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ABSTRACT

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

Detailed textural anmalyses of the arenites gave values for the
mean and median diameters, standard deviation, skewness and kurtosis
which suggest that the coarse sands were deposited in a beach or shallow
water marine environment and the fine sands in a shallow marine shelf
or lagoonal environment.

The isopachous maps show the Amadeus Basin to be 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
Macdonnell Ranges. Lithofacies studies suggest that the basin had a
north-west to south-east trending axis. Cross-bedding studies indicate
the palaeocurrents flowed from the southfeast, parallel to the axis,
except in the middle Stairway where the currents assumed a more
nortﬁ-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 structures
of the sediments. These suggest a. low average rate of sedimentation

(in the order of 0.1 mm. per annum), fairly uniform conditions in the
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lower and upper Stairway, current velocities with a range of from 1 to
30 cms./sec., fai:ly wamm conditions, nommel salinities (except in the
Mount Charlotte embayment), pH values of from about 7.0 to 8.0 and Eh
values of about -0.2 (reducing canditiqns).

The environment of deposition 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-
trans gressive. From the basic sedimentation units it is possible to
recognise gixscomposite sedimentation units (A, B, C, D, E,F) which
together make up a compound sedimentation unit which can be related to
a sedimentological model. It is found that two modern environments -
the barrier-lagoon environment and the intertidal flat environment
and a more hypothetical environment - the epeiric sea - are compatible
with the compound sedimentatidn unit.

The phosphorites of the formation are considered in some detail
and ten types of phosphatic material afe recognized, some of which are
thought to0 be primary precipitates whilst others have replaced
carbonates etc, The main ooncentration 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 Ordovician
Amadeus Basin situated within the torrid zone, and probably within a
desert belt. The connection to the open sea was tothe west. Sediments
were derived mainly from distant plutonic and sedimentary sources located
to the south in the more tropical climatic zone.

There are several economic implications of the sedimentological

study. Various potential mineralogicai marker horizons are suggested
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for detailed stratigraphic correlation. The formation is considered to be
an excellent petroleum or 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 zones 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
INTRODUCTI ON

General

This sedimentological study is the prqduct of -two years work
resulting partly from the author's investigations in his capacity
as a geologist qf the Bureau of Mineral Resources, Geology and
Geophysics, Canberra, and partly fxpm irdependent inv—estigations
carried out at the Australia.p National University under the
‘ superv:i.sioh of Dr.K.A.W.Crook. _

The author has been involve_d_ in the study qf the geology of
the southern part of the Northern Territory since _l_ggl, and of the
Stairway Sandstone in particular g.ince 19;‘»3. A total of three field
seasons, each of approximately five months duration, together with
laboratory investigations for a total period of abait 8 months, have
given ample opportunity to study the Stairway Sandstone in detail.

These studies have included the compilation and use of the graphic
log, thin section studies (both textural and mineralogical), detailed
heavy mineral studies, the‘measurement of detailed stratigraphic
sections, and crossbedding studies. All these studies have been used
to build up an integrated picture of the provenance, environments of
deposition agﬂ the palaeogeography of the Stairway Sandstone. In
addition, thg origin of pelletal phosphorites has fpeen investigated in
some detail because of its economic significance.

Investi!gations,were carried out on both surface and sub-surface
sami)les. Sux"‘face‘samples are referred to by a prefix related 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-surfe.ce__core samples were obtained frcm four diamond drill
holes APl, AP2, AP3 and AP4 (see fig.1l). They are numbered by using
the drill hcle nurber as a prefix. The second set of numbers is the
number ‘of the 'sedimentat:i.on unit (see Chapter 7) end the third set
of numbers 1s the distance in inches i‘rom ’che top of the sedimentation
unit. Hence, specimen AP1/762/13 is a sample collected from a point
13 inches bel_cw the top of sedimentation unit 762 in the APl core.

The Amadeus Basin -

The Stairway_ Sandstone is one of the _1:001; units of the Amadeus Basin,
a large sedimentary basin in central Australia, stretching from about
longitude 128°E in .'Western Australia, ee,st tc abou’c longitude 155°E in
the Northern Ter;citory and ‘from; Alice Springs in the ncrth tvo near the
South Australian 'b.order in the south (Fig.l). The bas;'Ln is approximately
500 milesl 1ong e.nd 170 miles wide and covers an area of aboub ec,ooo
square milese

The sediments of the Amad_e_us Basin ra.nge'in age frcm‘Adelaidean
(upper Proterozoic) to Upper Palaeozoic and are mainly of the
miogeosyncli'nal t:}pe. They have a total 'lhickness of approximately
30,000 fee‘t. These sediments have been fully described by Wells,
Forman and Ranford, (1965(a) (v)); Wells, Stewart and Skwarko, (1966);
Renford, Cook and Wellsl, (1966); and Wells, Ranford, Stewart, Cook and
Shaw, (1966) . Sediu;enta.ticn was interrupted by two major orogenies, the
Petermann ‘R‘a.nges Ofogeny oi_‘ Laj;e Prcterczoic ’cc Eerly Cembrian age
(Forman, 1966) -a_nd-.t~he Alice ﬁprinés Orogeny of Late Pala,eo'zcic age
(Forman, M:Lll:l.ga.n and McCarthy, 1966). The Lower Palacozoic of the
Amadeus Bas:.n is d1v1ded into the Pertaoorrta Group, the Larapinta

Group (Cambro-Ordio‘vician) and the Mereenie Sandstone (?Ordovician).
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The Larapinta Group is made up of four formations:=

Stokes Formation Upper Ordoyician

Stairway Sandétone Middle Orc_iqvicia.n

Hom Valley Siltstone - nger O:rdovicia.n

Paboota Sandstone Upper Cambrian to Lower
Ordovician

These four formations are marine sediments probably d eposited
under fairly shallow conditions, and are desgi'ibed by Cook, (1966).

Previous Investigations of the Stairway Sandstone

The Larapinta Group was first defined by the Horn Expedition of
1892 (Tate and ng:t,uls%), and was originally called the Larapintine
Series., Chgwings (1935), was the first to use the name "Stairway"
and he refers infon'na.llyrto the unit as the Stairway Ridge Beds or the
Stairway Q,uartzite. The formation was formally named the Stairway |
Greywacke by Prlcha.rd énd Quinlan (19'”6”2), and defined as being "The
foimation of qpa.rtz greywacke and wuartz sandstone which at Ellery Creek
conformably overlies the Horn Valley Formation and is there followed
unconfomably by the Mereenie Sandstone., It consists of 60 percent
of fine grained and pledium grained quartz greywacke, usually rather
silty, and about 40 percent of cleaner quartz sandstone'.

Wells, Forman and Ranford, (1962) renamed the formation the Stairway
Sandstone. The Stairway Sandstone has beendescribed from various areas
of the Amadeus Basin b;y Wells, Forman and Ranford (1962); Wells, Ranford
and Cook (1963)g Ranford and Cook (1964)3 Wells, sfewart and Skwarko,
(1964); and Wells, Ranford, Stewart, Cook end Shaw (1965). It has
been referred to briefly by Stelck and Hopkins, (1962); Rameft, (1963)

and Haites, (1963.) . It is also described in various unpublished company



129700
23°00

24’00

2%°00

26°00

ureou of Minerai Res
- e

PLATE 2

138700 134700

131°00 132°00

DISTRIBUTION OF THE

135700
® “STAIRWAY SANDSTONE
AMADEUS BASIN

CENTRAL AUSTRALIA
REFERENCE

Superficiol mesaroic sediments

(- Western /imit of removal of
Sroirway Sandstone below the
Mereenie unconformily

Y lgneous and metamorphic rocks
ond melosediments

g
ot

NS
S0
s

-

2‘.06‘01/!:7“: of Srairway Sondstone

@ Area where Stairway Sandstone s
present subsurfoce

25°00' LOCALITY MAP

Scate

A mies
S

1300

NT/A/119  To occompany Record no 1965/




-7 -

reports - Gillespie, (1959); 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), also discussed the phosphorites, and Barrie,

(1964); gave the preliminary results of a drilling programme in the

Btairway Sandstone.

General Stratigraphy of the Stairway Sandstone

The Stairway Sandstone crops out sporadiéally throughout much
of the Amadeus Basin (Fig.2). Although it has an outcrop area of
only gbo square mileé or possibly even less, it is estimated’to
underlie an area of at least 20,000 square miles,

The palaeogeologic map (Fig.S) shows that in the northern half of
the Amadeus Basin the Stairway Sandstone rest confo:mably on the Horn
Valley Siltstone., Tothe south it disconformably overlies the Cambrian
Pertaocorrta Grouptahd_unconformably overlies Upper Proterozoic
sedimentary rgcks._.Further south and west (e.g. Petermann Range), the
Stai rway Sandstone rests unconformably on igneous and metamorphic rocks
of the Musgrave Block. In most areas the Stairway Sandstoné is
conformably overlain by the Stokes Formgtion but in the eastern part
of the basin it is overlain unconformably by the Méreenie Sandstone
(Fige3).

The Stairway Sandstone ranges in thickness frqm 1840 feet in
the Tdirriki Range to 100 feet or less on the southern margain of
basin., The isopachous map (Fig.12) clearly demonstrates that the
preseh# limits of the Amadeus Basin are markedly differeﬁt from
the o;@ginal‘limits of deposition of the Stairway Sahdstone. At

the maximum devélopment of the Stairway Sandstone seas the margins
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stretched nell beyond #he present limits qf the basin.

The Stairway Sandstone is Middle Ordovician in age with an
estimated ré.nge. of possible upper Llanvirnian to Llandeilian
(J.G.Tomlinson, Le;_s;.é_o_;i;m__;) - equivalent to an interval of about.

20 million years. Tomlinson (appendix in Wells, Ranford and Cook,
19-6-3) records a numbér of ‘fossils from the Stairv_vay Sandstone,
including ‘trilobites, brachippods, peleycypods, gastropods, nautiloids,
various tre.cg fossi‘lg and sponge spicules. Some of the macrofossils
are notable for the size they attain; the author found a'trilobite in
the Johnny Creek aresa 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 nunber of species of microfossils at various intervals within the
formation. - In spite of this weal th of palaeontological material it has
so far proved possible to eregt 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 Horn Valley Siltstone and the lower and middle parts of
the Staizwéy Sendstone) and the Late Larapintan (equivalent to the upper
part of the Stairway_Sandstone, the Stokes Formntion and the lower part
of the Mereenie Sa.rxdstone). The Stairway Sandstone is therefore a rock
unit and not a time-rock unit.,

The Staifway Sandstone has been divided on 1ithdlogica.1 grounds
into lower middle and upper units which extend over much of the basin.
Fig4d shows 31 representative stratigraphic columns across the basin
and correlation lines have been drawn for the three rock units. Such

a correlation diagram is subject to severe limitations when there is
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no fogsil control, and it is fully realized that later fossil evidence
may completely invalidate many of the correlations, However, the
three units are recognisable in most areas as mappable units. The
three units should strigtly be referred to as for instance "The
lower unit of the Stairway Sandstone" - however, from here on the
units are informally referred to as the lower Stairway, the middle
Stairway and the upper Stgirway,

The lower Stairway is the most uniform of the three units, both
in lithology and thickness, The thickness ranges from about 80 feet
in the south (the Moupt Charlotte area) to about 200 feet int he north
(the Idirriki_Range 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.4l). The basal sandstone is remarkable for the presence
of up to 20% of pyrite ooliths in place; (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
-sandstones has a very dhéracteristic texture referred to by Ranford,
Cook and Wells (1966)”as a "ropey texture" (fig.40, appendix). - The
lower unit is frequentiy strongly silicifédé it is well expomed énd
commonly f orms very prominent escarpments (fig.39, appendix).

The middle Stairway ranges in thickness from }ess than 100 feet
in thé south to about 700 feet in the north. It is lithologically
the most varied of‘thg three divisions., It is predominantly s |
lutaceous interval, with siltstones, mudstones, and cléystones whi ch

are grey and green at the surface but black sub-surface. The
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lutites are samdy 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 sandstones and lutites are extremely common; in the Mount
Charlotte area these "red-beds" make up the whole of the middle Stairway
Sandstone (fig.16). Fossils are fairly common in the middle interval;
"chewing" and "churning" by infauna is particularly common (fig.4@appendix).
Thevupper-Stairway’ranges in thickness from less than 100 feet
to 1,000 feet, It is made up predominantly of white and grey, very
fine grained samistones which are cross-bedded in places and may
crop out fairly prominently when silicified. Interbeds of lutite,
though generally minor, may form a fairly high percentage of the upper
division in places., The luti tes are green at the surface and black,
grey or grey-green at depth; they are gengrally very poorly exposed.
Interbeds of pelletal and nodular phosphorites are present but not

very common. Fossils and trace fossils such as Diplocraterion

(fig43 ) and Cruziana are very common.
Summary

The Amadeus Basinﬂis a large Upper Proterozoic - Palaeozoic
basin in central Australia, Theulower Palaeozoic of the basin is
divided into the Pertaoorrta Gfoup, the Larapinta Group and the
Mereenie Sandstone. The Stairway Sandstone is one of the members
of the Larapinta Group, 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 may be divided
into three units; a lower coarse sandstoneja middle phosphatic
lutite unit (grading laterally into carbonates and "red-beds"; and

an upper fine sandstone with minor silts.
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CHAPTER 2
PETROGRAPRY OF THE STAILRWAY SANDSTONE

There are four basic rock types present in the Stairway Sandstone:-
quartz arenites,vlutites, phosphorites and carbonates. There is some
overlap between these four types (e.g. sandy limestones). However,
only the basic types will be discussed separately. The phogphatic
sediments are dealt with later, in Chapter 8., All petrographic
determingtions were estimated . Petrographic descriptions of
approximately 200 specimens are summarized in Table 1,(appendix).
Arenites

The vast majority of the arenits fall intoﬂthe orthoquartzite class
of Folk (19g1) or the quartzose arenite class of Crook (1960). The
arenites are for the most part remarkable "pure" with little 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).

The basic philosophy behind the "metamorphic" pole of Folk (1961)
ig that this represents a metamorphic_provenange and implies moderate
tectonism. On this basis there is some justification for including
"composite" quartz in this classf Similarly, the "rock fragmént" or
"labile" pole of}Crook (1960) includes chert because of its relative
instability. The_author's observations on the quartz types within
the Stairway Sandstone suggest that composite quartz iz less stable
than other formsrof quartz. Composite quartz is, for instance,
apparently more common in the southem part of the basin where it
is nearer the source area; in addition, in many specimens the

distinction between a composite grain and a stretched metaguartzite
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grain is somewhat arbitrary. Blatt, (1963,1964), Blatt and
Christie (1963) and Greenémith (1963), have also notéd this apparent
instability of composite quartz. If composite grains were tole
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
specimens 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 composite quartz
grains with "nommal" quartz. Rock types are named in accordance
with the scheme suggested by Folk (1961).

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

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

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 orthoguartzites contain less
than 1% feldspar. The quartz is mainly "common" (straight to slightly
undulose extinction) or "undulose" (strongly undulose extinction).
"Composi te" quartz forms.only a small percentage of the total quartz
(see Figs. 5 and 65. Chert and metaquartzite are present (Fig.44)
but rare, and nc examples of reworked quartz 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 in diamond drill hole APl are
compos ed predominantly of siliceous mature orthoquartzites, There are

however important differences between the two (see table 1, appendix).
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The lower orthoquar‘gzites have a modal grain size of abaut 1¢ to
2f, and are quite commonly bimodal, with a secondary mode of 30

to 4¢. The grains (particularly the coarse ones) are very round
(Fige45) amd generally well sorted. Where the sands are bimodal,
the individual modes are well sorted (Fig.45). The feldspar
content is extremely low and Qut of 20 specimens in the lower
Stairway of .APl only one contained more than 1% feldspar.

Heavy minerals are very rare or absent. Qua.rtz cement is very
common in many of the varenites. Six (out of 20) specimens have
significant quantities of clayey m?.trix (see Table 1_, appendix)

and several specimens have 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 - 15% of the rock in
one specimen (AP1/754/§).

The upper orthoquartzites are generally_unimodal, with a grain
size of 3¢ to 4. The grains are angular to sixb-a.ng;lar and the
sorting moderate. Chert is present in many of the specimens. The
feldspar content is 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 orthogquartzites of the phosphatic parts of the Stairway
Sandstone (i.e. the middle Stairway and the uppermost transitional
Stairway) are very fine grained sub-mature to immature orthoquartzites.
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 amd phosphate are all
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common. Pyrite is comparatively common in the middle part of the
Stairway Samistone (1 - 2%) and is common in places in the uppermost
transitional part of the Stairway Sandstone.

The considerable mineralogical variation within the orthogquartzite
group is shown in Fige.6., It is possible to divide the Stairway
Sandstone mineralogically, into much the same three units which have
been recognised in the field.

The siliceous cements are a very common feature of the Stairway
Sandstone orthoquartzites, 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 to considerably limit porosities in the potential reservoir
rocks of the StairwaySardstone and therefore it is important to know
when silicification took place. Considerable silicification of many
of the Amadens Basin sediments is thought o 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. It appears that there are syerallikely causes of the
silicification. It is due to regional silicification during the Alice
Springs Orogeny, or to sub aerial exposure and weathering 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-aerial exposure of the sands -
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such a thing may indeed have occurred but there are no clear
diastems or faunal 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 (Krumbein and Garrells,
1952), and there is evidence that the climate during Stairway
Sandstone times was in part tropical. The mineralogy of the Stairway
Sandstone orthoquartzites suggests that they may be what Krynine
(1941) calls "first-cycle orthoquartzites", Such rocks are
acknowledged to be the product of intense chemical decay and
destruction and thg conditions producing this intense chemical
weathering also gave extremely high concentrations of silica alkalis
in the sea-water to pro@uce the authigenic or early diagenic
silicification. Such silicification is extremely common in many of
the classic orthoquartzites (eegs theGatesburg 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 diagenesis for in places phosphatic overgrowths on quartz are
themselvesrovergrown by silicae

The third altermative is the most widely accepted éexplanation
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 cementing silica to have come
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from sea-water. Heald and Anderegg (1966) found that interstitial
argillaceous material may 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 alkaline solutions obtained from the loss
of potassium from illite.

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 then this would suggest the
theory is correc@ thqugh whether the silicification would be due to
the Alice Springs Orogeny or the increase of overburden to the north
cannot be established.

Conclusions: .

The lack of recognisable rewprked grains or chert suggests that
the lower Stairway orthoquartzites have a granitic provenance
(Folk, 1961). However, t he abundance of "common™ (non-undulatory)
quartz is considered by Blatt and Christie (1963) to be strong evidence
of reworking of graing from a sedimentary source area. Up to 10%
chert in some of the upper orthdquartzites indicates that the provenance
for the upper Stairway was definitely mixed - both granitic and
sedimentary.

The lack of feldspar suggests that the source area was intensely
weathered, i.e., a humid tropical plimate. Alternatively the sedimenfs
were subjected to very prolonged abrasion or are the product of
reworked orthoquartzites. 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
rounding and sorting of the basal orthoguartzite compared with the
higher orthoquartzites suggests a very much 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
keepﬁpace 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) Sub-arkose (5 - 25% Feldspar; O - 5% metamorphic rock fragment;
95 ~ 75% quartz) .

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

The few subarkoses are in thg very fine-grained sand range and
are sﬁbangular and moderately to poorly sorted.

The qua:tz of the subarkose group is predominantly of the plutonic
or undulose variety; there is however an indication that.the percentage
of chert is higher in the subarkose than in the orthoquartzite (see
table 1, appendix). Heavy minerals are very mipor and allochemical
minerals (clays, carbohates 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



cases it is better roanded. ‘The feldspar grains are fresh in all the
slides inspected.

Conclusions:
The predominance of microcline suggests that the source area
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 Arenite" ("Red-beds")

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

The grain size ranges from 3¢ to 5@; the grains are angular and
sorting is moderate to poor (Figg 46, appendix). The quartz types
are the normal assemplage for orthoquartzites., It is thought that
within the "red arenites" the percentage of composite quartz and chert
is slightly less than in adjacent non-red sediments. Feldspar is
generally absent but rarely makes up 2% of the rock. ﬁeavy minerals
are present only in very minor amounts. Pyrite, glauconite, phosphate
and carbonate are absent, but 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 grainuis coated by red ?limonitiC'clay‘(Fig.47, appendix)°
There are however examples of quartz grains in contact with other
épartz grains, and with no red matrix between them but with an overall
red doating round the group of grains.

Observatioﬁs made on the AP2 and AP3 cores further complicate

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

The source area was probably composed of both granitic and
sedimentary rocks. The form of the red matrix implies that the red
colour probably results fromAlaﬁeritic weathering in the source area.
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,

Iutite

L This term 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 fran the orthoquartzites
and may be considered as orthoquartgite-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, end the very much
higherrpercentage Qf clay matrix in siltstone (Fig.48, appendix).
The_detrital grains may also be less well sorted and rounded.
Conclusions:

There is no difference in provenance or climate 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 orthogquartzites were deposited. The
relatively high percentage 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 for
examination. 5 - 10% detrital quartz of very fine sand or silt
size is commonly present in the claystone - the quartz types being
the usuai assemblage of plutonic (common) end undulose quartz with
only very minor composite quartz and chert. F»eldspar and heavy
minerals are present in the claystones. Fine flakes of mica are
common. Glauconite is absent and pyrite is rare. Phosphatic
material varies from O to 5. The percentage of carbonate is
generally low, except in a few specimens. The carbonate (calcite,
dolomite or siderite) may be authigenic. Fig.49 (appendix) is an
example of a sideritic claystone, with pa.tqhes of 7authigenic
siderite about .05 mm. across. No clay minerals were positively
identified from microscopic exsmination, but Crook (1964) has stown
that the dominant clay minersl is illite (70 - 100%), with minor
kaolinite (O - 30%) and chlorite (0 - 12%).
Conclusions:

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

Chlorite may be indicative of a lagoonal or near-shore environment.
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Present-day illite is most commonly found in an arid environment
(Jackson, 1958)° It is however of uncertain value as an environmental
indicator as it is also formed by the transformation of montmorillonite.
Hurley (1959) has a}so shown that much of the illite in Recent sediments
has been obtained from the reworking of ancient sediments.
Carbonates

Calcite, and djﬂomite are known to occur as thin interbeds
within the Stgirway Sandstone but are not common. Siderite is only
known in claystones (see Figo499 appendix). Both the limestones and
dolomites may contain significant amounts of ferrigenous material.
The quartz grains are generally in the size range very fine samd to
coarse silt. v The quartz is predominanfly the usual plutonic and
undulose varieties and is angular to sub-round and moderately sorted.
Feldspar and heavy minerals form a very mipor part of the terrigenous
fraction, but clays may form from O‘~ 20% of the rocko> 1 - 2% of
phosphate and pyrite are commonly present and the phosphate content
may be as high as 10%, Glauconite is absent.
(a) Limestone

The 1imgston§szare mginly micrites and b?omicrites buﬁ clayey
micrites (e.g. AP1/184/0)and ?dismicrites (e.g. AP1/74/1) are known,
The fossils which may form quite a high percentage of the biomicrite
are predominantly brachiopods, gastropods and pelecypods. They are
generally presenf as large fragments or whole fossils, with few signs
of severe fragnentationo In places, it is clear that dolomite is
replacing the calcite.
(b) Dolomite

Following the classification of Folk (1961) the dolomites range
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from aphanocrystalline to coarsely crystalline dolomites. The name
may in addition be qualified 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
absent.

Conclusions: )

It would appear that much of the dolomite has formed by the
replacement of calcite ~ this is supported by the texture of the
dolomites and by the lack of fossils (possibly destroyed during
dolomitization) .‘ Some of the finer grained varieties may however be
primary.

The mineralogical assemblage of the t errigenous materigl indicates
the usual igneous or mixed provenance and humid tropical weathering.

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

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

predominantly super mature orthoquartzites, 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
diagenesis but more probably due to late stage pressure solution.
Arkoses are present but rare - they are generally fine g;-ained and
the feldspar is most commonly microcline. "Red-beds" are also
known - they are red 1jmonitic slightly clayey sandstones. The
lutites are either "orthoquartzite-type" of siltstones, or
claystones made up predominantly of illi_te with minor kaolinite
and chlorite. The carbonates' are limestones or dolomites, or
rarely sideritg,
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 provenance is
predominantly plutonic (granitic) or mixed granitic-sedimentary.
There is strong evidence of reworking 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 laid down in a very quiet environment.
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CHAPTER 3

HEAVY MINERAL STUDIES

—-—General.. S - . S L

The‘methodology of the heavy mineral studies is given in the
apperdix. Heavy mineral cognts were made gtwregular intervals
throughout the Stairway Sandsggnéil' In addition to t he mineralogy
it was also note@ whether grains were roung?d, angular or euhedral.
The‘percentage of»eaqh heavy mineral was expressed”a§ a 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 but this proved impossible because of
the high percentage of contaminating heavy authigenic minerals such
as pyrite, dolomite and phosphate.
Results

The percentages of angu}ar and guhedral grains proved to be
SO sméll in most cases (2% or less) that it wag impossible to
separate them out on the graphical presentation of the results
(Fig.?) .

In all, the presence of five heavy minerals was noted in the

Stairyay Sandstone - tourmaline, zircon, apatite, garnet and ?utile
but of these only tourmaline and zircon are abundant. The other
three_minerals generally make up ohly 1 - 2% of the heav& mineral
assemblage.

Tourmaline occurs as six distinct types - brown, green, blue,
grey,-pink and colourless., The brown‘and green forms are by far
the commonest. Zircon occurs.in three forms - clear, brown and

purple, of which the clear and brown types are the commonest.
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he vertical variation in the ratio of tourmaline to zircon is

marked by extreme varistions commonly occurring within a very small

srtical distance (Fig.7). It was also observed that the diameter
ftthe tourmaline is commonly twice or three times that of the zircon
'Fig.Sl, appendix) - a reflection on the differing hydraulic properties
If.the two minerals (tourmaline is tabular) and the specific gravities
ﬁ(%ourmaline is 3.1, zircon is 4.5). Both tourmaline and zircon show
: ﬁsextremely well rounded habit throughout (Figs.52-53, appendix).
jAﬁthigenic tourmaline and zircon f orming as overgrowths onrdetrital
fgiains have been previously described (K:ynine, 1945); Awasthi,

2961) and one or two such overgrowths were noited in the Stairway
 Sandsﬁone (e.g. spec. AP1/640/0). Many of the tourmaline and zircon
;érains contained a variety of inclusions, but no quantitative study
zbf the inclusions was undertaken.

Iﬂterpretation of the heavy mineral data

The extremely high degree of rounding shown by he heavy mineral
grainé is a feature commonly shown by super-mature crthoguartzites
 and suggests either extreme proionged abrasion (and/or chemical
_action) of an acid igneous source area or reworking of older sedimentary
rocks. However, the occurrence of extremely well developed euhedral
; Zircon, together with exiremely well rounded zirgon at about 350 feet
in AF1 (see Fig.?) can only be satisfactorilye xplained by having a
mixed provenance with the ezhedral grains being derived from a
primary plutonic (?granitic) source area and the well rounded grains
being derived from sedimentary rocks (probably sandstones).

The considerable vertical variation shown in 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
Sendstone. The form of the tourmaline:zircon graph (Fig.7?) may be

of some value in environmental interpretatéon however. R.L.Folk
gEEEE)EEEE;) has suggested that the type of variaﬁion in the tourmaline
and zircon percentages shown by the Stairway Sandstone is commonly a
reflection of the dependency of the heavy minerals on grain size, i.e.
a plot of modal grain size of the whole rock against percentage of
tourmaline or zircon gives a straight line relationship. This
however has been found not to be the case in the Stairway Sandstone

and there is no correlation between grgin size and the tourmaline:zircon
ratio (Fig.B). The variation is therefore probably dependent on one

or more of the following factors:= (i) a change in the source area -
perhaps merely by a slight change in'tﬁe river drainage pattern;
climatic chenges which will selectively remove one or other of the
heavy minerals: (ii) progressive erosion of saccessive layers of
rocks, some of which are rich in tourmaline 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
transgression or regression'. Bruckner and Morgan (1964) found that

the d?stribution Qf heavy minefals on the inmer part of the West
African continental shelf is related to their specific gravity (and
also presumably fo their hydraulic behaviour). Begression or
transgression in this area would result in laterally adjacent heavy
mineral assemblages becoming also vertically adjacent. This could
have happened during Stairway Sandstone sedimentation. Because of

the relative paucity of heavy mineral determinations, 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 between regression
transgression and tourmaline/zircon. Such a comparison would only
be possible by carrying out heavy mineral counts for each of the
sedimen‘bation unitse

There is however a striking similarij_;y between the formm of the
heavy mineral plot (Fig.'?) and the plot of the vertical distribution
of the number of sedimentation units per ten feet (Fig.23). This
similarity may be a reflection of the environmmental sensitivity of the
heavy mineral assemblage.
Summagz

The Stvairway. Sandstone has a typical supermature heavy mineral
assemﬁlage made up predominantly of well raxnded"touxﬁéjline and
zircone. The heavy mineral studies are of ‘1itt1é value for correlation
purposes but they do suggest the weathering of a 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
DETATLID TEXTURAL ANALYSES

General

Eighteenvdetailed textural‘analyses of 12 thin sections from
AP]1 were carried out using Packhamfs (1955) method.. The wvarious
percentiles ('¢95, ¢é4, etc.) were obtained and the values for
mean diameter (Mz), standa;d deviation (d.), skewness (skl) and
kurtosis (Ké) calculated by the method of Folk and Ward (1957).
Details of'the method are given in the appendix. The percentiles
and the textural parameters are tabulated in Tables 2 tov4 (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 the origin of phosphorites
and these analyses are discussed in more detail in t he chapter on
phosphorites.

The cumilative frequency curves (plotted on probability paper)
for the 18 anaiyses are shown in Fig.9. There are three main
textural groupings: the group on the extréme left of the graph
(i.e. the very coarse grained end) is composed of coupts of
phospﬁatic pellets, with the exception of AP1/648/6 (a coarse sand
which occurs near the top of the lower Stairway). The middle group
of sediments gomprises mainly 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 up'of fine and very fine grained
upper Stairway sands, very.fine 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 non-phosphatic sediments. The shape
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of the curves may be to some extent envi ronmentally significant.

Doeglas (1946) suggests that there are 3 basic shapes of cumulative
frequency curves which are diagnostic of the environment but as his
plots are arithmetic the shapes of the curves cannot be compared with
those in Fig.9, which is a logarithmic plot. It is therefore necessary
to look at_theractual values of the parameters (see Table 3) as

calculated by the equations suggested by Folk and Ward (1957).

Mean dismeter OMZ)

Mz = Pig t Pso v Pes

Both the~meaneapd 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 Stairway times

than was the case in middle or upper Stairway times.

Standard Devigtiéﬁ (dl)

4, = Poy - P + Pos - ;05’

4 6.6

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

The results obtained for the Stairway Bandstone vary from d, = 0.54f

1
to d1 = 0.99¢ and in@icate that all the sands fall into the moderately
to moderately well sorted range of Folkeind'Ward (1957). There
appears to be a tendency for the finer sands to be slightly bettér
sorted than the coarser sands. The mostApoorly sorted specimen
(AP1/648/6) occurs near the top of the lower Stairway. Friedman

(1962) has shown that the environment of depesition of moderately

sorted coarse sand may be river, beach or continental shelf and
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that the envi ronment of deposition of moderately well sorted very

fine sands may be river, beach, lagoon or continental shelf below

wave base.

Skewness (Skl)

Pre * Pas - Feo , P * Pos - o
2(Pgy - Pre) 2(fg5 - #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 40,47, The coarse basal sands have near
symmetrical skewness (With the gxception of §P1/792/6é: which is
fine skewed). The véry fine sands of the upper Stairway are also
near symmetzical.bﬁt the sands of the middle Stairway are strongly
fine skewed.v

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 acquirgd in situ. The
strongly fine skewed sarnds in the middle Stairway suggest that some

mixing of environments may have occurred to produce a bimodal sediment.

Kurtosis (Kg)

¢95- - ¢5

2'44(¢75 - ¢25)

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

Xg =

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-kurtic to leptokurtici; the middle and

upper sands are mesokurtic or leptokurtic. The mesokurtic form
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of many of the sediments supports the conclusion already obtained
from the skewness that the sediments acquired their textures in
the environment in which they were finally d eposited. The textures
were not inherited from an earlier environment (as appears to be
the case with some of the sands associatedﬁwith t he phosphorites).
The strongly fine skewed - leptokurtic combination shomn by
AP1/472/18 suggests\that the coarser sands in this specimen
acquired their sorting in a slightly higher energy environment
than the one in which they are now found. ﬁowevef, the lack of
eny extreme skewness or kurtosis values in tpe Stairway Sandstone
sugges\ts that any mixing has ocqurred between similar environments
(qnd probably geographically adjacent environments). Such mixing
as has occurréd 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 might have
produced some of the l-=ptokurtic values.

Detefminétibn:of environment from the textural parameters

Mason and Eolk (1958) have shown thatwit is possible to
distinguish between beach and dune environments by plotting
skewness against kurtosis. Friedman (1962) distinguished between
beach and river sands by using a plot 6f standard deviation against
skewness. |

Both of these plots were applied to the Stairway Sandstone
(Fig.lQ)E"but in nei ther case can ény environmental significance
be ascértaihed. There appears to be no obvioﬁs grouping 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).



50 ¢ f|g HA
| .
f // ,’
]'25:' y I‘
ST ;
| ( l
=] X '
\\\\ \\w/
I[&\\\ —
75 \\.”\\ // - \\ .
\\\.“\ (m . N \.h .
\ -, |
\‘o‘ ¢ /
5ok | ’. \\\_'i/
T
25 ] _ 1 i 1 1 )
-1 0 1 2 3 S
MEAN DIAMETER (PHI UNIT) N
501 | fig ne
)
| P // //‘
25 m ) . yany,
/S X/
e
'OO - (/o; // \/.;_—_—'“*'\\
\N_ °r. —
754 25 50 : 700 125 T

7S
STANDARD DEVIATIO

150



points according to étratigraphic position, presence or absence of
phosphate, or grain size. No pre-existing plots are known to

the éuthor which distinguish between two or more shallow marine
environments by size analysis and which could be used for the
Stairway Sandstone. However, a definite separation of points

is achieved by plotting standard deviation against kurtosis (Fig.11B)
and standardmdeviation against mean diameter (Fig.llA). Two fields
(I and III) are common to both plots but Fields IT and IV are

unique to the §tandard deviationpmean diameter plot and Field V

is unique to the_standard deviation-knrtosis plot.

Standard deviation against kurtosis produced a 3=field
separation (Fig.11B), 7Field I is the field of phosphatic pellets
(both pelleféucounjed aléne and pellets plus detrital quartz).
Field III is the field of coarse grained sands agsociated with but
outside the phosphatic pellets. Field V is the field of non
phosphatic sands plus the very fine sands foind within phosphatic
pellets, |

The rimplica.ti‘on of this is that 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 éésociated with the pellets are ratheridissigilaro
The position Qf Field V between Fields I and III mayte éiénificant,
It may indicate that the textures of Fields T and IIT were produced
by modification Qf Field V by for instance winnowing or reworking.

Standard deviation against mean diameter gives a 4-field
separation., Field T is again the field of phosphatic pellets

(both with and without detrital quartz) and III 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
Field IV is the field of thglvery fine sands of the middle and
upper Stairway and 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 much the same environment it is also
evident froﬁ the gxistence of Fields IT and IV that two different
processes are acting within thé same basic environment to produce
._the coarse and fine sands. Field‘IV'appears to be the environmental
field in which.the phosphate is precipitated but the field 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 6f the discriminant
function (Yu) vinto the determination of the depositional
environment., Wb;king with both ancient and recent sediments, Sehu
has found that by substituting the Folk and Ward (1957) parameters
into various eqpations it is possible to distinguish between aeolian,
beach, shallow water marine, (down to depths of 300 feet), fluviatile
and turbidity current environments.

- To distinguish between beach and aeolian the equation used is:

(1) Tu = 305‘688 (Mz) * 3,7016. (‘dlz) - 2.0766 ('Skl) + 5’1135(Kg)
for beach Yu = =3.9073 % 0.519
for aeolian Yu = ~107824:; 1,397
Yu is less than -2.7411 for an aeolian environment and

greater than -2.7411 for a beach environment.
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To distinguish between beach and shallow water marine the
equation used isi=-
(2) Yu = 15.6534 (Mz) + 65,7091 (dlz) + 18,1071 (Sk1) + 18,5043 (Kg)
for peach Yu = 5139536.i 4.869
for shallow water marine Y = 104.7536 + 14.300

In addition, va1ues for Yu above 65,3650 indicate a shallow water
marine envi;onment and below 65,3650, a beach environment.

To distinguish between shallow water marine and fluviatile:~

(3) Yu = 0.2852 (Mz) ~ 8.7604 (dlz) - 4.8932 (~sx1) + 0,0482 (Kg)
for shallow water marine Yu = -5.3167 + 2,190
for fluvatile Yu = 10,4418 + 3,149

Values of Yu greater than -7.4190 indicate a shallow marine
environment and values less than =7.4190 indicate a fluvial
environment.

To distinguish between fluviatile and turbidity current, the
- equation used is:=

(4) Yu = 0.7215 (iz) = 0.4030 (dlz) +6.7322 (Sky) + 5.2972 (K))
for fluvatile Yu = 10,7115 ¢ 1,197
for turbidity airrent Yu = 7.,9791 # 2,570

Yu less than 9.8433 indicates turbidity current deposition and
Yu greater than 9.,8433 indicates fluvial depogition:

On substituting results from the Stairway Sandstone 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. As this is inconsistent with every

other feature of the Stairway Sandstone, it must be concluded that
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either the Stairway Sandstone is an exception tot he rule, or
equation 4 is incorrect. Therefore, only substitutions in
equations 1, 2 and 3 are regarded as being 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 shallow marine origin - this is particularly true for the very
fine grained sands, One of the coarse basal sands (AP1/803/5) falls
into both the shallow water marine field and the beach field and
AP1/648/6 has a Yu value which indicates a fluviatile environment
(the coarse sands associated with phosphatic sedimentsvgive Yu
values for beach). Thus it is apparent that the coarse basal sands
have some beach, éhallow water marine (down to depths of 300 feet),
and fluviatilg characteristics. The fine sands of the middle and
upper Stairway (and the fine sands within phosphatic pellets) exhibit
shgllow water marine characteristics only,

Summagz

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

The coarse sands occur in the lower Stairwgy Sandstone and are
mainly 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
combining 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 probably deposited on a beach or shallow water marine environment

| A
with a few rare coarse sands being subjected to some fluviatile (or
perhaps tidal channel) influence,

The fiﬁe sapds of the middle Stairway are moderately or
moderately well sorted, strongly fine skewed lepto-mesokurtic sands.
This suggests that a mixing of sediments from two or more environ-
ments has occurred. Such a mixing commonly occurs in a lagoonal
or bay environment; |

The fine sands of the upper Stairway Samlstone are moderately
- well sorted, near symmetrical mesokurtic saﬁds° There is no
suggestion of any mixing of environments. The most likely
environment for the fine sediments is shalloﬁ water marine lagoonal
or shelf.

Thereiare no.major environment changes apparent between the
coarse and the fine sediments « they represent 2 or 3 facets or

microenvironments of the same overall macro-environment.
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CHAPTER 5

PALAFOCURRENT AND RELATED BASTNAL STUDIES IN THE STATRWAY SANDSTONE

General

In order to understand fully the implications 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. Isopachous and lithofacies maps are
particularly relevant; iso-get and iso-angle maps are also
éonsidered to be of value.

Isopach studies

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

It is impossible to derive the precise form of the Stairway
Sandstone palaeoslope directly, but it is a 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. However, it is not impossible
that the thick section in the north may also reflect a more rapid
rate of subsidence. .

Fig.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 andvmiddle seas were fairly restricted whereas the upper
Stairway sea was extremely widespread.

It is apparent from the lower Stairway isopachous map
(Fig.13B) that following the deposition of the Horn Valley Siltstone,
a large shallow embayment fommed in the south-east part of the basin.
The extremely unifom 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
conditipns prevailing over é wide aiea. 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 of some sort of
stratigraphic thinning along a fairly definite line north through
the Seymour Range and the Chandler Range and then along a more
conjectural north-west line through the northem part of the James
Range. Whether this thinning is merely due to non-deposition or
the development o£ a topographic high is uncertain. This line
of thinning 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
area in which there is also a considerable thickness of sediments;
and also a south-easterly embayment with a very thin sequence of

sediments., The relation of the rock types to these sub-basins
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is shown in Fig.16.r 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. Therefore 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 tq that of the Middle Stairway. The sub-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 tQ it g@ this stage. It would appear however that some
thinning of sediments occurred along an east-west line running
through the middle of the basin. There is a very d efinite thickening
of the upper Stairway on the northefn margin of the basin so that
éverall, 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.15). To some extent this gives a false
impression of Stairway 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
Figs.13-14). The high sand:shale® ratios in the northern part of
the basin atre entirely 'due to the considerable thickening of the
upper Stairway Sandstone to the north. The high sand:shale ratios
on the southern margin are mainly a reflection of the absence of
the predqminantly‘silty middle Stairway. Therefore any lithofacies
interpretation based on Fig.l5 must be treated with caution; it
does however show that t@e most lutaceous part of the basin is in
the middle., Source areas for the sediments may have been situated
on all sides of the basin except to the north-west, where it appears
that the basin was connected 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 because of the lack of data. Superficial examination of
the lithofacies pictqre in these three units suggest that the lower and
upper Stairway, whilst showing very little variation in sands:shale
ratio, would nevertheless show progressive decrease of sand to the
north and west. The middle Stairway Sandstone would show a marked
increase in,éand to the south-east and would show its highest
proportion of non-clastics in the Seymour Range area (also the
approximate area of the lowest sand:shale ratio for the whole of

the Stairway Sandstone - Fig.l5).

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

Sandstone is shown in Fig.l6, 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, cross-beds are both fairly rare and poorly developed.
Therefore it is oply 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 evident in the
south-east and north-west parts of the basin; in‘several places this
south-east to north-west direction is parallel to the isopachs. 1In
the middle zone of the basin the current pattern becomes somewhat
irregular and there is a fairly strong northerly component (ard a
minor southerly component in places). This northerly component
(i.e. current flowing from the south) woﬁld indicate currents flowing
down the palaeoslope - this is commonly found to be the case in
current studies (Potter and Pettijphn, 1963). Refe?ence to the
isopachous maps of the lower and upper Stairway (Figs.lSB and 14B)
suggests that the currents from the south~east mé& have been strong
and persistent in the areas with minimum palaeoslope gradiente.

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

Fig,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 south-
easterly 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 palaeocurrent direétion. "The presence of phosphate
in the middle Stairway may also be dependent‘in part on the palaeocurrent;
the no?th-easterly current may have been the phosphate-bearing one.
Alternatively the north-easterly current may have been one which
carried little terrigenous material so that there was no"dilution"

of phosphate.

There is also a suggestion from Fig.l7 that the sige of
detrital grains is in part dependent 6n‘the direction of the
palaeocurrent, so that coarse and very fine sands show &
palaeocurrent direction from the south-east whilst fine and medium
sands generally show a current direction from fhe ~east (it may
be relevant to note that bimodal sands generally Pave the modes
very fine sand and coarse sand)., This change of grain size with
palaeocurrent direction may be due to the variation of current
velocity with the direction or could be a reflection of the
provenance,Ai.e. coarse ard very fine sands are derived from the

south-east whilst fine and medium sands are derived from the east.



Cross~-bed Studies

Cross~beds were studied at a number of localities throughout t he
basin and in addition to the dip and azimuth of the cross-bed sets
(necessary for the determination of palaeo-current directions) the type
of cross-bedding, the thickness of the cross-beds and the grain size
of the cross-bedded units were allnnoted (see Table 9, appendix).

The cross~beds are mainly of the curved tabular or straight
tabular type (Crook, 1957), and cannot be regarded as environmentally
significa:r_xt except that theyare of sub-aqueous origin. Similarly,
the values obtained from the angle of inclination of the cross-beds
cannot be rggarded as being of environmeptal significance except the
average value"of‘18° (range of 14° to 22° - see Table 6, appendix)
indicates that they were formed in a sub-aqueous environment (McBride
and Hayes, 1962);

The questionrof variation 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 sandstones.

The question of whether there is any variation of angle of
inclihation with grainAsizg was not investigated.' When an iso—anglé%;
map is drawn up (Fig.18A) an interesting though puzzling pattern emergés
in which there are three low angle zones (1ess than 200) and two
intervening high angle zones (greater than 200). These zones trend
approximately south-west to north-east, i.e. at right angles to the

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

of the cross-beds.
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palaeocurrent direction, and bear no relationship whatsoever to the
isopachous 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 morellikely to have been due to
tides and currents, It may be feasible to apply this possible
indication of high airrent activity to the phosphate search for the
stronger the current, the greater the wimmowing action and the
greater the phosphate enrichment. Jopling (1963) has also shown
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 (Fig.18B -
the isosetEmaps)9 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 isoangle map except that
the trend is more east-west, There is however no correlation between
the thickness of the cross-bed éet 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

#* Isosets are lines joining points with the same thickness of

cross~-bed set
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to the west (Figolg). 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 sshale ratio (Fig.ls) and may again be a
reflection on a low energy zone so théf cross-beds were poorly
developed and lutites form a high percentage of the sequence.

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
velocity, which in turn influences the grain sizé)o There are however
a variety of other factors such as the duration of a éurrent, 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 to 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
difference between grain size classes in that the isosets 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 necessarily 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 direction to each
other (Logvinenko and Remizov, 1964). Alternatively, the variation
in the trend of the isosets may he a reflection of the fact that the
coarse sands are found predominantly in the lower Stairway which is
regressive whilst the fine sands occur mainly in the upper Stairway,
which is transgressive, though just how and why this would affect
the isoset pattern is unknown.
Summary

The isopachous maps clearly show that the present limits of
the Al;ladeus Basin are not the limits of Stairway Sandstone deposition.
The lower Stairway sea was probably fairly restricted and the middle
Stairway sea even more restricted with "sub-basips" developed. The
upper Stairway Sandstone sea was very eitensive and spread far outside
the present limits of the Amadeus Basin.

The lithofacies map whilst treated with some rese:vation shows
the highest percentage of lutite in the middle of the basin and also
emphasizes the north-west south-east trend of the embayment. 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 areas. There is however some modification of
this picture in the central part of the basin where the palaeocurrents
have a northerly component which suggests some flow down the
palacoslope - possibly in response to a sfeépéniﬁgbof fhe siope.

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



the presence of alternations of high energy current and low

energy current zones with a trend approximately at right angles

to the palaeocurrent direction. The range of values 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-bed sets may be influenced by whether the environment is
"high energy" or "low energy". Whether the sea was regressive
or transgressive 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

PHYST CO~-CHEMICAL CONDITIONS

There are no precise environmental indicators present in the
Stairway Sandstone. Some of the fossils may have been subject to
quite fine physical or chemical limits but this type‘df detailed
palaeontological data 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 Conditions

(a) Rate of Deposition

The Stairway»SandStone has a maximum thickness of approximately
1800 feet ard 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 nortpefn part of the bagin_(western Macdonnell Ranges
area). In the vicinity of APl the average_rate of deposition
would have been about O.,1 mm per annum. However, the grain size
of many ofrthe lower Stairway sands is in the order of 0.5 mm.
dismeter so that sedimentation was probably interrupted by a
great deal of erosion in between periods of fairly rapid deposition.
The presence 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 Scolithus)s +the more contorted the burrow the slower
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the rate of sedimentation (thus giving the burrowe: greater
opportunity for reworking the sediments). If sedimentation is
extremely rapid then it is possible for the infauna to be
completely destroyed as_it is unable to keep pace with sedimentation.
On this basisy, 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 turrowing in the middle Stairway Sandstone
suggests that the sedimentation was extremely slow. This view
is supported By the distribution of phosphate (rare in the lower
end upper Stairway and sbundent in the middle Stairway),abundant
phosphate commonly being taken as evidence of a slow rate of
deposition.

In some circumstances the gbundance of fossils may be taken
as an'indication of rapid burialy it may however also be an
indication of rapid burial; it may however also be an indication
of optimum conditions for the development of a rich fauna, or of
lack of scavengers, or of mass mortalities, The presence or
absence of fossils cammot therefore be used with any reliability
for the interpretation gf physico~ghemical conditions.,

(b) The variability of conditions 7

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 caserthroughout most ofvthe 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 wvariable throanghout the formation and particularly in
the middle part where there are numerous alternations of thin beds
of arenite, lutite or phosphoriteo

(¢) Current velocities

Some idea of the current ve‘locities operating during Stairway
Sandstone times may be obtained from the”grain size by using the
curves computed by Hjuls#rom (1939). The modal grain size (which
may reflect the avefage curreﬁt veiocit&) indicates the current
velocity ranged from 7 cms/sec. in the lower and upper:Stairway
down to 0?4”cms/sec, in the middle Stairway. The aurrent
velocities obtained by use of the maximum grain size range from
30 cms/sec. in the lower Stairway to 16 cms/sec. in the Upper
Stairway and to about 1 cm/sec. in the middle Stairway.

If phosphatic pellets are considered as detrital grains (as
has béen suggesteq by Crook, 1964), a very different pattemrn |
emerges with velocities of up to i50 cms/sec. being postulated
to move the pellets. Velocities of this order are considered to
be highly unlikely and the present author believes that the pellets
are not detrital. This is discussed in more detail later
(Chapter 8).

() Bathymetry

The Stairway Sandstone hag many indications‘of extremely
shallbw water sedimentation such as ripple marks, and 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 but McKelvey, et al. (1959) have
suggested the depth range is 200-1000 metres. It is probable
that much of the Stairway Sandstone was deposited in depths similar
to those suggested by Kazakov (1937) rather ?han those of McKelvey,
et al. (1959). The abundance of phosphorites in the middle
Steirway may indicate a greater depth than is the case for the
upper or lower Stairway where there are few phosphorites and
abundantAindioations_of very shallow water sedimentatiqn. However,
the discussions in Chapter 7 reveal that in the epeiric sea or
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 indicatof of temperature except that its formation is likely
to be inhibited in "markedly wam' waters. Phosphorites are
most commonly fmnd‘within the pa.iaeonclimaticc belt corresponding
approximately to the presentnday zone 30°N to 30°S. Within this
zone the water temperatures in shallow marine seas range from
fairly warm to very warm (about 75°F). The presence of red-beds,

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

Chemical Conditions

(a) Salinity

There are few indioations of abnormally high salinities in
most of the Stgirway Sandstone., There is some evidgnce of
evaporites east of Mount.Charlotte‘on the south-est margin of
the basin, where a surface outcrop of the middle Stairway red-beds
is gypsedus; this may indicgte locally highly saline conditions
within theAMbunt Charlotte embayment, Some qf the dolomites am
dololutites of the middle Stairway may be precipitates resulting
from gbnoxmal salinities. There is also evidence of uncongenial
conditions for marine fauna ét 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 »

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

Chemical sediments are fairly rare in the lower Stairway with
only minor pyrite and phosphorite but with fairly common inter-
granular calcite and silica., The minor pyrite and phosphorite
suggest that conditions were in‘part at least mpderatgly alkaline
with the pH ranging from 7.0 to 7.8, Some of the phosphatic )
pellets might_bé derived from other parts of theStairway Sandstone

basin but this is thought to be of only minor importance (see



o 54 -
Chapter 8)., Some of the pyrite ooliths in the sandstones may

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

In the middle Stairway the abundance of phosphorites suggests
that conditiogs were generally within the pH range of 7.0 to 7.8
for most of the time although the developgent of fairly common
carbonates in the ?eymopr Range (Fig.16) suggests that conditions
may have become more alkaline tomfhe soﬁth-east with pH values in
the order of 8.0‘or greatgr°

The upper Stairway is very gimilar to the lower Stairway
though intergranular carbonate is less common ag@ phosphorites
are more common., The pH value was probably within the range 7.0
to 7.8 for much of fhe»time°

(c} Eh conditions |

The presence of glaﬁconite, and pyrite ooliths (and possibly
some ﬁarcasite ooliths) suggests reducing conditigns in the lower
Stairway with Eh values ranging from about =0.1 to =0.3. The

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

Much of the middle Stairway contains abundant pyrite and
organic matter (in the black shales and within the phosphorite
pellets) but glauconite is absent. This sugegests that conditions
were strongly reducing with an Eh range of -0,2 to -0.4. However
the presence of the "red=beds"™ in the Mount Charlotte embayment
although probably mainly due %o lateritic weathering in the source
areay may also in part be indipativevof‘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 Charlotteo

Eh conditions in.upper Stairway‘times were similar to those
of lower Stairway times with fairly common pyrite (with some
marcgsite) gnd»glauconitg (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 maylhave been less strangly reducing than that of the

lower Stairway, with Eh values in the range O to =0.2,

Summa.ry

The physico=-chemical conditions in Stairway Sandstone times
may be summarized as follows:-

Lower Stairwéy Conditions

(2) BRate of deposition - fairly rapid (greater than .1 mm
per annum) .

(b) Conditions - fairly constant
(¢) Current velocities = 5 to 30 cms/sec.

(@) Depth - shallow - possibly 10 - 200 fathoms
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(e) Temperature - probably very warm (75°F plus)
(f) Salinity - normal

(g) pH - normal open sea values - slightly alkaline with
a range of 7.8 to 8.4

(h) Eh - generally reducing, with an Eh range of =0.1
to =063,

Middle Stairway conditions

(a) Rate of deposition - probably very slow (less than
ol mm per annum

(b) Conditions moderately variable

(¢) OCurrent velocities - generally 0.5 to 1.0 cms/sec. but
occasionally higher

(d) Depth - shallow with a range of 50 to 200 fathoms
(e) Temperature -probably wam (up to 75°F)

(f) Salinity - normal except to the south-east in the
o Mount Charlotte embayment where they may have

been fairly high

(g) pH - slightly alkaline, generally 7.0 to 7.8 but
increasing to the south-east to 8.0 or higher.

(h) Eh - generally strongly reducing with an Eh range of
=002 t0 =~0,4 but possibly becoming more oxidizing
to the south~east where the Eh value may get as
high as +0,1

Upper Stairway Conditions

(a) Rate of deposition - relatively rapid (in the order
. of .1 mm per annum)

(b) Conditions - fairly constant

(¢) Current velocities - generally range from 5 to 10
cms/sec.

(d) Depth - very shallow - possibly as shallowas
10 - 200 fathoms

(e) Temperature - probably very warm (75°F 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

THE DEPOSITIONAL ENVIRONMENT OF THE STATRWAY SANDSTONE

General

Bothﬂsub»surface and field information are wvaluable in
the interpretation of sedimentary environments., The basic
tool is the detqiled 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
interpietation of shaliow marine sediments. The methodology,
the meaning of the various symbols and the graphic logs may
all be found in.the appendix.

Any interpretationvof a graphic log of a vertical sequence
such as APl hinges on Walthers Law of Facies (Walther, 1893 -
94) vwhich in effect states that where there are no time breaks,
sediments which succeed each other vertically must also succeed
each other laterally, i.e. the vgrtical sequence is a reflection
of the lateral sequence. This premise may then be applied to the
comparison of sedimentary mbdels obtained from data on recent.
sediments;

It has already been pgssible to demonstrate from the
petrography, from the fossils, from the general lithological
picture and from the size analyses that the Stairway Sandstone
is for the most part a shallow marine sequence and therefore
the search for models may be limited to Recent shallow marine
sediments, The shallow marine environment includes such

environments as open shelf, marine deltaic, tidal flat,
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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 shellow water marine environments by any single
method., In spite of the intensive study that these sediments have
been subjected to in, for instance, the Gulf of Mexico_(eog. Van

Andel and Curray,”lgso), no characteristic patterns have emerged.

Shepard (1960) has suggested that it is possible to distinguish

between lagoonal and shallow shelf sediments by the following

criteria:

(a) Lagoonal sediments do not contain glauconite whereas shelf
sediments 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).

(¢) EBwaprites form in semi-arid lagoons.

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

Itris however necessary to have most or all of these features
before it can be confidently stated that the environment is lagoonal,
Visher (1965) gives a valuable series of sedimentological

models for use in'enviznnmental reconstruction, again using the

overall picture of sedimentation to delineate the environment.

It is therefore necessary 1o detemine the overall
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sedimentary picture in the Stairway Sandstone before reconstructing
the specific environment.

Transgression or Regression?

Evidence of some kind of repeated 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.23.

The plot of the vértical variation of thickness of sedimentation
units has been constructed from graphic log data and may give a
qualitative guide to the stability 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 conditions 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 does show
however is the way in which the upper part of the formation is the
mirror image of the lower part of the formation, with a point of
symmetry at about 400 feet, close %o the middle of the formation.
The striking similarity of“the various parts of the lower half of
the curve (A) to the equivalent 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 & transgressive-regressive or regressivew
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 Laﬁ a lateral variation also) in a
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number of features,
The main vertical changes from lower to midéle Stairway are as
follows:-
(i) From predominantly arenite to predominantly lutite.

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

(11i) From "unchewed" sediments to strongly chewed sediments,

(iv) From non-phosphatic to phosphatic sediments.

(v)  From glauconitic to non-glauconitic sediments.

Reference to the transgressive and regressive models of

Visher (19655vstrongly suggests thatvthg lower part of the formation
is a regressive sequence, This is further supported by the fact
that the coarsest sediments ére fdunavnear"the top of the lower
Stairway., If the sequence was transgressive then the coarsest sapd
would occur ét the base of the sequence (Vigher, 1965) . _\Conclusive
proof is available from the field data ->Fig.13A shows that throughout
most of the basinthe southern limit .of the Horn Valley Siltstone
(pre~Stairway Sandstone) very closely coincides with the southern
limit of the lower and middle Stairway Sandstone.. This obviously
would not be the case had a major transéression occurred at the
base of the lower Stairway Sandstone. There is a very minor
successive onlap of the lower and middle.Stainay ut 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 offlaps in fact there was no‘chagge 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
transgressed well outside the present southern limits of the
Amadeus Basin.

Therefore, the basic Stairway Sandstone sequence is
regressive~ftransgressive.

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 disperse the sediments, the shape of the shelf and
the rate and direption pf changes in sea 1evel, A modern regressive
sand from the Bulf of California has been described by Curray and
Moore (1964); the regressive sand sheet foms by the rapid supply
of sediment to longshore bars which coalesce and a new bar is
formed seaward of the old bar so that 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 a much slower rate
of sedimentation than is the case in the Gulf of Califorhiaf It
is impossible at this stage to gstablish the factors causing the
lower and middle Stairway regression.,

With the generalized environmental condition (the mega-
environment) established, it is now possible to eétablishihe
macro and micrOuenvironments 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 in
all, over 800 have been recognized in the Stairway Sandstone
(see Appendix IV). Ve:y few of these 800 units are exactly
the same and therefore it is extremely difficult to work out a
simple environmental picture for a sed;mentation unit or for a
group of sedimentation units. Also, as each sedimentation unit
has up to 30 parameters within it, such as graded bedding, modal
grain’sizeﬁ meximum grain size etc., there are in the order of
25,000 sedimentary features to consider in the whole fomation.
The handling of such a mass of data proved extremely difficult.
| Crook (1964) considered that “"composite units” could be set
up by making the base of the unit the point where a significant
rise in maximum grain size occurs., In his method, phosphatic
pellets were considered along with detrital quartz, on the grounds
that the phosphate was detrital. This meant in most cases a
phosphatic band at the bgse of the ﬁcomposi?e unit”, By this
means Crook (1964) was able to set'ﬁp 281 "composite units" which
were further"grguﬁed into 30 intervals. ) "

The present author considers that the phosphatic pellets
are nbt detrital and that on these grounds the approach of Crook
(1964) is not strictly valid, However, the iroming of phosphate
(Whatéver the process) denqtes an important environmental event
and therefore because of this, the bagse of each s edimentation unit
is marked by the incoming of a new phosphatic band irrespective of
the size of the phosphatic pellet. This gives a total of 192 composite
sedimentation units (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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all the other sedimentological data it is possible to set up six
basic types of composite sedimentation units (A = F). The average
sedimentological characteristics of each of these six units are
summarized in Table 10j(Appendix) and in Fig.27. The order of the
sedimentation units ié establizhed mainly on the order of appearance.
To some extent the average values in Table 10 are misleading in that
the average modal graig size of Unit B in the lower Stai:way is in
the order of,1¢ whergés thg average moda% graig size of unit B in
the upper Stairway is 3¢ to 4¢, This does not however invalidate
this type pf approach for the sediﬁenta:y processes are still basically
the same, but are taking place at different energy levels (i.e. a
difference of degree rather than of kind). |

The vertigal distribution of the sii composite sedimentation
units is shoﬁn in Fig.25. The distribution of phosphatic material
is also showne. If is apparént that the greatest concentration of
phosphate occurs in the middle part of the formation, which is also
the part of the formation composed predomipantly of the lutaceous
composite sedimentation units D and E, There is no immediately
apparent relationship between étratigraphic pqsition and the grain
size of phosphatic pellets, It can be seen in Fig.25 that in the
lower half of the fdrmation, i;e, below about 400' there is a well
developed ascend?ng sequence_of‘A «BwT~=D-= E”- F. In the upper
half of.the fomation the ascending sequencebis FeBEeD<=Ca~B-A,
As it has already been established that the basal sequence is
regressive, then the A - F sequence must be regressive, whilst the
F-A sequen¢e‘musf'be transgressive.

The vertical distribution of the composite sedimentation units
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is shown in Fig.26, TFach sedimentation unit is represented by unit
thickness, i.e., the vertical scale is not a linear foot scale
(although footages are shown), because the thickness of the composite
sedimentation wnit is inherent in the type of unit. The actual form
of the cyclicity is now apparent and can be seen to be not just one
ma.jor regressionytransgression but a series of regressions and
transgressions., ?he fact that the sequence A = F is regressive should
not however necessér}ly bg construed at this stage as indicating that
for instgnce unit D formed in a shallower environment than unit A,
for in fact the reﬁerse may hold if A represents a sand bar

environment and D a lagoonal environment.

The Compound'Sgdimentation Unit

The Cbmpound sedimentation unit is a un;tvmade up of all 6 of the
composite sedimentation units A, B, C;, Dy E and F. It is the
idealized complete sequence (Fig.27) but as can be seen in Big.26,
there is no complete, unbroken A - F sequence in the formation.
Many of the sequences shown in Fig.26 camnot be designated as in@icating
regressive (§) or transgressive_(n) for they are made up pf the same
unit repeated (C = 9 =C = C etc;)‘which is designated ”simfle
oscillatory" (S0), or alternatively they consist of repeats of adjacent
composite.sédimehtation units (C = D = C=D = C =D etc.); this is
designated "compoupd oscillatory" (OO). Within the Stairway Sandstone
‘there is evidence of 256 episodes”of appreciable regression ‘and
tr&nsgression; 9 separate episodes of simple oscillatory‘sedimentation
and. 8 episodes of compound oscillatory sedimentation.

The basic environment in which all these fluctuations were taking

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

- To find a present Qay 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 environ-
ments in which this oécurs - the barrier island-coastal lagoon

environment and the intertidal flaﬁ envirpnment°

Rusnak (légb) describes in detail the sub-environments of the
barrier island-lagoonvcomplex of the Lagung Madre of the Gulf of
Mexico. His enviromments are shown in Fig.28 together with the
Stairway Sandstoneuequivalents. The "correlation" between the
Stairway compound sedimentgtion unit and Laguna Madre environments
ares-

A = Barrier island (fairly‘coarse grained, c ross-bedded sands)

B = Barrier flats (Bedded sands)

C = Shallow bay (mixed sedimenté)

D = Shallow bay

E = Central bay (mixed sediments)

F = Central bay or upper bay (siity cdlay).

The environmental implications of these correlations for
- each 6f the composite sedimentation units can now be considered.
All the information on the modern environment is f;om Rusnak (1960).
A, As can be seen in Fig.27, unit A is the most prominently
crosg-bedded unit in the:sequence - this is completely

compatible with a barrier island sand. The presence of some
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graded bedding suggests some inlet sands may have been
included within this composite sedimentation unit. It
is suspeqted that some of the phosphate 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 ih the barrier beach sands. - The presence of some
chewingrby burrowing organisms is not a feature normally
associated with barrier islands. This may again be dueito
some iniet sediments being included within unit A or
alternatively the barrier island may have been submarine for
a considerable part of its history. |
This unit is the thickest unit of the compound sedimentation
unity it may also have been the widest environmental zone.
Most of the textural and other features could be associated
with the barrier flat environment of Rusnak (1960) apart
from the preéence of burrowing orgenisms - this again may
be attributable to the sediments of Unit B having been

deposited at a greater depth below sea level than the

“Cequivalent 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.

The shallow bay enviromment 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 appreciable rise in the infaunal activity,
and a decrease in grain size. Phosphatic pellets were able
to form in the unit C environment and moderate concentrations
of phosphorites were produced when currents were available to
winnow the sands. As the shallow bay environment is some
distence away from the source éf 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.27). v

The bay side of the shallow bay»subfagies 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 envirorment is within the reach of
winnowing action.

The most likely environment of depogsition of unit E is the
central bay in the zone of silt/clay sedimentation, Wheie_
there is little terrigepous material. Unit E contains the
greatest thickness of lutite of any of the composite
sedimentaxion units, and phosphate pellets are rare.
Winnowing took place only very rarely (perhaps when a major
breach of the postulated barrier island occurred), 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 environment of the Laguna Madre. The

increaée in grain size may not however be significant as there
is & corresponding decrease in amount of infaunal activity

in unit F, suggestipg that it is probably equivalent to

nearer the middle of the central bay environment of the Laguna

Madre. The environment represented by unit F is probably

one of optimum conditions for the deposition of phosphate,

as phosphate occurs throughout mich of the lutite sequence.

Fnrichment does not however occur, as the environment

represented by unit F is either at too great a depth or

too far removed from the open sea for the effects of currents

or waves not to be felt.

Thus the compound sedimentation unit will fit satisfacﬁorily
into the barrier-bay facies of Rusnak (1960). The application of
this model cgnnot_be too strict as the type of lagoonal environ-
ment envisaged for units D, E and F during Stairway Sandstone times
is very much less restricted than that of the Laguna Madre,

There aierhowever‘difficulties in this concept = thg ma jor
one being thé magnitude of the lagoon. It can be seen in the
Stairway sandstong ofrAPl (Fig.25) that the interval 470! to 200!
is made up of simple oscillatory or compound oscillatory sequences
of Dy E or F so that for the whole of the middle Stairway times
a central bay (with minor shallow bay and upper bay) environment
of the Laguna Madre»type prevailed oﬁer an area of aboat 20,000
square miles; Theiefore in spite of the way the environment of

the compound sedimentation unit fits the bay-barrier island
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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 tovlook at the seoon@ 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., Possible correlations between the 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 = Lower sand flats. (Little or no organic reworking, minor
wave action, strong tidal currents, slow sedimentation.

B = Lower mud flats., (Little reworking by waves or organisms;
rapidVBQQimentation).

C = Arenicolg.sand flaté. (Extensive rewquing by waves and
Afeniébié;A slow sedimentation).

D = Inner sand flats. (Limited reworking by waves; extensive
rewprking by Corophiumg slow sedimentation)

E = Higher mud flats (very limited reworking by waves and
organisms. Fairly rapid Bgdimentation),

F = TUpper part of the higher mud flats or the lower part of the
salt marsh (no reworking by waves or organisms; fairly slow
sedimentatibn, filter effect of plants).

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

field terms based on general appearance and not on size composition.
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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.e. the strand line, which is also commonly a zone of
sands, These ?wind 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 theyload of detritus is now dropped into the high energy
zone., Within the high energy zone a considerable amount of sorfing
and winnowing will take place to produce coarse grained well sorted
well rounded sandg; The finer matgrial may be carried out into
the Zone X of Irwin (1965). Alternatively, the sands of Zone Y
may be carriéd into the zone by longshore currents, whiqh would
not necessitate having to move terrigeﬁous sediments acpdés 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 deeper Zone X
or those of the shallower Zone Z.

In the compound sedimentation unit (Fig.27) of the Stairway
Sandstqne the sequence is regressive coarse into fine, in which
the sediments of units A, B and C are deposited 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 may be
represented by the‘predominantly silt/cléy 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 aurrents (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 details:-

A,

Composite sedimentation unit A represents the s eaward side

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

zone of highest porosity (due to the winnowing 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 of_‘ pellets occurs.
Unit B is still within the high energy zone but a considerable
portion of the energy has already been expended in the zone of
unit A sedimentation, therefore the effects of winnowing are
less pronqunced. It is also the zone of maximum arenite
accumulation, and this coupled with the lessened winnowing
actiofx produces .a thiék sand sequence with only rare, thin,
pelletal bands.

Unit C is on the edge of the high energy zone, consequently
current action is ohly minor and little reworking bf sediments
occurs. - There is however only minor arenite sedimentation, -
theréfore theratio of phosphorite to terrigenous sediment is
fairly high. High energy currents do occasionally impinge

on this unit so that winnawing (and subsequent enrichment) of

phosphorites occurs. This is a zone of slow sedimentation,
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is extremely slow in this envi ronment éo that phosphatic pellets
can "make their presence felt" because of the lack of
diluting terrigenous material. There is evidently no
reworking in this zone (because it is very far removed
from high energy zone Y) so that there are no winnowed

phosphatic concentrations in Unit F.

It would therefore appear that the 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 zone. The reasons for migration of the high
energy zone are a little obscure. The most likely reasons are:-

(i) 1local subsidence of the epeiric sea floor may take
place, so that the high energy waves now impinge on a
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 penetrate further into the epeiric
sesa. |

(iv) the amplitude of waves may vary so that waves with a
smaller amplitude than the normal impinging waves would
also penetrate further into the epeiric sea.

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

time or other during the Stairway Sandstone sedimentation.



Summar

The Stairway Sandstone is a regressive-transgressive sequence.

The large number of sedimentation units in the Stairway Sandstone

may be grouped into six types of compositersedimentation units

(A, B, C, D, E and F) which together form a regressive compound

sedimentation unit (A to F) or a transgressive compound sedimentation

unit (F to A).

The compound sedimentation unit can be equated with two modern

nearshore environments, the bharrier island-lagoon environment and

the intertidal zone environment and a more hypothetical epeiric

sea model.

STAIRVAY SANDSTONE

F Slightly phos
fine sil%t '

E v sparsely phos
clayey silt

D Richly phos
clayey silt

C Richly phos v
fine sand

B V' sparsely phos
fine sand

A Slightly phos
medium sand

BARRTER-LAGOON

Central or upper

bay
Central bay
Shallow hay

Shallow bay

Barrier flats

Barrier island

INTERTTDAL
FLAT

Higher mud

flat or salt

marsh

Higher mud
flat

Inner sand
flat

Arenicola
sand flat

Lower mud
flat

Lower sand

- flat

EPEIRIC SEA

Inner low
energy zone

Middle low
energy zone

Outer low
energy zone

Inner high
energy azone

Middle high
energy zone

Outer high
energy zone

Both the models of modern environments are inadequate because

of their small areal extent compared with the enormous extent of

the Stairway Sandstone environments.

This difficulty could

possibly be partly resolved by the inteitidal or lagoonal

environment migrating over the basin so that gradually a

(z)

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

(Y)
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coalescing body of lagoonal or intertidal sediments formed. The
third model is more satisfactory and it is possible to ascount for
most of the features of Stairway Sandstone sedimentation, with the
sands bging laid dowm in the high energy zone (Zone Y), the silts
and clays being deposited in the low snergy 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

General

Phosphatic gediments have been fa;n@ ip the Upper Proterozoic
and Lower Palagozoic'sediments of the Ama@eus Basin, but it is only
in the Stairway Sandstone that they are abundant. The ocairrence
of phosphorites in the Stairway Sandstope was first noted by
Wells, Forman and Ranford (196“2). Subsequent work by Cook (1963)
and Barrie (1964) showed that the Stairway is slightly phosphatic
throughout But sediments :egarded as phosphorites occur mainly
in the piddle Stairway, as is clearly shown in Fig.2l. The
phosphatic mineral is crypto-crystalline at X-ray studies by
Greaves (pers.ooﬁm., in Cook, 19é3) 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
phosphorites are present in the Mount Charlotte'area, and white
phosphorites are known from the vicinity of The“Sisters, wesgt of
the Mount Charlotte Renge. The phosphatic beds range in thickness
from less than 1 inch to about 8 inches put their average thickneés
would only be from 2 to 4 inches. Little is knoﬁn about the
lateral extent of individual phosphdrite beds as poor exposure makes
it impossible 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 non~-phosphatic
sediments are extremely sharp, particularly the lower boundary.
Current induced sedimentary structures appear to be extremely rare

in the actual phosphorites, though they are common in associated
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sediments (e.g. ripple marks, cross-bedding). Rare worm burrows
have been seen in very slightly phosphatic sandstones.

The nodules are extremely varied in size and shape (Fig.54,
appendix) and PZOS content. Pellets and no&u}es may range in
sige 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 that seen in the surface of some fossil algae. The
brom pellets are smoother than the grey pellets; they tend
towards an eliptical shape, whilst the grey pellets are flatfer
and slightly more disc-shaped. In hand specimen, the brown
pellets appear to be more sandy than thg grey pellets. The
few analyses that have been undertaken indicate that the grey
pellets are more phosphatic than thg brown'pellets, e8¢ in
analyses froﬁia locality near APl, a grey pellet was found to
have a PO content of 19% and a brown pellet was found to have
a P205 content of only 15% (probably a Feflection on the higher 7
sand content - see Fig.80, appendix).

vDetailed study of many of the 219 phosphorite bands in the
AP1 core confirmgd tye majority of the field observations. It
was not however possible to distinguish different types of
pellets in the core, all the pellets being black (chroma N3 -
N4); Iq-subsurface, boundari es between phosphatic and non=-
phosphgtic sediment were also found to be extremely sharp.

In addition, 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 bands. 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 surrounding
sediment. This is discussed more fukly later. Both the modal
and maximum grain size of detrital 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 end sphericity than is shown by the pellets in outerop,
but as in most cases, the sub-surface pellets were only visible .
in two dimemnsions, this difference may be more apparent thanz’eal.}
The pellets are commonly (but not always) aligned with their long
axex parallel.

Chemical AnalySes

The results of P295 and trace element analyses on sanples
from the Stairway Sandstone are recorded by Ranford, Cook and _
Wells (19;8), Wells, Stewart and Skwarko'(19ggf and Barrie,,(lQGﬁJ.
A totalﬂof 90 outcrop samples and subsurface samples havé so
far beenranaljsed for P,0, (by colorimetric methods, using
molybdofvanadate), The highest value obtaingd is 27% P205 for
a greymphosphgtio nodule (specimen number LA701C) from the '
Inindia Bore area. The highest value obtained for a phosphatic
bgd‘(as opposed to an individual nodule)”is'ZI.Sf%*PZO5 forr
specimen LA 535(9) from the Johnny Creek area of the Lake Amadeus

sheet. There appears to be a wide variation in the P0 content

2
5
of- pelletal or nodular bands but most values fall iptO'the range

10 to 18% PO Very few analyses of StairwaySandstone lithologies

5¢
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have P O, contents below 0.5%, indicating that throughout the
> . :

whole Stairway Sandstone, the P205 contents are at leagt two

to three times above the average values for sediments. Barrie

(1964) considers that there may be some secondary enrichment of
the P205 content of bed§ at the sur?ace as so far, the highest
value obtained for a subsurface sample is about half that
obtained for surface samples. However, this cammot be confirmed
until many more analyses have been carried out.

The lack of an'adequate number of analyses make it impossibie
to reach any conclusions regarding the lateral or vertical
variations of P205 content of phosphorites within the Stairway
Sandstone.

Fourteen samples of Stairway Sandstone sediments have been
spectrochemical}y analysed for nickel, cobalt, copper, vanadium,
and lead (Renford, Cook and Wells, 1966), Many of the samples
were found to have somewhat higher values for thesge trace eleménts
than is normal for sediments. This is particularly t;ue for the
values ﬁbtainedwfor lead and in a‘sapple with a P205 content of
18% (ML37) the lead content was 400 parts per million; in the
saﬁe sample, the copper content was 100 parts per million. The
few results available show a crude correlafion of increase in .
trace elements such as }ead with an increase ip thé-PZO5 content
(Fige30), but it is impossible to reach any definite cenclusiom.
at this stage, with so few analyses available. It is, howevér,
anti¢ipated that more work will show a good coreelation 5etween
phosphatic concentration and t;ace‘element concentfation as is

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

1959).
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Petrography

Thin section examination of the phosphprites has shown that
there are a large number of forms in which the phosphatic material
@enerally apatite) mey 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 minerals refgrred to under the collective term of collophane,
such as high relief and isotrophy.

There appear to be ten mein modes of occurrence of phosphatic
material, most of which are pelletal or nodular in form. 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 connétation, "pelletal" may he
replaced by "nodular" for coarser grades (generally 2mm. and above).

The ten classes of phosphatic types are ndw discussed individually.

1. Structureless pelletalvﬁhosphate (Figs.55-58,'appendi;).

This is one of the commonest pelletal forms and shoﬁs no
internal structure whatsoever (Fig.55, appendix), althouéh it may
have a single thin dark rim (Fig.Sg, appendix) (suggested by
Emigh (1958) as being c&used.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‘ﬁhe detrital sand or that it may have been winnowed.,

In some thin sections (e.g. AP3/44/0), there is a striking
similarity of shape and size between structureless pellets and
glauconite 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 formmed 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 exterior of the pellet is”gxtremely
irregular fe.g.‘invLAulzl and in AP1/73/2 (Fig.59, appendix).

Emigh (1958) has suggested that ths banding must be a diagenetic
feature otherwise it would not be parallelﬂto-the irregular
exterior of the pellets. He attributes the banding to the outward
migration of organic carbon; Some of the banding iﬁ the concentric
pellets may possibly be attributab}e to this migration but little
evidence for or against Emigh's theory could be foupd.

There are however two speéial cases of concentric banding in
vhich the banding is almost certainly a primary feature. In
thin section LA 535 (A), very fine mica flakes within a pellet are
arranged with their long axes cqncentric to the outside of the
pellet, _ It is thought that this 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 incorporgted into the pellets.
Similarly, in AP1/596/0, very fine ooliths of ?pyrite are
arrnaged in two bands concentric tot he e;terioerfia pellet

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 pyritizatiom.

3. Composite pélleta; phg?phgte (Fig;60,‘appéndix)

As is suggested by the name, this pglletal form is made up
of other smaller pellets (generally structureless). The 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 pellets) by the
"growing fogether" of pellets. These processes either form
primary compositeNpellets or elsevbeds which are subsequently
broken up to form pellets, or nodules.

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

 This peli?tal type shows an internal structure But is
distinguished from the concentric and composite pellets by
the fact that the internal strucﬁure is neither concentric nor
pelletal, but irregular. An example of this type of pellet
may be seen in LA139 (Fig.6l, appendix), in which the internal
structure of the ﬁellet is strongly convoluted. Few Examples
of this type of pellet have been seen. The convoluted form

of the internal structure suggests that this 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
structurestthoughtbto be the result of algal activity are present
in phosphorites of the Phosphoria Formation.

5. BEncasing pelletal phosphate (Figs,82-63, appendix)

The phosphatic material in fﬁis type occurs as a thin skin
around detrital grains (in most cases quartz). Thg "skin™ is
generally exfremely thiﬁ relative to the diaﬁetervof fhe gfain or
fragment it is encasing; it is_glso commonly oolitic, as may be
seen in AP1/398/O (Figs.6é—65, appendix): The encased grains
are generally well rounded and normally'fine'grained. The encasing
pellets probably form in the manner as calcgreous'oolitﬁs, i.e. by
the detrital grains acting as nuclei on Which the crypto-crystalline
apatite may precipitate and that as the grains are gently rolled
around, further layers of crypto-crystalline apatite are added,
This type of pellet may remain discrete or quiteﬁcommonly, 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 phosphate either
ceased or continued as a cement.

6. Sandy pelletal phosphate (Figs .64-65, appendix)

This type of pellet is oné of thé commonest (and possibly the
most éémmon) pelletal form and is readily distinguished by the |
high percentage of sand-sized detrital grains within it. The
detrital grains are generally quartz, or rarely feldspar, or heavy
mineral grains such as tourmaline or zircon. The crypto-crystalline

apatite is present as a cement or matrix, forming up to 50% of the
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total pellet (Fig.64, appendix) . In most cases, there is a
considerable difference in the grain size of the detrital quartz
inside the pellets and that outside, suggesting that the pellets
have been either reworked or winnowed. It is uncertain whether
the primary formation of the pellets resulted from the initial
precipitation in a pelletal form of the crypto-crystalline apatite
around detrital grains, or from the cemeration of bedded detrital
quartz to‘give bedded phosphorites which.ﬁere later broken up

and the material rounded to form pellets. In some of the pellets
(Fig.65,rappendix), there is a distinct banding of the detrital
quartz within the pellets. In some cases, the sandy pellets
appear to have formed by the aggregation of encasing pellets.,

7e Cementing phbsphaté (Fig.66,‘appendix)

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

8, Laminate phosphate (Figs.67-69, appendix)

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

possibly also platey. They are very variable in size ranging
up to 2 mms, in length. Their average width ranges from 0.05 mm.
to O.1 mm, The laminae frequently are aligned with their long
axes parallel (Fig.67, appendix). Many of the laminae show a
tripartite division 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
signs of corrosion - the corrosion possibly resulting from either
the action of micro-orgenisms or from chemical corrosion (Fig.68,
appendix), |

The laminate phosphate has either been formed by the break-
up of‘what was once thinly bedded phosphorite 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 phpsphatic (e.g. an
inarticulate brachiopod) or it may have been a calcareous shell
which was subsequently phosphatized.

9, Phosphatized.Fossils7(Fig,70, appendix)

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

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

10, Secondary phosphates (Figs,71-74, appendix)

There are prpbably a 1érge number of secondary phosphate
minerals in the Stairway Sandstone, resulting from the alteration
and/or replacement of the original crypto-crystalline apatite.
However, because of the lack of diagnosti€ optical properties,
the extremely complex chemical form of many of the phosphates
and because a thorough search has not so far bheen made, only
one secondary mineral has so far been positively identified =-
corkite.

The presence of»corkite = a lead arseno phosphate complex
(Dana 1947) was first confimmed by Goadby (pers.comm,, in Wells,
Stewart, and Skwarko, 1964), by X-ray diffraction analysis on
samples from the southern margin of the"Hepbury sheet area,
collected by Wells and Stewart. In thin_sectibn, the corkite
appears to be mainly interstitial,.forming from 5 tp 15% of the
total rock. Rarely, it has the form Of‘structureless pellets
or'oqliths'(Figs.71-72, apperdix). It is commonly isotropic
bﬁt'is distinguished from cryptocrystalline apatite by its
characteristic bright green colour.

A colourless phosphate mineral commonly with a spherulitic
habit (Fig.73, appendix), occurs in vugs and in matrix and pellets,
replacing cryjto-crystalline 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 AP3/710/0) 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 product. The
mineral has not been identified any more positively than
?apatite. 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 environment, the phosphate
may have replaced carbonate in places. Mansfield (1918), also
supported the idea thatl 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 (1911), suggested that bacteria
is of importance in the concentration of phosphate. This has
been supported by‘Baas Becking (1957) who showed that bacteria
in sea water is able to concentrate phosphate by a factor of 200,

Phpsphatic nodules and pellets have commonly been ascribed
to the phosphatisation of fecal pellgts (Hayes and Ulrich,1903;
Cayeux, 1939), but Emigh (1958) suggests that most phosphatic
pellets were formed by the phosphatization of calcium carbonate
pellets., Sauchelli (1952)9 also strongly supports the idea of
replacement of calcium carbonate., Frondel (1945), points out
that the phosphatization of coral limestones occurs on "guano
islands", 7

Poncet (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 shown
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 silts and
clays which have aggregated to a pelletal or nodular fomm.,

Because of textural and other differences between phosphatic
pellets and their surrounding sediments, many workers have
postulated that the pellets have been reworked from older
formations. Hayes and Ulrich (1903) considgr that the Devonian
phosphates of Tennessee have been formed by the mechanical reworking
of Ordovician phosphorites.  Adams, Groot and Hiller (1961) also
suggest that the phosphatic pellets of the Brightsea 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 ascends onto
the shelf from the deep parts of the ocean on the western sides of
the continents. Calcium carbonate would be first precipitated out
as the temperature and pH of the water increases and the partial
pressure of C02 decreases° The calcium phosphate would be
precipitated out at depths of'between 50_and ZOQ metres, The
detailed work of the United States Geological Survey on the
Phosphoria Formation of the»Wbste;n United States hgs broadly
supported the conclusions of Kazakov. McKelveyg Swanson and
Sheldon (1953), McKelvey et.al.(1959), Sheldon (1963) end
Cressman and Swa.nson} (1964), all consider that ﬁpwelling ocean
currents are the priméry source of the phosphates and also that
much of the phosphate is probably precipitated out 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 cgrrents
are now generally accepted as being a major (ana possibly the
major) source of phosphate, although Bushingki (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, Emery and Shepard (1942) on Recent
phosphorites on the sea=floor off southern California has shown
that topography may bea major factor in the formation of
phosphatic nodules for almost all the nodules are foﬁnd on
topographic highs 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 have been found by Bentor (1953) and
Altschuler (1958) to have influenced the'deposit@on of the
phosphorites of the Middle Fast. Unlike the southern California
phosphorites, they foundrthat the phosphorites occur in the
synclines Which also formed_the topographic lows during deposition.
The depositional environmment was apparently strongly reducing.
Youssef (1965) also points out that the phosphorites of Egypt
formed in depressions in a strongly reducing ehvironment, 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 isrbrought 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 far been 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 waters 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
phosphorites was oxidizing and that the phosphoritgs were mainly
formed on topographic highs. (He also suggested that the Horn
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 detrital 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 to show the diversity of
previous hypotheses and indicate the difficulty in finding a
single theory to explain all features of the Stairway Sandstone

phosphorites.

The Origin of the Stairway Sandstone Phosphorites
| From the previous pages of this chapter it is apparent that
there are several things to be considered in the Stairway Sandsfone
phosphorites:
i) Are the phosphatic pellets the result of reworking of an
older formation; have they been reworked and t:ansported
from some other part of the Stairway Sandstone 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 phosphatization 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 pellets are found in several pre-Stairway
Sandstone formations of the Amadeus Basing the Areyonga
Fomation, the Tempe Formation, the Pacoota Sandstone, and the
Hom Valley Siltstoneo However, little reworking of these
formations is thought to have occurrdd during StairwaySandstone
times and in addition, the quantities 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 Samdstone phosphorites.

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 to
settle, Examingtion of thin sections of the pellets immediately
suggesté 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"

"(b) different appositional fabric between pellet and
sediment"

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

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

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

Barrie (1964) also states that the phosphatic pellets are
transported, but 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 quartz of very
fine to coarse grained sand size. A rise of both the modal and
maximum grain size 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 phosphate
Rise 70%
Fall 13%

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

If the evidence is examined more carefully however it becomes
clear that other explanations are equally valid.

The darkening of the peripheral zone of pellets adds no
weight whatsoever to the allochthonous hypothesis for it is
probably formed not by sab-aerial exposure, as has been suggested
by Crook (pggg.gggg.) but by the migration of organic material
(Emigh, 1958), or by the partial diagenetic pyritization of the
phosphatic pellet or by the deposition of more organic matter
during the last accretion of the apatite. In addition, dark
concentric zones which are clearly not foxmed by sub-aerial
exposure occur well within the pellets (Fig.SQ,appendix), and
are identical with the dark peripheral zne.

The present author has seen few cases‘of truncation of
roundéd quartz grains in the Stairway Sandstone phosphatic pellets.
By comparison, however, quartz grains quite commonly project. out
of the margins of phosphatic pellets; such a texture could not
be attributed to transport as the quartz grain 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
detrifal quartz 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.environment in which
the pellets are férming and the pre-existing sediment 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
remained.

It is relevant to return to the previous chapter briefly -
and eépecially to Fig.27, If the pellets were transported then
the coarsest pellets would be found ¥n the most coarsely grained
sedimentation unit. In fact, precisely the opposite occurs, for
the coarsest pellets are found in composite sedimentation unit F
- the most fine grained of the units. It is exceedingly difficult
to explain this size distribution 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 haye diameters of up to 5 inches (approximately
-7¢), and the éccompanying coarse grained sand with a diameter of
only O¢ to 1¢. Thus, the two types of particles are out of
noxﬁal 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 IT, appendix) have shown the
average specific gravity of grey pellets to be 2.67 and 2,61 for

brown pelletss; 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 that the reason for the

absence of sand coarser than approximately O¢ 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 conglomeratic or pebbly beds
occur within the Stairway Sandstone they are with few exceptions
compl etely non~phosphatic which is completely contrary to what
would be expected if the phosphatic material was transported.

The only exceptiqn known to the author occurs on the southern
margin of the Amadeus Basin (the Mount Sunday Range and the Erldunda
Range) where large phosphatic pellets 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 diameter would be in the order of 200 cms.
per second‘(Hjulstromg 1939)° This is faster than the Gulf Stream
at its fastest point and in the‘Stairway-Sandstone times any such
current must have swept over the entire basin in order to give the -
widespread pelletal gnd nodular phosphqrites intervals. This
would hawe produced tremendous sgouring effects within the Stairway
Sandstone, yet these are not preserved. It is also physically
impossible for currents of this magnitude to sweep over 40,000
square miles of shallow 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 have literally been

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

Thusy it is apparent that there are many difficulties in the
suggestion of a transported origin for the phosphatic material.

In order to establish whether the phosphatic sediments have
been modified’bylfransporting 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 Sandstone of APl. As has al ready 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 distriﬁution of very fine grained sands and also the mands within
phosphate pellets. Plots in the middle of the field, e.g. AP1/792/66
are commoniy coarse basal sands. The plot of AP1/51/2 is of a
phosphatic‘séndstohé in which both the detrital‘quartz grains within
the phosphatic'pellets 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 frequency curve with a '"normal" coarse grained cuﬁulative
frequency curve.

Fig.31A shows fogr cumulative frequency cuzﬁes 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 which the pellets
formed originally. Curve AP1/601/0 (b) is a textural analysis of
the coarse quartz 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 quartz plus the phosphatic
pellets < and therefore in this plot the assumption is made that
the pellets have moved Wiﬁh coarse quartz. APl/GOl/O (d) is
an analysis of the phosphatic pellets only, and 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 5.3¢ for the detrital quartz within the phosphatic peilet
and about 1;25 for the dei_;rital quartz in the surrounding sediment.
This difference of about 2.5¢ in the median diameter is typical of
many of the phosphorites.

The significance of the plots of skewneés 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 phosphatic peilets; field IITI is

the zone of the detrital quartz which occurs within phosphatic
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intervals, but outside the actual 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 also the sands
from within the phosphorite pellets_fall. It appears that many
of the pellets are formed in the envi:onment represented by field V,
which apparently was the commonest enviromment of deposition during
Stairway Sandstone fimes. Therefore it is field III which
represents the atypical Staifway Sandstone environment.

The plot of mean diameter against standard deviation (Fig.114)
shows fields &imilar to those of the kurtosis-standard deviation
plot - fields I and ITI are identical and are the fields of
phosphatic pellets and coarse detrital quartz outside phosphatic
pellets respectively., Field IT 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 finecietrital quartz
from within phosphatic pellets. Thus again, the evidence suggests
that the precipitation of phosphaté occuré in the "normal' Stairway
Sandstone environment, particularly the environment of the very
fine sands and that this environment isvstrongly dissimilar to
that of fields IT or IIT. Therefore it is most unlikelyrthat
a current bringing with it sediments from field IIT (or field 1T)
would also carry with it phosphatic material, for the phosphatic
material has clearly formed in an environment divorced completely
from that in which the coarse grained sediments were laid down.

It is also significant that field I (the field of the phosphatic

pellets) is separated from field IIT (the field of the coarse
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grained detrital quartz associated with pellets) by field II,
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 IT,

The Folk and Ward (1957) parameters of standard deviation,
skewness and kurtosis (see tables 3-4, Appendix), of the detrital
quartz within the phosphatic pellets 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 pellets than inside. Skewness values show
the detrital grains within the pellets are near symmetrical whilst
those outside the grains are fine-skewed which suggests that it
is not strictly unimodal. The kurtosis values indicate that the
guartz grains within the pellets are mesokurtic, tut the quartz
sand outside the pellets is leptokurtic, implying that it is not
unimodal and that it received its textural characteristics inan
environment other than that in which it is now found. A summation
of the textural parameters suggests that the coarse sands were
originally laid down in a high energy environment and were later
transported to a low energy environment.

If the equations of Sahu (19&4) are applied to APl/éO}/O
(see Chapter 4, pages 34-36, and Table 5, appendix) in order to
find the environment of deposition, the value of the discriminant
function indicates a beach environment for the coarse sand outside
the phosphate pellets, and a shal_low water marine environment for

the fine grained sand within the phosphatic pellets. If the
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discriminant function is calculated out for the phosphatic pellets
on the assumption that the phosphatic pellets are detrital, then
a fluviatile environment is suggested. As it is known from
other sedimentological and palaeontological 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
deposits, but as there are no sedimentary structures interpretable
as tidal channels within the Stairway Sandstone, even this "escape=-
clause" is unacceptable,

As mentioned earlier, an increase of 85% modal and 70%
maximum grain sizes occurs with the incoming of phosphate. This
may be taken as evidence of either transport or winnowing, but
when the amount of increase of modal and maximum grain sizes is
considered, the evidence is in favour of winnowing.

Fig,31B shows in histogram form the amount of increase in phi
units for bothdhe modal and maximum grain size. If the phosphatic
material was derived and the sandy sediment surrounding the pellets
swept in with the pellets, then there would bé no difference in the
degree dof 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 size,

with the majority of units showing increases of modal grainssizé
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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 occurs 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 winmmowing will become the modal grain size.
Therefore it appears that the magnitude of the increasze of modal
and maximum grain size which occurs with the incoming of phosphate
favoars 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 maximum 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 curves
shown in Fig.32 migrating to the coarse side (i.e. to the left)
as the percentage of phosphatic material increases. However, no
such migration occurs. The curves show a marked bimodality ut
the position of the peaks remains constant with increase in
phosphate, The median diameter of the maximum grain s ize is
remarkably uniform in the four classes of phosphate.‘ The values
are as follows:-

Percentage of phosphatic ma terial Mediar. d iameter

1-5% 1.250
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Percentage of phosphatic material Median diameter
5-10% ‘ 1.100
16-20% 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 phosphate,
is the presence of a ;ﬂ@minent fine tail in the modal grain size
curves, which gradually disappears with increasing phosphate,
suggesting a winnowing mechanism, This ta8il is particularly well
brought out by r eplotting the four modal grain size curves on
probability paper (Fig033)u | 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 comsequent
upgrading of the phosphatic materigl and the gradual loss of the
fine tail. This winnowing action would mainly make its 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 diameters which remain constant with increase in
phosphate content. The values of the median of the curves are as
follows:=

Percentage of phospkatic material Median Diameter
1-5% - 2,00
5=10% 1,70
10-20% ’ 1.80

20-50% ' 2,00
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However, skewness, which is a measure of the tails of a
curve, should show a consistent variation, with increase 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 Secondary 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 with the
phosphorites to suggest that biochemical control was of importance.
However, many of the pellets contain black Torganic 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
therefore impossible to say whether primary precipitation was
organically or inorganically controlled,

It is likely that at least some and perhaps even all of fhe
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 d iagenetic replacement of the
limestone, then the boundary would probably have been diffuse.
The encasing pelletal phosphate may also be a primary precipitate,
precipitating out in much the same way as aragonite does, with
detrital grains forming the neucleii. Patchy developments of
phosphatic cement occur in some sandstones which lack any other
cement ., This suggests that there would have been nothing for
the phosphate to replace and that therefore the phosphate cement
mist be a primary precipitate., Finally, there appears to be a
very common association between 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
showmn by calcite, clay or glauconite, so that if the phosphatic
material was mainly formed by the replacement of one or other of
these minerals, it would not showt his association with 3@ to
4f 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 (FigOVO, 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.66, 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 shqw that phosphate precipitates are formmed 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
marginse have also been observed within phosphate pellets.,
Similarly, a few phosphatic pelleets have rims of glauconite which
also show no signs,of chemical corrosion or alteration af the
interfaces, (Fig.s76-77, appendix).

The phosphatization of calcite is known to occur fairly readilyf
It 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 réplacement° 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 ccnsiderable
chemical problems for it is difficult to replace a clay by a

mineral such as apatite. In spite of the chemical obstacles
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however, it appears that such a replacement may take place.

The gradational boundary has already been mentioned as evidence
of replacement, In addition, mica which is common in a clayey
(ut 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 originally
had the maximum amount of clayey matrix (because of the lack of
sorting) are found to be the pellet with the'highest percentage
of P205, i.e. the higher the original quantity of clayey matrix
present, the 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 phosphatization
process as has been suggested for many other phosphorites.

Fig,.35 indicates in diagrammatic form theprocesses involved
in the fomation of theiﬁhosphatic sediments in the Stairway Sandstone.
Whilst the terms "primary" and "early diagenesis" are used, in fact
the two processes were probably going on almost simultaneously.
Winnowing may take place before or after diagenetic phosphatization.
The diagram indicates that without diagenesis or winnowing or both,
only slightly phosphatic arenites result. The richest phosphorites
are probably formed when both diagenesis and winnowing take place.

(1ii) The Fnvironment of Deposition

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

Reference to Fig.21 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
(En of about -0.2 - see Fig.22)° However the question of the
Eh is not particularly relevant as the precipitation of apatite
is only pH controlled. The work of Krumbein and Garrels (1952)
shows' that the pHilay within the range 7.0 to 7.8 during the
deposition of the phosphoritesa 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 (Fig;25) which are thought
(by reference to the epeiric sea model) to have been laid down
in fairly shallow water conditions. Therefore it may be that the

pH conditions of the environment is a reflection of shallower water

epeiric sea conditions.

(iv) Topography and Tectonics

Barrie, (1964) considered that the deposition of the Stairway
Sendstone phosphorites occurred on topographic highs. He took as
his evidence a ridge of Upper Proterozoic 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 acréss the postulated high with no deflection whatsoever.
Therefore as the Upper Proterozoic ridge on which the “"topographic
influence" hypothesis of Barrie (1964) is based has been shown to
have exerted no influence on sedimentation, then the entire theory
must be discarded until more reliable evidence is available,

Wells Qgﬁ,%) reports that in the Kernot Range
south east of AP4 there is geological evidence of a topographic high
(probably an island) in the Stéiiway‘Sandstone seas. However, no
informatiqn on the Stairway Sandstone phorphorifes or airrent
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 infiuenced the depositién of phosphorites.
Phosphorites on a topographic high would have been more'suséeptible
to winnowing (and therefore of a higher grade) than those deposited
on the sea floor, However such a process camot be invoked until
sub-marine topographic highs in the Stairway"Sandstone can be proved.

The isopachous map of the middle Stairway Sandstone (Fig.14A)
shows a marked thinniﬁg along a line through the SeymburfRange,
the Chandler Range,_and the James Range (the shaded area in
Fig.,14A), dividing the basin into two with the western half
possibly representing more open marine donditions in which the
phosphorites appear to be common and the eastern half, in which
conditions were more paralic. Thié line of thinning may merely
be a line along whichdeposition was minimal but it may also
represent a topographic high which influenced sedimentation.

It would certainly appear to have affected the overall picture
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of sedimentation in the basin, but whether it also locally affected
the deposition and/or enrichment of phosphorites is uncertain.
The present rather sparse evidence suggests that the phosphorites
were not in fact affected.

Tectonics are thought to have played little part in
influencing sedimentation, for the Ordovician»was a time of little
or no activity in the Amadeus Basin. There may be numerous minor
disconformities Within the Stairway Sandstone all of which may
have influenéed the deposition of phosphorites, but there are
certainly no.uncon501mities or evidence of earth movement of any major
kind within the fommation, (except see page 125).

Thereforey at the present time there is no evidence to suggest
that the deposition of the Stairway Sandstone phosphorites has been
influencéd 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 withidifficulties, the main
one being that the lack of an adequate number of P205 analyses
makes it impossible to estimate the quantity of phosphate in the
Stairwaj 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 belows

(a) The basic assumption is made that the total quantity of
P205 iﬁ seption APl is approximately equal to that present
in any other section of Stairway Sandstone in the basin.
The philosophy behind this assumption is that as winnowing

has been shown to be an important mechanism then in the



thinner sections it is likely that winnowing has been

extremely active so that a thinner section results,
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with abundant pellet concentrations, but the total

gquantity of phosphate remains the same,

(b) Density of

(c) The quantity of apatite in APl may be calculated from

the average values obtained for the composite units given

the phosphatic material - 2.7 x 62 1b/cu.ft.

in Table 10 (appendix):

Unit A
phosphéte
Unit B
phoéphate
Unit C -
phosphaté
Unit D y
phosphate
Unit E
‘pﬁosphate
Unit F
phosphate

Total

In addition if the average values quoted by Rankama and

Sahams, (1950) are

= 11 x 4.25 x 2.8 = 131 percent/ft

22 x° 0,42 x 7.1

i

66 percent/ft

‘48 x 0.54 x 7.2

1
]

186 percent/ft

it

61 x 0,17 x 11.8 = 122 percent/ft

(]

43 x 0,23 x 13,8 = 136 percent/ft

8.%2.75 X 4.5 = 99 percent/ft

phosphate = 732 percent/ft of apatite

= 315 percént/ft of P.O_

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

205

= 52 percent/ft of PO,



- 117 -

5 in AP1 = 367 percent/ft

Therefore the total quantity of P20

(d) The total weight of P,0, present in a 1 sq.ft. column

right through the Stairway 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:

L]

30,000 x (5280)2 square feet

84 x 10Msq.feet

(f) Taking assumptions (a) as valid, the total q uantity

originally present in the Stairway Sandstone:
o o ,

]

6.0 x 10° x 8.4 x 10°F tons
2240

203 X 1011 tons of P_O_

b
5,4 % 101‘ tons of apatite

1.7 x 1011 tons of P.

]

(vii) Stairway Sandstone times are thought to have lasted for
spproximately 20 million years. Therefore the average quantity
of phosphorus deposited per annum was:

1.7 x 1011 tons
2 x 10"

= 8,5 x 103 tons of P, per annum

Buskinskii (1964) suggests that rivers are capable of
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supplying abundant inorganic phosphorus. He states that the
amount of dissolved inorganic phosphorus brought down the River
Volga each year is é;OOO tons. 8,500 tons are estimated to
have been deposited each year duringvStairway Sandstone times.
Therefore it is not outside the s cope of one large river to bring
down»a suffic;ent quantity of phosphorus to form the Stairway
Sandstone phosphorites. However the presence of a large river
appears to be incompatible with the 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.

The estimate of 2.3 x 107" tons of PO, for the original
quantity of P205>degosited represents a considerable coﬁcentration,
particularly when it is considered that the present oceans afe
estimated to have 3.2 x»lOl1 tons of P 0. (McKelvey et al., 1959).

2°5
It is interesting to note that McKelvey estimates the total quantity

1

of P,O. in the Phosphoria as 1.7 x 10 2 tons (therefore seven

2°5
Stairway Sandstones equals one Phosphorial), and considers that such
vast quantities of phosphate could only have come from the cceans.
Sheldon (1983) 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 occur if rivers were the source
of the phosphorus. The distribution of the red-beds, carbonates
and phosphatic siltstones and shales of the middle part of the

Stairway Sandstone (Fig.16), bears a close similarity to the

distribution of the same three lithologies in the Phosphoria of



- 119 -
Western Wyoming (Sheldon, 1963). As in the Phosphoria, the
phosphorites of the Stairway Sandstone occur on the seaward side
of the basine Therefore, by comparison with the much better
known Phosphoris it is likely that the phosphate of the Stairway
Sandstone also originated from the oceans and probably from
upwelling currents. Comparison of Fig,16 with Sheldon (1964,
Fig.86) will show that such an analogy between the two f ormations
is valid.
Summa.r

The phosphorites of the Stairway Sandstone are widespread
but are found pa,rticularly in the middle part of the formation.
The phosphorites capnot be regarded as being of high grade but
beds do contain up to 22% P205. .There are ten modes of
occurrence of phosphatic material, mahy of which superficially
look as if they are of'detrital origin., However, textural work
has 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 glauconitey carbonates amd clays. There
is no evidence to prove that the phosphorites have formed on
t0pographié highs,

Congiderable quantities of phosphate are present within the
Stairway Sandstone and by analogy with the Phosphoria Formation it
is thought that upwelling oceanic currents were the major primary
source of the phosphate° However it can be demonstrated that it
is possible for one large river to bring the amount of phosphate

deposited perlahnum in the Stairway Sandstone times.
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CHAPTER 9

THE PALAEOGEOGRAPHY AND DEPOSITIONAL HISTORY OF THE STAIRWAY SANDSTONE

General

In the preceding chapters various facets of the‘history of the
Stairway Sandstone have been elucidated. All these are now brought
together tobuild up an inﬁegrated picture of the palaeoclimate,
provenance, palaeogeography, and envirommental conditions prevalent
during Stairway Sandstone times.

Palaeoclimate

The small gmount of palacomagnetic déﬁa which isvavailable for
the Ordovician of Australia suggests Australia was prdbably within
the Torrid Zone of the northern hemisphere_(Bains, 1963; Irving,

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

not inconsistent with the palaeomagnetic data is givén,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

side of the continent if Qrﬁovician ocean currents were similar to
present day ones. A palaeolatitude in the order of 15°N would Probably
place the Amadeus‘Basin within the trade wind belt, suggesting a |
desert climate.

The middle Stairway may 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 orthoquartzites mey

mean the climate was humid tropical so that chemical action was
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severe, Alternatively 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, lringing down
detritus from the more tropical areas to the Ordovician south.

Within this source area fairly severe weathering makes it
difficult to be sure whether the provenance was plutonicrar
sedimentary.

In the lower Stairway there is little obvious evidence of
reworked sediments however, as mentioned in Chapter 2 the abundanée
of common quartz in fact suggests that most of the quartz grains
have been recycledo In many areas at the top of the lower Stairway
there is & prominent pebble band; the pebbles are mainly of mete~
quartzite and silicified sandstone. These pebbles may represent a
local sedimentary source (a pebbly silicified sandstone - such as
uplifted Winnall Beds of the upper Proterozoic). Therefore the
major source area in 1ower Stairway times_ was probably -sedimentary
mainly quartz arenites) and 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 quartz again

suggests a predominantly sedimentary provenance., Some of the fresh



11900

Sandstone (lower)

1rway

Palaeogeography of the Sta

-

7

7

A=

A4

30

case,
CER
2

[
e
v ®ee

ves
AR

LGN

PRI
Jeve s




- 122 =

well rounded feldspar grains are probably derived from the
nearby desert areas, The heavy minerals strongly suggest the
provenance is plutonic (granitic) in part, for in one specimen
(See Fig.7) euhedral grains of zircon occur in conjunction with
extremely well=rounded grains., This suggests that the well
rounded zircon is second cycle material obtained by reworking of
sediments (mainly quartz arenites) whilst the euhedral zircon is
first cycle material deriyed from»a plutonic (?granitic) source.

The presence of red-beds in the middle Stairway of the Moﬁnt
Charlotte embayment is thought to indicate lateritic weathering
in the source ares, of some qf the sediments.

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

sedimentary source,

Palaeogeography (See Figs.36-38 - adapted from J.G.Tomlinson,pers.comm.,)
As mentiongd earlier, it is postulated that the present-day
Amadeus Basin was for much of Stairway Sandstone times the major
part of an embayment sitggted at a palaeolatitude of about 15°N,
The dominant palaeocurrent direction was from the present-day
south=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 Velley Siltstone times sedimentation was‘
restricted to a fairly deep, small basin or embayment. Lower
Stairway times opened with the development of a subsidiary

embayment in the south-east either due to the breaching of some



alaeogeography of the Stairway Sandstone (middle)

tig 3/

XTI AL T I
®eisecrsgs0,0% ey
®sage e .-...'

PRI
evene

Cevaset

.
e 0l

A

e
.
DTS
. e
" e n ‘.

eten
.

.
IEXENCAN
cage 0 el




- 123 =

barrier or more likely, due tp a 1ocg1 downwarping in the
south=east, It would seem that during lower Stairway times
the southern margins of the basin were formed by fairly high
cliffs of Cambrian and Upper Proterozoic sediments (there is
evidence of cliffs up to 100 feet high in the Mount Sunday range
area), but that once inlahd, the country was probably flat desert
with little relief andno local drainages Further south and |
south east was a large mass of sedimentary rocks (and minor
plutonic rocks), possibly’with fairly high relief, This area
may have corresponded to the areas of Upper Proterozoic sediments
in the northem parts of South Australiacor in the Flinders Ranges
area of South Australia. These areas lay within a zone of higher
rainfall. A river or rivers flowed from this area, finally
entering the sea 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 restricted the connection between the
Amedeus Basin and the Tasman Geosyncline. To the north-west
a broad open shelf connected the basin with open ocean which was
situated in the position of the present-day Indian Ocean - Timor
Seao

Thé same palaeogeographic picture persisted throunghout 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 hinterland was prdbably a wide peneplained
desert area. The east ridge was probably now more prominent and
the Amadeus Basina}mqiimmletely cut off from the seas to the
éast.

With the incoming of the Upper Stairway, the palaeogeographic
picture changed fairly radically and seas transgressed 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 ri&ers again reached the Amadeus
Basin area from the tropical areas to the south. 7 Nothing is known
about the nature of the upper Stairway maigin of sedimentation
except that it was far outside the limits of the present-day Amadeus
Basin.

Depositional Hiétbiy

At the end of Homn Valley Siltstone sedimentation a fairly
major change in sedimentation took place which resulted in a large
body of coarse regressive sands being deposited over the deeper
water sediments 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
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were extremely uniform. The regressive sand body probably
formed by the gradual sea-ward migration of the high energy
zone of an epeiric sea (see Chapter 7 Fig.29). The r eason
for the regression 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 jb_eing trg.nsported into the area.
At the top of the lower Stairway is a pebble band., This pebble
band though only thin, 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 refleqtion of some fairly minor earth movements in
the areay which did little to alter the shape of the basin, tut
was sufficient %o influenoe the topography and pogsibly divert
the previous source of sediments away from the Amadeus Basin so
that sedimentatiog qontinued at a very much slower rate.

The middle Stairway sediments are the product of this slower
rate of sedimentation, and the depositional enviromment, Once
the main body of sand had regressed during lower Stairway times, a
predominantly tranquil environment was established with the whole
basin probably covered by the 1ow energy zone of the epeiric sea
(see Chapter 7, Fig.29), It is apparent that there was a 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 Stairway phosphorites. However to the south-east
conditions became more saline = particularly at the south-eastern
end of the Mount Charlotte embayment . Throughoﬁt this time

sedimentation was extremely slow, so that the chemical sediments
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were not "diluted" by terrigenous material., During middle
Stairway timeé it is possible that some form of barrier was
set up in the Chardler Range - Seymour Range area which further
restricted oirculation‘to the east and south-east. The ?barrier
may however merely be the limit of major terrigenous sedimentation.
The red-beds of the Mount Charlotte embayment are thought to be
both a reflection on the oxidi%ing 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 transgression
was either in response to a downwarp of the land or a major rise in
sea level, It is thought that the second possibility is the more
likely as right up ﬁo the close of middle Stairway gedimentation
there is evidence of fairly major relief along the coast (e.g.
in the Mount Sunday Range area there is evidence of Ordovician
cliffs in the order of 100 feet high).. This transgression
produced reworking of the local sedimentary Upper Proterozoic and
Cambrian rocks. It also profoundly influenced the palaeo-
geography and resulted in terrigenous epeiric sea sedimentation
(see Chapter 7, Fig.29), which ultimately produced a very broad
shallow sea and ushered in the overlying Stokes Formation
sedimentation,

Summary

During Stairway Sandstonev timesvthe Amadeus Basin was situated
at a palaeolatitude 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) LowermStaj‘.r‘way times “

Pélaeoclima'be: either hot humid tropical or hot dry
desért

Provenance: mainly a distant quartz arenite source area
Vloca.'l:ed to the south, in the zone of tropical
weathering.

Palaeogeography: connection to the open ocean to the
north-west, with an embayment to the south-east.
Probably a small land barrier or peninsula to the

 east but the major area of land is to the south-east
and south.

Depositional History: mainly a regressive'sequence in
response to relative lowering of the sea-level or
an increase in the inflow of terrigenous sediments
(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

Pélaeoclimate: hot dry desert locally, with more humid
’climate in the source area.

Provénance: 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
in ‘the source area.

Palacogeography: 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 prevented
the major river (or rivers) reaching the Amadeus Basin.
The barrier between t he Amadeus Basin and the open sea
to the east is now well developed so that there was little
~or ° no connection between the two'seas,

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

(3) Upper Stairway Times

Palaeoclimate: probably hot dry desert locally witha
more humid climate in the source area.

Proveﬁance: 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 thet there were coﬁnections
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

FECONOMIC IMPLICATIONS OF THE SEDIMENTOLOGY OF THE
STATRWAY SANDSTONE

General

There are direct ecqnomic implications ofAthis sedimentological
study of the Stairway Sandstone which should be considered. The
most fundamental application of the study is to the stratigraphy of
the Stairway Samdstone but conclusions possibly of some importance
can also be reached regarding the accumulation of hydrocarbons and
the phosphate potential of the area. ‘

Stratigraphy

As more wells are drilled for oil and gas, it will bécome
increasingly important to subdivide the Stairway Sandstone and to
know exactly the position of.a horizon within the formation. The
present work has shown that the informal sub-division of the
Stairway Sandstone into lower, middle and upper is valid; the three
units can be recognized over a considerable areacof basin and could
be accorded formation status. Generalized indications of this
three-fold division aret~

(i) Coarse grained sands are generally restricted to the
lower Stairway.
(ii) 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 middle 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 Larapintan age.

In order to establish even finer stratigraphic 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
stratigraphic criteria.

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

(a) Composite quartz and metaquartzite are most abundant ina
thin band at the top of the lower Stairway (Spec APl/é48/é,
Table 1, appendix). This band is also characterized by
pebbles.

(b) Chert grains are most abundant in the interval 130-160
feet in APl with a 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),

(@) A glauconite-rich band (Bpec.AP1/754/6 - 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.

(£) Pnosphorites may be of value as marker horizons. As can
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be seen from Fig.25, there are four main‘concentrations of
phosphatic material in APl ~ 480' - 460'; 360' - 340'j
220t - 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 may be of especial value in subsurface work
if gemme-ray logs are run, as there are likely to be major
peaks at the maximum phosphate concentrations.
Heavy minerals have been extensively used in many other
formations for correlation purposes. The present study
has shown that normal heavy mineral counts (particularly
tourmaline:zircon ratios) are of limited value for correlation
purposes within the Stairway Sandstone, although it may be
possible to decide whether for instance the lower Stairway
is missing by looking at theishape of the curve as a whole.
Mso it is suggested that by considering only the tourmaline
types or only the zircon types, detailed correlations would
be possible, This would require a careful study of colour,
shape and inclusiors , as advocated by Krynine (1948). The
tourmaline group would perhaps be the best to use as it has
e great number of forms in the Stairway Sanmistone, However,
zircon may also be of value; there is for instance one
horizon in the middle of the formation (see FigGV) which
has a characteristic combination of extremely well rounded
zircon grains with well devéloped euhedral zirzon grains

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

| The Stairway Sendstone has already produced significant
quantities of natural gas in the Mereenie wells (Exoil etoalo)
and in the Palm Valley No.1 well (Magellan gt.al.). In addition,
nine feet of oil»saturated sands were penetrated in the lower
Stairway of APl and fluorescence was fairly common throughout
the lower Stairway. One of the major obstacles to oil and
gas accumulations is the very low permeabilities 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 tp haveulow permeabilities
throughout the basin although they may increase to the south .
where the effects of the Alice SpringsHOrogeny were less ma:ked
and the overburden of Pertnjara Formation and»Mereenie Sandstone
very much less. Hydrocarbon acuumulations 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 areaé (see Fig,18) then an
attempt should be made to define the high energy zones more
aucurately for in such zones, winnowing is likely to produce
the highest intergranular porosities and the best potential
reservolr rocks, Also if high phosphorite concentrations

are found these are also probably the zones of maximum winnowing



= 133 =
and greatest intergranular porosities.

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)
rank as an exceptionally good source rock (Cheyney 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 pinch-
out of the lower Stairway in the vicinity of the Seymour Range.

In this same area in the middle Stairway, there is also inter=

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 postulated»to run from
the Seymour Range to the Chandler Bgnge and then through the James
Range areg (Fig.14A). The belt is a zone where stratigraphic
pinch-outs are extremely likely. Therefore the west side of this
zone is an area where hydrocarbons migrating from the phosphatic
shales of the middle Stairway are likely to have accumlated.

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

as it is on the '"red=bed" side, 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 sand:
shale ratio, Such an area would have the largest amount of
potential source rock and the smallest amount of potential
reservoir rock, so that the maximum hydrocarbon concentrations
should accumulate here., In addition, on its eastern side, the
sand :shale ratio minimum gbuts against the postulated zone of
thinning so that here should be the best possible area for oil
and gas accumulation in stratigraphic traps.

Phosphate Deposits

It is estimated that there are about 2.7 x 10" tons of
apatite (equivalent to l.2 x 1011 tons of PZOS) in the preserved
Stairway Sandstone,ri.e. about 8 million tons of P205 to the square
mile. The phosphatic sediments underlie an area of about 15,000
square miles but most of this is covered by considerable thicknesses
of sedimenté. There is probably about 500 square miles of phosphatic
sediment cropping out (FngZ)‘and approximately the same area with
an overburden of less than 100 feet, Therefore only 1,000 square
miles (maximum) may be regarded as being underlain by Stairway
Sardstone at potentially workable depths., This means that there
are somewhere in the order of 8 billion {8 x 109) tons of Py0.
either outcropping or close to the surface,

Such a large figure should not however give rise to undue
optimism for in fact much of this P205 is 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 concentrations. Recent work by
the Geophysical Branchrof the Bureau of Mineral Resources has
shown that there is a good correlation between areas of known
phosphorite occurrences (such as Johnny Creek) and radiometric
anomalies, so that any radiometric anomalies within the basin
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 to 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 any 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 through the Seymour, Chandler and James Ranges
(Fig.14A). However, the present evidence suggests that this
zone served only to limit the eastern extension of the phosphate-
bearing seas and was not a zone of phosphate concentration. If
it can be prqved (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 enrichment on the tops of such highs.,
Thinning of the Stairway Sandstone 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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palaeontological control. The only division of the Stairway Sandstone
at present possible is into Farly and Late Larapinten (J.G.Tomlinson,
p§£§.gggg.) Even this one boundary is imperfectly known in the
south and poor outgrops limit rock unit mapping. The present
sparse palaeontological data suggests that only the late Larapintan
(equivalent to the Upper Stairway Sandstone xock unit) is present
in the southern parts of the basin which would mean that this
ares has little phosphate potential. However, if this sputhern
sequence represents a”condensed sequence of Farly and Late
Larapintan or if the lower, middle and upper Stairway rock units
are diachronous, then the southern margin could be of considerable
economic importance. The results of drilling at AP4 suggest 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 diamond drill holes. The high energy zones postulated
from the isoset and iso-angle maps may also give an indication of
where winmmowing is likely to have occurred.

In addition td phosphorites which may have been enriched by
winnowing, the possibility of finding rich primary phosphorites
which have not beén "diluted" by terrigenous material must be
considered. Fig.l6 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 north-west across the basin, therefore the érea of least
terrigenous sedimentation would be to the north-west, The best
phosphatic areas to the north-west mey have been situated in the

region which suffered strong deformation during the Alice Springs
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orogeny and subsquent erosion so that tpere is now no trace
of the high grade phosphorites. Alternatively, theoptimum
area may have been situated even further to the north-west; in
the Canning or Fitzroy Basins. A closer look at the Stairway
Sandstone equivalents of the Ordovician of these basins could
well bring gdqd 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 those of the Stairway Sandstone
in the Lower Ordovician of an area several hundred miles north of
the Amadeus Basin (R.A.H.Nichols, pers.comm.) |

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
Sendstone and in suggesting that seven different mineralogical
critéria may have considersble potential 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 tourmaline 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 believegd to be an excellent hydrocarbon
prospect with source rocks, reservoir rocks and caprocks, all in
jux;a-position. In addition, it is possible to single out the
Seymour Range area, the west side of the Seymour Range - Chandler
Renge ~ James Range zone of thinmning and the east side of the
sand:shale ratio minimum as areas warranting particular attention.
High energy zones as delineated by the isoset and iso-angle maps
and areas of phosphate concentration are likely to be regions of
winnowing where intergranular porosity is likely to be a maximum.

It is estimated that there are 8 x 109 tons of P205 within
potentially workaeble distances from the surface - however much of
this is probably widely dissemingted throughout the fomation and
therefore of 1itt1e economic potential. It is postulated that
within the Amadeus Basin the greatest phosphate concentrations
are likely to occur in areas of maximum winnowing, which in many
cases will correspond to areas of thinning -rpossibly the Seymour-
Chandler line or the southern margin 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.



- 139 -
ACKNOWLEDGEMENT S

The author wishes to thank the Geological Branch of the
Burean of Minerz_al Resources for making this study of the Stairway
Saendstone possible, and Mr.J.N,Casey for first suggesting the
investigation. Professor D.A.Brown kindly made facilities of the
Department of Geology, Australian National University, available
to t he author.

Dr.K.A.W.Crook offered valuable assistance and advice at all
stages of the workr and read the manuscript of this thesis.
Dr.R.AH,Nichols and Dr.R.P.Sheldon also kindly read the manuscript.
Mr.L.C.Ranford and Mr.A.T.Wells were party leaders during the
author's work on the Stairway Sandstone and helped in many ways
during both field and 1aboratory work., Members of the Bureau of
Mineral Resou:zjces and the Australian National University (too
numerous to _mention individually) helped and stimulated this
study through their discussions with the author,

My wife deserves special mention for cheerfully undertaking
the mgjor task of reading my illegible handwriting and typing
this thesis and also for assistance in a variety of other capacities.

Field data of L.C.Ranford, A.T.Wells, D.J.Forman, A.J.Stewart
and J.Barrie is used in this thesis., Miss J.G.Tomlinson supplied
the palaeontological data. Chemical analyses were urdertaken
either by the laboratory staff of the Buregu of Mineral Resources

or by the Australian Mineral Development Laboratories.,



- 140 -

REFERENCES

ADAMS, J.K., GROOP, J.J., and HILLER, N.W., 1961. Phosphatic

AWASTHT, N., 1961

pebbles from the Brightsea Formation of

Maryland . J.Sed.Petrol. v.31,; No.4,

p.546-552

Authigenic tou:maline and zircon in the
Vindyan Formmations of Sone Valley,
Mirzapur District, Uttar Pradesh, India.

J.Sed.Petrol, v.31, No.3, p.482-483

BAAS BECKING, L.G.M., 1957 Geology and microbiology New Zealénd

BAINS, G.W., 1963

BARRIE, J., 1964

BENTOR, Y.K., 1953

BLACKWELDER, E., 1916

Dep.Sci.Ind,Res.Inf.Ser.22, p.48-64

Climatic zones throughout the ages In
A.C.Munyan (Ed) Polar Wardering and
Continental Drift. Special Pub.No.l1l0

Soc.Econ.Pal.and Min.,, Tulsa.,p.100-130

Phosphate Drilling Amadeus Basin

Bur.Min.Resour.Aust.Rec., 1964/195

Phosphate deposits in the Negev
Geol.Inst.lsrael

The geologic role of phosphorus.

Am,J.Sci., 4th ser., v.42, p.285-298



- 141 -

BLATT, H., 1963 Selective destruction of undulatory
guartz in sedimentary environmentso
Geol «Soc.Am.v.73 (Abstracts for 1962)
p.118
BLATT, H., 1964 The incidence of ungulatory extinction
| and polycrystallinity in first cycle clastic

quartz grains. Geol.Soc.Am., v.76 (abstracts

for 1963) p.16

BLATT, H.y.and CHRISTIE, J.M., 1963 Undulatory extinction in
quartz in igneous and metamorphic rocks
and its significance in provenance studies.

JeSedoPetroley ve33 No.3 p.559=579

BOUMA, A.H,, 1962 Sedimentology of some flysch depositse.
A graphic approach to facies inter-

pretation. Elsevier, Amsterdam, 168 pp.

BREGER, D.L., 1911 Origin of Lander oil and western phosphate.

Min,Eng.World, v.35 p.631=633

BRBCKNER, W.D..and MORGAN, HeJoy 1954 Heavy mineral distribution
| on the continental shelf off Accra, Ghana,
West Africa lg L,M.J.U, Van Straaten
(Editor) Deltaic and Shallow Marine

Deposits. Elsevier, Amsterdam, p.54=-61



BRIDEN, J.C., 1964

BUSHINSKI, G.I.,, 1964

CAYEUX, L., 1939

- 142 -

Palaeolatitude and Palaeomagnetic
studies - with special reference tothe
pre~-carboniferous rocks of Australia.
Unpubl.Ph.D. Thesis, Institute of
Advanced Studies, Australian National

University.

Shallow water origin of phosphorite
sediments. In L.M.J.U. Van Straaten
(Fditor) Deltaic and shallow marine

Deposits. Elsevier, Amsterdam, p.62-70

Les Phosphates de chaux sedimentaire
de France: France Metropolitaine et
dtoutre Mer. Imprimerie Nationale,

Paris

CHENEY, T.M,, and SHELDONy R.P., 1959 Permian stratigraphy and

CHEWINGS, Ge, 1935

oil potential Wyoming and Utah., Inter-
montain Assoc.Petrol.Geol. Tenth Annual

Field Conference

The Pertatataka Series of Central
Australia, with notes on the Amadeus

Sunkland. Trans.Roy.Soce.S.Aust., ve59,

P.247-255



- 143 -

CLOUD, P.E., Jr., 1955 Physical limits of glauconite formation.

#m,Assoc.Petrol.Geol.Bull., v.35, p.484~

492

COOK, P.J., 1963 Phosphorites in the Amadeus Basin of
Oentral Australia . Aust.J.Sci., V.26,

Noe2, p.55-56

COOK, P.J., 19€é (in prep.) The Larapinta Group In Wells, A.T.,
| Formen, D.J., Ranford, L.C., and Cook,
P.,J. The geology of the Amadeus Basin
Central Australia, Bur.Min.Resour.Aust.

Bull.

CRESSMAN, E.R., and SWANSON, R.W., 1964 Stratigraphy and petrology
of the Permian rocks of south-western

Montana U.S.Geol.Survey, Prof.Pap., 313=C

CROOK, K.A.W,, 1957 Cross-stratification and other sedimentary

features of the Narrabeen Group. Proc.

Linnean Soc.N.S.Wales, v.82, p.157-166

CROOK, K.A.W., 1960 Classification of arenites. Am.J,Sci.,

Ve258= D,419-428



CROOK, K.A.W,, 1964

CURRAY, J.R., 1960

CURRAY, J.R., 1964

CURRAY, J.R., & MOORE,

DANA, E.S., 1947

- 144 -

A sedimentological study of the Ordovician
Stairway Sandstone, Amadeus Basin, Central
Australia. Summary report for the Bureau

of Mineral Resources, Australia (unpubl.)

Sediments and history of Holocene
transgression, Continental Shelf, northwest
Gulf of Mexico In Shepard et.al. (Ed.)
Recent sediments, northwest Gulf of Mexico,

Am.Assoc,Pet.Geol,,Tulsa, p.R221-226

Transgressions and Regressions: In
R.L.Miller (Ed.) Papers in Marine Geology.
Shepard Commemmorative Volume, Macmillan,

New York. p.l75-203

DGy 1964 Holocene regressive littoral
sand, Costa de Nayarit, Mexico, In

L.M.J.U, Van Straaten (Bditor) Deltaic and
Shallow Marine Deposits Elsevier, Amstexrdam.

P 975-82

A textbook of mineralogy. Wiley, New York

DIETZ, R.S., EMERY, K.O., and SHEPARD, F.P., 1942 Phosphorite

deposits on the sea floor of southern

Califomisa. Geol,Soc.Am,Bullo, veH3y

p.815-848



- 145 ~

DOEGLAS, DuJ., 1946 Interpretation of results of mechanical

analyses: J.Sed.Petrol., v.16., ps19=40

EMIGH, G.D., 1958 The petrography, mineralogy and origin
of phosphate pellets in the Phosphoria
Formation. Idaho Bureau of Mines,

Pamphlet 114,

EVANS, G., 1965 Intertidal flat sediments and their
environment of deposition in the Wash.

Quaxt.Jour.Geql.Soc,Londe, Vel2l,

N0.482, p,209 - 245

FOLK, R.L., 1961 Petrology of sedimentary rocks.

Hemphills, Austin 153 pp.

FOLK, R.L., and WARD, W.C., 1957 DBrazos River Bar: a study in
the gignificance of grain size parameters.

J.Sed.Petrol., v+.27 p. 3 - 26

FORMAN, Deds, 1963 "Regional geology of the Bloods Range
Sheet, South-west Amadeus Basin".

Bur.Min.Resour,Aust.Rec., 1963/47

(unpubl.)



- 146 -
FORMAN, D.J., 1966 (in press) Regional geology of the south-
west margin, Amadeus Basin, Central

Australia. Bur.Min.Resour.Aust.Rep.

87

FORMAN, D.J., MILLIGAN, E.N,, and McCARTHY, W.R., 1966 (in press)
Regional geology and structure of the
north-east margin, Amadeus Bagin.

Bur,.Min,.Resour.Aust.Rep.103

FRI EDMAN, G.M., 1961 Distinction between dune, beach and
river sands from their textural

characteristics: J.Sed.Petrol., v.3l,

P514-529

FRIEDMAN, G.M., 1962 On»sorting, sorting coefficients and
the lognormality of the grain size
distribution of sandstones. Jour.Geol.,

Vo?O, NO.G, p0737-753

FRONDEL, 1943 Mineralogy of calcium phosphates in
insular phosphate rocks. Am.Min.
V028, pq215"232

GILLESPIE, R., 1959 The south-west Amadeus Basin geological
reconnaissance survey, Frome Broken Hill

Co.Reps 4300 = G - 23 (unpubls.).



GREENSMITH, J.T., 1964

HATTES, T.B., 1963

HATTES, T.B., 1963

- 147 ~

Clastic quartz, provenance and
sedimentation. Nature, v.197,

Pe345-347

Stratigraphy of the Ordovician Larapinta
Group in the Western Amadeus Basin,
N.T. Report for United Canso oil and

Gas Co., (N.T.) Pty.Ltd. (unpubl.)

Perspective correlation, Bull.Am.

Assoo.Petrol.Geologist,, v.47, p.553-556

HAYES, C.W., and ULRICH, E.O., 1903 Geological Atlas. U.S.

HEATD , M.T., 1956

Geol.Survey Columbia Folio No.95

Cementation of the Simpson and St.Peter
Sandstones in parts of Oklahoma, Arkansas

and Missouﬂ J.Geolog VQ64, p016-50

HEALD, M.T. and ANDEREGG, R.C., 1960 Differmntial cementation in

HJULSTROM, F., 1939

the Tuscorora Samdstone Jour.Sed.Petrol.

V.30, p 0568-577

Transportation of detritus by moving
water, In P.D.Trask (Ed.),,"Recent
Marine sediments" Am,Assoc.Petrol.,

Tulsa,y pe5 - 31



HOPKINS, R.M., 1962

HURLEY, P.M., et.al., 1959

IRVING, E., 1964

IRWIN, M.L., 1965

JACKSON, M.L., 1959

gITTS, H.R., 1959

JOPLING, A.V., 1963

- 148 =

"Stratigraphic Measurement, Amadeus
Basin, Permit 46, N.T,". Report for

Magellan Petroleum Corp. (unpubl.)
Authigenic versus detrital illite in
sediments. (abstract). Geol.Soc.Am,
Bullo, V¢70‘, p01622

Palaeomagnetism., Wiley, New York

General theoxry of epeiric clear water

sedimentation., Bull,Am.Assoc.Pet.Geol,

v.49, No.4, p.445-459

Frequency distribution of clay minerals
in major great soil groups as related to
the factors of soil fommation In A.

Swineford (Ed.) Clays and Clay Minerals

Vol.2, Pergammon. New York

The adsorbtion of phosphate by esturine

bottom deposits. Aust.J.Marine Freshwater

Res. ve1l0, No.1l p.7=21

Hydraulic studies on the origin of bedding.

Sedimentclogy v.2, No.2, p.115~121



KAZAKOV, A,V., 1937

= 149 -

The phosphorite facies and the genesis
of phosphorites In Geological
Investigations of Agricultural Ores:

T:ans,Sci.Inst.Fertilizers and Insecto-

Fungicides, No.142 (published for the
17+th Session Internat.Geol,.Cong.,

Leningrad) p.95-113

KRUMBEIN, W,.C., and GARRELS, R.M., 1952 Origin and classification

KRYNINE, P.D., 1941

KRYNINE,P.D., 1946

LESLIE, R.B., 1960

of chemical sediments in terms of pH
and oxidation reduction potentials.

JaGGOlo $ VQSO, pll-sz

Pal acogeographic and tectonic
significance of sedimentary quartzites.

Geol.Soc.Am,Bull.v.52, p.1915-1916

The tourmaline group in sediments:

Jour.Geol., v.54, p.65-87

The geology of the southern part of
the Amadeus Basin, Northern Territory

Frome-Broken Hill Co., Rep.4300-G-28

(unpubl.)



- 150 -

LOGVINENKO, N.V., and REMIZOV., I,N,, 1964 Sedimentology of

MANSFIELD, G.R., 1918

MANSFIELD, G.R., 1927

MANSFIELD, G.R.y, 1940

beaches on the north coast of the Sea
of Azov. In L.M.J.U. Van Straaten
(Editor) Deltaic and Shallow Marine

Deposits. Elsevier, Amsterdam, p.245-852

The origin of the western phosphates
of the United States., Am.J.Sci., 4th

Ser., v.46, p.591-598

The geology, geography and mineral
resources of part of southeastern

ldaho, U.S.Geol,Surv.Prof.Paper 152,

P«361-397

The role of fluorine in phosphate

depositiOn. AmoJ.SCi., V.258, p0863 -879

MASON, C.C. and FOLK, R.L., 1958 Differentation of beach, dune,

and aeolian flat environments by size

analysis, Texas Jour.Sed.Petrol., ve28,

P.211-226

McBRIDE, E.F., and HAYES, M.0,, 1962 Dune cross-bedding on

Mustang Island, Texas. Bull.Am.Assoc.

Petrol,Geoles, V.46, p.546-552



- 151 =
McCONNELL, D., 1965 Precipitation of phosphates in sea

water, RonoGeOln’ V.GO, pa1059’1062

McINTYRE, D.B.y 1963 Rotation of spherical projections,
Technical Report No.7, Seaver Laboratory,

Pomona College, Califomnia.

McKELVEY, V.E., SWANSON, R.W., and SHELDON, R.P., 1953 The
Permian phosphate deposits of western

United States Comptes Rendus 19th

Internat,Geol.Congress, Sec.XT,

Po45"64

McKELVEY, V.E., and others, 1959 The Phosphoria, Park City and

Shedhorn Formations in the Western

Phosphate Field. U.S.Geol.Survey

Prof . Paper, 313~A

McLEMD, J.H., 1959 Geology of the northeast part of the
Amadeus Basin, Frome~Broken Hill Coy.

Repo, 4300-G-24 (unpubl.)

McNAUGHTON, D.A., 19g2 ﬁPetroleum Prospects, 0il Permits 43
and_4é, Northern Territory, Australia®,
Report fqr Magellan Petroleum Corp.
(unpubl.)



= 152 =

MIDDLEMISS, F.A., 1962 Vermiform burrows and rate of
sedimentation in the lower Greensand

GeollMaE', v.99, No.l’ pv33-40

MILNER, H.B., 1962 Sedimentary Petrography, v.l & II

George Allen and Unwin, London

MURBAY, J., and REYNARD, A.F., 1891 Scientific results, H.M.S.
Challenger. Deep sea deposits.

P.391-400

OTTO, G.H.,, 1938 The sedimentation unit and its use in
field sampling. Jour.Geol., v.41l,

P«569-582

0oTT0, G.H,, 1939 A modified logarithmic probability
graph for the interpretation of
mechanical analyses of sediments.

J.Sed.Petrolsy V.9, DP.62=76

PACKHAM, G.H., 1955 Volume, weight and number-frequency
analysis of sediments from thin section

data. Jour.Geol., v.63, p.50-58

PARDEE, J.T., 1917 The Garrison and Phillipsburg

phosphate fields. U.,S,.Geol,Survey

Bull., No.640,p.224=228



« 153 =

PETTIJOHN, F.J., 1949 Sedimentary Rocks Harper, New York.
526 ppe.
PONCET, J., 1964 Conches intraformationionelles a

galets primitiyement mons dans
1'Ordovicien moyen de la region de
Caen, In L.M.J.,U, Van Straaten
(Editor) Deltaic and Shallow Marine
Deposits, Elsevier Amsterdam,

P «330-335

POTTER, P.E., and PETTIJOHN, F.J., 1963  Palacocurrents and basin
analysis, Springer-Verlag, Berlin

296 pp.

PRICHARD, P,W., and COOK, P.J.s, 1965 Phosphate deposits of the
Northern Territoryr In Geology of
Mistralian Ore Deposits J.McAndrew
(Ed.) Vol,1, Bth Min.Met.Cong.

Melbourne, p.219=220

RAMSAY, J.G., 1961 The effects of folding upon the
orientation of sedimentation
structures. Jour.Geol.,v.69,

P+84~100



- 154 -

RANFORD, L.C., and COOK, P.J., 1964 The geology of the Henbury

1:250,000 sheet area, Amadeus Basin,

Northern Territory Bur.Min.Resour.

Aust.Rec. 1964/40

RANFORD, L.C., OOOK, P.J., and WELIS, A.T., 1966 (in press) The
geology of the central part of the
Amadeus Basin, Northern Territory.

Bur.Min.Resour.Aust.Report 86

RANKAMA, K., and SAHAMA, T,G., 1950 Geochemistry. University

Press, Chicago.

RANNEFT, T.,S.M,, 1963 Amadeus Basin petroleum prospects.
Australian Petroleum Exploration

Association, Journal of 1963, pP.43-52

RUSNAK, G.A., 197‘6"0 Sediments of Laguna Madre, Texas In
F,P.Shepard, F.B.Phleger and Tj.Van
Andel (Editors). Recent Sediments,
Northwest Gulf of Mexico, 1951-1958.

Am,Assoc.Petrol,Geologists, Tulsa.

P.153-197

SAHU, B.K., 1964 . Depositional mechanisms from the
size analysis of clastic sediments

JoSEd.PetG, V034, NOol, P072-83



- 1565 =

SAUCHELLI, V., 1962 The origin and processing of
Phosphate Rock with particular
reference to beneficiation. Proc,
Fert.Soc,,;No.70

SHAW, A,B., 1964 Time in stratigraphy. Mc-Graw-Hill,

New York 365 pp.

SHELDON, R.P., 1963 Physical stratigraphy and mineral
resources of Permian rocks in Western

Wyoming. U.S.Geol.Survey Prof.Paper,

313-B

SHEPARD, F.P., 1960 Gulf Coast barriers In F.P.Shepard,
F.B.Phleger and Tj.Van Andel (Editors)

Recent Sediments, Northwest Gulf of

Mexico, 1951-1958., Am.Assoc.Petrol.

Geologists, Tulsa, p.197-220

SIEVER, R., 1959 Petrology and geochemistry of silica
| | cementation in some' Pennsylvanian

sandstones In H.A.Ireland (Editor)
Silica in Sediments. Special Pub.

No.7 Soc.Econ.Pal.Min., Tulsa P.55-79

STELCK, CuR., and HOPKINS, R.M., 1962 EKarly sequence of interesting

shelf deposits, Central Australia

Jour.Alberta Soc.Pet.Geoclogists,v.10,
No,1 ; po1—12




TANNER, W.F., 1955

- 156 =

Palaeogeographic reconstructions from
cross-bedding studies: Am.Assoc.

Petrol.Geologists, Bull., v.39,

Pe2471-2483

TATE, R., and WATT, J.A., 1896 General Geology In Report on the

TAYLOR, D.J., 1959

TOWE, K.M., 1962

work of the Horn_ Scientific Expedition
to Central Agstralia. Part ITII London

and Melbourne

Palaeontological report on the southern -
Aradeus regiony N.T. Frome-Broken Hill

Coy.Rep.4300-G~27 (unpubl.,)

Clay mineral d iagenesis as a possible
source of silica cement in sedimentary

rocks., Jour.Sed.Petrol., v.32, No.l,

P26-28

VAN ANDEL, Tj.H., and CURRAY, J+Rey 1960 Regional aspects of

modern sed¢imentation In F.P.Shepard,
F.B.Phleger and T.H,Van Andel (Editors)

Recent sediments, Northwest Gulf of

Mexico 1951-1958 Am.Assoc.Petrol.Geol.,

Tulsa.

VAN STRAATEN, L.M.J.U., 1959 Minor structures of some recent

littoral and neritic sediments Geol.
en Mijnb. No.7, p.197-216



VISHER, G.S., 1965

WALTHER, J., 1893-94

WEEGAR, A.A., 1959

WELLS, A.T., FORMAN, D.J.,

WELLS, A.T., FORMAN, D.J.,

WELLSy A.Tsy, FORMAN, DuJe,

WELLS, A.T., FORMAN, D.J.,

~ 157 =

.Use of vertical profile in environmental

reconstruction Amer.Assoc.Petrol .Geol.

Bulle, ve49, No.1l, p.41-61

Einleitung in die Geologie. Jena

Interim report on the geology of the
southern part of the Amadeus Basin,
N.T. Frome-Broken Hill Coy.Repe.

4300-G=25 (unpubl.)

and RANFORD, L.C., 1961 "Geological

reconnaissa.nce of the Rawlinson MacDonald

Area, W.A.", Bur.Min.Resour .Aust.Rec.

1961/59 (unpubl.)

and RANFORD, L.C., 1962 - Geological
reconnailssance of the Northwest Amadeus

Basin. Bur.Min,Resour.Aust.Rece19 62/63

(unpuble)

and RANFORD, L.C,, 1965a Geological
reconnaissance of the Rawlinson-
MacDonald Area, Western Australia.

Bur.Min.Resour.Aust.Rep.65

and RANFORD, L.C., 1965b Geological

Reconnaissance of the north-western
Amadeus Basin.Bur.Min,Resour.Aust.Rep.85




- 158 =
WELLS, A.T., RANFORD, L.C. and COOK, P.J., 1963 The geology of the
Lake Amadeus 1:250,000 sheet area, N,T.

Bur.Min.,Resour.Aust.Rec,1963/51 (unpubl.)

WELLS, A.T., RANFORD, L.C., STEWART, A.J., (OOK, P.J., and SHAW,R.D.,

1965 The geology of the north-eastern part

of the Amadeus Basin. Bur.Min.Resour.Aust.

Rec.,1965/k08 (unpubl.)

WELLS, A.T., RANFORD, L.C,, STEWART, A.J., COOK,P.J., and SHAW, R.D.,
1966 (in prep.) The gzology of the north-
eastern part of the Amadeus Basin’., Bur.

Min,Resour.Auist.Rep.

WELLS, A.T., STEWART,A.J., and SKWARKO, S5.K., 1964 The geology of the
south-eastern part of the Amadeus Basin.

Bur.Min, Resour.Aust.Rec.1964/35

WELLS,A.T., STEWART,A.J., SKWARKO, S.K., 1966 (in press) The
geology of the south-eastern parthof the

Amadeus Basin. Bur.Min.Resour.Aust.Repe.

No.88

WLFF,G.E., 1960 Geology of the south-eastern part of the
Amadeus Basin. Frome-Broken HillCoy.Rep.

4300-G-29 (unpubl.)

YOUSSEF, M.I., 1965 Genesis of bedded phosphates Econ.Geol.,

v.60, p.590-600



- 159 -

INDEX

(only principal references are given)

A

Acknowledgements, 139,

Adems, J.K., ete.al., 94,

Aeolian sediments, 34,

Alice Springs Orogeny, 5, 38, 137
Algae, 82, 88,

Amadeus Basin,
geographical position of, 5

stratigraphy of, 5,

structure of, 5,
Apatite, 25, 81, 85
Arenicola sand flat environment, 71-73,

Arenite,
classification, 12

feldspathic sub-labile, 13,

quartz, 13,
Areyonga Formation, 97,

Awasthi, N., 26,

B

Baas Becking, L.G.M., 93,

Bains, G,W., 120,

Barrie,J., 7, 81, 83, 96, 97,112-114,
Barrier flat environment, 67,68
Barrier island environment, 67,68
Bathymetry, 51, 52

:Bentor’ YoKe‘, 95,

Beach sediments, 34, 35

Biochemical precipitation,
92, 93

Bimodal sands, 14,43,83,107
Blackwelder, E., 92,

Blatt, H., 13, 17,
Bouma, A.H., 58,
Breger,G.L.; 93,
Briden, J.C.y 120,
Brightsea Formation (of
Maryland), 94,
BI"lckner’ E:Eo_lo, 27',,

S A ?
Bushinski, G.I., 93,95,
113,118

C

Calcite, 21, 22, 23, 93,
94, 110, 111

Camming Basin, 137,
Caprock, 133,

Carbonates, 40,42,111,
112, 118, 133,

Cayeux, L., 93,

Central bay environment,
67, 69, 70,

Challenger Expedition, 92,

Chandler Range, 39, 114,
126, 133, 135,



C ..continued

Cheyney, T.M., et.al., 133
Chert, 12, 13; lé, 130,
Chewings, C., g,

Clay, 19, 21, ilO, 111, 112,

Clay minerals, 21,
chlorite, 21,
illite, 21, 22,
kaolinite, 21,

Clay pellets? 93, -

* Cloud, P.E.Jnr., 52,

Cobalt, 84,

Composite sedimentation unit, 64, 65, 66,

113,

- 160 =

Compound sedimentation unit, 65, 66,

Cooky Pedoy 7, 81, 96, 112,
Corkite, 91, 92,

Corophium, 71, 73,

Copper, 84,

Cressman,,E.R., _e;.t_qé_];o, 94,

CrOOk,“K.A.W’a’ 7’ 12’ 13, 21’ 4‘4,

51, 64, 96, 97, 100,

Cross=beds,
dips of, 44, 454
thickness of, 45, 46,
types ofy, 9, 44, 72, 8%,
significance of, 44, 49,

Cruziana, 10,

Cumulative curves, 29, 102,

Curray, J.R., et.al., 63,

Corrent velocities, 51, 101, 102

D
Dana, E.S., 91,

Deposition history, 124,
125,126,

Dietzy, R.S5.;, etsalesy 95,

Diplocraterion, 10, 72,

Discriminant function,
34, 35, 36,

Doeglas, D.J., 30,

Dolomite, 21, 22, 23,
110,

E
Eh,54, 55, 56, 113,

Emigh, G.Doy 93, 99, 111,
Environments of deposition,
184 20, 21, 23, 32, 36,
53, 54, 55’ 60, 67-78,

112, 124~126

Epeiric seas, 75, 76, 77,
78, 79, 113, 125, 126,

Frldunda Range, 101,

Evaporites, 60,

F

- Facies relationships (in

the middle Stairway), 41,
Fecal pellets, 93, 110,

Feldspar,
abundance of, 13,



- 161 -

F,..Feldspar..continued

petrography of, 18,

significance of, 17, 19, 121, 122,
Fitsroy Basin, 137,
Fluviatile environment, 35, 196,
Flioyine, .92, 93,
Folk, R.L., 12, 13, 17, 29, 195,
Forman, D.J., et.al., 5,
Friedman, G.M., 32,

Frondel, J., 93,

G
Garnet, 25,

Gillespie, H.R., 7,

Glauconite, 14, 54, 60, 110, 111, 112, 130,

Graded bedding, 50, 82,

Graphic log
data, 58,

interpretation, 58,
Greensmith, J,T., 13,

Greywacke, 13,

Guano, 93y
Gypsum, 53,
H

Haites, T.Bey 6, 7,
Hayes, C.W., et.al., 93,94

Heald, M.T., 16, 17, 132,

Heavy Minerals,
abundance of, 25,

correlation by, 27,131,
provenance of, 26, 27, 122,

Higher mud flat environment,
71, 73, 74,

Hjulstrom, F., 51, 101,
Hopkins, R.M., 7,

Horn Expedition, 6,

“Horn Valley Siltstone, 6, 7,

39, 54, 62, 96, 97, 124,
133,

Hurley, P.M., 22,

Hydrocarbons, 132, 134,

I

Idirriki Range, 7, 9,
Infauna, 49, 50, 60,
Inindia Bore, 83,

Inmer sand flat environment,
71, 73,

Intertidal flat environment,
71, 75,

Irving, E., 120,
Irwin, M.L., 75,76, 77,
Isoangle,
data, 44,
map, 44,
interpretation, 45, 132, 136
Isopach,
Stairway Sandstone, 7, 38, 42,
lower Stairway, 39,

middle Stairway, 39,
upper Stairway, 40,



- 162 =
I....continued

Isoset,
data, 44, 46,

maps, 44, 46,
interpretation, 45, 46, 132, 136,

J

Jackson, M.L., 22,

James Range, 39, 114, 133, 136,
Jitfs, H.R., 93,

Johnny Creek, 83, 135, 137,

Jopling, A.V., 46,

K
Kazakov, A.V., 52, 94,
Kernot Range, 114,

Kurtosis,
data, 31, 103, 104,
definition of, 31,

interpretation of, 32, 33, 34, 104, 105,

Krumbein, W.C., et.al., 16, 53, 54, 74, 113,

L

Lagoonal environment, 60, 67, 70;
Laguna Madre, 67, 68, 69, 70,
Larapinta Groups; 5,,6,

Lateritic weathering, 20, 55, 122,
Lead, 84, |

Leslie, R.B., 7,

Limestone,

petrography of, 22, 23,

replacement of, 170,

significance of, 23,
Lithofacies, 40, 41, 42, 134,
LOgVinenko, Wovo, .e_E..g‘l., 47,

Lower mud filat environment,
71, 72,

Lower sand flat environment,
71, 724

Lutite,
definition of, 20,

M

Mansfield; G.R., 92, 93,
Marcasite, 54,

Marker horizons, 130,

Masan, CoCoy etealey 32,
Maximum grain size, 98, 106;'
McBride, E.F., et.al., 44,
MQCanell, D.y, 95,

McKelvey, VoEo, etoa.lo’ 52,
77, 94, 118,

McNaughton, D.A., 7,

Mean &iameter,
data, 30, 104,
definition of, 30,

significance ofy, 33, 34, 104,
Mechanical analysis, 29,

Median diameter,:
data, 103, 108,

significance of, 103, 107,



- 163 -
M.....continued

Mega ripple, 72,
Mereenie Sandstone, 5, 7, 8, 132,

Metagquartzite, 12, 13, 121,
abundance of, 12, 130,

significance of, 121,
Microfossils,.8,,
Middlemiss, F.A., 49,
Middle East, 95,
Modal grain size, 98, 106;
Mount Chariotte, 93/10, 55, 81,

Mount Charlotte embayment, 53, 55, 126, 133,
134,

Mount Sunday Range, 40, 101, 123, 126,
Mudcracks, 74,
Murray, J., et.al., 92,

Musgrave Block, 7,

N

Natural gas, 129, 134,
Nemtiloid, 8,

Nickel, 84,

Nodule, 82, 83, 85,

0
0il, 133, 134,
Organic matter, 55, 99, 109, 113,

- Jds .-
h

Orthoquartzites,
composition of, 13, 14,

data, 13, 14,
definition df 13,
significance of, 17,
- 18, 26,
Otto, G.H., 63,
Overgrowths of,
silica, 16, 132,
tourmaline, 26,

zircon, 26,

P
Packham, G.H., 29,

Pacoota Sandstone, 6, 8,
97,

Palaeoclimate, 16, 17,
52, 120, 121,

Palaeocurrents, 41, 42,
43, 44, 122, 123, 136,

Palaeogeography, 122, 123,
124, 127, 128,

Palaeogeology, 7, 122, 123,
124, 127, 128,

~ Palaeolatitude, 120, 122,

Palaeoslope, 38, 39, 42,
43,

Pardee, J.Tey 93,
Permeability, 132, 133,
Pertaporrta Group, 57,
Pertnjara Formation, 132,
Petermann Range, 7,

Petermamn Ranges Orogeny,5,



- 164 ~

P...continued : Phosphoria Formation, 93,
94, 118, 119,
Petrography,
of arenites (quartz), 12-20, Pinch-out, 133,

of carbonates, 22, 23,
of lutites, 20, 21,

of phosphorites, 85-92, POtZST’ P.E.y gt.ale,
o ) §

Poncent, J., 93,

Petroleum prospects, 132, 133, Probability plots, 29
. . H ]

pH, 53, 54, 55, 56, 74, 113, | ' 102,

Phospha-be’ : Pri chard, P.W., gj_.g-lv,
cementing,- 14, 89, 110,
composite pelletal, 87,
concentrations of, 116, Provenance, 121, 122,
concentric pelletal, 86, 87, Pyrite, 14, 53, 54, 130,
economic prospects, 134, 135, 136,

encasing pelletal, 88, 110,
fossils, 90, 91, 110, 111,

leminate, 89, 90,

Q

Quartz,
composite, 12, 13, 19,

mineralogy of, 81, 91, 92, B .121, 130,
nodules, 82, 85, 93, overgrowths, 15,
origin. of, .92-97, 109,115, plutonic ' (or common),
P 05 content of, 82, 83, 84, 115, 18, 17,
116, 117’ | undulose, 13,
pellets, 82, 85, 93, 96, 97, 100, Quaternary gravels, 137,
103, 111,.
precipitation of, 92, 97, 109, 110,
reserves, 134, 135, , , - R

sandy pelletal, 88, 89, 102, Radiometric anomalies,135,

secondary, 91, 92,
Ranford', LuCo’ ﬁoé}_o, 5
structural pelletal, 87, 110, 6, 83,

structureless pelletal, 85, 86, 110,
tectonic comtrol of, 95, 97, 115,
topographic control of, 95, 97, 113-115,
trace element content of, 84, . Rate of deposition, 49,

vertical distribution of, 50, 64, 113, 07 118
116, 130, 131,

Rankama, K., et.al., 116,
Ranneft, T.S.M., 6,



- 165 =

Resesocontinued

Red-beds, 10, 19, 42, 55, 117, 118, 122,

133,

Regression, 28, 61, 62, 63, 65, 66, 67,

124,
Reservoir rocks, 15, 132,
Ripple marks, 9, 51, 82,
"Ropey-texture", 9,
Rose diagram, 42,
~ Rusnak, G.A., 67,

Rutile, 25,

S

Sahu,, B.K.y 34, 105,

Saliniﬁy, 53,

Saltmarsh envirgnment, 71, 74,
Samplg numbering system, 4,
Sand :shale ratio, 41, 134,
Sauchelli, V;, 93,

Sedimentation unit, 51, 61, 63, 64,

Sedimentological model, 67,

Seymour Range, 10, 39, 41, 54, 114,
126, 133, 135,

Shallow bay environment, 67-69;
Shallow marine environment, 35, 60,
Shaw, A.B., 39, 75, 76, 78,
Sheldon, R.P., 94, 119,

Shepard, F.P., 60,

Siever, R., 16,
Siderite, 21, 55,
Siligification, 15, 132,
Siltstqne, 2,

Skewness,
data, 31, 103, 109,
definition of, 31,
significance of, 31, 33,
34, 105,

Solution pressure, 15, 16,

.- Southern California, 91, 95,

Stairway Sandstone,
age of, 8, 49,

digtribution ofy 7,
palasontolobgy-6f, 8, 50,

previous investigations of,
By

stratigraphy of, 6, 8, 129,
130,

thickness of, 7, 9, 10,

Standard deviation,
data, 30, 103, 104,

definition of, 30,

significance ofy; 30, 33,
34, 105,

Stokes Formation, 6, 7, 8,
126, 133

Sub-~arkose, 18, 130,

Stelck, C.Ro, etealsy 6,

T
Tate, R, et.ale, 6,

Taylor, DeJey 7y



- 166 -

T....continued

Tectonics, 125, 126, 132,
Tempe Formation, 97,
Temperature, 52,

Textural analyses, 29, 102,

Topography,
of land, 122, 123, 125,

sub-marine, -95, 113,
Tourmaline, 25, 26, 27, 28, 131,
Towe, K.M., 17,

Trace-elements, 83, 84,
Tracks and trails, 8, 9, 51, 74,

Transgression, 28, 61, 62, 63, 65,
66, 126,

Turbidites, 35,

3

Upper bay environment, 67, 70,

Upper Proterozoic, 113, 114, 121, 123,

126,

Upwelling currents, 77, 95, 118, 119,

v

Van Andel, Tj., et.al., 60,
Vanadium, 84,

Vermiform burrows, 49,
Visher, G.S., éb, 52,

Vulcanism, 92,

w
Walther, J., 58,

Walthers Law of Facies,
58, 61,

Wash Estuary, 71,
Weegar, AA,, 7,

Western Macdonnell Ranges,
38, 49,

Wel'ls, AoTo, g_‘!:_._a_._l_., 5,
6, 81, 83, 91,

Winnall Beds, 121,
Winnowing, 77, 78, 94,
100, 106, 108, 109,

112, 116, 132, 135,
136,

X

X~ray work, 81, 91

Y

Youssef, M.I., 95,

Z



