly appear to have affected the overall picturé
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of sedimentation in the basin, but whgther it a%so locally affected
the deposition and/er enrichment of phosphorites is uncertain.
The present rather sparse evidence suggests that the phosphorites
were not in fact affected.

Tectonics are thought to have playgd little part in
influencing sedimentation, for ~the Ordcyician was a time of little
or no activity in the Amadeus Basin. There maybe numerous minor
disconformities Wwithin the Stairway Sandstone all of which may
have influenced the deposition of phosphorites, but there are
certainly no'unconﬁérmities or evidence of earth movement of anymajor
kind within the fommation, (except see page 125).

Therefore, at the present time there is no evidence to suggest
that the deposition of the Stairwasy Sandstone phosphorites has been

influenced by topography or tectonics.

(v) The Primary Source of the Phosphate
Any attempt to establish the primary source of the phosphate
in the Stairway Sandstone is fraught with difficulties, the main

one being that the lack of an adequate pumber of P analyses

205
makes it impossible to estimate the quantity of phosphate in the
Stairwa% Sandstone with any degree of accuracy. However,; as it
is necessary to have some idea of the qugntity of phosphate |
involved, an estimation is attempted below:
(&) The basic assumption is made that the total quantity of
P205 in section APl is appraximately eqqal to that present
in any other section of Stairwsy Sandstone in the basin.

The philosophy behind this assumption is. that as winnowing

" has been shown to be an important mechanism then in the
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thinner sections i% is likely that winnowing has been
extremely active so that a thinner section results,
with sbundant pellet concentrations, but the total
quantity of phosphate remains the same,
(v) Density of the phosphatic material - 2,7 x 62 1b/cu.ft.
(c) The quantity of apatite in APl may be calculated from
the average vdlues obtained for the composite units givén

in Table 10 -(appendix):

Unit A

phosphate = 11 x 4,25 x 2.8 = 131 percent/ft
Uhif B

phospﬁate =22 x' 0,42 x 7.1 = sé percent/ft
Unit C -

phosphate = 48 x 0,54 # 7.2 = 186 percent/ft
Unit D ‘

phosphate = 61 x 0,17 x 11.8 = 122 percent/ft
Unit E ‘
'ﬁpﬁoaphate = 43 x 0,23 x 13,8 = 136 percent/ft
Unit F-

phosphate = 8.%x2.75 x 4.5 = 99 percent/ft

Total phosphate = 732 percent/ft of apatite

= 315 percent{ft of P205
In addition if the average values quoted by Rankama and
Sahama (1950) are taken f or the non-pelletal arenitesand lutites
then there is a further quantity of

(250 x 0.08 + 200 x 0.16) percent/ft of P,0,

= 52 percent/ft of P,0,
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Therefore the total quantity of POy in APl = 367 percent/ft

(@) The total weight of PO, present in a 1 sq.ft. colum

right through the Stsirway Sandstone near APl

367 x 2,7 x 62
100

#

600 1b. of PO (per cylinder of 1 sq.ft.

cross-section)

(e) :The Stairway Sandstone crops out over an area of 40,000
square miles but it is estimated that 10,000 square
miles of this is occupied by poorly phosphatic red-beds
and carbonates.

The area of phosphatic sediments:

i

30,000 x (5280)2 square feet

]

84 x lOllsq.feet
(£) Taking assumptions (&) as valid, the total quantity

originally present in the Stairway Sandstone:

6.0 x 10° % 8.4 x 101 tons.

2240

il

It

2.5 X 1Oi1 tons of P O_

5.4 x 10°% tons of apatite

1.7 % 1011 tons of P.

B

i

(vii) Stairway Sandstone times are thought to have lasted for
spproximately 20 million years. Therefore the average quantity

of phosphorus deposited per ammum was:

1.7 x 1011 tons
2 x 107

= §,5 x 103 tons of P, per annum

Buskinskii (1964) suggests that rivers are capable of
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supplying abundant inorganic phgsph@ruso He states that the
amount of dissolved inorganic phosphorus brought down the River
Volga each year is ;,OOO tons . 8,500 tons are estimated to
have been deposited each year during.Stairway Sandstone times,
Therefore it is not outside the s cope of one large river to bring
down a sufficient quantity of phosphorus to form the Stairway
Sendstone phosphorites, However the presence of a large river
appears to be incompatible withvthe slow rate of sedimentation
which occurred in Stairway Sandstone times, unless the river
carried an exceptionally small amount of detrital material in
the bed-load.
11

tons of P205 for the original

deposited represents a congiderable concentration,

The egtimate of 2,3 x 10

quantity of P205
particularly when it is considered that the present oceans are

M tons of P,0, (NMcKelvey 2t al., 1959).

It is interesting to note that NMcKelvey estimates the total quantity
of P,0. in the Phosphoria as 1.7 x 10*2 tons (therefore seven

Stairway Sandstones equals one Phosphorisal), and considers that such

estimated to have 3.2 x 10

vast quantities of phosphate could only have come from the cceans.
Sheldon (1963) has good evidence to show that upwelling oceanic
currents were the source of the phosphorus. The richest
phosphorites are for instance found in the seaward direction,

Such a distribution is unlikely to ocecur if rivers were the source
of the phosphorus., The distribution of the red-beds, carbonates
and phosphatic siltstones and shaleslof the middle part of the
Stairway Sardstone (Fig.16), bears a close similarity to the

distribution of the same three lithologies in the Phosphoria of
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Western Wyoming (Shelﬁgp, 19g3). As in the Phosphoria, the
phosphorites of the Stairway Sandstone occur on the seaward sidé
of the basin. The?efore, by comparison with the much better
known Phosphoris it is likely that the phosphate of the Stairway
Sandstone also o;iginated frﬁm the oceans and probably from
upwelling currents. Comparison of Figglg with Sheldon (1964,
Fig.86) will show that such an analogy between the two f ormations
is valid,
Summa.ry

The phosphor;tes of the Stairway Sandstone are widespread
but are found pgrticularly in the middle part of the formation.
The phosphorites caynot be regarded as being of high grade but
beds do contain up to 22% P205° There are ten modes of
occurrence of phosphatic materiai, many of which superficially
look ag if they are of'det?ital grigin, Achever, textural work
hes showed that the majority of phosphorites have been winnowed in
situ. Whilst some of the phosphate was probably a primary
precipitate; several of the phosphatic forms also have apparently
formed by alteration of glsuconite, carbenates and clays. There
is no evidgnce to prove that the phosphorites have formed on
topographié highs.

Considewable quantities of phosphate are p;esent within the
Stairway Sandstone and by analog& with the Phosphoria Formation it
is thought that upwelling oceanic currents were the major primaxry
source of the phospﬁateo However it can be demonstrated that it
is possible fﬁf’one large river to bring the amount of phosphate

deposited per annum in the Stairway Sandstone times.
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CHAPTER 9

THE PALAFOGEQGRAPHY AND DEFOSITIONAL HISTORY OF THE STATRWAY SANDSTONE

General

In the preceding chapters various’facets of the.pistory of the
Stairway Sandstone have been elucidated. All these are now brought
together to build up an in?egrated picture of the palaeoclimate,
provenance, palaeogeography, and envirormental conditions prevalent
during Stairway Sandstone times.

Palaeoclimate

The small gmount o? palaeomagnetic dafa wh;oh @s available for
the Ordovician of Mustralis suggests Australia was probably within
the Torrid Zone of the northern hemisphere (Bains, 19&3; Irving,

1964, Briden, 1964), A suggested palaeolatitude picture which is

not inconsistent with the palaeomagnetic data is given in Figs.36-38.
This picture suggests that the postulated opening of the Amadeus Basin
to the present day north-west during Stairway Sandstone times would
have been towards the west. A westerly aspect would have been in

the path of cold phosphate=bearing currents welling up on the west
gide of the continent if Qrdovician ocean currents were similar to
present day ones. A palseolatitude in the order of 15°N would probably
place the Amadeus Basin within the trade wind belt, suggesting a
degsert climate.

The middle Stairway mg& contain evaporites, supporting an arid
climate, The feldspar’grains of the middle and upper Stairway are
also fresh and well rounded, again implying a desert climate,
However, the maturity of the lower Stairway orthoguartzites may

mean the climate was humid tropical so that chemical action was
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gevere, Alternat;vely this super-maturity can be achieved by
fairly normal weathering of a predominantly sedimentary provenance.
However, the lack of feldspar in the lower Stairway fairly certainly
suggests that the weathering in the source area was more severe
than during middle and upper Stairway times.

Provenance .

The petrology of the Stairway Sandstone is perhaps best
explained by a desert hinterland from which little or no material
is derived but through this area flow a few rivers; Iringing dom
detritus from the more tropical arems to the Ordovician south.

Within this source ares fairly severe weathering makes it
difficult to be sure whether the provenance was plutonic or
sedimentary.

In the lower Stairway there is little obvious evidence of
reworked sediments however,; as mentioned in Chapter 2 the &bundqﬁée
of common quartz in fact suggests that most of the quartz graing
have been recycled. ip many areas at the top of the lower Stairway
there is a prominent pebble band; the pebbles are mainly of metam
gquartzite and silicified sandstone. These pebbles may represent a
local sedimentary source (a pebbly silicified sandstone - such as
uplifted Winnall Beds of the upper Proterogoic). Therefore the
major source ares in }ower Stairway times was prdbahly-sedimentary
mainly quartz arenites) gnd probably lay some distance to the south,
although right at the top of the unit the source area was in part at
least, of nearby sedimentary rocks.

In middle Stairway times, the abundance of common gquarbz again

suggests a predominantly sedimentary provenance. Some of the fresh
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well rounded feldspar grgins are probably derived from the
nearby desert areas. The heavy minerals strongly suggest the
provenance is plutonic (grgnitic) in part, for in one specimen
(See Fig.?) euhedral grains of zircon occur in conjunction with
extremely welle-rounded grains., This suggests thaﬁ thg well
rounded zircon is second cycle material obtained by reworking of
sediments (mainly quartz arenites) whilst the euhedrsl zircon is
first cycle material der@yed from"a plutonic (?grenitic) source.

The pfesence pf red=beds in the middle Stairway of the Mount
Charlofte embayment is thought to indicate lateritic weathering
in the source area of some Qf the sediments,

In upper Stairway times abundant common quartz agsin suggests
a predominantly quartz arenite source area. The presence of chert
suggests that the provenance may have been calcareous in part.
The absence of enhedral grains of heavy minerals support a wholly
sedimentary source,

Palaeogeography (Seg Figs .36=38;~ adapted from J.G.Tomlinson,gers.comm.)

As mentiongd earlier, it is postulated that the presenieday
Amadeus Basin was for much of Stairway Sandstone times the major
part of an embayment sitgated at a palaeclatitude of about 159,
The dominant palaeccurrent direction was from the present-day
southe=east, therefore it is probable that a land mass lay to the
south-east and south for much of Stairway Sandstone times.

At the close of Horn Valley Siltstone times sedimentation was-
restricted to a fairly deep, small basin or embayment. Lower
Stairway times opened with the development of & subsidiary

embayment in the southeeast either due to the breaching of soume
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barrier or more likely, due tp 8 1ocgl downwarping in the
south-eagt. It would seem that during lower Stairway times
the southern margins of the basin were formed by fairly high
¢liffs of Cambrian ggd Upper Proterozoic sediments (there is
evidence of c¢liffs up to 100 feet high in the Mount Sunday range
are&), but that once inlahd, the country was probably flat desert
with little relief andno local drainage: Further south and
south east was a 1arge_mass of sedimentary rocks (and minor
plutonic rocks), possi?ly"with fairly high relief., This area
may have corresppnded to the areas of Upper Proterozoic sediments

in the northemn parts of South Australiacor in the Flinders Ranges

-area of South Australia. These areas lay within = zone of higher

rainfgll. A r%ver or rivers flowed from this area, finally
entering the ses somewhere in the vicinity of the present day
Amadeus Basin. .To the present day east and south east lay a
ridge or peninsular (possibly a fairly broad one with moderate
relief) which severely resjricted the connection between the
Amadeus Basin and the Tasman Geosyncline, To the north-west

a broad open shelfl connected the basin with open ocean which was
situated in the position of the present-~day Indian Ocean - Timor
Sea..

The same palaeggeographic picture persisted throughout middle
Stairway Sandstone times except that sediment from the rivers
postulated for lower Stairway times probably no longer reached the
Amadeus Basin due to the formation of a barrier or alternatively
the rivers now carried very much less detritus in response to a

lessening of the rainfall = perhaps due to an expansion of the
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desert belt. The hiptgrlgnd wa.s prqbably a wide peneplained
desert area. The east_ridge was probably now more prominent and
the Amadeus Basinai??ﬁ:ompletely cut off from the seas to the
éﬁst.

With the incoming of the Upper Stairway,; the palaeogeographic
picture changed fairly radically an@ seas transgre§sed over the
peneplained land area. The deepest areas of the basin still lay
to the north but the south-east embayment had ceased to exist and
the seas were very much»more extensive, The term "basin' was
probably not applicable; instead there wés a very broad shelf
Connections to the open-sea lay to the north-west but also the
eastern ridge was breached and the upper Stairway "Amadeus Basin"
was connected (possib}y across a broad shelf) to the Tasman
Geosyncline, Sediment from the rivers again reached the Amadeus
Basin area from the tropical areas to the south. ) Nothing is known
about the nature of the upper Stairway margin of sedimentation
except that it was far outside the limits of the present-day Amadeus

Basine.

Degpsitiopal Hiétbiy

At the end of Horn Valley Siltstone sedimentation a fairly
major change in sedimentation took plece which resulted in a large
body of coarse regressive sands being deposited over the deeper
water sedimen#s of the Horn Valley Siltstone. The area of deposition
of this regressive body of sediments was much the same as that of
the Horn Valley Siltstone except for the formation of the Mount
Charlotte embayment. This embayment did not however affect

sedimentation and conditions throughout the lower Stairway times



ris

i

. §®

Lo TS

were extremely uniform, The regressive sand body probably

formgd by the gradual sea-ward migration of the high energy

zone of an epeiric sea (see Chapter 7, Fig.29). The reason

for the regres§ion is somewhat obscure, It may either be due

to a relative fall in the level of the sea or toan increase in

the quantity of sediments peing trgnsported into the area.

At the top of thewlower ?tairway is“a pebble band, This pebble
bend though only ﬁhin, occurs over thousands of square miles and
probably represents a relatively important event, as it corresponds
to the close of the»fairly”rapid sedimentation of the lower Stairway.
It may be a refle?tiop of some fairly minor earth movements in

the area, which did little to alter the shépe of the basin, btut

was sufficient to influence the topography and pogsibly divert

the previous source of sediments away from the Amadeus Basin so
that sedimentation qontinued at a very much slower rate.

The middle Stairway sediments are the product of this slower
rate of sedimeptation, and the depositional environment, Once
the main body of sand had regressed during lower Stairway times, a
predominantly tranéuil environment was established with the whole
basin probablyAcovered by the 10w energy zone of the epeiric sea
(see Chapter 7, Fig.29)., It is apparent that there was s well
established connection with the open sea to the north-west so
that phosphate=-bearing currents were able to enter the basin and
form the middle Steirway phosphorites. However to the south-east
conditions became more saline = particularly at the south-eastern
end of the Moﬁﬁt Charlotte embayment. Throughout this time

sedimentation was extremely slow, so that the chemical sediments
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were not "dilgted“ by terrigenocus material., During middle
Stairway times it is poséible that some form of barrier was
set up in the Chandler Range - Seymour Range area which further
restricted circﬁlation‘to the easst and south-cast. The ?bharrier
may however merely be the limit of ma;or terrigenous sedimentation.
The red=-beds of the Mount Charlotte embayment are thought to be
both a reflection on the axidizing environment of deposition and
also of lateritic weathering in the source area.

The advent of{upper Stairway sedimentation represents a major
transgression together with a major faunal change. The $ransgression
was either in response to a downwarp of the 1an§ or a mejor yise in
sea level. It is thought that the second possibility is the more
likely as right up to the close of middle Stairway sedimentation
there is evidence of fairly major relief along the coast (eogo
in the Mount Sgnday Renge area there is evidence of Ordovician
cliffs in the order of 100 feet high). This transgression
produced reworking of the ;ocal gedimentary Upper Proterozoic and
Cambrian rocks. 'It also profoundly influenced the palseo-
geography and resulted in terrigenous epeiric sea sedimentation
(see Chapter 7, Fig.29), which ultinately prodgced a very.broad
shallow sea and ushered in the overlying Stokes Formation
sedimentation.

Summary

During Stairway Sandstone: times the Amadeus Basin was situasted
at a palaeolatitpde in the order of about 15°N. The major features
of the three main periods of sedimentation can be summarized as

follows:
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(1) Lower Steirway times

¥

Palaeoclimate: either hot humid tropical or hot dry
desert
Provenance: mainly a distant quartz arenite source asrea
located to the south, in the zone of tropical
weather;nge
Palaeogeography: connection to the open ocean to the
| north-west, with an embayment to the south-east.
Probably a small land barrier or peninsule to the
east but the major area of land is to the south-east
and gouthe.
Depositional History: mainly a regressive sequence in
regponse to relaﬁive lowering of the sea-level or

an increase in the inflow of terrigenous sediments

i

(the second possibility is favoured). The sand
body is probably due to the seaward migration of the
high energy -one of an epeiric sea.
(2). Middle Stairway times

Palaeoclimate: hot dry desert locally, with mofe humid
climate in the source area.

Provenance: small amount of sediments derived locally, .
but some also derived from a distant source undergoing

- ‘ lateritic weathering, Provenance mainly sedimentary

(quartz arenite), but with some igneous plutonic rocks

£ 34

in”the source area.
Palaeogeography: as in the lower Stairway but possibly

even less relief now in the hinterland apart from
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the development of a ridge or range which p?evented |
the major river (or rivers} reaching the Amadeus Basin.
The barrier between 1 he Amadeus Basin and the open sea
to ﬁhe east is now well developed so that there was iittle
_or ' no commection between the two seas.

Depositional History: =a shallow sequence with only very
minor terrigenous sedimentation but important chemical
sedimentation. The Mount Charlotte embayment exeris
a fairly strong influence on the type of sedimentation.
The overall environment corresponds to the low energy
zone of an epeiric sea.

(3) Upper Stairway Times

Palaeoclimate: pzobgbly hot dry desert locally witha
more‘humid climate in the source aree.

Proveéance: predominantly sedimentary (both carbonates and
quartz arenites)

Palaeogeography® a very much more extensive sea than in
lower and middle Stai;way times, with limits well
outside those of the present day Amadeus Basin. The
eastern barrier was breached so that there were coﬁnectiogs
to the open sea to both the north-west and the east,

- Depositional History: fairly major terrigenous sedimentation
with a predominantly transgressive sequence, The sand
bodies represent landward migration of the high energy

zone of the epeiric sea.
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CHAPTER 10

ECONOMIC IMPLICATIONS OF THE SEDIMENTOLOGY OF THE
STATRWAY SANDSTONE

General

There are direct ecpnomic implications of this‘sedimentological
gtudy of the Stairway Sandstone which should bg considered. The
most fundsmental application of the study is to the stratigraphy of
the Stairway Sandstone but ;mnclusions possibly of some importance
can 8lso be regched regarding the accumilation of hydrocarbons and
the phosphate potential of, the area.

Stratigraphy

As more wells are drilled for oil and gas, it will become
increasingly important to subdivide the Stairway Sandstone and to
know exactly the position of & horizon within the formation, The
present work has shown that the informalnsupudivégion of_the
Steirway Sendstone into lower, middle an@ upper i§ valid: the three
units can be recognized over a considerable srea: of basin and could
be accorded formation status. Generalized indications of this
three~fold division are:- )

(i) Coarse grained sands are generally resiricted to the
A lower Stairway.
(1i) Rounding is very much better in the lower Stairway than in
the middle or upper.
(iii) A predominance of lutites with phosphorites or carbonates
- or "red-beds" is characteristic of the middie Stairway.

(iv) The fossils of the lower and middle Stairway are of early

Larapintan age whilst those of the upper Stairway are of
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late Larapin@an‘age.

In oréer to establigh even finer siratigraphic control
within the Stairway Sandstone, marker horizons must be
recognized., Fossil marker horizons would be the most satisfactory
type but present palaeontological data suggests that fossils will
be unable (for some considerable time at least) to provide marker
horizons., Therefore it is going to be necessary to use physical
stratigraph;c criteria.

The petrology pfmthe arenites could be of major imporitance
in this regard. It is suggested the following are likely tole
of value:

(a) Composite quartz and wmetagquartzite are most abundant ina
thin band at the top of the lower Stairway (Spgc APl/Séﬁ/é,
Table }, appendix). This band is also chafacterized by
pebbles.,

(b) Chert grains are most abundant in the in‘tez';fal 130160
feet in APl wiﬁh e particularly rich band at 135%' (Spec
AP1/118/36 - Table 1, appendix ).

(¢) The sub-arkose class of arenite is probably of restricted
range within the upper Stairway (the - interval 130! = 150!
in AP1), ‘ ‘

(d) A glauconite-rich band (Speq,gm/?w/s - Table 1, appendix)
is thought to'occur only near the middle of the lower Stairway.

(e) Coarse ooliths of pyrite within a coarse grained sandstone
are restricted to a single horizon near the base of the
lower Stairway.

(f) Phosyhorites may be of value ag marker horizons. As can
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be seen from Fig.25, there are four main concentrations of
phosphatic material in APl - 480! —_4é§'; 360! - 3401
220 - 250'; 100! « 80'., It is not known whether these
same concentrations also occur.in other Stairway Sandstone
sections, but it is suggested that some of them would,
These horizons msy be of especial value in subsurface work
if gemma-ray logs are run, as there are likely to be major
peaks at the maximim phosphate concentrations.
Heavy minerals have been extensively used in many other
formations for correlation purposes. The present study
has shown thait normal heavy mineral counts (particularly
tourmaline:zircon ratios) are of limited value for cofrelation
purposes within the Stairwsy Sandstone, although it may be
possible to decide whether for instance the lower Stairway
is missing by looking at the shape of the curve as a whole,
Also it is suggested that by considering only the tourmaline
types or only the zircon types, detailed corrglations would
be possible. This would require a careful study of colour,
shepe and inclusiors , as advocated by Krynine (1948). The
tourmaline group would perhaps be the best to use as it has
a great number of formg in the Stairgay Sandstone. Howevers
zircon may also be of wvalue; there is for instance one
horizon in the middle of the formation (see Fig.7) which
has & charscteristic combination of extremely well rounded
zircon grains with well developed euhedral zirzon grains

= this may well be a useful marker horizon.
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Hydrocarbon Prospects in the Stairway Sandstone

The Stairwey Sendstone has already produced significant
quantities of natural gas in the Mereenie wells (Exoil eto.ala)
and in the Palm Valley No.l well (Mage}lan.gjogio)o In addition,
nine feet of oilvgaturated sands were penetrated in the lower
Stairway of APl and fluoregcence was fairly common throaghout
the lower Stairway. One of the mgjor obstacles to oil and
gas accumulations is the very low permeabi}ities in the
sandstones due to silicification. Unfortunately, this study
is unable to contribute very much to this question although the
author favours a pressure solution due to overburden or
tectonism for the origin for the silica cement. If this is so
then the Stairway Sandstone is likely to have low permeabilities
throughoﬁt the basin although they may increase to the south .
where the effects of the Alice Springs_Orogeny were less ma?ked
and the overburden of Pertnjara Formation and Mereenie Sandstone
very much less. Hydrocarbon acéumulations might be found in
areas adjacent to faults, or other structurally disturbed areas
although the work of Heald (1956) would not support this,
Discussion of this type of trap is outside the scope of this study.

If, as has been suggested earlier, the isoset and iso-angle
maps delineate high and low energy a;gaé (see Figole) then an
attempt should be made to define the high energy zones more
accurstely for in such gones, winnowing is likely to produce
the highest intergranular porogities and the best poﬁential
reservoir rocks, Also if high phosphorite concentrations

are fourd these are also probably the zones of maximum winnowing
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and greatest intergranularfporosiyies.

Overall, the Stairway Sandstone offers good petroleum
prospects (providing the permeability is sufficient) for’the
underlying Horn Valley Siltstone would appear to be an excellent
source rock whilst phosphatic shales (of the middle Stairway)
ran as an exceptionally good source rock (Qheyney and Sheldon,
1959)., Both the lower and upper Stairway contain known reservoir
rocks and both have an“excellent capping - the lower Stairway has
the impermeable lutites of the middle Stairway capping it and
the upper Stairway has the impermeable lutites of the Stokes
Formation as a cap rock.

In considering the possibility of stratigraphic traps the
most outstanding example brought out by this study is the pinche
out of the lower Stairway in the vicinity of the Seymour Range.

In this same ares in the middle Stairway, there is also inters

fingering of carbonate lenses with the "red-bed" facies of the

Mount Charlotte embayment so that any eastward migration of oil
from’the phosphatic shales stands an excellent chance of being

trapped within the carbonate facies.

A belt of stratigraphic thinning is postulatedAto run from
the Seymour Range to the Chandler Rﬁnge and then through the James
Range areg (Fig.léA). The belt is a zone where stratigresphic
pinch-outs are extremely likely. Therefore the west side of this
zone is an area where hydrocarbons migrating from ﬁhe phosphatic
shales of the middle Stairway are likely to have accumlated,

The emst side of this zone is unlikely to have very much potential

as it is on the "red-bed" gide, Similarly, the whole of the
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Mount Charlotte embayment should be considered as a low priority
ares in the oil search.

The lithofacies map highlights the‘area of minimum ssnd:
shale ;atio. Such an area would have the largest amount of
potential source rock and the smellest amount of potential
regservoir rock, so that the maximunm hydrocarbon concentrations
should accumulate here., In addition, on its eastern side, the
sand :shale ratio minimum abuts agesinst the postulated zone of
thinning so that here should be the best possible area for oil
and gas accumuilation in stratigraphic traps.

Phosphate Deposits

1

It is estimated that there are about 2.7 x 1Q1 tons of

apatite (equivalent to 1.2 x 10* tons of PZOS) in the preserved
Stairway San@stone, i.,e. gbout 8 million toﬁs of PZOB to the square
mile. The phosphatic sediments underlie an area of about 15,000
square miles tut most of this is covergd by considerable thicknesses
of sediments., There is probably about 500 square miles of phosphatic
sediment croppiné out (Fig.2) and approximately the same area with
an overburden of less than 100 feet, Therefore only 1,000 sguare
miles (maximum) may be regarded as being underlain by Stairway
Sandstone at potentially workable depths. This means that there
are somewhere in the order of 8 billion {8 x 10°) tons of PO,
either outcropping or»cloge to the surface,

Such & large figure should not however givé rigse to undue
optimism for in fact much of this P205 iz widely disseminated

throughout the Stairway Sandstone and is of no economic poténtial

whatsoever. The only hope of finding economic phos phate deposits
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lies in being able to locate concentrationé. Recent work by
. the Geophysical Branch‘of the Buresmu of Mineral Resources has
shown that there is a good correlation he%ween areas of known
phosphorite occurrences (such as Johnny Creek) and radiometric
anomalies, so that any radiometric anomalies within the bagin
should be clearly examined. However, mdiometric surveys are
of limited application only, because they have only a shallow
depth of penetration and even a few feet of sand cover can be
sufficient ﬁo mask quite large bederock radiometric anomalies.
Therefore the only reliable method at present available for
finding sub-surface phosphorites is by drilling,

It has already been shown that winnowing has apparently
been of major importance in the enrichment of phosphorites,
therefore eny drilling activities should be concentrated in
areas where winnowing is most likely to have occurred. As
mentioned earlier, such a thinning apparently takes place
along a line thzough the Seymour, Chandler and James Rgnges
(Figjléﬁ). However, the present evidence suggests that this
zone served only to limit the emstern extension of the phosphate~
bearing seas and was not & zone of phosphate concentration. If
it cen be proved (by for instance geophysical work) that there
were sub-marine topographic highs in Stairway Sandstone times,
then such areas would warrant close examination for winnowing
would produce phosphatic enrighment on the tops of such highs.
Thinning of the Stairway Sendstone occurs towards the southern
margin of the basin but here the question of whether the area

has phosphatic potential is hampered by lack of good
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pa,laeontologigal control. The only division of the Stairway Sandstone
at present possible‘is into Early and Late Larapintan (J.G.Tomlinson,
pers.comm.) Even this one boundary is imperfectly known in the
south and poor outgrops limit rock unit mapping. The present
sparse palaedntolqgical data suggests that only the lete Larapintan
(equivalent to the Upper Stairway Sandstone rock unit) is present
in the southern parts of the basin which would mean that this
area has little phosphate potential., However, if this sguthern
sequence represent§ awcondensed sequence of Farly and Late
Larapintan or if the lower, middle and upper Stairway rock units
are diachronous, then the southe;n margin could be of considerable
economic importance.ﬂ The results of drilling at AP4 sgggest that
the second picture may be correct, for Barrie (1964) reports that
the phosphatic enrichment in AP4 was better than in any of the
other three diemond drill holes., The high energy zones postulated
from the isoset and iso-angle maps may also éive an indication of
where winnowing is likely to have occurred.

In addition to phosphorites which may have been enriched by
winnowing, the possibi}ity of finding rich primary phosphorites
which have not beén "diluted” by tewrigencus material must be
considered. Fig.lé shows that the eastern half of the basin has
poor phosphate prospects as the sediments are of the red-bed or
carbonate facies, The palaeocurrent directions flow from south-
east to northewest across the basin, therefore the area of least
terrigenous sedimentation would be to*the north-west, The best
phosphatic areas to the north-west may have been situated in the

region which suffered strong deformation during the Alice Springs .
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orogeny and subseq?ent erosion so that tyere is now no trace
of the high grade phosphorites, Altematively, theoptimum
area may have been situated even further to tbe north-west, in
the Canning or Fitzrqy Basins, A closer look at—the Stairway
Sandstone equivalents of the Ordovician of these basins could
well bring gogd grade phosphorites to light,. 'The Upper Cambrian
and Lower Ordovician of these basins should not be neglected in
the search as the phosphate-bearing seas may have been strongly
diachronous = this is supported by the occurrence of pelletal
phosphorites identical in form to tbose of the Stairway Sandstone
in the Lower Qrdovician of an area, sgveral hundred miles north of
the Amadeus Basin (R.A.H.Nichols, pgzg.ggggc)

The scope of this study did not touch on the question of
secondary enrichment of phosphorites apart from noting the
presence of secondary phosphatic mine;als in some of the thin-
sections. Also in the Johnny Creek area the author has observed
quaternary gravels composed almost entirely of phosphatic pellets
and nodules, Therefore s econdary concentrations may constitute
important potential sources of phosphate but little is known
about them at the present time,

Summary

This sedimentological study is of stratigraphic importance in
showing the validity of the three-fold division of the Stairway
Sandstone and in suggesting that seven different mineralogical
criteria may have considerable potentiasl as marker horizons.
These include quartz types, a sub-arkose horizon, a glauconite
band, a band of pyrite ooliths, phosphorite concentrations (and

also gamma-logs) and tourmeline and zircon types (though not the
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conventional heavy mineral count).

In spite of the problem of fairly low permeabilities, the
Stairway Sandstone is believed to be an excellent hydrocarbon
prospect with source rocks, reservoir rocks and caprocks, all in
Juxtas~-position. In addition, it is possible to single out the
Seymour Range aréa, the west side of the Seymour Range - Chandlex
Renge - Jemes Range zone of thinning and the east side of the
sand:shale ratio minimum &s areas warrvanting particular attention.
High energy zones as delineated by the isoset andnisoaangle maps
and areas of phosphate concentration are likely to be regions of
winnowing where intergranular porosity is likely to be a maximum.

1t is estimated that there are 8 x 109 tons of P205 within
potentially workable distances from the surface - however much of
this is probably widely disseminated throughout the formation and
therefore of little economic potential. It is postulated that
within the Amadeus Basin the greatest phosphate concentrgtions
are likely to occur in arems of maximum winnowing, which in many
cases will correspond.to greas of ﬁhinning »upossibly the Seymour-
Chandler line or the southern maergin of the basin or the high
energy areas postulated from the isoset maps. In addition, rich
primary phosphorites may lie to the north-west away from the
Sediment-bearing cur;ents - this area may be outside the present-

day limits of the Amadeus Basin,
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Vertically dipping lower Stairway, Glen Helen Gorge

"Ropey texture" (Cruziana) in Stairway Sandstone of the
George Gill Range area

Ripple marks and worm tube markings in the‘lower Stairway.
Indeterminate bedding plane markings in the lower Stairway.

Horizon of weathered out Diplacréterion in the middle
Stairway, Mount Charlotte area.

Poorly sorted, well rounded orthoquartzite with a coarse,
well rounded grain of metaquartzite in the centre of
the field of view (crossed nicols).

Extremely good example of a bimodal orthoquartzite (coarse
grains show strain lamellae due to structural deformation).

Typical "red-bed" lithology with poorly rounded quartz
graing, and limonitic clayey cement. Transmitted light.

As in Fig.46, but reflected light. Shows the clayey
cement preventing contact between grains.

Typical clayey silstone of the wmiddle Stairway.

Sideritic claystone - clayey matrix light and siderite
dark crystalline form.

Partly recrystallized dolomite showing well developed
rhombic form.

Typical heavy mineral assemblage showing tourmaline (well
rounded low relief) and zircon (well rounded, high
relief), some pyrite (dark, angular), and quartz (light,
angular5,

Typical super-matiure tourmaline = extremely well rounded.

Typical super-mature zircon - extremely well rounded.

Typical phosphatic nodules collected from a guaternary
gravel, in the Johnny Creek area,

Well rounded structureless phosphatic pellet surrounded
by poorly rounded quartz grains.
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56
57
58
59
60
61
62

63
64

65
66

67

68

69
70
71
72

73

74

Structureless phosphatic pellet with a prominent dark rim.
Calcareous cement.

Structureless phosphatic pellets (dark), similar in form to
glavconite grains. Grain size approximately equal %o
that of the surrounding quartz (light).

A structureless pellet with a small core of sandy phosphate,

Concentric pelletal phosphate. Internal banding concentric
to the irregular outline of the pellet.

Compound pelletal phosphate. Pellet made of small
structureless pellets.

Structured pelletal phosphate with a well developed internal
convoluted fomm.

Encaging phosphatic pellets around guartz grains and pyrite
ooliths.,

Encasing phosphatic pellet around a pyrite oolith.
Sandy phosphatic pellet.

Sendy phosphatic pellet with relict banding shown by the
included quartz grains.

Cementing phosphate around quartz grains. The phosphatic
cement (dark) grades into a clayey cement (light).

Laminate phosphate in quartz sandstone.

Laminate phosphate showing the tripartite division of the
leminae and the corrosion (or erosion) of the cuter layers.

Laminate phosphate showing the fine rod-like structure in the
outer layer. The "rods" have their long axes at right
angles to the long axes of the laminae.

Phogphatized fossil ~ probably a fragment of an originally
calcareous brachiopod or a lamellibranch.

Secondary c orkite {fairly light outer rim) with middle zone
of crypto-crystalline apatite (dark% ard a core of 7apatite
(light). Some quartz grains (white).

Secondary corkite (dark oolitic form) with 7apatite cement
(light, high relief). Some quartz grains (white).

Sec¢ondary %dashllite with an extremely well developed
spherulitic habit.

Quartz (light grey, low relief) with secondary intergranular
?dahllite (white, high relief, sphemlitic form).
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75

76

77

78

79

81

82

83

85

This figare illustrates the considerable difference in
grain size between quartz in a phosphatic pellet (upper)
and quartz (with a calcite cement) in the same thin section,
but outside the phosphatic pellets (lower).

Sandy phosphatic pellet with an included glauconite grain
(dark) showing a very indistinct margin.

Phosphatic pellet (dark grey) with an included glauconite
grain (black) showing a very sharp margin.

Coarse grains of quartz with intergranular dolomite cement.
A "wigp" of phosphatic cement with indistinct boundaries
possibly indicates some replacement of dolomite.

Extremely sharp boundary between dolomite and the phosphate
of a sandy phosphatic pellet. TNo evidence of replacement.

This figure illustrates the difference beitween the grain size
of detrital quarta in grey pellets (upper) and detrital
quartz in brown pellets (lower).

Hand s pecimen of nodular phosphorite from the middle Stairway,
Johnny Creek

Hyalostelia Australis (“"sponge roots") within a slightly

phosphatic sarndstoné of the lower Stairway. Well developed
current lineation is wvisible.

Digturbed laminae in sandy claystone of the middle Stairway.

Disturbance possibly due to both "chewing" by infauns and
"losd-casting". A cosrse sand overlies the claystone.

Strongly disturbed laminae in sardy siltstone of the middle
Stairway (due mainly to "chewing" by infauna).

Strongly disturbed sanly claystone of the widdle Stairway
(due mainly to "chewing" by infauna’). )
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Fig.40 "Ropey texture" (Cruziana) in Stairway Sandstone
of the George Gill Range area.



Fig.41 Ripple marks and worm tube markings in the
lower Stairway

Fig.42 Indeterminate bedding plane markings in the lower
Stairway.
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Fig.43 Horizon of weathered out Diplocrasterion in the
middle Stairway, Mount Charlotte area

Fig.44 Spec.LA 133 linear msg x 80

Poorly sorted, well rounded orthoquartzite with a coarse,
well rounded grain of metaquartzite in the centre of the
field of view (crossed nicols).
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Fig.45 Spec.H1 linear mag x 80

Extremely good example of a bimodsl orthoquartzite (coarse
grains show strain lamellae due to structural deformation).

Fig.46 Spec,Rd 148 linear mag x 80

Tyvical "red-bed" lithology with poorly rounded quartz
grains, and ?limonitic clayey cement. Transmitted light.
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Spec.Rd 148 linesr mag x 80

hs in Fig.46, but reflected 1ight. Shows the clayey
cement preventing contact between grains.

Fig.48 Spec.AP1/214/0 linear mag x 150

Typicel clayey siltstone of the middle Stairway.



Fig.49 Spec.AP1/110/0 linear mag x 80

Sideritic claystone - clayey matrix light, siderite
dark crystalline form.

Fig,.50 Spec,LA 188 linear mag x 80

Partly recrystallized dolomite showing well developed
Thombic form.



ig.51 Spec.AP1/628/6 linear mag x 80
Typical heavy mineral sssemblage showing tourmaline (well

rounded low relief) and zircon (well rounded, high relief),
also some pyrite (dark, sngular). =snd quartz (light,angular).

Fig.52 Spec.AP1/628/6 linear mag x 400

Typical super-mature tourmsline - extremely well rounded.



Fig.53 Spec.AP1/623/6 linear mag x 400

Typical super-mature zircon - extremely well rounded.

Fig.54 Typical phosphatic nodules collected froma
quaternary gravel, in the Johnny Creek area.
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Fig.55 Spec.AP1/244/0 linear mag x 150

Well rounded structureless phosphatic pellet surrounded by
poorly rounded quartz grains.

Fig.56 Spec.AP1/97/1 linear mag x 150

Structureless phosphatic pellet with a prominent dark
rim - calcareous cement



Fig.57 Spec.AP3/44/0 linear mag x 80

Structureless phosphatic pellets (dark), similar in form
to glauconite grains, Grain size approxinately equal
to that of the surrounding quartz (light).

Fig.58 Spec.AP1/244/0 linear mag x 150

A structureless pellet with & small sandy core.



Fig.59 Spec.AP1/73/2 linear mag x 80

Concentric pelletal phosphate, Internal banding
concentric to the irregular outline of the pellet.

Fig.60 Spec.AP1/97/3 linear mag x 80

Compound pelletal phosphate = composed of small
structureless pellets.



Fig.61 Spec.LA 139 linear mag x 150

Structured pelletal phosphate with a well developed intern
convoluted form.

Fig.62 Spec.AP1/398/0 linear mag x 80

Encasing phosphatic pellets around quartz grains and
pyrite ooliths.



Fig.63 Spec.AP1/398/0 linear mag x 700
Encasing phosphatic pellet around 2 pyrite oolith.

Fig.64 Spec.AP1/51/2 linear mag x 80

Sandy phosphatic pellet.



Fig.65 Spec.AP1497/1 linear mag x 80

Sendy phosphetic pellet with relict baniing shown by
the included quartz grains.

Fig.66 Spec.AP1/244/0 linear mag x 400

Cementing phosphate around quartz grains. The phosphatic
cement (dark) grades into a clayey cement (light).



Fig.67 Spec. AP1/149/0 linear mag x 80

Laminate phosphate in quartz sandstone.

Fig.68 Spec.AP1/149/0 linear mag x 150

laminate phosphe te showing the tripartite division of

the laminae and the corrosion (or erosion) of the outer
layers,
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Fig.69 Spec.AP1/149/0 linear mag x 700

Laminate phosphate showing the fine rod-like structure in
the outer layer. The "rods" have their long axes at
right angles to the long axis of the laminae,
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Fig.70 Spec.AP1/746/10 linear mag x 150

Phosphatized fossil - probably a fragment of an originally
calcareous brachiopod or a lamellibranch.
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Fig.71 Spec.HY 762 linear mag x 150

Secondary corkite (fairly light outer rim) with middle
zone of crypto-crystalline apatite (derk) and a core of
?apatite (light). Some quartz grains (white).

Fig.72 Spec,HY 762

linear mag x 150

Secordary corkite (desrk oolitic form) with Zapatite
cement (light, high relief). Some cuartz grains (white).



Fig.73 Spec.Rd 111 linear mag x 400

Secondary 7dshllite with an extremely well developed
spherulitic habit.

Fig.74 Spec.Rd 111 linear mag x 150

Quartz (light grey, low relief) with secandary intergramlar
? dahllite (white, high relief, spherulitic form).
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Fig.75 Spec.AP1/97/1 linear mag x 80

This figure illustrates the considerable difference in
grain size between quartz in a phosphatic pellet (upper)

and quartz (with a calcite cement) in the same thin section,
but outside the phosphatic pellets (lower).



Fig.76 Spec.AP1/51/2 linear mag x 150

Sandy phosphatic pellet with an included glauconite grain
(dark) showing a very indistinct margin.

Fig.77 Spec.AP1/51/2 linear mag x 60

Phosphatic pellet (dark grey) with sn included glauconi te
grain (black showing a very sharp margin.



Fig.78 Spec.AF1/648/6 linear mag x 80

Coarse grains of quartz with intergranular dolomite cement.
A "wisp" of phosphatic eement with indistinct boundaries
possibly indicates some replacement of dolomite.

Fig.79 Spec.LA 139 (4) linear mag x 80

Extremely sharp boundary between dolomite and the phosphate
of a sandy phosphatic pellet, No evidence of replacement.
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Fig.80 Spec.LA 534 linear mag x 80

This figure illustrates the difference between the grain
size of detrital quartz in grey pellets (upper) and detrital
quartz in brown pellets (lowerg.



Fig., 81 Hand specimen of nodular pnospherite from the
middle Stairway, Johnny Creek

Fig.82 Spee.LA 535/(10)

Hyslostelia sustralis ("sponge rootsW) within a slightly

phosphatic sanmistone of the lower Stairway. Well developed
current lineation is visible.
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Fig.83 Disturbed laminae in sandy claystone of the

middle Stairway. Disturbsnce possibly due
to both "chewing" by infauna and "load~casting".
A coarse sand overlies the claystone.

a % 4 _
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Fig.84 Strongly disturbed laminae in samly siltstone of

the middle Stairway (due mainly to "chewing" by
infauna.
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Fig.85

Strongly disturbed sandy claystone of tEe
middle Stairway (due mainly to "chewing" by
infauna).
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THIN .SECTION STUDIES

(see Chapter 2)

A total of 188 thin sections were examined during the course

of the investigation.

Approximately half of the thin sections were

of surface samples amd half of subsurface {core) samples. The

geographical distribution of the sample localities is as follows

(see Figel for location of 1:250,000 sheet areas snd subsurface

localities).

- sub=gsurface

surface

No.

of thin section
71
13

16

37
17

15

1

1

Locality
Johnny Creek (AP1)
Mount Lewvi (APQ)
Mount Holder (AP3)
Inindia Bor; (apP4)

Gosses Bluff No.l (H)

Rodinga sheet area (Rd)
Henbury sheet area (HY)
Lake Amadeug sheet area |
(La) ‘
Bloods Bange sheet ares
(BR)
Kulgera sheet area ()
Ayers Rock sheet area (AR)
Mount Liebig sheet area (ML)

Hermannsberg sheet area (H)

The samples from APl, Gosses Bluff No.l, and the Rodinga,\Henbury,

Lake Amadeus and Hermannsberg sheet areas were mainly collected by the

author. Those from AP2, AP3 and AP4 were collected by Dr.K.A.W.Crook,

and those from the remaining sheet areas were collected by A.T.Wells,
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D.J.Forman, L.C.Ranford and A.J.Stewart.
Method:

Both textural and mineralogical observations were made on the
thin sections: modal end maximum grain sizes (in phi units) were
noted, together with roundness, and sorting. Igtimates were made
of the percentages of quartz (plutonic, undulose, composite and
chert), feldspar, heavy minerals (tourmaline, zircon end opaques),
clay, carbonate, phosphatg, pyrite and glauvconite; siliceous
cements arnd quartz overgrowths were ignored. The petrography of
all the specimens is summarized in Table 1, (appendix II1),

Explanation of Table 1.

The purpose of Table 1 is to summarize the maximum possible
amount of useful petrographic information without having to resort
to detailed petrographic description. The tabulation scheme is as
follows:

(a) Specimen Number

The letter prefix of a specimen number denotes the 1:250,000

gheet area or the sub-surface 10catibn from where the specimen

was originally collected (see previous page). In the case of
subsurface samples, the second set of numbers relates to the

rumber of the sedimentation unit within the core (see Chapter 7)

and the third set of numbers is the distance (in inches) from

the top of the sedimentation unit, to the point where specimen
was collected. The numbers given with surface samples are the
field number by means of which the specimen can be located
accurately by referring to the geological maps of the

appropriate 1:250,000 sheet area, published by the Bureau of
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Mineral Resources, Geology and Geophysics.

()

(c)

(a)

Grain Size

This is expressed in phi units., Figures outside the brackets
are modal grain sizes; these are given as a single number
(esg. 20) or as a range (e.g. 20 = 4@) or in the case of

a bimodal sediment; as two modes, the first mode being tﬁe
major mode (e.g. 1% & 3¢)., The figure within the bracket

ig the maximum grain size,

Roundness

The divisions of roundness are in accordance with the scheme
suggested by Folk (1961)., Where the sediment is bimodal the
value given is that of the primary mode. The scale ard the

abbreviations used are given below:

v ang - very angular
ang angular

. sub ang sub angular.
sub rnd sub round

. rrd . round
v rnd " very round

Sorting
The scheme used here is that recommended by Folk (1961);
where sands are bimodal the.sorting value is that of the

primary mode.
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(£)
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The scale and the abbreviations used are given below:

v well st very well sorted
well st well sorted

mod st : moderately sorted
poor st poorly sorted

~v poor st very poorly sorted

% quartz

The first value given {outside the brackets) iis percentage
of quartz in the rock as a whole. The letiers within the
brackets oorregpon& to the quartz types:

P - plutonic {common) quartz - straight to
slightly undulose extinction

U = undulose guartz - strongly undulose extinection
C = composite quartz
Ch = chert
The number immediately after the letter gives the percentage
of that particular quartz type within the quartz’gfoup.
Hence, the meaning of 70 - 80 (P.70; U,15; C.10; Ch.53)
is as follows: Quartz makes up 70 - 80% of the total robk
and that tﬁe compoaition of this quéitz is 70% plutonic,

15%'undulose, 10% composite and 5% chert. The letter "t

is used to denote "trace", where there is less than 1% of

the constituent present.

% Fdr

The number in this column (or the letter "$") gives the
amount of feldspar present - expressed as a percentage of

the totsl rock.



w 196 -

(g) %‘Heavies
The first number given (gutside the brackets) is the quantity
of heavy minersls present in the thin section, expressed as
a percentage of the total rock, The letters within the
brackets give the order of importance of the individual
heavy minerals, "(0)" would mean that only opague heavy
minerals were present. "(0,T.)" would mean that major
opaque minerals and winor tourmaline were present and
"(T. & Z.)" would wmean that tourmaline and zircon wefe
present in approximately equal amounts,

{(h) % clay, carbonate, phosphate, pyrite, glauconite.
Clay, carbonates (Carb), phosphate (Phos), pyrite (Py),
and glauconite (Glauc) have their percentage expressed

t

as a percentage of the total rock.
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HEAVX MINERAL COUN'S
(see Chapter 3)
Method 3

The method of obtaining the heavy mineral concentrate was as
followss -

Because of ﬁhe highly indurated nature of the samples it was
first necessary to carefully crush the samples using a rubber
pestle, If there was & high percentage of authigenic minerals
such as pyrite, the sample was slsoc boiled in weak dilute
hydrochloric acid. The sample was then added to a test-tube of
bromoform and centrifuged to concentraite the heavies in the bulbous
endAof the test-tube. They were retained whilst the "lights! are
poured off either by corking the bulbous end of the test=tube or
by freezing the end with solid carbon dioxide. The heavy mineral
fraction was then mounted in arochlor on a gridded slide to facilitate
the location of grains under the microscope.

It was found thet by far the quickest way of carrying out a
heavy mineral count was by using a Dictaphone rather than noting
the grains down on paper or using a point counter - this technique
shortened the time to do a count to less than half the time
previously taken. Wherever possible a minimum of 200 grains were
counted; however in meny of the slides this was not possible because
of the small numper of grains.

The samples were tasken entirely from the APl core, the sample
numbering system being exactly the same as that used for thin

gections.
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DETATLED TEXTURAL STUDIES

{see Chapter 4)
General :

A total of 18 detailed textural studies were made of 12
thin sections from ooremAPl. AWherever possible; specimens
were chosen with only minor quartz overgrowths, to facilitate
counting.

The technique of Packham (1955) was used in the textural
studies. This involves the use of a Leitz integrating stage
mounted onﬁo'a microscope. This stage consists of six spools,
each of which can be rotated individually and on doing so will
move across the slide and record the distance travelled,

Before commencing textural messurements, the slide is
examined to establish the magnitude and range of the grain sizes
present. The six spools on the integrating stage are then
allotted various size grades (measured in phi units), with spool
No.l being allotted to all grains greater than a certain phi
value; spools Nos,Z—S are allotted to equal phi unit intervals
(generally & phi unit intervals, unless the sediment is poorly
sorted, in which case it may be necessary to use 1 phi unit
intervals). Spool No.6 is allotted to all grains less than
a certain phi value. Hence, a typical range for the integrating
stage would bes~ '

Spool No. Range
1 greater than 1§

2 14 to 1.5¢

3 1.5¢ to 20
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Spool No. Range

2¢ to 2.5¢

2.50 to 3

less than 3@
Thevsize grades are the shortest diameters of the grains

(measureé by means of the calibrated cross-wires). When the
centre of the cross-wires is on a grain boundary, the spool of
the class into which the grain falls is rotated until the line
across the grain has been iraversed. The same is done for the
next grain and so on, until a distance of at least 100 x's the
diameter of the largest grain has been traversed.

Calculation of Results

The distances measured by the six spools are then expressed
on percentages of the total distance traversed and plotied on
log probability paper (Figs. 9 and 33), From the probability
graph are obtained the wvalues for the 95th percehtile (¢95), the
84th percentile (¢84), the 75th percentile (¢75), the 50th
percentile (¢5d)* the 25th percentile (925), the 16th percentile
(Qlé) and the 5th percentile (¢5>e

These values may then be used to calculate the Folk and Ward
(1957) values for mean (Mz), standard deviation (dl)’ skewness
(sk), amd kurtosis (Kg):-

Mz o= g Pyt Py
3

4 = Pgy - Pyt Py - b
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Kg = fo5 - B
240 (B - B0)

5
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CROSS~-BEDDING STUDIES

(see Chapter 5)

General s
The information noted down in the field included geographic
and stratigraphic position, the tectonic dip and the azimuth of the

tectonic dip; the dip of the cross~bed and the azimuth of the dip

 of the crosg-bed; the thiclkness of the cross-bed in inches; the

grain size of the cross-bed and the type of cross=bed.

Apparent crossebed dips were not measured. Actual cross-bed
dips were measured by splitting the rock until a cross-bed face
was exposed or by orientating a board until it was parallel to
the cross~bed and then measuring the dip and the azimuth’on the
board,

Correction for tectonic dip

Corrections were not made for plunge (Ramsay, 1961).

The normal way of correctingAfor tectonic dip is by a fairly
well known technique using a stereographic net. However the
present author decided to use instead the CDC 3600 computor of
the Computing ResearchACentre, CeS.I.R.0., Canberra. A% various
stages in the.development of the programme the author was helped
very considerably by Mr.T.Madden, Mr.T.Quinlan and Mr.J.Branson.

The progremme is basically an adaptation of a programme used
by McIntyre (1953) for the rotation of spherical projections and
was particularly applied fo crystallographic problems.  The
programme of Mcintyre was also written for a 7090 computor and

therefore considerable adaptation was needed. In fact if the
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correction for tectonic dip had fo be made by means of the
stereographic net, it probably would have been quicker for
the suthor than deyeloping the programme, which took up .a
great deal of time., However, the computor technique is more
accurate and also the programme is now available for general
use. The computor is able to work out abqut 400 corrections
in one minute - a very considerable saving in time compared with
the stereographic'teéhnique.

The method of tabulat;ng the data for the punch-cards is giveﬁ
in the "comment" secﬁion of the programme. In fact only the dip
and azimuth information is necessary for the correction = all.tﬁe
other data is optional. It is recommended that this method of
tabulation is adhered to in the field so that it is unnecessary.
to rewrite the data before the cards can be punched.

Symhols used in crogs-bed data

(a) Geographic location
ANG =~ 10 miles N.W. of Angas Downs Homestead
AP3 - Diamond drill hole AP3 near Mt.Holder
CHA = Chandler Range
CSP -~ About 12 wils north-east of Curtin Springs Homegtead
BECK - Ellery Creek
EGR - ‘Eastgrn end of the Gardiner Range
EJC - Eastern end of Johnny Creek Anticline
EMC = Eastern end of the Mount Charlotte Range
GHN = . Glen Helen Gorge
GEO = 1 ml. south of the George Gill Hange

INT - Near Inindia Bore « close to diamond drill hole AP4



(v)

(c)

(a)

LEV

MTE

NOM
OLF

RC3

3TP
Wic
WGR

WNC
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-  Levi Range .

=~  Mount Peachy

~  Mount Ebenezer

-~  Mount Sunday Range

« 2 mls north of Nomra Bore
- 0liffe Pange
- Section RC3 ~ in the middle of the Mt.Charlotte Range

= North flank of the Seymour Range

- Stokes Pass

~ Western end of Johnny Creek Anticline
~ Western end of the Gardiner Range

= Western erd of the Mt.Charlotte Range

Stratigraphic Position

L3T
MST

ust

=~  Lower unit of the Stairway Sandstone

- Middle unit of the Stairway Sandstone

-~ Upper unit of the Stairway Sandstone

Type of cross-bed

CcT

a7

Grain

Ve

- Curved Tabular

«~  Straight tabular

Size

- Very fige grained sand
-  Fine grained sand

« Medium grained sand

- Coarse grained sand

= Very coarse grained sand
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DETATLED GRAPHIC LOG
(see Chapter 7)

General :

A variety of types of detailed graphic 1ogs have been
proposed in the paét for the study of sedimentary sequences,
the parameters incorporated in the logs deperding on the
purpose of the investigation. Bouma (1962) summarized the
more important methods. The basic aim of all m@thodg is to
present in as clear & fashion as possible such features as
litholoty or sedimentary structures, so that any basic cyclicity
of sedimentgry environments is apparent. Bouma, (19é2) has used
the method to good effect in his investigation of turbidite
sequences of the Peira-Cava area of France. Because of the
proven worth of the method, the comprehensiveness of its symbolism
of sedimentary structures etc., and becsuse it is in a readily
available published form, Bouma's methods and symbols have been
used wherever possible. Some adaptation has of course been
necessary because of particular features of the Stairway Sandstone,
Bouma was not for instance concerned with phosphorites and
therefore special col&mns have been added to incorporate this
additional phosphate information. Also, a major part of Bouma's
work was concermned with sections measured in the field whereas
the detailed graphic log studies in the Stairway Sandstone are
restricted to core from a continuously cored.diamond drill hole.
Thus, whilst the vertical information was very much more detailed
than that which Bouma had access toy there was no lateral control

whatsoever.
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The core ﬁhich was studied was obtained from site APl on
the south flank of East Johnny Creek Anticline (Fig.4l). The
hole, which was one of four drilled to test for phosphate in
the Stairway Sandstone, was drilled to a total depth of 813
feet, but only the'interval 80-700 feet was logged as it took
about 1,000 working hours to obtain all the information ard
plot up this 650 feet of core in the necessary detail. The
investigation was primarily & laboratory one and the easiest
way of conducting it was by the use of a "guestionnaire sheet"
on which the values of the various parameters were noted.

These values were then plotted up on large graphic log sheets

at a scale of 1 inch to two feet. However, as this gave a
graphic log over 30 feet long it was necessary to photographically
reduce the logs down %o a scale of 1 inch to 4 feet to make them
more convenient to handle.

Graphic Presentation

l. Thickness in feet

(a) Apparent thickness; This is the vertical distance in
feet measured from the top of the hole. This thickness
is noted on the graphic log at 2 foot intervals.

(b) True thickness: This is the true thickness of the
Stairway Sandstone measured from the top of the
formation (situeted at an apparent thickness of 69
feet 10 inches) and with a correction factor applied
for the structural dip of the beds in the core. This

true thickness is noted on the log at 10 foot intervals.
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2. Core

(a) Recovery: This is a graphical representation of
infomation given by Barrie (1964) aml is based on
the footage drilled compared with the footage of core
recovered.

(b) Condition: (see Log Reference 1, appendix IV). The
majority of the core was in good condition but minor
amounts were either lost or broken up during drilling
operations, In places, half the core was taken for
P205 analysis. In the more shaly units, splitting of
core into many fine laminae parallel to the bedding has
occurred.

3. Rock type (see Log Reference II, appendix IV)
This column indicates the main rock type of the unit.
Wherever possible the symbols of Bouma (1962) are
used, Bouma's designation of "shale" is replaced by

" the more satisfactory term lutite because of the

fissility implication of the name shale. In the case
of the Stairway Sandstone the term "sandstone" means
quartz arenite and in most cases means orthoguarizite
(after Folk, 19&1). Where there are two rock types
present in the same unit the proporiions sasre shown on
the log.

4, Bedding Plane Properties

(a) Type: (see Log Reference IIT, appendix IV)., The
symbol used for bedding plane types are identical with

those used by Boums (1962) and are essentially an
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indication of the degree of sharpness of the contact
between two layers. To a certain extent the classification
into very sharp, sharp etc, is a somewhat qualitative one.

It is however of value if the classes are considered relativé

to each other,

(b) Structures on the bedding plane: This column was included

should any features have been present on the small area
available on the few bedding planes visible, but in fact no
recognisable features were seen.

Current direction

This column was included so that should this type of information
be available from surface outcrop or from orientated core, it
can be shown on the log. In the case of the APl core, no such
information was available.

Layer Properties (see Log Reference IV, appendix IV)

The symbols used are identical with those of Bouma (1962).

The main column is in this.case divided into 10 sub=columns
each of which represents é layer property or sedimentary
structure. Variations within the basic layer property are
indicated by the position of the "blocks" within the sub-column
so that in all it is possible to represent a total of 31
different layer properties by the method given on Log Reference
IV (appendix IV),

One symbol which was left out of the graphic log and which
would have been extremely useful is a sub-column for showing
the degree of churning by burrowing organisms., The lack of

such a sub-column is overcome by for instance representing
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very strong churning by ;nfauna by‘the"ﬁblocking in" of the

3 columns to show "strongly disturbed parallel lamination",

“strongly disturbed lenticular wavy lamination" and "tracks

and turrows in all directions". 1t would however be simpler

and more correct to have had & single separate sub-column for

the purpose.

7. Lithology

The term "lithology" is used here for uniformity with Bouma

(1952), but is somewhat unsatisfactory as "lithology" is

more normally taken to mean "rock type" and not "texture".

(a) Texture (see Log Reference V, appendix IV)
The term texture is used here in the sense of Boums (1962)
and mey be taken %0 mean the modal grain size. Bouma's
scheme has been modified so that the grain sizes of
5imoda1 units can be shown. Grain size is measured under
a8 binocular microscope with a gradusted crosse-wire in
the eyepiece, The measurement is made directly in the
phi sca?e by means of the conversion table given by
Folk (1961), The grain size classes with their

equivalent on the phi scale and the Wentworth scale are

given below:-

Class : Phi Range Wentworth Ringe (mms)
Coarse gravel -2¢ to -3¢ © 4 mm to 8 mm
Fine gravel «1¢ to =2¢ 2 wi to 4 mm
V.coarse sand 0p to ~1f 1mm to 2 mm

# phi (ﬁ) is equivalent to ologg of the diameter in millimetres,
(Krumbein, 1934),
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Class "Phi Range Wentworth Range (mms)
Coarse sand 14 to Of 0.5 mm to 1 mm
Medium sand ¢ to 1P G.és mm to 0.5 mm
Fine sand 30 to 20 0,125 mm to 0.25 mm
V. fine sand 4p to 3P 0.0625 mm to 0.125 mm
Coarse silt 50 to 48 0.0312 mm to 0,0625 mm
Fine silt 6¢ to 50 . 0,0156 mm to 0,0312 mm
Clayey silt 78 to 60 0,0078 mm to 0,0156 wm
Mud 8¢ to 7¢ 0.0039 mm to 0.0078 mm
Clay below 88 below 0078 mm

(b) Maximum Grain Size
This is given in the phi scale, the phi value being
measured diréctly with a binocular microscope,
(¢) Calcium Carbonate (see Log Reference VI, appendix IV)
This is estimated by means of a 10% solution of
hydrochloric acid and is merely a rough indication of
the calcium carbonate content of the rock.
8. Porosity (see Log Reference VII, appendix IV)
The intergranular and wiggy porosity are estimated visually
from inspection under the binocular microscope.
9, Induration (see Log Reference VIII, appendix. IV)-
Bouma (19%2) proposed five grades of induration. In
most of the Steirway Sandstone only grades 3 and 4 are

present .

10, Supplementary Data (see Log Reference IX, Appendix IV)

The presence of pyrite, glauconité, free oil and fluorescence
is noted under the heading of supplementary data. In

addition, the pyrite column distingnishes between oolitic
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and nonwoo;itic forms: The quantitative division of pyrite and
glaunconite into "rare",'"common“, and “very common®, is
estimated visually. '"rare" implies the component is visible
only with the gid of 2 hand lens or binocular microscope.
"cdmmon'" implies that the component is easily visible to the
naked eye and ‘very common" is used when the component is
considered to fom & méjor part of the rock type:
11.Fossils
Only the presence of macrofossils is noted. 'Parts of the core
have been submitted for microfossil examination but the resulfé
of these examinations are not available as yebt. .
The only fossils present are brachiopods (represented by the
- "$riangular" symbol), gastropods, and lamellibranchs
(represented by the "bomb-like" symbol. The presence of fossils
in general is shown by the "ammonite symbol®™., A diagonal line
across the foggil symbol implies that the fossils are in a
fragmentary fomm.
12.Colour
(a) Fresh
The colour of the units is observed in artificial light,
using a Geological Society of America Colour Chart
(Goddard et.al., 1963) for comparison. The colours
represented by the symbols used on the charts are as follows:;
N8 ~  wvery light grey
B? = light grey |
Ng = wmedium light grey

¥ « medium grey
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N4 «~ medium dark grey
N3 =  dark grey

10Y4/2 - greyish olive
5Y8/1 - yellowish grey
5Y7/2 - yellowish grey
5Y6/1 - light olive grey
5Y5/2 = light olive grey
5Y4/1 - olive grey

566/1 = greyish green

5GY6/1

greenish grey

5GY5/2 - greyish green
10YR8/2~ very pale orange
10YR7/4~ greyish orange
10YR4/2- dark yellowish brown
(b) Weathered

Weathered colours are not in fact given for the core.

13. Properties of phosphatic material

(a) Approximste percentage of phosphatic pellets and grains.
This percentage is estimated visually and notedon the
log as one of 4 broad percentage classes 15y 5-10%;
10~20%; and 20~50%. These broad classes are used
because of the difficulty of estimating accurately the
percentage of phosphatic material. The most satisfactory
way of handling tﬁis information would in faet be todo
quantitative chemical analysis for P_O_. content. This

275

information is available for parts of the core only, ard
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(b)

(e)

(a)

(e)
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therefore yisual estimation is used throughout the
log for consistency. The analyses would suggest the

following P 0. contents for the 4 classes of visual

2 5
estimates.,
% phosphatic material % PO,
1 - 5% 1 - 2%
5 = 10%. 2 - 4% -
10 - 20% 4-é%
20 - 50% g-lo%

Textural Range -

This is measured by binocular inspection as-is the grain
size of the terrigenous fraction. Again, phi grain sizes
are measured directly. This column conld equally well

be called "Maximum grain sgize"™ as the upper limit of the
textural range is also the maximum grain size,

Roundness

The roundness is obtained from visual estimation charts
iﬁ which‘é clasées §f rouﬁdness are distinguished.
Sﬁhericityo
As in roundness the 5 classes of sphericity from visual
ggtimation charts.
Colour.

As in the main rock colour, the Geological Society of
America Colour Charts (Goddard etealey 1963) are used.for

the classification of colours.

Kumber of Layers

This column heading is used by Bouma (1962) in a fairly broad
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WaY s Here, it means the number of individual laminse
within the unit and is the smallest recognizable layer of
uniform sediment. It does not represent a major change
in the enyironment of deposition but merely a momentary
small flucppgtion in for instance the current velocity.
In the graphic log of the Stairway Sandstone because units
as thin as % inch are considered invidually, most units
correspond to a single layer,
Unit Number
Because‘of the @eﬁail of the work, the unit recognized in
the Staipway Sandstone corresponds to the sedimentation unit
of Pettijohn (1949), Otto (1938), and is lithologically
uniform. ?he numbering of sedimentation uniés commences
at the first unit logged so that the numbers of the
sedimentation units increase down the core. They range
frog unit number 14 at 50 feet to number 842 at 700 feet,
Bemarks
This column is used for the location of samples, the letters
in this column indicating both location and reason for the
sample. )

T = Ehin sectiqn gample

ﬁ - heavy mingral separgtion

S - detailed size analysis carried out on the
thin section of this sample

M -~ sample submitted for microfossil determination
C = sample for determination of clay mineralogy

X =~ sample for X-ray determination of phosphate
mineral present
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The following numbering syste@ has been adopted for specimens:-
The prefix APl is used in all gsamples to distinguish them
from subsurface samples from APZ,”AP$ or AP4, | The middle
mumber is the unit number. The last number signifies the
distance of the sample from the top of the uyit, measured in
inches. Hence, the number AP1/761/13 indicates that the
specimen has been collected from 13 inches below the top of

unit 761 in core IP1l.



APPENDIX IIT

TABLES



Table 1
(Sheets i to xi)

THE PETROGRAPHY OF VARIOUS ROCK TYPES FROM THE
STATRWAY SANDSTONE




(i)

Specimen Grain sige Rourid - Sorting % quartz types % Fdr. % % Clay % Carb % Phos % Pyr % Glau
No. APl / (phl) : ness ) Heavies

41/2 2¢-4¢(1¢) sub-rnd mod st %6-70(?.?0;U,25;c,5;8h.0.) 2=3 £(T) 2-3 30=35 23 - -
42/9 ‘ _3¢-4¢(.5¢) ~ sub-rnd  poor st 85~90(P.84;U.14;C.2)" _ 12 1(z.m) 1-2 10 = 2-3 - -
51/2 1f & 4(0.50) v rnd  well st 70~80(P.703U.25;C.5;Ch.t) 1 - - - 26-30 - t
55/0 3@-40(1.750) sub ang poor st 85-90(?.89;U.30;c.1;) 1 t(0.7.2.) 5-10 5-10 = - %
61/1(h) 1f & 4¢(0.5¢)  sub ang mod st 50~60(P.64;0.35;C.1) - +(T.2.) - - 40-50 - -
61/1(1)  4B(1.50) ang poor st 85-90(P.9057.10;) 2-3 - - - 10415 - &
64/3 ap(1.75¢) ang poor st  70-80(P.75;U.25;) ’ 1 1(7.2.) 20-30 1 29-30 - -
73/1 18 & 3p(0.5¢) tmd  well st so-fze (P,693U.28;C.3) t - 5-10  1-2 5-10  5-10 -
74/1 26(0.50) sub-rnd  poor st  40-50(P.85;U.15;C.t;) % (T &2) - . 50-60 1 - -
78/1 A;ﬁ &3 ang poor st ;0—70(?.65;U.35;C.0;Ch.t.) 1 1T & 2) - - 25-30 5-10 -
84/Tw>  1ff & 4p(0.75¢) sub-rnd mod st  70-80(P.603U.363C.2;Ch.1) 12 +(7) - - 10-15  10-15 -
93/1 3¢(625¢3 sub-ang mod st 70-80(P.95;U.55) 1 - 4(T) - - 15-20 510 -
96/4 56 (3.758) - sub-ang mod st 5-10 s - 2(0) 20-25 70-80 - - -
97/1 10 & 4$(é¢) v rnd v well st 70-80(P.85:U.15;5). t £(T & Z) - 5«10  10-20 = -
97/1 8p . : - - - : - - - . 100 - - -
101/8 3¢ (1.50) | sub-;ng poor st ss-go(P.eé;U.g;c.lg) t +(T.2.) 1=2 - 10-15 -« - -
105/8  68(2.750) ang - 5-10 - £(0) - 9095 = - -
110/0 53 (3¢) ang poor st  5-10 ' t t(T) 50-60 (sg35%9t6)~ - -
111/4 39 (20) sub-ang poor st B0=70(P.75;0.2435C.1;)" .2 1(0.7.2.) 5-%Q 1020 10«20 =~ -
112/14 - 3@(1.750) sub-ang  poor st '95(P.5§;U.50;C.0g0h.t;) 3-4 1(0.2.1.) - - 1 - -

112/70 3P(1.750) sub-rnd  poor st  95(P,75;U.25;C.0.;Ch.t5) 1-2 t(T1.2.) - - 23 - -



Specimen

Grain Size

Round -

L,
L

(i1)

Yor a7 o) nege | SOFting % Quarts types BRI R tag 007 % ORE EPh0e LBy
118/3g 30(19) sub-rnd  mod st éS(P;?é;U.Zé;C.O,;Ch.lé;) 5 i(o) - - - -
118/110 3@(2.50) sub-rnd mod st 95(P.55;U.403C.33Ch.2) 2.3 1(0.7 & 2) = - - -
122/11  4f sub-ang méd s% 95(?.80;U.1é}c.o;0h.4) 2-3 £(7.2.) - - - -
122/11 3y ang ;;or s; éé-és(P.sé;U.é;c.o;Ch.z) 5-10  +(T) - - - -
128/3 ag ang ;;or s; §5(P.;5;U.25;) 23 t(7.2.) - - - -
128/3 4 (20) ang m;d s; §6-95 1 £(T.2.) - 4-5 4-5 =
156/0 49(3.750) - ang . m;d s; 5-10(?.75;U.25;3 - £(0) - 90=95 = 1
140/0 45(3.50) ang m;ﬁ s; és(P;BS;U.ls;) t 1 £(0.742) - 1-2 2-3 1
142/0 49 (30) s;b;rnd well st éé(P.4$;U.55;) 23 t(T & 2) - l-2 2.3 1
143/0 a¥(3.5¢) sub~ang m;d st 80-90 t 1(r.2.) 1020 = - -
149/0 a¥(2.50) sub-ang mod st  70-80 1-2 - - 1-2 10-20 - 5
184/0 46 (30) ang mod st  5-10 - (0) 5-10 6070 10-20 1-2
185/7 30 rmd mod st 45-50(P.8530.15;) t 45-50 5

214/2 ag (3¢) sub-ang mod st éé.vo(P.ss;U.ls;) % 1(0.7.) 30-40 - 1 -
243/27 4¢(3.75¢§ sub-rnd  mod st 26-50(9.85;U.15;)_ 1-2 1 70-80 - 1-2 -
244/0 4p(3.5¢) sub-ang mod st 45-55(P.75;U.25;) 2-4 £(0) - - 45-55 -
258/0  4f - -  60-70(P.5547.455) 2-3  1-2(0.T.Z.) - 30-40 -
259/0 49(3.50) angular mod st 4oa§§ % - - 40-50 10=20 -

Glan



C{iii)

Specimen Grain Size Rotind = Souré;ing h % @ar‘tz types % Par. % % Clay % Carb % Phos % Pyr % Glauc.
N_q.APl/ (phi) ’ Cpmesg’ o T o e Heavies .

262/0 - - - 98 1 ! -
272/5 30(1.5¢) nd mod st 75-86(P.g5;U;35;C.£) t - 5 15=20 23  1-2 =
398/0 39 (20) rnd ;;;r s; ;6-76(P.75;U.25;) - - 5 - 20-30 1-2 -
462/2 30 (1.250) sz-ang .;o§r st 75-86(?.85;3.15;c.t;Ch.t) 1 1(z.7.) 10-15 = 10«15 = t
577/5 sgkz.zsﬁ) sgb-ang @Qd g%\ ab_éﬁ(P.ép;U;lé;c.£) | t 1(02.T.) 5«10  5=10 = - -
ées/o 3¢&0¢) A sub-rnd = - ; 7é-ab(P.éo;U,10;) AQ 1 - 15-20 5~10 12 1-2

640/0 3p(1¢) sgb-rnd mod st gs-go(P.vs;U.zs;c.t) 1 1(Z.7.) - 15«20 = 1 t
648/6 op : } rnd ' m;d s; 75e8§(P.35;U;§5§C.30;Ch.t} - & - 15=20 2-4 - -
sgs/é 1g(og) v rnd mod st 99(?451;0.34;0;2;Ch.€j, | - t&O.Z.j - - - - -
698/6 1g(0g) v rnd well st 95(P.65;U.25;C;1§) 1{0.?. & Z) 23 1 t
704/ 3¢(2.50) sz rnd  mod st 99(?.96;U.1o;) R t t(T &2) = - - 1 -
704/64 & op) sub rmd  well st é9(P.84;U.15;0.1;Cﬁf£)i;;*L: % () - 1 - 1 -
708/0 g 4{5 (1.5;5): sub=ang poor st 3040 - 1-2 +(2) 60=70 = - - t
723/57  1f Off v rnd mod st  99(P.8430.15;C.1) - Hreaz) - - - 1 -
746/6 4¢(2¢)_¥a sub-rnd poor st 9){P.85;0,15) t §;*1§2.T.) 1-2 1-2 12 1 12
746/10 20 & 46(0,75¢) mmad mod st sé.vo(P,ssgn,ls;) t ® ékT &2) 5-10 10«15 5.10 1-2 1.2
754/6 ag(2y) " sub rnd t @géﬁé;) 10-15 = - 1

mod s%

70-80(P.9030,10)

10-15



(iv)

Specimen Grain size Sorting % quarb‘z types % Fdr. % % Clay % Carb % phos % Pyr % Gla.
Ne. APl/ (phl) ness’ o R Heavies

755/0 1¢(o¢)' v rnd well st é5(éb;U,16;) - £{T & zZ) 1-2 2-3 1 12
761/13 4p(1.50) Sub ;nd v ;éor st 85(P;;5;U;35;) t 1(2 & T) 5«10 = - 1 5
775/14 1¢(0,7é¢) v ;;5 w;;i ;; és(P;§5;U,25;) - £(0) - - - - -
788/20 ““~1¢ (og) v rnd ;éli s; éé(P;84§U;15;c.1) - £(0.Z.&T.) - - - - -
%éz/gé 2¢(0.5¢) v rnd ;;d s; §9(P,%5;U;25;C.;)V - t(o.T.j - - - - -
794/8 1p op v rnd v well st 100(P.85;0.15;3) - - | - - - - -
795/5  20(0.50) v rnd well st 95(?.%5;U.25;c.;) - - - - - - -
803/5 18(0.5%) v rnd ;qor st ég(P.gS;U.é5;c.tj - - - - t 1=2 =
811/10  2¢ (1.7508) v %nd m;d st 95(?.65;U.35;) - +(T) - 35 1 - -
818/8 33 (2¢) | v rnd well s; §5(P.?5;U.25;C.p;0;.t.) t t(f‘& 7} - - 2=3 1=2 =

. AP/2 : S | | :

136/4 30(1.50) sub-ang poor st  85-90(P.90;U.10;) - 1 5-10 - 5-10 - -

- 195/2 30(2.75¢) sub-ang mod st 85=90(P.8530,153) 1-2 +(T.2.) 510 5-10 - - -
314/3 3¢ (2¢) sub-ang mod st 99(P.86;U.2o;) | 1.2 1(T & Z) - - - - -
388/1 30 rnd well st 80-§O(P.90;U,10;) - 1(z) 5 - 5«10 }-2 -
505/1 3p(208) - - 20-36(P,96;U°16;) - t(z.T.) - 70-80  1e2 1‘ -
549/30 ag(2qg) sub-rnd v poor st 95(?.96;U,16;) 12 1(T & Z) 2 - - 1 -



-

(v)

Specimen Grain Size Round- Sorting % quartz ty‘pe% % ¥dr. % % Clay % Carb % Phos % Py % Gla.
No: 'APQ/' o (phl) il ness Tl T Heavies

570/1  0f & sﬁfogj ~ Rnd T well st 90-95(P.9050.95C.1) . - Wr&z) 1 4

gés/b‘, 19 & 3¢ h = ;né:, '«;gli%;£: ;E{P.fégU;15§C.10:C£.t) 1-2 - 1 - 4 - -
740/4 1¢(0¢) v Tnd p;d:s; és(?.%é?h,zégc,;;c;;lé 1 - 1-2 - - 1-2 =
794/23 2¢ ) . rnd well st ‘éé(P.Bs;U.ls) % - 3.4 - - '1-2 -
—832/22 2¢(b.5¢) ™md well ét es;éé(P.asgu.ls) - - 5 - 1 5-10 =
858/15 49 (39) gub-rnd well st 98(P.85;U.15) 1 +(2) - - - 1

AP3/ |

7/0 5p(4g) ‘ang mod st 95 - 1(T.2.) 1e2 - - 1-2 -
44/3 2¢(2¢)" " rmd " v well s;,és(P;es;U;lsgc.;.). t(i) ‘ - - 5 - -
146/;U ag (3¢) sub-ang mod st %é;Sé(P.;s;U.ZB;) . 1 £f§ & 2) 20-30 = 2-5 1-2 =
227/0  3p(39) 'éuhééng ;Qor st 90-95(P.75;0.25;) 1 1(z.7.) 5 - - 1 -
248/12 - sub-rnd  mod st éS(P;g5;U.35§) - +(T) - - - - -
300/27 ap(38) . gsub-ang mod st 97(P.753U.25;) 1 t(M & 2Z) 23 - - - -
419 /0 30(2.50). rnd mod st  95(P.85;U.15) 1 s(T &2) . 1-2 2-3 = -
asg/o  3p(2g) sub-rnd  mod st  75(P.903U,10;) - 2(r & 2z) 10-20 - - - 3
710/0 3¢(1.50) - sub-ang mod st 86-90(?.§0;U.10;) St i £(7 & 2) 3-10 5-1) t
799/0 4¢(3¢)‘ ang mod st éo-vo(P.§0;U,1o;) 1 1(0.7.) 30-35 5 - - -



(vi)

Specimen Grain Size P i % quartz types % Far % % Clay % Carb % Phos % Py % Glauc.
-« No C{pni) . uess P .. Heavies s - :
862/0 49 - 80-90(P.85;U0.15) - 1 1(z.7.) 5 - - - -
913/0. 4p ang poor st  80~90(P.803U.203) 1 +(T) 10=15 23 - - -
e - - - . . - (:red)
. 967/3  0f & 4f rnd mod st  80-90(P,7530.15;C.10) 1 +(1) 5-10 = 5-10 = -
.- - ‘ - S L (red)
1055/19  1¢(0f) ‘rnd well st 95(P.89;U.9;C.2) - £(1) 5w - - -
- 1089/8 - ™md well st 95(P.89;U. 9;C.2) - - 1-2 5 - - -
AP4/ - .
S 11/5 - 18 & g v rnd well st 95(P.65;U.3035C.5) 1 - 1-2 - 3ud - -
. 61/3 26(1.50) sub-rnd~ well st  80-90(P,75;0.155C.10) 1 - - - 10-20 - -
100/0- 3. - ang mod st  80-90(P.85;U,10;C.5) t t(2) 5-10 = 5=10 -
316/0 - 1f(0f) - rnd well st  80-90(P,90;U.5;C.5;5) - - - - 5+10 510
. 384/0- 2% (0.5¢) sub-rnd mod st  80=-90(P.79;U.19;C.2) 1 1(0 & T &2) - - 10=20 =~ -
. 444/2- 1f & 3¢ (=-20) v Tnd v well st 98(P.70;U.15;C.15;) - - 1-2 - - - -
- 483/2- 16 & 3¢(-.50) v rnd poor st  95(P.70;U.20;U.10;) - - - - 1-2 1 -
HY 45 3% rhd well st 90-95(P.80;U.5;C.15;Ch.t) 1 1-2(Z.7.) 1-2 - - - -
HY 46 20 (0.25¢) rnd mod st  95(P.95;U.5) - 1-2(Z & T) = - - 2=3 -
HY 51 3¢ (2.50) sub-rnd mod st  70-80(P.95;U.2;C.2) 1(2.T.) - 2-3 20-30 2-3 -



L]

(vii)
o - B oo e -
Specimen Crain Size Round-  Sorting % quartz types « % Fdr. % % Clay % Carb % Phos % ny: % Glauc,
Nq«. SR (phi) e @ T e R ‘Heavies . . e
HY 55 3¢(1¢) . amg | mod st ;b-?o(P 65;0.05C8) 4 A(ZTh) - ,"~:' 1?6:35;%é;é 'lif;:
HY 57 a9 (1, 75¢} »;;b;;g; weii s; 70-80(P.95 ;U.5) 1-2 1-2(T&zj - .ifz .i§:15 ,g:s | -
BY 120(B) 3¢(1¢) f s;;;é;é ;;d s; 75—85(P 903U.55C,5;Ch, ;) Ki5' 2(T & z) - - - 23 :5
HY 123(A) sﬁ(z.?sg) §u£-;§g well s;w -95(P 85,)‘ . 1 1(z) - gi . '5-10" } -
Y 123(0) 4¢(2¢) s§b-¥na m;d s£ ;6-70~ | ¢17: % I(T & 2) - - 3&545 ;:2 | Li,
" HY132 M 4¢ & 2¢(o¢) sﬁb-¥n& ‘égor s; sé(P 9547.2;C.2) - 2;3(2 7.) . - 30-40 5 . =
HY 138 3¢(1.5p) s;b-rn& m;d s; ;6-70(P 903U.5; c.s;cﬁ t) 1 -2(z T. ) _E - ’ 30¢4b - -
"ﬁY 14§ 3¢(1 5¢) ;ng m;d s; gb-?é&P.95;U.5;C.1) - 1(2.@.) i : - séi4§ :;,2 f;‘
ﬁy 154 3¢(1.5¢) s;b-rnﬁ »mé& é; so-soiP.so;U 5;C. 5) ; 1&3)(" - f;~ 3;;45 ”5 'C;
BY 172 28(1¢) \ Tnd m;d s; 60-?O(P.?0 U.203C.103 ) - t(T & 2) féqe4o l~ | '36-40 Iif ~}
HY 765(3) 3g(1p) séﬁ-rnd m;d s; ?O-BO(P 8030.20; ) : 1 1-2(z T‘) ".;. - 2;-55 ‘;ﬁ "_f “
HY 762 ‘3¢(0.75¢)‘ s§b~ang p;or s; 70- BO(P 9030, 5,0.5) | : - I(Z—T ) - - 25-36 1-2 Q;
LA 18 3¢(2.250) s;b-rnd m;d s; 70-80 - | ;;2 1-2(2.?.) oL 10-15 1 -
LA 54 3¢’ s§b-;ng ;;or s; 55-;00(P.§§;U.5;C;5) : - z(z): 1;- ‘eo-go 5«10 ; -
1A 101 3P _ ;ng ;x-;or st 1 - - - 95 »2 ; - w—-~

LA 103(A) 30 & 18(0.758) sub-rnd  wod st 50~60(P,9031U,5;3C.5) - 1-2(T & 2) - t- 40-50 1. -



(viii)

S_pec-zimen Gr;"n.:ﬁ Si;e R;i—i'iid- Sor;;lng % quartz t;';)e; ' % Fdr % - - % C]:ay % C;a.rh % Pnés % Py+ % Glauc.

No._;._, e Gphd e ness-h _ e .i._v_,,jﬁ....‘..; e .,Heavjtes S . ‘

1A 103(B) 40(39)  eng © mod st 10-20(Pi95;U.3;C.2) - 1 = - L 70-80 B0 5 -

LA 131 16 & 3¢(i¢) rnd we;l st 80-90(?.95 U.5) ‘ 1 1(2) - - 5-10 'é-s .
ETE of & sgk-.éﬁ) rﬁa well ot 60-70(?.?5 $7.155C.10) - - | . - 2035 5-10 -

LA i39(A) 3p(o.75¢) s;;~r§d ;;;r st 40-50(?.90 U.lO) t i-z(z) 4050 5-10 -

1A 139(3) 20 & 4¢(0 5¢) s;;-¥nd weli st 70-80&? 753 U.10;c.15) t 1(z) | - :ﬂ 20-36 é;z.., -

1A 168 50 & 1¢(0.5¢) rnd we;i‘st eo-as(P.es;U.lo;c.s) L 1(z) 1.2 - 10-15 2ed =

14188 3¢ (28) s;;;rnd we;i st 5~£o ' - 1 - - 80 5120 = z

1A 534(A) 4¢(2.25¢) sﬁg-;ng m;d st ?0(? 65;U.35; ) ; 2.3(0.2.7.) = - 11 A

LA 534(3) Sﬂ(} 25¢) rnd we;; ;; ?O-GO(P 853 U.;S 3C. ; ) ; l(Z‘T ) f - ‘ Qm“' §é;so'~-£ i;;

LA 535 4¢(2.5¢) s;;-;né m;d s; eo-?o(P éé ;0. 5,c 53 )‘ ;' 2-3(2 T.) = - 25.30 - - o

LA 543  4ff “ sub-;né nod s; ;é-so(P 95,1, 5;0 2) £ | 1;2Cz.T.) - -  c o 20-30 - =

ﬁa ibs(A) 39 & 1¢(0¢) s;b-;ﬁg well s; 70-80(? 85;0.10; c.5) i-z_‘ 1(ZAT ) o - 20-25 1 -

Rd 109 38(0.758) ang ;;;; s; as-go(ngo;U,s;c.s) 2-3 1(z é ) ) - - 510 - =

Rd 111 19 & 3p(.5¢) ;ﬁa m;d s; aé-ss(P.éé;U.s;c.s) ‘ ; | - ”A - e 1)1 - -

Rd 112 3P (2¢) : sgb—;nd m;d st. 98 (P.sé;U.s;c.15;c;.§) — 1-2(z & T) = - -f - -

Ra 117 4p (o) ang m;d s; éé(P;éo;U.5;C-3;§;o;~7 - 2;3iw.é.5? ?'-di’vn- - D%

. ) .- Te



(ix)

Spécimen Grain Slze Roind~ ' Sorting % quartz types % Fidr % - % Clay % Carb % Phos % Py~ % Glaw.
No. (p}m) ness I L .. * Heavies - .- - o ‘ ]
Rd 118  1¢ & 3¢(0.25¢) rnd well st 70-80(?.90 U.5;C. 5) - 1-2(@ & z) ol ‘20-30 t -
Rd 119 sﬂ(zﬁ) ang mod st 85-90(?.90 U.7; c.s) 1 +(T & z) - - 10«15 - -
Rd 120 4¢(1 5¢) ang mod st 90_95(9 90;7.5;C. 5) - 1(3) 50 - - - -
.. S - G
R 130 . 1f & 3¢(-1 5¢) d’ well st 99(P.vo;u 10;C zo) - t(Z) & - - - -
R 131 2¢(0.58) v rnd poor st 99(P‘95,U.2 c. 2) - t(o Ze ) - - - - -
Rd 134  Of & 3p(=.250) v rmd v well st 99(P 853U.5; c.1o ) - 1(0) © - - - oy -
R 135  3¢(og) - - 90-95(P 7o-U 15;C.15) - 2-3(0 7.T,) 1=2 - - < -
- - S ) -

‘Ra 137 3p(2¢) ang mod st 90—95(P.70;U 103C. zo,) 1. 2-3(O.T.Z.) 1-2 - ;. {“ 2=4 -
Rd 138 3¢(zﬂ0 sub-ang mod st 98(P 90,0 735C. 3) - 2(0.7.82.) - - - 1 -
R3,139 3¢(o.v5¢) sub-ang mod st 70-80(P 8-,U 10;C. 10) - 2(0.2.7.) - - 2025 1. -
R4 140 4f (2.250) ang poor st 70-80(P 9057.55C.5) - 3(0.1.2.) 5-10 - 10-20 - =
Rd 141  46(39) subeang mod st so-so(P.QO;U.s;c.s) - 2(0.T.& 2.) 5=15 = 5 - -
R 145  4f & 16(0.5¢)  rnd mod st _ 80-85(P.80;U.105C.10) 1 2(0.2 ) 5 s 10 - <
Rd 146 *  3@(1.750) sub-rnd mod st 85-90(P,90;U.5;C.5;Ch.t) z 2(O.T & z) 5-10 z - Z
Rd 147  26(0.5¢) v rnd poor st  95(P.75;U.15:C,10) - z(o z.7. ) 1-2 - - - -
Rd 148  4f(2.25¢) ang mod st 80=~90(P.90;0.8;C,2) 1 -2(0 Z.T, ) 10=20 = - - -



1]

Rd
Ra(
i ¢!
Rd
R4
Rdh
Rd
Rd
Rd
Rd
Rd

Rd

Rd

BR

(x)

Specimen Graln Slze Round~ Sortlng ,% Qnartz types ‘ % ' % Clay % Cardb % Phos % Py % Glauc.
Nosm < e e ness - : e ; Heavies -~ .. N .
39 tes) EXiT ; -pw Bb-suxr.sum.s: T 4 — T &) b{-LYred}-; - = =
150  3¢(2.50) ang mod st ,~95(P 9030, 19 c.1) t 1-2(Z.T.) 1l2' ‘. - o -
151 46(1.50) - - ss-eo(P 90,U 55C. 5) % 2-3(?,2;&0.)5¢10 - - 2 -
152 4p(20) - - 90(P 8530 ,10; Cs 5) 1=2 1-2(0,7.2,) 5 - - - -
153 18 & 48 (0.50) sub~ang mod st 85-90(P 853;0,103C 5) - 2(Ze& 0.T,.) 10=15 = - . - -
154 2§ & 46(0.250) rnd mod st 75(P.BO§U.15;C,5) 2-3 2-3(0.2.T,) = - 20.. = -
155  4g(19) ang mod st  98(P.95;U.5;C.0;Ch.t) 3 2(0 & T - - - - -
157 4p(2. 5¢) ang mod st 80-90(?.95;U.5) - (T & Z)  10-20 = - - -
o . (red) i
158 4y ang poor st 90-95(P 953U, 5) - 1-2(0 T,&%Z) 5-10" . = - - -
B oo . . (red)
162 0F & 3p(-20) v rnd well st ‘90-95(? 603;U.153C.25; ) - -1-2(z.T.) 5-10" = - - -
- ’ - g - . (red)
163 v rnd mod st 99(?.80;3.10;0.10;Ch.t)' - (7.4 2.) -~ = - - - -
165 4f(2.,75¢%) ang mod st 95(P.903U.5;C,.5) - - 2(T & 2) 2=2. = - 1=2. -
o : : o o . (red)
168 30 sub=ang mod st 95(P,9637,2;C.2) - -2(T & Z) 5 - - 1-2 -
- ' - o . . (red) :
177 0f & 3P(=.70) v rnd well st 99(P.803U.103C.10;5Ch.t) - (T &2) H - - % -
178 s5(3¢) ang poor st  45-50 - 1(T&2z) =0 - - 1-2 -
179 4p(2.5¢) ang poor st 99 - (0 & 2.) "=~ - - - -
15(1) 3¢(1.25¢) sub-ang mod st 70-80(P.853;U,15) - - 30-20 - -

2«3(0.&Z.7) .5



_ ) . - (x1)
Specimen Grain Size Roiind-  Sorting % qua}tz types % Fr % % Clay % Carb % Phos %Py % Glag
Nog 5 crn e r e et e it o ot s e e+ Hegvies o , . |
“BR 5;5(2;) 4¢" ang : mod "',st so-vo + '1-2’(0.'5&2) V5 25-35 t'-’ -
1  1£3 & 4g(og) v ;*nd well s;: ao@é(f.m;n.so;c.s) - 1-2&0)' - 2-3 1;3-20 ; - -
H_2‘ 3¢(175¢) ang m;:a s;, és(P.és;U.;;s) t tgzi . Zed 1-2 - - -

: H 3 48 (3¢) | e.ng _ mc;d st ég&P.SséU.é-Sj P t 1&0;,5,&2.) - . 2-3 - - -
H 4;. sﬁizﬂi ang m;d s;; 32#,&1’.25;&.%53 t t(ZT) - - - - - -
s 4¢(3¢) ang - 86;§§(P_,45;U;55)' | - 1(02) - 1§;20 ’- - -
K284 ;gf‘(o.:éﬁ)’ ;nd v ;3001‘ st éé-ésiP.zb;Utesgc.zs;qg.zo) - 1;.2 (o)— 5 5 - -
iﬁ.@é(ﬁ) 2}6 sm;-mﬁ well s;; éé(P,gsgu.zs;) ﬁ - t(Tj « - - - - -
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Table 2

PERCENTILE VALUES IN THE STATRWAY SANDSTONE

Phi values for given percentiles

Specimen Lith charact of

No AP/ material counted 95 84 - 75 50" 25 16 5

51/2 Pellets inc in 3,46 2,76 1,63 0,72 0,17 =0,10 =-0.61
grain count

108/110 Indurated sand- 4,33 3.76 3.68 3,20 2.83 R2.67 2,34
stone

112/70 (a)  Indurated sand- 4,17 3,77 3,57 3,12 2,70 2,50 1,95
stone

112/70 (b) Within phos 4,70 4,38 4,23 3.86 3,45 3,29 1.95
pellets only

122/108 Indurated sand- 4,71 4,27 4,09 3.78 3.47 3,26 2,87
stone

243 /27 Sandy-silty 5.38 4.80 4.46 3.85 3.55 3,43 3,17
claystone

472/18 Bimodal sand 5.25 4,20 3,78 3.17 2.83 2,72 2,54

601/0(b) Grains within - 4.60 4,18 3,94 3,37 3.03 2.88 2,70
phos pellets

601/0 (o) Phos pellets & 1,52 0,93 0,75 0,31 =0,83 =1.20 =1.79
detrital gns

601/0 (d) Only phos pellets 1.15 0,43 0,10 -0,83 -1,40 -1.60 =~1,93

648/6 Lower Stairway 1,33 0,55 0,25 =0,33 =0.,87 =1,20 =2,30

755/0 Grains outside 1.67 1.07 0,90 0.65 0,37 0,26 0,07
phos pellets

755/0 Grains within 4,55 4,17 3,99 3,60 3.20 3,00 2,62

_ phos pellets

755/0(¢) Phos pellets & 1.20 0,68 0,50 0,03 =0,79 -=1.12 =1,76
detrital gns

761/13 Lower Stairway 3.95 3.48 3.30 2.85 2.40 2,18 1.60

4

792/66 Lower Stairway 2,45 1l.65 1,30 0,80 0,40 0,20 0,10

803/5 Lower Stairway 2.53 2.05 1.84 1,35 0.85 0,65 0,55
g&%gigga%ﬁgs pelle%égo led6 1,25 0,97 0,73 0,58 0,37

601/0(a)



NUMERICAL VALUES OF. TEXTURAL PARAMETERS

(after Folk and Ward, 1957)

Table 3

Specimen No. Median Mean Diam, Standard Skewness Kurtosis
Diam. (phi) Devn :
(phi) (phi)
1. 51/2 0,72 1.13 1.34 0,33 0,93
2, 112/70(a) 3.12 3,13 o.éé‘ =0,02 1.05
Be 112/76(b) 3,86 3.84 0.54 >-o,01 0,93
4. 118/110 3,26 3.21 0.57 0,08 0,96
5. 112/108 3,78 3,77 0,53 -0,01 1.21
6. 243/27 3,85 4.03 0,67 0,39 1,00
7. 472/18 3,17 5.36 0,78 0.47 1.17
8, 601/0(a) 0.97 1,00 045 0,17 1.26
9., 601/0(b)  3.38 3,48 0,63 0,27 0,90
10, 601/0(C) 0,31 0.01 1,03 =0,35 0.86
11. 601/0(a) =~0.85 =0,67f; o.és 0,28 0,84
12, 648/6 «0,33 =0 ,33 0,99 ~0,05 1.33
13, 755/0(a) 10,65 0.66 0,44 0,16 1.24
14, 755/0(b) 3,66 3459 0.58 -0,02 1.00
15, 755/0(c) 0,03 -0.14 o.éb =0,25 0.94
16. 76Y/13 2.85 2,84 0.68 ~0,05 1.07
17. 792/66 0.80 0.88 0,75 0,23 1.15
18, 803/5 1.35 1.35 0,67 0,07 0.90




Table 4
VERBAL, FXPRESSION OF TEXTURAL PARAMETERS ’
(after Folk and Ward, 1957)
Specimen No. Kurtosis

AP1/

Mean Diameter

Standard Devn

Skewness

51/2
112/70(a)
112/70 ()
118/110
122/108
243/27
472/18

ébl/o(a)

601/0(b)

601/0(c)

601/0(a)
648/6
755/0(a)
755/0 (b)
755/0(c)
761/13

792/66

803/5

Med sand

Very fn sand
Very £fn  sand
Very fﬁ.sand
Very ﬁ; sand
Coarée s;it
Very fn sand
Céar;eaﬁed sand

Very fn  sand

Coarse sand

Very coarse
sand

Very coarse
sand

Coarse sand

Very fine sand

Very coarse
sand

Fn sand

Coarse sand

Med sand

Mod well

Poorly sorted
Mod well sorted
Mod well sorted
sorted
Mod well sorted
Mod well sorted

Mod sorted

Well sorted

Mod well sorted

Poorly soxrted

Mod sorted

Mod sorted
Well sorted
Mod well sorted
Mod sorted

Mod well sorted

Mod sorted

Mod well sorted

Strongly fn

skewed

Near
gymmet

Near
symmet

Near
symmet

Near
symmet

Strongly fn

skewed

Strongly fn

skewed

n skewed
Fn skewed

Strongly
coarse

" skewed

Fine
skewed

Near
symmet

Fn skewed
Near

symmet

Coarse
skewed

Near
symmet
Fn skewed

Near
symmet

Mesokurtic
Mesokurtic
Mesokurtic
Mesokurtic
Leptokurtic
Mesokurtic
Leptokurtic

Leptokurtic

Platy/
Mesokurtic

Platykurtic

Platykurtic
Leptokurtic
Leptokurtic
Mesokurtic
Mesokurtic
Mesokurtic

Leptokurtic

Platy/
Mesokurtic



Table 5

DETERMINATION OF DEPOSI TIONAT; ENVIRONMENTS
(after Sahu, 1964)

Specimen No. - Values obtained for discriminant functions Inferred

APY/ o . environment
Yu beach: Yu beach: Yu sh marine:
aeolian sh marine fluviatile

51/2 -1.3270 159,1490 =17,0159 Beach
112/70(a) ug}zzlo 96,9745 =2,8134 Sh marine
112/70(b) - =9,7142 96,1936 =1,4494 Sh marine
118/110 ~7.4484 90,4870 =1°6326 Sh marine
122/108 -8,6715 99,6209 -1,2705 Sh marine
243/27 <10,4130 118.2148 =4,6529 Sh merine
472/18 27,0664 123,5812 -6,6289 Indet
601/0(a) 0,5547 54,0786 ~2,2409 Beach
601/0(b) -8,6973 102,3000 ~3,7895 Sh marine
601/0(c) 7.2924 79 .3843: =9,1110 Fluviatile
601/0(a) " ,9785 7342065 ~9,9307 Fluviatile
648/6 12,4483 '85.4085 =8,2647 Fluviatile
755/0(a.) 1.8764 48,6583 -2,1396 Beach
755/0(b) =804097 96,4243 -1,9137 Sh marine
755/0(c) 6,9438 63,9000 ~5,8672 Sh marine
761/13 2,0799 93,5761 =3,2087 Sh marine
792/66 2,0353 76,0166 =5,7368 Sh marine
803/5 -1.3185 59,6551 -3.8563 Beach/

sh marine



Table 8
CROSS=BED DIP VALUES FOR THE STATRWAY SANDSTONE

LOCALITY | NO OF READINGS AVERAGE IIP OF CROSS BEDS
ANG (18) 22.1°
AP3 (18) 14.0°
CHA (15) , 21.8°
CSP ; (22) 25:7°
ECK ( 55 23,5°
EGR ' (14) 21,4°
EJC (34) 20,0°
EMC (12) 18.1°
GHN ( 4) | 11.7°
GEO (23) 18,8°
INT (20) 21.8°
LEV (11) 16.2°
MPY (23) 19.3°
MTE (24) 18.1°
MTS (18) 18,7°
NOM (25) 19,7°
OLF (26) 21,0°
RC3 (29) 19,0°
SEY (24) 22,8°
STP | (12) 16,5°
WG (25) 19.8°
WCR | (27) 17.7°
WMC (24) 19.5°

Average value throughout the basgin ,18.,00




Table

VARTATION OF THE THICKNESS OF CROSS-BED SETS WLTH
GRAIN SIZE AND LOCALITY

LOC. FINE AND VERY MEDIUM GRAINED COARSE AND WHOIE
FINE GRAINED SAND VERY COARSE FORMATLON
SAND GRAINED SAND
A B A B A B B
ANG  (9) 5.2 | (7)  (7.2) 6.2
AP3  (18) g.4 (1) 4.6 5,2
CHA  (8) 7.3 (2) 8.6 (5) 5.2 6.8
cSP (155 3;é (8) 13,8 8.9
ECK (11) 603
EGR  (5) 5.6 (15) 15.0 10.3
EJC (16) 2.5 (6) 5.1 (19) 24.1 10.6
BMC
GHN  (3) 6;3
GEO  (15) 9.4 (2) 4.5 (5) 7.6 742
INT (26) 7.3
LEV  (4) 3,2 (1) 3,0 (5) 16.2 5.5
MPY  (18) 5.6 (3) 63 (1) 4.0 5.3
MTE (23) 4.5 (1) 12.6 843
MTS  (2) 3.0 (3) 12.0 (13)  14.7 9.9
NoM  (16) 407 (4) 6.0 (3) 13,3 840
oF  (10) 6.1 (13) 76 (1) 3,0 5.6
RC3 15 5.9

7

4



Table? (continued )

LOC. FINE AND VERY  MEDIUM GRAINED COARSE AND WHOLE .
FINE GRATNED SAND VERY COARSE
GRAINED SAND FORMATION
SAND |
A ‘B A B A B
SEY (14) 5.9 (3) 740 (7) 9.8 7.6
STP  (4) 8.5
wic (14) 3.7 (4) 8.5 (9) 11.1 7.8
WGR (5) 4,0 (11) 6.0 8.0
wMe  (15) 5.4 () 6.2 5.8
Average
value
for all 5.4 608 765
localities —_— s

A ~ number of readings available at the locality

B = average thickness of cross=bed sets, in inches



VARTATION OF THE THICKNESS OF CROSS-BED SETS
WITH STRATIGRAPHIC POSITION AND LOCALITY

Table 8

10C. LOVER STATRWAY MIDDLE STAIRWAY UPPER STAIRWAY WHOLE
A B A - B A B FORMATION
ANG (6) 7.3 (5) 2.6 5.0
AP3 (3) 366 (;1) ?aé 5.3
CHA (8) é.s (7) 7.1 6s7
CSP (16) 12.4 (12) 3.7 8.1
ECK (8) 5,7 (2) 5,0 5.4
EGR (18) 13.6 (3) 1.7 7.7
EJC (24) 19.2 (é) 2.5 10,9
FMC |
CHN (3) 6.3 6.3
GEO (13) 5.2 (7) 17.1 11.2
INI @§) 7.3 73
LEV (7) 8,6 (4) 2.7 5.4
MPY (1é) 5.5 (16) 5.8 5.7
MTE (25) 4.g 4.6
MTS (12) 17.é (é} 3e1 ©10.5
NOM (11) 7.4 (6) 3.5 fg) 6.1 5.7
OLF (17) 6.7 (65 6.6 (i) 9.0 5.4
RC3 (10) é.s (1) 6.6 (;} 4.5 5.7
SEY (14) 8.3 (10) 5.6 7.0



Tabled (continued)

LOC. LOWER STATRWAY MIDDLE STAIRWAY TUPPER STAIRWAY W OLE
A B N B N B FORMATION

STP (4) 8.5 (2) 8.0 8.3

wic (1s5) 9.5 (12) 3.6 6.6

WeR (15) 5,2 (4) 5.0 5.1

we  (4) 6.0 (9) 5.7 (6) 5.0 8.4

Average

value — — — e

for all™ =~ 843 5.4 56 69

locglities e et s et

A = number of readings available at the locality

B - average thickness of cross-bed sets; in inches



Columm
Columg
Column
Column
Column
Column
Column
Column
Column
Column

Column

Table 9

CROSS~BED FILHLD DATA AND VALUES AFTER

CORRECTION. FOR TECTONIC DIP

(see over)
1 - Logality
2 - Sﬁ;gtigraphy
3 - Tecﬁonic azimuth
4 - Tec?onic dip
5 « Crosg-bed azimuth
é = Crogs-hed dip
7 ~ Thickness of cross-bed set in inches
8 - Type of cross-bed
9 - Grain size
10 - Corrected (i.e. true) cross-bed azimuth.

11 - Corrected (i.e. true) cross-bed dip.
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Thick- % Sed.structires presém Grein Size Porosity - Phos.material
ness Churning Cross~ Graded = Node.  Max. Carb, Intergr. Vuggy Degree . Pyrite % Max,
by bedding bedding “dism. : of . pres. diam.
 infauna - (phi) Indurn. pellets
) R e (phi)
Upper 1%’ 56 0 0 fn silt 2.8 Ml Low Wl 4 Rare  Nil -
Lower 23 5504 0 0 cliyey 2.1 Nil Low Nil 4 Rare 4,46  =2.30
[ T R T cgdlg - v : . :
~ Upper 790 0% clayey .3.38 Wil  Low M1 4 Rare  Nil -
o - gilt . -
Lower 2§ 107 0. 0 _V fn sand2,5f = Fil- 'Low = Nl 4 Rare- 13.8% 2.50
L ) - W low - Coimm. . :
Upper 52" a5% . 0 0 Clayey 3.3¢ Ml Nl Ni1l 4 Rare  Nil -
. e . silt . - ) .
Lower 2" 20 0 0 fn sand 1,7  Nil- Low Nil- 4 Rare- 11.8% =1.1§
T e B T e e T s rare fn comm,

Tpper 117 Y 0 0% V fn sand2.1§  Mil-  Low- Wi~ 4 . Rare . Nil =
. ) , Ll low mod rare fn } c
Lower 63" 286 0 O Med | 1.3¢ M1  Tow-  Nil- 34  BRare  7.2% . -l.5f

) N i - o ’ T "7 mod rare fn ) C .
Upper 113" 16% % 0 Fn sand 1,59  Low  Low- _  Fare . 4 . Rare  Nil . = ..
- . N - mod " fn-comm '
. Lower = 5™ 0 0 0. ‘Med sard 0,40 Wil  Low Nl 4 Rare= 71%  =1.3¢
i . ) . - COMmim « .
Upper 13 33% 0 30% Fn send 1.5¢ Nil  Mod Reare= 4 Rare " "Nil = &« -
B - fn
Lower 43 35¢% 24% 30% Med sand 0.5  Nil  Mod Comm. 3-4 Rare  2.86  ~2.1f
fn -




Table 10
AVERAGE VALUES OF LITHOLOGICAL PARAMETERS
IN THE COMPOUND SEDIMENTATION UNIT
(See Fig.27)




Taeble 11

Specific gravity determinations on nodules

Brown nodules

Average for brown nodules

Grey nodules

Average for grey noduleé

2.61 gms/cc
2.52 gms/cc

2.70 gms

2}61 gms/cc

2.76 gms/cc .
2.59 gms/cc

2.67 gms/cc

2.67 ggs(oc



APPENDIX IV

DETATLED GRAPHIC LOGS



LO0G REFERERCE I

Core Condition

e

core in good condition - no gape :L;;-;
oy

core has split into many laminae parallel

to the bedding

core broken into irrvegular fragments

half the core has been removed for deter- ?;’.}*_:

mination of P30s content. ¥4\3)
b 2
L]

core wissing (lost during drilling ?2%;;

operations) (450049
ez

TO ACCOMPANY RECORD {866/l

AUS 1/130



LOG REFERENCE I

Rock Type
sandstone
lutite
limestone

sandy limestone

lutaceous limestone

calcareous sandstone

calcarecus lutite

phosphorite

phogphatic sandstone

phosphatic lutite

phosphatic limestone

oolitic pyrite

minor sandstone with major lutite (strata
either alternating or interfingering)

equal sandstone and lutite

major sandstone with minor lutite

alternating or interfingering sandstone and lutite, but
with the proportions varying from top to bottom.

TO ACCOMPANY RECORD 1966/} AUS 17131



LOG REFERENCE 111

Bedding Plane Types

i

very sharp flat contact [+

sharp flat contact Fit—+

Savbus

Rageay
distinct flat contact :j};:—
b, o
Tt

o

transition gradual but rapid (range of transition <0.5cm)fa :
-

transition gradual but fairly rapid (range of transition [$be¢
0.5-1em) s 1
) .

transition gradual and slow, hardly visible (66146
I

undulating contact; gradations distinguished as above

>~

irregular contact; gradations distinguished as above

- it

r-L*,V%
oy
Li

TO ACCOMPANY RECORD 1866/1 AUS 1/132



LOG REFERENCE IV

layer Properties

T

{negative (bottom fime) ++5%
graded bedding (positive(bottom coaxrse)s o

.

(coarse grained laminae predominate ‘E
( :
parallel lamination (equal coarse and fine grained laminaer———

{fine grained leminae predominate El

{coarse gralined laminae predominate !ﬁ

alightly disturbed {equal coarse and fine grained I&ninn.d;zr
parallel lamination ffine grained laminase predominate |

strongly disturbed (

s Ee

predominating grain size not indicat-% ’

parallel lamination ( o4 14

wavy lamination (predominating grain size indicated /Q\z i
( as above

lenticular wavy {predominating grain size indicated Z *

lamination { as above st
cross bedding Z

tracks and burrows im all directions \

™

bed pulled apart , il
1 (coargser than surroundings <>
ens {finer than surroundings
<=
I 4
irreqular inclueions(coarser than surroundings ‘A
g {finer than surroundings A[ "
clay pellets @

TO ACCOMPANY RECORD 1966/1 AUS I/133



* LOG REFERENCE V
Textural representation

e 2 )
H

fine grained sandstone

|

Zg

I 1X
v

equal very fine grained sandstone and

silty lutite

very fine grained sandstone and minor

muddy lutite

H- 1!!!
HZMED
44 H i

(e B isimim B s n
'-"‘[; TrYrwr et st w1

silty muddy lutite and minor very fine

grained sandstone

A AR LA IAED AN AN A

bimodal coarse and fine grained sandstone

N

AN

..4ALLILL1

4

| 98 ID BE 1]
LS A2

HI‘ T

]
silty lutite with very fine laminae of H
very fine grained sandstone
RARLRAR AR AR S
fine grained sandstone with very fine
silty laminae e
. sandstone grading from very fine to
coarse grained. "
!
T

TO ACCOMPANY RECORD

1966 /1

AUS 1/134



LOG REFERERCE VI

Calcium Carbonate Content

oo ose
o
AR

low {effevescence very weak)

moderate (effevescence fairly strong)

s ddedod,

high (effevescence very strong)

TO ACCOMPANY RECORD 1966/1 AUS (/135



intergr

vuggy

LOG REFERENCE VII

Porosity

{ low (approx. 1-5%)
:

anuler( moderate (approx.5-15%)
(

(
( high ( > 15%)

(common fine (Tmm or less)
(

(

{common coarse (1-10mm)

(

(

(common very coarse ( > 10 mm)
(

(

{rare fine (a8 above)

(

(

(rare coarse (as abowve)

(

(

(raxre very coarse (as above)

TQO ACCOMPANY RECORD 1866/

B |

1410

T

|8

AUS 1/136



%

LOG REFERENCE VIII
Induration

loose: greins falling apart im dry condition

friable: grains can be detached using a finger-
nail

moderately herd: grains can be detached with a
knife

hard: grains cannot be detached with & knife

. weakly metamorphic: fractures pase through the

grains

TO ACCOMPANY RECORD 1966/1

v

AUS

1/137



- 1.OG BEFERENCE IX
Supplementary Data

{rexe

(

pyrite (common

%very common

pyrite and oolitic pyrite (gradation as above)j

ocolitic pyrite (gradations as above)

glauconite (graﬁation& as above)

' |
|
| ]
|
|

{present as irregular patches or in fractures ::i
hydrocarbonag
gaturating the core 4
( o2
gveak patchy developments E
fluorescence( L
" .
Estrong development : Eﬁ
- - -
in

TO ACCOMPANY RECORD 1966/ AUS 17138
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1964

DATE

SCALE One inch to four feet (148
AGE Ordovician

MEASURED BY RJ.Cook *

Not

Johnny Creek, NT.

FORMATION Stairway Sandstone

NAME AP}
LOCATION

SECTION OR CORE
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AGE Ordovician

MEASURED BY P.J Cook

Nos

Stairway Sandstone
Johnny Creek, NT

AP1
FORMATION

NAME
LOCATION

SECTION OR CORE

i ; i : i i i { 1 ! ! ! e [ 1
foo _ | m ! | | sl Lok i A i m Aom! :
s i ; : ! i i : 1 i | ! { , ! i ! il s ] 1 s i
T ;T:: T___w; TT ::_..:1@11_;1:_ :T,_q.j:m_f_._ T ARARN R 3 RRALLS RA | BARRES ARYY _T T T «;:.T T g_f;.JT:_ LLRARS RAARRS LARARS RERRS LLRR RARERS ARSI _f: T 4_ TT T f: SRR U Ul RUEREE RARIULE (AR RSN RAL LRREH AR _ :; T _.i,_,:, PARRAE RARER) ::J:%: ::4_::_ ::;:: 41@::_ LALARS LRERR
E i ! i : | , | | !
. , | | ﬂ m 7 m ; | _ b Bt * - , :
» | i | ! ; ; ; ,_ |5 g g Boch, 1 gl . L
2 | i : | S N A N N i : i - _ Lol olssi frgnabtio | <) L e At i ,
P B I L, SR S * ................ im A . i M I i 1| i 3 3 ) ! T
< | o , _ | " _ _ , , : | . . _ ;
= A “ “ m . , ” ; | J M- st chogad] | , | | T ol il : 100
i i = ! : i | Ir (5} ! i { - B
w : I | i ! 1 ! !
1 . (%5} | ' X o . ! ~od pastr: o H ! £ M“
= - % | %w-u W L T ! 3 1a bl b e ooy &1 8 3 b e i SUE W K s T ol Bl bl < e - I T ool B Rty SN S R | i - : S
3 SRR T il e BRI 4 RN \“ ) ST I N S 4 e - ~ s = i W = al 3 - " = 1 : s ”2 . + : . } R
1 o 3 i ! 9| o |1 pf P o a b i i ol o 4 ! & ! | a0 ; : ! f I oo}
¥38WNN  LINN RIRIE mg. g 8] % Wal & Hm H5H S Bl3E |3 HE| S g 2 R B R 8. % SR8, 3|8k $ 81 2 m 3| 3 R a3 4 B8 ] i o S v SR B8 ,ﬁﬁm,s, Ll sl R mve.mﬁm .:w‘.w M .mj ] | R
i ‘ T ¥ 1 . ' 1 5 . ' e v ‘ 4 A /3
SHIAVT 40 HIGWNN  JejaflizR ) = Log= ATR s Ml L o T 1 ! ? 7] PSR 7. | RERSI PR " G 28V S # A I ¢ 1 P Tk I 5 KRG S O R n S 61 1§ S5 o5 ik T e
I . H + b §
- sy ‘ e ;48 1 hE R N & : 1
5 Q3IYIHLIVIM o i ;s 7] 3 |3 I w— gz 2 4o 3 i . i | i , PR L SN e ey DT [ ORI T R ST T T T S e ke s Va0 i S RS (RIS B RTCOIN PREIE BOE B S DU B i A el 2 PR nl o BRI [t
o TN e - — 1 t el ) ; 1 g
# e} HS344 3 : i ! m; | 2 Iz z mw 2| ! | i W A * M_mw u i
P, 9 | ; | ,
x 13 T T Aokt i ware - e
oy ALIDIYIHAS i ! = rsaa :
[} [ ‘8.
W ) I T ¥ : : e —= [ e -
[ = SS3INANNOY m + - : : _
Eu o LI e SanSasSmaas Sua: f 77 v 777, PSS NIV B 7
wo - ¢ 1 YAV % “ 7 7 - g : =
W vAln M ¢ s = T IR 7 7 t - t
& T o« Tn : [« OSSN RN o R S AT R | (9 T Nl B - ~ G2 000 oo G ' a7 \\\ \\\ I V 3 v g T
a al s % & = 2 % £83 R RERRNRNNS TNRRERS /) 71 LA TE00. )M SIS ST i 7 - ,
,% - @ | i : ! RN 7200000000004 N APNIID 79974 ! !
(Vo 5 g y 1 T i i T
Tl X a 4 - T e > o . | g
Q tJ g - 19r0.6 - 3 1 g s ) T B2 TRS ST y
(o v - - . i H W F 1 IER 1
S g 4 T v § rY Y R B R ) tiam . t !
SNIV39 8 S1371134d .x“_?é“r_ - - t a * t 158 e ) = T S wTUEYY ewees vew P R T i B W 9 Tt I t 4, 10823 TP T
) D11YHdS OHd u.vl.wvxozhmvcnwmuwnmu_ f 1 ! ! G : 1 L i 1 1 L e e e T I ' T i i
P X i D " : ¢ E } o 23 RS U : Tl |
= SJIYIHLYIM z | < | 3 | | | C | | L 1 !
e ! ; ' | o Ng| | 2 o NS N ® LM _ o8 EEY sy
= ] =1 | . s HElie g de 9 gl ¥ 2 ie P I 2k % A - B EOa el SRS BT
S HS3Y 4 =m i : | | J A w.. w 2 i & V _ mw” _f i
| { | " ‘ ] ] g
S118804 ! it | e Frs e = {5 ettt
. i el L
b ; —twl -
T 20U828740N 4 ,_ i mam % !
viv 1'0 99844 + BB PRI Il O (% A PYS oo A0 TR EERrs P P2 Gt Y 45 5485 Gy o 9 iy vk B P TE2628 ITOVS P P EPRSTY GO T o8 FE3 L33 RS PUSEYY Eaw f - gm..
JHVLN I s _Auooro|9 . . ! i ; i
kg _— - e - - - : e . a8l
U * > I st s oreos: may PR S 2 % = 2 R T TSN SRR 2T AR B o PRI Ry SANTRATRREDL TRRRRY SERTD NS FuE - = ) R, "
NOILVHNANI s fa : . . - I
T - - - —- : . e . + + et . = - f saums —ive
e R _ ] 5 i T B = : SSRRER: T 8 I A BT S Lo SRR R i o 23 SRE RN S L L S £ T R £ Lt
N§1002 Aon .IQMIIAI
ALISOMOd oy ] e D IR cagw o e —"—— jou sappousey . .l
MY INVYONILNL  @105ep : T ; 3 i D 2 G S R SR PO ICEL B R TrrLy L] T PREA BERREY RN B 3 ) PR | s P
4Py T Yooy 11 | . % ! 3 ] i 1 =T
JLVYNOBYVD I 1 ! 1 T S5k g mes oM ey pow e e e _, , H ” o : @ {
WNIoIVI yor 7 7 07 \wmw G, SAI AN, I I LTI, I AT AT I A, A N \A&W\ 1 GO0 A A OG0 0000 o 7, R B
f s S 7 7N V7 7 o AL A A, YA A A RS ” A A A R0 R A s, oo AL oAt . _ '
= . 7 & 7 | : e ; LA LA IS, w\ 7 AIAAY N X 7 AL T, A0 OO0 ravoavvy. e BB
) > 7 puos (0 D 7 4 | i 7 0 77 \\\\\ \\ 77 X, LA N \u L0 ‘M\ \ AR OO (02 oA ?w\\ 1=
1= BN ' " v : “ : — & ; _ : Lzz ot et T brbitia] ||
(@] X & o ! 1 | )i i i ' | 1 SR 1 R B =
a O i — e R (o Eo (MUY Py AN Dt PR IS PP TR R MO TR e pien e o By wEe L LHP: TS PR PE =g peie B [EEREES SEEERS SI350S EREETI 12T PG oS s 5 i HEER, TR EIC SR BRI MR i freee | RS ] > t T R RN st
oo | = ”. |9av1ib — T T t R . 578 P | % | T [ 1 QT 1 1i
o oomron e 7 LI U T A A 0 (IR % DAL 7 - TSI 7 - ” ~ e .
T % AL i A \\\%\\\ e \i{mw o/t \M? 7 \\\\ﬁ FRR Y L A D L A D A T G e e ) w\%« - 7 \\\Q\ % 4 \M\ \\,\\\ \\\ \.\\M«\\ s \\\w\ e \\\\\Mt 7 \Qw\\\
- e L G e L S ) AL L LR R 11\ 0 O 0 OO D A A A AT A0, 0 D AT, A, DO A AN 7 2 D ORL IS, A T A ; LAY,
N w - KU ORI 87 AN B EA 0 Az e e St 2 A g e e i e L 707 v N 7777 A2 SN G OAAON, 7 4 7 :
= & IR X/ A e A A7 7000, : T Lot Y e OO0 7 TP I O S R o GO o, I TR D T I L A 1 Oy, Coueesy N B A B A A o A 0.7 AT Y, 7 7 IS % AIANISS Z A
= g 5 £ 7 pocs v ; o S OIPRANBS LTSI I IS IS D DA I SIS IA AL A A ORI DTN, A ) AH a1 74817 RTOX O L A AAA I L, TIIIII I GISISIRA A , AN LA
” PRI TY. Q05 / Vi \\\Aﬁ \\ it f 27 3 ¥ ' T Y f o0 A0 O S AINIL t f : : Y T '8 1 T . 87, 7 2 T 2/ VA lﬁmx\ll 74 1 ¢ .
i QN7 et . o . t 7N 7 . 3t < e ARl R SraES T TR AT A W e e ¥E = g3 ey s s 5! 5 SRR = e b ;" Mt Y77 A T 7| EERS T A 1 < o BT TR SRR Y REDRL :
= P - w (v : : : 01/ W77} : I G777 . IS ORL 70, B S B 7 1B 3 BRI WV 4 v xsmmmwww - ST 7 Tz 55 = 50 T
— U TTTT S S 1 - A _ “ , i ! _ T a T T l r _ - A |
T g T T _ 1— 1 ] : ! v M b _ | H ! T , T i 1
{ ) i | 4 e
JA “ : A M M I~ ‘ A 4 T m ] - M < S B BRI b N h , i , ” V , ﬁ »
o i “ aﬁmﬁ e 0 i i , | | ] | , ! Ml , 1§ B | v , _
w ReREEEL 1 T 1 T 1 CT e i T EE ! | il [ ! ! i | A,
- r , - A — q | 1 ﬁ | . | =T N
Y & , e : | i ! |
g w dt | | .,A | " | | | AT
g o ! | i ! 1 | ! | |
e} = Borte - - ot —— s + 1 ! | I :
@ = ] . | 1 | | ! ! : ‘ _4 t t - S— |
& =] | L , el H * : o . A I ¢11 ! bt . | " , | .
=4ttt : -t = f i I TF f i ' | , ! [
i IH j ; \{> | ! - mr kL ﬁ . J_ﬂ T U M X . . _ T T - “ _ s
NOILD3NIQ IN3HYND | | ; i _ | . | , 4 | | ” ; | i
R i . - T | T l q 1 T T T T ) |
= . i T = I ‘ i | | “ . ; | _ “ i i i
o o, W 3INVId ONIJa38 , m : , " , [ : M | : “ n ] S | W . _ ; A
z z & 3IHL NO . ek [t e o [ . o CR ! . , » _ ! _ _ _ , !
g Juw S3UNLINYLS ¢ | , | | | w _ | m I ; A ) |
w a o ! [ | ! i ! ! i i !
@ x 3dAL | ; A " S ‘
—rre—— o - - v - e
- Ty . i L] 5 G S pliil DR 2 .
i b e : A Depkal 10 | 5 et el e e S %, i 5 % :
3dAL MO0V . LRI i[3d - y . b BRI s LR B R o + e H H - iy o 04
& . ! " m |
w NOILIONOD e ) | £ i i I ; _ _ , i _ I , i
x - P — = i e ,
O A¥3IA003Y s , , : , — '
| : h : & ) ; i | o | | | m i : | ! e | | b ) m, : _ cec ; g @ | ’ » | : | .M * oop LR vl Popo
1334 NI SS3INXIIHL " | i i | | * Wy 1 ; il : | | | | s _ | | | | | | [ IPSURY ITTWEU LATRTY ¢ (ROUY CTPIEL BT dbia e b st Mgt b o Lt coieid | PR P | FRRTEN DRVORS (U0 COVAVY NETUYY FUTTR) heeT] TNVETI FONINY PNVESL  PPUTSE CUUVTY SYR VY (UUNUY FUTOR) (YR SURTVETY (YUNTY FRTTT FRTTAV| Loyl ooyl | S SRTEY PUTUT] FUTUWN FEVURA AUSUUT SUCUUY FRUUA CNVRUN FRTUVY JERNNE Bout
eroacy Lagadig ul i ~ ol m oo d Lt il 1 1 L L gl b . ;" % + & @ “ m M ;
W T ey £.h : Lock o S NN R E B B W LA B AT : Ry W B
% ﬂ “ ﬂ ﬂ M % W M et ; ‘” 44/. m. 4. m m m ; m ” m ” H ) g E | % ] : ! | Yl iy i 4 ' . ' & R | . ' o , i | | ; : _ oo P, oo
' ’ : : . [ { i i i | i ! | | Eay | | : 1 i | ! !
i el ! ! | IR il ! : | : i H | : “ ! | ' i . : ! :




AUS 17144

(964

(1 48;
DATE

i

Oraovician

SCALE DOne inch to fouffeet
AG

No 6
Creex, NT

APt
FORMATION Steirway Sandstome
Johnny

NAME
LOCATION

SECTION OR CORE

5 o = 4 p ‘.‘ by
e 5 8 I e ;P b <8 By 8 S B \
; SREAAT Eaiags T 3 i  EERBRA AR RRE) ikitanse ,T LA LANSES RRRRAY A {RANAS) RAR T Ty T T T T T T T T T T T T T T ﬂQ T T 1 | T 1 | i R T i T 1 T e g | RARRRN RS T T b3 T T T T T T L RIS I | ™ T J T T t -
{ |
& |
¥ |
o "
<< {
= ¢ f 2
w e 8 T 145) X
o y ~~ : i T
- oz o e Fo s g d o R ek b e - T 5 T ® P b
| | : |
e}l ! ~ 1 e o| B o r L B3 = o gl w ' = " _. 1 3 G &
4IEWON  LIND g ¢ | & [dl e e |Helan 2 ¢ clnad s e ¢ HA] £ ] & Wi e & ¢ z B # fleial 2] & e I £ # [E] F TR = TJalzlf] & ¢ e e : ;
; T : ﬂ s
SH3IAVT 40 M3IBWNN = il = 8 -l 2 ik el g x £ - Al g G b T TR % o T ) SR # o R 3_«1 l:n - " " o -t “ “ - Q i ¢ . . -
i | ! i i L
g A3YIHLIVIM i 2 o ' , |
m HS3Y 4 _ z M
um & -] z
o L e b e S A S SR TN o o i e bt s et i
= ALIDIMIHAS & % g 4 o o g o 1 A 5 s ST i o A i o B AP - 5 i
n & dei R P 5 e ST S otk et i s Ml i B b e T T
ul a . B A 0 R S S SR A AT i R0 i - - i s - N2 G g
el SSINANNOY : R A T T A I KON %Iii}““ M 0 T e AR 1S R R oo S S Sl At e S WO R Y Ml
m b = \l- R ST s € £ e P e st € a oo ¢ o ooy Mot i e e T t— . - g
g VT R
P = _ ¢ ‘\\\&\lx \\\J\\n.\\\\ 4444444 - - e e A ———— o . . . - - e - . - - - e -t e e e s . - Sa— R PO R S SRR - i — e -
o = a S~ a \\.‘t:\s\n&”&ut\m‘ RS S S RS S AR SIS e N IS | T SRR N L SR e S S B i
x @x 7 4 VT S e el LU i e oA T = S
o & oF 0 R e e RSO b RS SRS . 1711 AR : o i o SR i
o < ) i L & W s 7
T ,v.u 4 B v e e s 3 T, o 7 ; ; e iians L : :
X = s : =+ A el
e : BTSN S e S50 o2 SRy N N Ty S T ey N SOl SO UG S T T T .
TRORT AR e T i e i e
DNVHA S Mot 30 % YtV o0 M N 3 B PRI A TRBDET . Tt i R AR TR RS S > \A..M{lw T = ‘VJ‘.HH| AT [IMI HIHI.«H Pt 5
W AZY3IHLYIM
o g
o & S S ~ ~ o " ~ » o 2 p =
o HS3Y 4 £ g < Ll enFl 2 z z I z 3 w 2 2 z -~ W W H By M _S//N z
o z z z z 3
cli1csud
.5 ]
2503553100 4 T 1 T T 1 : I ] ] T 220 & = T T Y 1 T i e T g
viva 110 3844 2 i3
CEN LN TN VT S ‘vcr_oo:o_o ;
EIPT W]
NOILYH¥NANI . oot .

ALIGOMOd

STMUHI LN

JLYNOEBYVC

WYY RS e BT AT SN T AL S I A BRI W Ok , Sl ) NEE & o e e R T T T e
7. 77 i i e R 74 G, / B
5 - 22 - - i
z . . x . oraz . N s e, . R . ] \\ / L s nirs s L 2t A
A e o s e = Uiz i il )
q ©? N BP0 ERER : N ' AT A e R e R RN A AT SIS [ S ey T R O ) Ho S TR 1 L5 S e, N e e
M b - o) s e PP o = o & T Y S By W o R, JA ) S [ o e S M P A OO T e

O A A RO/ SIS 7 R 5 7 T

I I G R 7 7 775 77 V7 e17 \\

n\\.\“\\r\\\ \wﬁw«ﬂ\\\vmn\..\ ’ I, 77 LA 77

P ST ; 7 % ;

D2 e, %\ s i/ N o i

A LY IANZ 7 D 7 7 & Y7 A0 A A 1
7 87 ? 7 : AANIL B A

SN RN iy A ; AR 2

7 770
7 A AR 7
\\\\ LB 7

=
% 7 % G, \\\\\\W\\\\w\\\\W\

7
7/

LITHOLOGY

E

o
A

z 7
2 s \\N\\ \\\w
TG s st mvo &N\\W\\\N 7.

XTUR

\ 7
% A

T

= e

o m B | : I R W <5 el MR

: . : = = e —

B o e i - Al . o e e ; e
; L — o —1 lhl il — T

NOILD3HIO LN3I¥HAD ,

INVId 9NIJQ38
3HL NO
S34NLONYLS

BEDDING
PLANE
PROPERTIES

1 7 77 I 4 /
3dAl N .s \ r \ H ] [}
X i e R IR ey . * » Ly -w ] VATTATUTTIAIRAIL TN Tl VI a5 i
1 3 i Eo i T S i 2 O, i e : s e 5
3dAL  MCOW i M . b ey s NEE P

t

NOILIGONOD ! : e s :

CORE
|
|

AMIAODTY U ] - - , ; : S ; ‘ ; : ; = = o ,
: ‘ : | 8

540

ol
any @ € e 2 Q 3 ¢
1334 NI SSINMOIH <« ¥ ; T g < & . ) 3 ¢ 0 i
4 N | i | i | i : Ry ’ _T4_ bl PEET 1 I { 1o { ; % V- o | M | | w L % 1 | | Laipd §is | | | | “ w m | ! _w _q | “ { d_ | w | ,,J__, | iy 4 iy ;,b_:,“_ TL,_.: i Z,m.. _4 | { w w ; | 4 . ;
o8 T T T T T T T 1 t T T T T T a 1 T - 5, o ) g b o %
o o 1 @ o n Pl m : o o~ ¢ ® © o o o © @ & - © o ¥ 2 o ~ < © @ o o % ] % 2 5 ™ » ® 4 < S b3 I 2
8 8 4 4 & g ] $ 3 & & g R g g g g 8 g & g & ] g 8 g 2 $ 3 $ 3 3 - ] g g & § g g % % s 4 s 3 -4 g g g

TO ACCOMPANY RECORD 1966/1



1964

(1:48)
DATE

SCLLE One inch to four feet.
AGE Ordovician

MEASURED BY P J.Cook

NAME API No.7
FORMATION Stairway Sandstone
Johnny Creek, NT.

LOCATION

SECTION OR CORE
o

i ) i : 1 !
' i i i : ; i i i "
! i i | i ! §
U , , i __ _ el ol | “ fir®
) ) ] . ¢ J ! . i i i H e . - , T L30B8 LB L8R RLESES LS NS ERE
i i i : ! A { = o ; . - e T T T T AR RS RAIARRERE RERRRE B T NARARI RAERRS RALM | 1 | _ | |
41._.;::LJJ;]JJ::___:_j__..:_.4:1_:._ 1._, 1:1_:5]4.11 b s R R | L 1 | T ] i AEREA R — T _m | w bk B __w I " | ' | MJ | u— | J 4, !
| ! . i | ! ' i : i : § | ¢ ! | i ; !
. : ! | _ : U _ m _ & | ! , » m
; ” ; ! , ; i ; m _ _ ﬂ b s w , ‘ b b
< : i ! " w ; fetan e ! . : i ! .h i frssnd - g i _
x { e . t { N | | n | | | ! | A H ! 1 _ : H g
< w m ) _ ! w 2 W ! ! IS - | | : : Ll
: 5 EhEs E ] L ls | ozl
w e | | N ! , 5 3 YR R { 2 i~ mmr. { a M f m
% - | , = ! ; S oQ S po B R SR = | LS I - e i !
i o i i sz —= i e T s sl & [z| 2 EBMs(zl2 (38
"V DTS M e T T 15 g0 st s (8llligl g |zl =1l s w i o (s [afals Wi g 3 8 § [8] B QREES|3| o |
HIBWAN  LINN . A E e M. S R R , s 3 $18] - © w _ W j : ; i -
i | - e % i ¥ (22 I o I S B R
: ] ! [ i 41 l_ e, % iy '8 S || ORaE F,\.. R || - - o 2% el g ol .ww s M....Ar { ol |
SH3IAVT 40 H3IBWNN T o et f i ol Bl e . i i i i ! ! 3 T Al
! . A
_ - i ety v ! 3 - | ‘ _ H
5 Q3YIHIVIM = | | | | i L _ . i 1 Tel Te]
3 i _ “ 1 | i [ £ B
o o HS344d : i | .
Aln = 1 o RS & —+
i ALIDI¥IHCS ; = : — -
%] = e ! — T {0 W
w < | 1 - nta ERES! + T
b o SSINANNOY § ; T = -
EL oo e i : : ,
o 2 = € P 4 ' -t T + »
S 3z R * 1 ——] o e o e e w
I ¢ i , o ELTA SEET _ 7 = : —— — e e e 5 . o W s , =
ol & « s _ : , , ; ! - , ; . ! ; . : A i 1 =
| X N, o T i) A ; - : . : : — . - . i _ N .
E| W o . , , = : - _ : :
v | T 1 i — - - B g
SNIVHO 8 S13173d  ofo)-o ' e H : : il : _ it : _ L = 5o resa prrees v v T
OLLVHASCHA 30 % XOUddv 8% oo B i —t- i t : X ard FRR S I :  mcm — : - — , iy ! oy
5 YIHLVIM . o , 3 24 F§ m : ; « 3! : &
az H ; 8 | i :
w - i dr ! i o © I S|l @ z M~ m A B z 2 N\ 2 ~ s {1z
S 7 m [ % 5 5 [ 2{{iz] £ /w 5 | 3 jroe g 2 =1z |3 TR 2 TN 3 B3 ®ei Al z
o 12 i % = .|z | | | { : .
e HS3Yd 4 ' N ”ﬂ | i ! ! : i : M.w z !
; : ] : i | ; ! : | ; :
i w 5l i * ! ) { | ” z ~“v. M e e ! ;
S718S04 B : ! ; & ' ", v @ . @mﬁ ; H -3 Al e A.,‘ @ :
»., T R W w. e L B e wrem R TR AR AR R B AETNERD HURTL BT SRR R T 2 {590 D : 1t 1
B0UDISBION| 4 foieliniiac Im _ ! T - ™ o I T !
givia 110 294 I i - ! T " = v
AMVLIN3IWITddNS 341uodno|9 - 474 R R S S :
14hy - o e
[ ittt
NOILVHNANI mem” : .
Bul) S| i
Lisodod KON oo ko= s
A Mo|
HYIINVEOYILNI a4043poW’ __{
Tl m——— ' . -
3LUYNOGYHYD i - T —
WNIDIV) o 1\ , I o !
His WA I e NI A7) 2 7
s ¢ o et i 77 A 2 YA e A 27 Z , A
2 =z 2 puos RIS DG7) WD 7 L L i A \M\W\;\ X ! il ; -
s s ! o - gz Z + i
(U] = N 0 i i 1 I : 1 H = s +— + T
o| X %o - 7 T , . — - Ty m f
=5 [SETY I I % Pt o Nt P et - ' + e . i t T 3
=z = 1 — A ; : ; . ! oy > A AT AL, 07 Z
i Tors 77, L A A I S LA AL A A ISR AL A AN, Z / e e
- o L A i A T 72 %
- - R e TIT T R K R A K e i T e 17 LA,
3| = He W o e s s sy o T T @mmmwm\ LA 2
=) B N e e A A 227 777 ; A 27 = g
= ouu_”i&:\%\\w 7 S I A S A _W\\ A L7 - M_m\ ;\%f e EREET: B S ERETR B T | 520 N R
ng puog wnipaw Fr 2797 A7, N\.\\Q 2NN 4\*\\ % »\ . OA99 &\ “ : A ) ' * 4 T 1 i i i 1 g ! b
o T * i : T 1 ! H | ; — y
e . _ , . -
v | G 5 1 I q A
v | : .
9 < ' : b .
@ = ao i J Y- : } :
woE = | _ : A, ,
> i y t 1 T i |
< W e , : ; M_ |
s = - " i
M W i | Hil |
e | | | : _. ! _
P - ; i . i i g
NOILO3HIQ LN3Y¥HND , et ; : i m i P _ |
o 4 i 3INVId ONIQa38 ISR
gz b 3HL NO ,
2 Sy SIWNLINYLS
w a ) A
o q
& 3dAL : Sl
3dAL  X00Y .“m,nlmﬁk
M NOILIONOD
o ANINODTY o0 dkor T— : ” ” _ : _
%06 - %08 : - . ; .
: %086 < ; Y ' ' > ! | | e o . ] R | _
L ; mRirig fy W =l i i [ _ i | & | , . { s . i _ 5.? | S TETPL TTST1 SUUTTY TTETY CWRO IR, ::LT.:_:TL:_::_,t_h.[.?___,;;Trrr?_: b
1334 NI SS3INXOIHL wesoddy Ll b i:rr::—f:L::;mt,_..:: ::_,__:: ::L:_:T:EC;&C:::_._WCEN e %rrr Lo %»CLFT F.LWF.,T ;L.Kf: Loy V%_ 1 :_:w A I Ll pnm m 5 , % % ; % m m
g 4 8.0 8 ¥ PN gy oy ok ok S B BERnET

AUS 17145

1966/1

- TO ACCOMPANY RECORD



	Front Cover
	Title Page

	Table of Contents (i)

	Table of Contents (ii)

	Table of Contents (iii)

	Table of Contents (iv)

	Table of Contents (v)

	Table of Contents (vi)

	Table of Contents (vii)

	Table of Contents (viii)

	Abstract
	1. Introduction

	General
	The Amadeus Basin
	Previous Investigations of the Stairway Sandstone
	General Stratigraphy of the Stairway Sandstone
	Summary

	2. Petrography of the Stairway Sandstone

	Arenites
	Orthoquartzites

	Sub-arkose
	"Red Arenite"


	Lutite
	Siltstone
	Claystone

	Carbonates
	Limestone
	Dolomite

	Summary

	3. Heavy Mineral Studies

	General
	Results
	Interpretation of the heavy mineral data
	Summary

	4. Detailed Textural Analyses

	General
	Mean Diameter
	Standard Deviation
	Skewness
	Kurtosis

	Determination of Enviroment from the Textural Parameters
	Summary

	5. Palaeocurrent and Related Basinal Studies in the Stairway Sandstone

	General
	Isopach Studies
	Lithofacies Variations
	Palaeocurrent Studies
	Cross-bed Studies
	Summary

	6. Physico-Chemical Conditions

	General
	Physical Conditions
	Rate of Deposition
	The Variability of Conditions
	Current Velocities
	Bathymetry
	Temperature

	Chemical Conditions
	Salinity
	pH Conditions
	Eh Conditions

	Summary
	Lower Stairway Conditions
	Middle Stairway Conditions
	Upper Stairway Conditions


	7. The Despositional Environment of the Stairway Sandstone

	General
	Transgression or Regression?
	The Sedimentation Unit
	The Compound Sedimentation Unit
	The Sedimentological Model
	The Barrier Island-Lagoon Environment
	The Intertidal Flat Environment
	The Epeiric Sea Environment

	Summary

	8. The Stairway Sandstone Phosphorites

	General
	Chemical Analyses
	Petrography
	Structureless Pelletal Phosphate
	Concentric Pelletal Phosphate
	Composite Pelletal Phosphate
	Structured Pelletal Phosphate
	Encasing Pelletal Phosphate
	Sandy Pelletal Phosphate
	Cementing Phosphate
	Laminate Phosphate
	Phosphatized Fossils
	Secondary Phosphates

	Previous Ideas on the Origin of Phosphorites
	The Origin of the Stairway Sandstone Phosphorites
	Transport or in situ?
	Primary v Secondary origin
	The Environment of Deposition
	Topography and Tectonics
	The Primary Source of the Phosphate

	Summary

	9. The Palaeogeography and Depositional History of the Stairway Sandstone

	General
	Palaeoclimate
	Provenance
	Palaeogeography
	Depositional History
	Summary
	Lower Stairway Times
	Middle Stairway Times
	Upper Stairway Times


	10. Economic Implications of the Sedimentology of the Stairway Sandstone

	General
	Stratigraphy
	Petroleum
 Prospects in the Stairway Sandstone
	Phosphate Deposits
	Summary

	Acknowledgements
	References
	Index
	Illustrations
	Figures

	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10A
	Figure 10B
	Figure 11A
	Figure 11B
	Figure 12
	Figure 13A
	Figure 13B
	Figure 14A
	Figure 14B
	Figure 15
	Figure 16
	Figure 17
	Figure 18A
	Figure 18B
	Figure 19A
	Figure 19B
	Figure 20A
	Figure 20B
	Figure 21
	Figure 22
	Figure 23
	Figure 24
	Figure 25
	Figure 26
	Figure 27
	Figure 28
	Figure 29
	Figure 30
	Figure 31A
	Figure 31B
	Figure 32
	Figure 33
	Figure 35
	Figure 36
	Figure 37
	Figure 38


	Front Cover (Appendix)

	Title Page (Appendix)

	Contents

	Appendix I
	Appendix II
	Appendix III
	Appendix IV

	Appendix I

	Figure 39
	Figure 40
	Figure 41
	Figure 42
	Figure 43
	Figure 44
	Figure 45
	Figure 46
	Figure 47
	Figure 48
	Figure 49
	Figure 50
	Figure 51
	Figure 52
	Figure 53
	Figure 54
	Figure 55
	Figure 56
	Figure 57
	Figure 58
	Figure 59
	Figure 60
	Figure 61
	Figure 62
	Figure 63
	Figure 64
	Figure 65
	Figure 66
	Figure 67
	Figure 68
	Figure 69
	Figure 70
	Figure 71
	Figure 72
	Figure 73
	Figure 74
	Figure 75
	Figure 76
	Figure 77
	Figure 78
	Figure 79
	Figure 80
	Figure 81
	Figure 82
	Figure 83
	Figure 84
	Figure 85

	Appendix II

	Thin Section Studies
	General
	Method
	Explanation of Table 1

	Heavy Mineral Counts
	Method

	Detailed Textural Studies
	General
	Method
	Calculation of Results

	Cross - Bedding Studies
	General
	Correction for Tectonic Dip
	Symbols used in cross-bed data

	Detailed Graphic Log
	General
	Graphic Presentation


	Appendix III

	Table 1

	Table 2

	Table 3

	Table 4

	Table 5

	Table 6

	Table 7

	Table 8

	Table 9

	Table 10

	Table 11


	Appendix IV

	Log Reference I

	Log Reference II

	Log Reference III

	Log Reference IV

	Log Reference V

	Log Reference VI

	Log Reference VII

	Log Reference VIII

	Log Reference IX

	Sheet 1

	Sheet 2

	Sheet 3

	Sheet 4

	Sheet 5

	Sheet 6

	Sheet
7




