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To

INTRODUCTION

‘ Among the most recent detailed accounts of the Northampton
Sand Ironstone and the Frodingham Ironstone are those-of the
Geoiogica_l Survey, publisheci as Memoirs by Taylor (1949) and
Hollingworth and Taylor (1951), and Whitehead et al (1952),
respectively., These Memoirs deal with the ironstones from many
aspects, and provide much useful information for companies
engaged in mining them. Vari.ationé in lithology and chemistry
within the Northampton Sand Ironstone have been related to
stratigraphical subdivisions within the Ironstone, and to rock
types within these subdivisions. The Frodingham Ironstone has
been less fuu:} described as far as chemical and lithological
relationships are concerned, although the principal types of
ores have been recognised by Davies and Dixie (1951).

Taylor (1949) makes the following sfatement, vhen referring
to the Northampfon Sand Ironstone, and it can ;:ell be applied to
the Frodingham Ironstone also: "As the exploration and development
of the ironstone field proceeds by boring and by the opening of
new workings it is most essential that full and accurate data -
both chemical and petrographical =~ should be collected". Recent

drilling, together with data obtained from opencast and underground

Q\\‘\"‘.":'n'.-?snrilln ,';I\’;‘
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mining operations within the properties of the United Steel
Companies limited, has yielded further information relating to the
Northampton Sand and Frodingham Ironstones. Of particular interest
is that information relating to chemical gnd lithological variation.

The present thesis is an essay in economic geology in that
it seeks to shoy how lithological and chemical data, and their
intererelationships, can be‘used-to control the grade of iron ore
mined by opencast and uﬁderground methods. Reliable control of
the qﬁality of ore supplied to the blast furnaces is fundamental
to the economic success of an industry based on low-grade
ironstone. The aiﬁ of the preseﬁt work is to show how this is
and can be achieved in the operations of the United Steel Companies
Limited.

Informétion of-écademic value which has emerged from the
United Steel Companies Iimited drilling and mininé operations is
_also referred to, this including the more recent interpretaiions
of structure, relating to both ironstone fields, the presence of
calcite ooliths in the Northampton Sand Ironstone, the.gpparent
decrease in the proportion of Type A'Iroﬁétone (Davies and Dixie,
1951) in the present Frodingham Ironstone workings, and the;fact
that the Frodingham Ironstone is less variable in nature than
indicated by Elliot (1945). _

Mining methods are described and techniques of grade contr61
are discussed, including drilling, sampling, assaying, presentation

of data, and control during mining.



To avoid disclosing confidential information, the exact
geographical location of grade maps is not shown.
Data in the text and in diagrams drawn from other works is

acknowledged in the text.






2.

NORTHAMPTON SAND IRONSTONE MINING

OCCPPERATIONS

The United Steel Companies Limited mining operations afe
centred in South Lincolnshire, close to the village of Colsterworth,
"eight miles south of Grantham, and in Rutland, at Exton Park
bordering on the village of Exton, six miles north-west of
Stamford (Fig. 1)« Apart from one underground mine at Colsterworth,
all the mining is opencast. Opencast mine.faces and the location
of the underground mine are shown in Fig. 3.

Much of the area around Colsterworth, north to Little Ponton
and east to Burton Coggles and Bitchfield has been explored with .
boreholes spaced on a 400 feet grid, as has much of the area
around Exton and Cottesmore,. To the east of the A.1 road the
remaining area in Fig. 3 has been explo:e& with boreholes spaced

on a one kilometre grid coincident with that of the Ordnance Survey.

2eA GEOLOGY OF THE NORTHAMPTON SAND IRONSTONE FORMATION

I.” Review of Previous Work

Previous accounts of the Northampton Sand Ironstone Formation

have been given by Hallimond (1925), who demonstrated its sedimentary



origin. Detailed petrological and stratigraphical accounts have
been given by Taylor (1949) and Hollingworth and Taylor (1951) as
Geological Survey Memoirs. General aceoungs of petrology and
beneficiation problems were presented at the Geological Congress,
Algiers, by Taylor, Davies and Dixie (1952). Particular
mineralogical aspects of the ironstone have been elucidated by
Andrews (1950), Cohen (1952) and by Youell (1948 and 1958).
Several reports relating to pétrology, lithology and qhemistry
have been written py United s;eel Companies Iimited geologists,
including the writer; these are ;npublished.-

Under Fh; hé;dings Stratigraphy, Structure, Lithology and
Mineralogy, the writgr has'included certain fundamental observations

similar to those made by previous workers.

II. Stratigraphy
The Northampton Sand Ironstone Formation, generally oolitic,

is present throughout most pf Northamptonshire, Iincolnshire and

the adjacent parts of Leicestershire and Rutland (Fig. 1). The
writer has also obserfed pockets of the Formation in boreholes near
Appleby, Scunthorpe, where it occurs as a ferruginous sandstone or
sandy oolite. The Formation is located at the base of the Inferior
Oolite Series (Jurassic) (Hollingworth.and Taylor, 1951, p.3), and
its pogition in the Geological'Sequence is shown in Fig.2. Within
the arc extending from Northampton, ihrough Wellingborough and
Stamford to Grantham, the horizon is often of économic valué as a lows

grade iron ore. At its margins, the ironstone becomes more siliceous

5 =
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and sand grains may predominate over ooliths. The eastern boqndary of
the ironstone in part of the area being considefed.is shown in Fig.3,
and here Lower Estuarine clays and sands rest directly on Lias clays.

In the area abéut Colsterworth and Exton tﬁe ironstone may be
superceded by tépsoil only, however, in the present workings-it nay
be overlain by-vaiious thicknesses of lLower Estuarine clays and
silts, Lincolnshire Limestone and boulder clay -~ in places boulder
clay may rest directly on the ironstone. To the east of
Colsterworth the depth of the overlying strata may exceed 250 feet.'
The-irogstane may be absent due to lower Estuarine Qashouté or
boulder clay washouts.

"The Ironstone Formation is made‘up of a series of beds and
lenses composed of vaiious mineralogical types of ironstone,
differing in chemistry. The most important mineralogical tyﬁe is .
a sideritic chamosite oolite. VWhereas the full thickness may be |
of economic impdrtance, generally beds of substandard ironstone
occur at the top or at the base.

The Geclogical Survey has divided the Formation into five main
. stratigraphical groups (Table 1), and it is emphasised.by
Hollingworth and Taylor (1951, ps 39) that a contimuous succession
is never found: erosion, nbnvdepésition and leaching are some of
the factors responsible for this. The groups reflect major
differences caused.during sedimentation, principally differences
in physico-chemical environments.: Variations in physico=-chemical
environment may give lateral as well as vertical variations in

mineralogy and chemistry.






THE GEQOLOGICAL SURVEY SUB-DIVISION OF THE NORTHAMPTON SAND IRONSTONE FORMATION

(After Taylor, 1949, and Hollingworth and Taylor, 1951)

SUB-DIVISION THICKNESS GENERAL LITHOLOGY

UPPER CHAMOSITE-KAOLINITE 0 - 7 feet Kaolinite and chamosite oolites and sandstones and mudstones

GROUP

UPPER SIDERITE MUDSTONE- 0 - 8 feet Siderite mudstones, variably oolitic or sandy. Occasional

LIMESTONE GROUP sideritic sandstones or sideritic limestones.

LOWER CHAMOSITE~-KAOLINITE 0 - 5 feet Chamosite and kaolinite oolites. Locally mmnonmmuwwq sideritised.

GROUP Infills washouts in beds beneath and interbedded with the main
oolitic ironstone group. .

MAIN OOLITIC IRONSTONE 0 - 14 feet Mostly oolites and shelly oolites. Ooliths of chamosite or

GROUP limonite. Matrix mostly siderite but accompanied locally by
calcite or chamosite. Lenses of siderite mudstone may be
present. The uppermost beds are commonly shelly and carry
pellets and other detrital fragments.

LOWER SIDERITE MUDSTONE- 0 - 10 feet Sideritic mudstones, siltstones and sandstones, sideritic

LIMESTONE GROUP

limestones, calcareous sandstones and sandy limestones -

shelly: phosphatic nodules at base.

TABLE 1




]

-ﬁ . .
3 At the present time, most of the ironstone of economic
&
importance is ﬁon_from the Main Oolitic Ironstone Group of the
' Geological Survey. In the vicinity of the United Steel Companies

Limited workings;.the ironstone can be split conveniently into -
three main stratigraphical units, being equivalent to some of the
Geological Survey's groups. These units reflect the economic

value or grade of the ironstone.

I1I. structure.

The Jurassic strata, including the Northampton Sand Ironstone

Formation, has a gentle dib to the east or southweast, although
%- ' locally these directions may vary. 'The contours on the base of
the ironstone are shown in Fié. 3, and thelinformation is plotted
P from the United Steel Companies Limited borehole data.
& L Small faults and folds are present locally, and in the present

workings one fault with a throw of'20 feet has been encountered.

ironstone, and, in the more disturbed areas, clay- and debris-

filled gulls'may contaminate the ironstone; - the latter condition is

Much jointing is present in the Lincolnshire Limestone and in the , .
particularly evident in areas affected by cambering or valley

bulging (Hollingworth and Taylor, 1951, p«31).

2+B LITHOLOGY AND MINERALOGY OF THE

I. Lithology
Unoxidised ironstone is generally gre&,'dark bluey+grey and

! W AUCER D o s e

greené the upper and lower beds are generally light grey.

Y
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Oxidiséd ironstone is characterised by its rich brown colour.

A face of ironstone is often massive~bedded and generally blocky

in app;arance, the boundaries of the blocks being formed by joints
and bedding planes (Plate 1), In the middle and upper beds the
blocks are 2 to 3 feet across, whilst in thg lower beds the'ﬁlocks
_are more massivg, and may be 10 feet across, or more, In the
oxidised ironstone, (generally under shallow cover), box-structures '
are characteristic; thesé hav; been formed as a result of .
percoiating rainwater (Plate 2). The boxés, with weathered layers 3{

of compact and friable ironstone, frequently have an unoxidiséd

core, and other lithological features are often obliterated.

II1. Migerglgsz
The better quality ironstone is gemerally an oolite, in which

ooliths with an iron content of about 30 per cent. are set in a
matrix of siderite.with an iron content of about 4O per ceﬂts In
the poorer quality ironstone, gquartsz grainé, shell fragments and
less iron rich ooliths (e.ge kaolinite and éaléite) take the place
of ironerich chamosite ooliths, and chamosite or calcite ma& replacéll
the matrix siderite. The main mineralogical constituents of the
ifonstone are shown in Appendix I, together with their chemistrx,
and their mode of occurrence is sﬁowu'in Table 2. :
In unoxidised ores, the main minerals are'chamosite, siderite,
calcite and quartz; kaolinite and limonite may also be important.
The main minerals of oxidised ores are goethite, limonite, kaolinite.. '

and quartz. Taylor (1949, pe. 53) has detailed the main chemical
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éhanges resulting from weathering, and these are summarised thus:

(1) An increased iron and slightly increased silica content due

to a general decrease in volatiles, particularly carbon dioxide.
(ii) Oxidation of iron from the ferrous to the ferric state.
(iidi) Decfeasé in lime and alumina contents, ascribed to leaching
and solution, accompanied by some redeposition of calcite and
aluminaebearing minerals (allophane and aluminium sulphates) on
Joint faces and cavities. Analyses by the United Steel Companies
Limited do not show conclusivélylthat alumina is removed on
oxidation. |

(iv) Iron redistribution ~ particularly in box-structures.

2.  PETROLOGICAL CLASSIFICATION OF THE IRONSTONE

I Detailed Mineralogical Classification

For detailed minéralogical Qork, the method of description
used by the Geological Survey (Taylor, 1949, pe 5) should be
adhered to. Adjectival prefixes are used for the groundmass
minerals, and substantival prefixes,for the minerals of the
ooliths. For ézample, a sideritic chamosite oolite is a rock
consisting of chamosite ooliths enclosed in a sideritic matrixe.

The Geological Survey's classification attaches much
importance to groundmass, and it is on the variation of groundmass
constituents that the Geological Survey has based its strati-
graphical groupings.-

A complete classification, more comprehensive than that of

the Geological Survey, is based on the following (after Davies

-9-




et al., 1964, unpublished):

(i) State of oxidation, _

(ii) Proportion of detrital constituents to mat?ix:I based on
modern sedimentary betrology classifications, values of 10 per
cent, and So'per cent, are used-to differentiate between rock ﬁ
types, e.ge a rock with less than 10 pér cent. detritus of sand

or silt grade (0;01 = 2,0-mm) is classified as a mudstone, whilst
rocks with up to 50'5;r cent. of detritus are referred to as
mudstones with a prefix indicating the most abundant type of
detritus present, e.g. oolitic mudstdne.

(iii) Nature of matrix (e.g. sideritic, chamositic, ¢alcitic,
kaolinitic, clayey). . | _
(iv) Nature of detritus (e.g.ooliths, shell fragments, sand or silt)’
(v) Nature of ooliths (e.g.chamosite, limonite, kaolinite, calcité)
(vi) Other characteristics (e.ge. repiaéement textures, such as’

spherulitic siderite, etc.).

II sSimplified Classification of the Ironstone - Log Types E
The previously déscribed classification systems, which can

only'be applied with accﬁracy after @icroscopic examination, tend

to be.cumbersome whéh logging miné faces and large numbers of

borehole cores. A simplified classification system, shown in

Table 3, was introduced by Davies and Dixie (1948, unpublished).

Their system places an emphasis on the detrital constituents,

and particular types of ironstone are classified by letters;

it is seen from Table 3 that there is much variation in the

matrix constituents w1thin each type.

The system now used by the writer is based on that of Davies

e 10 =



. SN SRR 3 ¥ | ¥ A —— E—— l. SYJTTO0 33TSOWEYD
. . Butaeaq ajTuUTTOR)
SN NS 7 Y S - ‘ suread puEg
: SINAINLILSNOD
..... I O v R . Sutes pues SWOS YITM TYITSIEA
SUY3TTOO0 93TSourey) - ANV SHLITOO
rm==f-==== X FdKL -=--f----- SU3TTOO 93TSoweyd
a3 TsoWEYD * 83ToTe)d 93 TIoPTS
y3tm y3Tm TTe ° .
9} TIADPTS 93 TI9PTS jsouty
OT3TSOouNREYy) snosxeste) TeuxoN
XIYLVH

(pousTTGndun ‘gnél - STXTQ PUS SSTABQ WOXT)

(INOISNOYI CIIMHIVAMNA J0 XTHLVW ANY SNLTILIA

NI NOILVIMVYA DNIMOHS) TNOLSNOYI ANVS NOLJWYHLHON FHL 4O NOILVOIJLISSYID FHIL




and Dixie.  (1948), and the ironstone types aré again classified
by letters, referred to by thé writer as 'Log Types'. Whereés
Davies' and Dixig's clgssification refers.to_unweathered iron-
stones, that of the writer caters for weathered ironstones; for
example, type X of Davies and Dixie (1948) ;eférs to a chamosite
oolite, whilst type X of the writer refers to a limonite or a
chamosite oolite. The writer's classification, shown in detail
in Table 4, allows Eor more tyﬁes to be distinguished, it also
allows for reference to other distinguishing features within
types. Fors borehole éore and face logging, colour keys relating
to the log types ané to the state of oxidation are also useful.
Detrital constituents, apart from siltegrade quartz and..
crystalline calcite present towards the base of the ironstone,
are easily visible with a hand lens. Visible calcite or obviously %J
1imey bands are referred to by the letter C. The presenﬁe of siltsﬂ}
grade quartz with calcite towafds the base can be inferred with
experiences It has been found convenient by fhe writer to combine '
reference letters to give further information; for example, XKy
would represent a sandy, Xkaolinite oolite, XB wouid represent a
dominantly oolitic rock with easily visible lenses.of blue sidérife -
mudstone. The dominant characteristic always appears first in the
combination, and capital letters help to emphasise.major
characteristics. Pebble beds and shell beds are also recorded, as

is the state of oxidation.
Table 5 shows a borehole logged in accordance with this
simplified classification, together with the partial chemical

analysis and a more detailed mineralogical description of ore

- 11 -



SIMPLIFTED CLASSIFICATION SYSTEM COF THE NORTHAMPTON SAND TRONSTONE

10G TYFPES

-Abundent or very abundent ooliths¥

Abundant pale (kaolinitic) ooliths® (Z of Davies
and Dixie)
Ooliths and quartz grains present®

Abundent visible quartz grains®

Calcite (detrital or as matrix)

Few or no ooliths or visible quartz grains -
cleyey appearance, Upper Beds

Few or no ooliths or visible quertz grains -

clayey appearance, Basal Beds

Basal transitional beds, much mica, no ooliths
Siderite mudstone - often 'flinty'
Splr.xaerosiderite present

Pebbles or nodules

Visible pyrite

Markedly shelly

Calcite and/or inferred silt grede quartz shown in
brackets - generally Basal Beds

Unoxidised

Oxidised

The above symbols may be used separately or in
combinatiaon.

® Besed on Davies and Dixie, 1948, unpublished.

TABLE 4




BOREHOLE LOGGED IN ACCORDANCE WITH THE SIMPLIFIED
CLASSIFICATION SYSTEM . THE STATE OF OXIDATION , PARTIAL CHEMICAL

ANALYSIS AMD DETAILED MINERALIGCAL DESCRIPTION 15 SHows,

7. |toa tyre P "';:A 5‘-0J . DETAILED MINERALOGICAL DESIRIPTon
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types. The mineralogy of the ooliths is not always clear,
neither is the mineralogy of the matrix when’this system is used,
and the variation of matrix and detritus within the main types
has been illustrated in Table 3. Generally, however, in
unoxidised ore, log type X is a sideritic chamosite oolite;
type W is fine grained and vefy variable in composition,
Photomicrographs of sectioned ironstone are shown in Plates
3, 4, 5 and 6. They are clagsified in detail, and log types

are also shown.

2.D IRONSTONE SUBDIVISIONS IN ACCORDANCE WITH UNITED STEEL
' COMPANIES LIMITED CRITERIA

I General

In the Colsterworth area, the United Steel Companies Limited
subdivide the ironstone into three main units which are generally
easily recognised and reflect the ore grade. They are (1) Basal
or lower Beds, (2) Main Oolite, and (3) Upper or Sandy Beds.
Davies and Dixie (1948, unpublished) refer to three subdivisions,
but do not comment on the recognition of boundaries. fhe
relationship of these subdivisions to those of the Geolégical
Survey is shown in Table 6, together with their normal thickness
range and grade characteristics in the Colsterworth area.

Subdivisions can be determined by using the simplified
classification system, marker bands and other characteristics.
Boundaries between subdivisions may be transitional and, in

places, leas clearly defined. This is true for the area north

- 12 -
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of éreaf Ponton, the area south of Thistleton, and fhe area
east of Bitchfield and Burton Coggles, where the Main Qolite mai
be difficult to separate from the Upper or Sandy Beds. 1In the
Exton ajz-éa, demarcation between the Main Oolite and the Upper
or Sandy Beds is often difficult. Furthermore, in places it
is difficult to separaté accurately the Upper or Sandy Beds from .
the overlying Lower Estué&ine sands and silts, and Basal or
Lower Beds may be transitional with ILias clays.
The following occurrences may affect easy demarcation of
" the boundaries:
(i) transitional beds, or facies,
(ii) phases of ﬁonsdeposition.
(iii) intercolations of other typical lithologies,
(iv) redistribution of some constituents after deposition ~
diagenstic, -
(v) erosion of beds,
(vi) washouts, for example overlying beds may channel downwards,

and Lower Estuarine and boulder clay washouts occur locally.

II Demarcation between the Ironstone and Underlying and
Overlying Beds

In the normal succéssion, the basal boundary separating the
ironstone from the blue lLias clay is marked by a pebble or nodule
bed (Hollingworth and Taylor, 1951, p.12) and in places by a
mudstone conglomerate. These normally underlie generally hard

limestones (including calcareniteé) or calcareous mudstones. Where -

-13 =



transitional type beds occur, micaceous clays and mudstones (in places
sideritiq) may be interbedded with the hard limey beds, and

phosphatic nodules and pebbles may be present throughout the
transitional beds, but they frequently occur in greater abundance at?»
the base of the traﬁéitién gone. Pyrite nodules may occur

throughout the-transitioﬁal beds but are again more abundant at the .
true base., Oolitic debris may also be present .within the

transitional beds, as may lenses of chamositic clayey oolite.

(b) Upper Boundary -
Whilst the junction between the lower Estuarine Series and the -
ironstone is-ofteﬁ easily apparent, there are places where accurate
separation is difficult. Sideritic sandstones of the ironstone
may have a leaéhed appearance and may easily be confused with
the ligh£scoloured sands and silts of the overlying lower Estuarine |
Series. In places it is difficult to distinguish between the
limonite stained saﬁdstonea and siltstones, which may occur at the
base of the Lowe£’Estuarine Series, and tﬁe oxidised upper sandy andT
silty beds of the iromstone. Hollingworth and Taylof (1951, pp. TR
‘.and 39) state that demarcation between Northampton Sand and Lower
Estuarine Series may be locally indefinite, and that kaolinitic
oolites and sandstones of the ironstone may pass gradually upwards
into sands and silts of the Lower Estuarine Series.
In the workings west and northewest of Colsterworth village

and in boreholes to the north and east, the dark blue and grey

Lower Estuarine shales and clays which may have a thin shelly band

-1 -




at the base, are underlain ﬁy'a'lilac-grey bed, generally between
9 inches and 2 feet thick, which the writer and other United Steel
Companies limited geologists consider to be related to the Lower
Estuarine Series. The nature of this bed varies, it may be 5
essentially a sandstone or a siltstone and often it becomes eléﬁey. f,
It generally contains fossil roots and sph;rulitic siderite (Fig.#).i
-The spherulitic siderite may be scattered irregularly, particularly |
in the clayey rock, but it is moré often found concentrated.in I
nodules. Taylor (1949, pp.33 and 88) suggests that sphaerosiderite :
occurs in rocks‘of the Chamosite~Kaolinite Groups, or below the ;
Lower Estuarine vwhite sand, extending down into these beds;
however, Sphaerosidérite,would appear to be present within the
Lower Estuarine Series also.

Tﬁis lilac=grey bed may overlie 6olites, or sandstones which
in places are sideritic or kaolinitic, and where sandstones occur
demarcation may be difficult. In fact, these sandstones may be
transitional Lover Estuarine-Northampton Sand facies. Examples
of sections showing an indefinite boundary between the Lower !
Estuarine Series and the Northampton Sand are shown in Fig.4, and
it is seen that beds underlying the lilac»grey bed may be rooty ;‘
and contain spherulitic siderite; these beds may represent part
of Taylor's Chamosite-Kaolinite Gioups (1949, pp. 29 - 35).

South towards Exton Park the lilac-grey bed is absent, and
the Lower Estuarine Series becomes sandier, particularly towards
the base where it is softer, and séparation is generally simple.
Now that some or all of the top beds of the iromnstone are discarded ?

and most of the ore is won from the Main Oolite subdivision,

-15 -
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these transitional bedé and obscure boundaries present fewer

problems.

~

III Demarcation of the Ironstone Subdivisions, and Marker Bands

(a) Criteria Used

The simplified classification system previously referred to
(ppe 10 = 12) is useful when subdividing the ironstone, but a
more effective subdivision is possible in the Colsterworth area
by using 'Marker Bands' in conjunction with this. Other
characteristics such as colour and hardness are also useful.
Table 7 shows how the subdivisions and boundaries may be

recognised.

(b) Basal or Lower Beds

These massive beds are equivalent to the Geological Survey's
Lower Siderite Mudstone-Limestone Group (Taylor, 1949, and
Hollingworth and Taylor, 1951), and their normal thickness is
between 5 and io feet. They may, howevei, be thicker or thinner,
or even absent, and the thickness of this_sﬁbdivision bears no
apparent relationship to the thickness of the overlying beds.
The main log types would.be Y, C and W, and the subdivision is
uneconomic when considered as a separate unit. | '

The beds are generally obvious by their light bluey-grey
colour and their hardness. They may take the form of limestones

(inciuding calcarenites), shelly sandstoneés, siltstones and mudstones,:

and they are less affected by oxidation than the overlying beds.
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The upper part of the subdivision may be less hard than the lower
beds, since it is often a sandy oolite. Lenses and bands of
siderite mudstone may be present, and more oolitic bands may occur

locally. In places, particularly east of Colsterworth, a fairly

persistent, thin, dark blue siderite mudstone band runs immediately

below the Main Oolite. Towards the base of the subdivisionm, thin
bands of mudstone or conglomerates of mudstone may be interbedded
with micacéous clays. As previously mentioned, the base is
marked usually by a mudstone conglomerate or a pebble and nodule
bed, which may also be markedly pyritic.

In greater detail, microscopic examination will show that the
matrix of some focks may be composed of conéiderable amounts
of siderite, together with some chamosite. Where the beds are
partly oolitic, ooliths-may be of chamosite, kaolinite or calcite.
Plate 3(i) shows calcite replacing chamosite ooliths, and similar
occurrences have been ébsérved within the Basal Beds in the
Colsterworth area. This might be regarded as evidence against
theéries suggesting that fhe ooliths in these ironstones were
originally calcitic (Cayeux, 1909, 1922, and Deverin, 1940, 1945).
A photomicrograph of a calcaren;te from the Basal Beds is shown

in Plate 3 (ii).

(¢) Main Oolite

This subdivision is equivalent to the Main Oolitic Ironstone
Group of the Geological Survey (Taylor; 1949, and Hollingworth and
Taylor, 1951), but may include part, or all,.of their Lower

Chamosite~Kaolinite Group. The normal thickness is between 7 and
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12 feet, but the beds may be thicker or thinner or absent. The
Main Oolite consists often of five or six massive beds which may
be traced over considerabie distances laterally._' Lensing is
evident, and current bedding may be present in the upper part.
When unoxidised, the upper and lower beds of this subdivision ;}
range in colour from grey to green and brown. Vhen oxidised,
these beds are rich brown in colour and exhibit bo#estructures.
The beds would normally be‘logged as type X.

The base of the Mﬁin Oolite may be marked by an obvious
bedding plane, and the lower greeny~brown or bluey-green beds of
the Main Oolite are generally:éasily separable from the grey
Basal Beds below the bedding plane.

The top of the Main QOolite can be separated from the
overlying subdivision by using two important marker.bands.

IThe Main Odlitelis generally overlain by a quite persistent
bluey-grey, 'flinty' siderite mudstone, (probably the compact
massive siderite mudstone at the base of'thé Geological Survey's
Upper Siderite Mudstone-Limestone Group, qulingworth and Taylér,
1951, P«39), generally between 1 inch and 6 inches thick, and
this is often underlain by a pebbly or conglomeratiq bed about .
9 inches thick, (the peliety, shelly oolite or detrital rock at
the top of the Geological Survey's Main Oolitic Group:!, Taylor,
1949, p.14, and Hollingworth apd Taylor, 1951, p. 39). The
pebbles may be of kaolinite or siderite mudstone, and may be oolitic.
In the unoxidised state the pebble bed is generally light grey and

the ooliths are often pallid. When oxidised, the pebble bed has a
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mottled appearance, the ﬁebbles weathering out as light grey or
reddish blobs. In places, a thin, non-pebbly bed of colite may
occur between the overlying sideritejmudstone and the pebble bed.
Towards Great Ponton in the nqrth and Bitchfield in the east the
pebble bed becomes less evident, and between North Witham and Exton
in the south, it is rarely-wéli developed. ‘

The pebble bed is generally shelly, and the beds below it
are often markedly sheil& to ; depth of 3 té b feet, (Taylo? refers.
to these shelly beds in which the fossils are preserved as casts,
1949, pe.1l). Where the overlying siderite mudstone is absent,
the pebble bed alone will indicate the top of the Méin Oolite,
and where both these marker bands are absent, the top of the shell | -
beds will be close to the tép ;f the Main Oolite. The shell beds ‘
appéar'lessxevidént in fhe areas mentioned above, where the pebble
bed is less:evident.also, although there is no appareni reason
for this. | |

In the absence of the overlying siderite mudstoné, the pebble
bed and the shell beds, demarcation can be made where the density
of ooliths appears to increase; and where visible quartz is
absent, as in the areas about Great Ponton'ip‘the north an;‘Exton
Park in the south.

At Exton Park a fairly persistent siderite mudstone band
occurs within or at the tqp of log type X iroﬁsfone. Where type
X beds overlie this siderite_mudstong, it is suggested that there L
has been a return to a Méin Oolite type of sedimentation in the
upper subdivision (i.e. the Upper or Sandy Beds).

The main rock types in the Main Oolite subdivision are
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sideritic chamosite oolites (Taylor, 1949, p.14 refers), and the
uppermost and lowerﬁost beds may contain considerable amounts of
chamosite in the matrix, and in places they may be quite sandy;
they may also contain kaolinite ooliths. Towards the base of the
Main Oolite, primary limonite ooliths (i.e. the ooliths were
incorporated in the rock iﬁ their present state - the limonite not
being due to subsequentuweathering) may be present, and lenses

of siderite mudstone are more abundant. Other variations may
include an increase of calcite or kaolinite in the matrix, and
lenses containing more detrital quartz may be present. When
oxidised, both ocoliths and matrix may be converted to limonite and
goethite. 'Two photomicrographs of types occurring in the Main

Oolite are shown in Plate 4.

(d) The Upper or_Sandy Beds

These beds represént the upper three groups of the Geological
Survey. In thickness and petrology this is the most variable
subdivision. The beds are generally about 3 or 4 feet thick, but
may be thicker or thinner, or even absent; evidence of current
bedding may be present. The base of the subdivision in the
Colsterworth area is usually marked by the bluey-grey 'flinty'
siderite mudstoﬁe referred to above in (c), and in some areas
this mudstone apparently splits into an upper and lower portion,
separated by about 6 inches of sideritic sandstone. Demarcation
between this subdivi?ion and fhe Lower Estuarine Series has
already been mentioned (p. 14). Over much of the area the beds
appear lighter in colour than the underlying Main Oolite and

overlying Lower Estuarine Series.
The main rock types are sandy oolites, sideritic sandstones,
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kaolinitic oolites and sandstones, and the main log type would be Y.;;

Lenses and bands of blue siderite mudstone also occur, and the
uppermost beds may contain sphaerosiderite. Photomicrographs of

some of the rock types are shown in Plates 5 and 6.

IV Example of ILithological Correlation of the Ironstone

The simpiified classification system together with marker
bands is useful in correlating the ironstone over considerable
distances. »Fig. 5 shows a generalised vertical section through
the ironstone, over a distance of 12 miles, and the line of
section is shown in Fig. 3. The section is based on information
obtained from United Steel Compdnies Limited borehole cores, and
it gives somé indication as to how the ironstone varies both
vertically and latefally;' the sectiod sheuld not be regarded as
being completely representative. The three main subdivisions
(United Steel Companies Limited) have been recognised throughoﬁf
the length of the sec¢tion, except where the Main Oolite and
Upper Beds are obviously absenf id the north-east. The top of
the ironstone on tpe section is taken as datum.

Samples from the borehole cores have been examined
microscopically, and photomicrographs.of some of these samples are
shown in Plates 3, 4, 5 and 6; a detailed description of the

samples is given in Appendix II.

(a) Iromstome = Total Thickmess

At the eastern edge, the ironstone is only 14.5 feet thick,

whilst in the west-central part (N) it reaches a thickness of
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25.5 feet, and then there is a gradual thinning to the north and
east, until eventually the Lowgr Estuariﬁe.Series rests on Upper‘
Lias clays. | | | )
(b) Basal or Lower Beds

From a ﬁiniﬁum of 4 feet (E) in the east, the beds thicken
to 10 feet or more in the west-central part. In the extreme
‘north-east, Basal Beds are the only representafive of the
Northampton Sand Ironstone, and Fﬁey may be 12 to 14 feet thick ' ?
before thinning out completely fﬁrther to the north-east. The
reason for assuming that the beds between (c) and (f) are Basal
Beds is based on the following: it is assumed that the siderite
mudstone band at 7.8 feet in borehole (W) is the samd band
occurring in (X) at 5 feet and in (¥) at 2.8 feet, i.e. the depth
to the top of the Basal Beds is decfeasing. This reasoning is
substantiated by the related lithological and chemical data in
Fig. 7, and by samples that have been examined microscopically.

The most persistent remaining representative of this sub-
division in the extreme north-east is the pebble bed or mudstone
of the transitional beds, and in some éurrounding boreholes iy
is found wedged between Lower Estuarine clays and sands and the
Upper Lias clays. ' ' : . | i
(c) Main Oolite

Demarcation of the Main Oolite is based on the criteria
cited under III (c), pp.17 - 20. It is seen from the section that
the siderite mudstone and the pebble bed at the top of the subdivision

are frequently encountered, and the underlying shell beds are '
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often recognisable. In the central'and'eastern areas, a blue
'siderite mudstone at the top of the Bﬁsal Beds is useful in
determining the base. Substantiating evidence that this mud-
stone is relatively persistent has been obtained from underground
mining operations in close proximity to (M) and (0).

In the extreme south-west, the Main Oolite is only 6 feet
thick at (hj, but it increases to 12 feet around (K) and (N).
It then thins out to.the north-east‘until it is absenf, although
a thin representative apparently occurs at (b).
(d) Upper or_Sandy Beds

These are genefally thicker in the south-west and west,

and throughout range from O to 7 feet.

2.E CHEMISTRY OF THE IRONSTONE

I General

The Chemistry of the ironstone has beeh des?ribed by Taylor
(1949) and Hollingworth and Taylor (1951). Taylor (1949, pp. 8,
9 and 50) is critical of the ordinary'gommerci;l analysis, and
emphasises the nged to evaluate chemical aﬁd petrologic#l
relationshipss The analytical procedure adopted in the United
Sﬁeel Companies‘Limited mining and irommaking operations is
considered to be the best possible at the present time.

At the mining operatidns, the procedure is to analyse each
one foot increment of ironstome for the following constituents
(in weights per cent., dried at 105°C. ): total iron, silica,

calcium oxide &and sulphur (silica is determined as a perchloric
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acid insoluble and graphically corrected to !'true! silica); this
applies to all boreholes and mine féce samples. Composite
analyses for alumina and magnesia are made for ;qrious thicknesses,
and in certain instances analyses for alumina, magnesia and
ferrous iron might be made on each foot. Lo;s on ignitién at
950°c. is determined for thé total ironstone thickness and
anticipated working thickness and, at irregular_intervals, for each ﬂ,
foot of a borehole. The narrow limits of alumina and magnesia
variation are not considered to be too significant in present
blast furnace control, but in the future mOre.importance may be .
placed on these cénstituents; and further anaiyses will be necessary;f

An average chemical analysis for the total thicikmess of ironstone

in the immediate area-aroundzcoiéterworth is:

Total Fe 31,8% ) ’

510, ' 17.5%

Ca0 6.2%

41,0, 6o 4% ? -Dried, at 105°C. -
MgO 1.2%
s 0.29% ) . |
Moisture 15.0%

N.B. All further quoted analyses are on a dry (water-free) basis.

II Vertical Chemical Variation and the Inter-relationship between

Lithological Subdivisions and Chemical Subdivisions

The Geological Survey has shown the chemical composition of
its stratigraphical groups and of the various types of ironstone

(Taylor, 1949, p. 57).
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Table 8 shows the vertical variation of tﬁe main chemical
constituents for four selected borehole cores; their log types are
also shown, and three of the borehole cores (C, N and Z) are from
the section shown in Fig. 5, and the other (CLP 80) is from en

area three-quarters of a mile ﬁue west of Great Ponton.

Throughout the Colsterworth area the chemistfy of the three
litholégical subdivisionsbshows éharacteristié-differences, and
these are summérised in Table 9, It is seen that the ironstone §'
can be subdivided into three main subdivisions based on chemical
data, and theée subdivisions are coincident with the lithological
subdivisions: variatioh in total iroﬁ. lime and silica contents
of the one foot increments alore eﬁables easy recognition of_the
subdivisions. |

(a) Basal or Lower Beds

One foot increments of this subdivision have total iron values ;j
less than 30 per cent., silica values 20 per cent. or more and,
where transitional beds occur, the silica coﬁten£ may be in excess
of 40 per cent. Values for lime are usually more than 5 per cent., -
and in certain beds exceed 20 per cent. Beds with a sideritic '
matrix are usually responsible for the iron value being in excess
of 20 per cent. High sulphur.contenfs (in excess of 1 per cent.)
frequently occur towards the base.

(b) Main Oclite

Irén values for one foot incréments aré-generally in excess of
30 per cent. and silica values are below 20 per cent. (frequently
less than 15 per'cent.). A higher silica value may be present at

the base, due either to an increase of chamosite in the matrix,
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or to quartz grains, or both,

A change from high iron values and low silica values to lower
iron and higher silica values is frequently close to the base of
the Main Oolite, but this change ma& not be coincident, and in. the
area west of Colsterworth, out of 110 boreholes, 27 showed a marked o
rise in silica (a rise from about 15 per cent. fo 23 per cent.) ‘
to:be coincident with the marked drop in iron (from more than
30 per cent. to less than 30 per cent.);. 49 showed the marked rise ?
in silica content to be ome foot above the marked érop in ironm,
and 19 showed the marked rise in silica to be two feet above the
marked drop in iron. The drop-in iron is often coincident with,
or oné or two feet above the marked change in lime content (from
about 5 per cent. to 10 per cent.).

Generally the pebble bed and the sgiderite mudstone at the top
of the Main QOolite are either wifhin or immediately above the
30 per cent. iron, 20 per cent. silica zone. The colour change
at the base of the Main Oclite is usually coincident with the

marked drop in iron.

The chemistry of these beds is variable, and reflects the
variable mineralogy. Where massive siderite mudstone is'present,
iron values in excess of 30 per cent. may occur and silica values
may be less than 20 per cent; where oolitic sandstones and
kaolinitic sandstones §ccur, iron values are usually less than
20 per cent. Silica values, frequently over 20 per cent., may
exceed 50- per cent. in these Upper Beds, while lime values are

generally less than 5 per cent.
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These beds generally show, then, a.marked increase in silica T
and decrease in irén when felatgd to the underlying Main Oolite beds.
Where these beds are kaolinitic there is a marked rise in alumina,
and this is seen from the core analysis of the borehole east of
Great Ponton (Table 8).
(d) Effect_of Oxidation

With oxidation there is generally an increasé in the iron and
thé silica contenté, with a corresponding decrease in lime. The
average analyses fqr the ironston; total thickness and the Main
Oolite have been plotted<graphica11y in Fig. 6 for bareholes (h), -
and (A) to (L) (as in Fig. 5), together with a row of boreholes
east of the River Witham; The estimated amount of oxidation has
also been élotted.

Table 10 shows the relationship between the alumina content
of the Main Oolite and the extent of oxidation. Where known, ferroﬁg
iron figures have also been shown. This and other available evidencé.
;does not support Taylor's conclusion that some alumina is removed 3
on oxidation (Taylor, 1949, p«55).

Oxidation rarely'masks the separation of the Main Oolite from

overlying and underlying beds when chemical data is used. to demarcate. !

III Lateral Variation in Chemistry

Borehole core data plotted in Fig. 6 shows how the main chemicai
constituents, (when taking the average analyses for given thicknesses .
between.constant upper and lower horizons) and the extent of
oxidation vary over distances of 6,600 feét and 1,775 feet. Generally,
it is seen that high iron and silica values reflect a higher

percentage of oxidation. It is clear that the iron is more affected '

by oxidation than the silica.
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ALUMINA CONTENT RELATED TO VISUAL ESTIMATED AMOUNT OF OXIDATION

IN THE MAIN OOLITE PORTION OF THE NORTHAMPTON SAND TRONSTONE

Mine Area Borehole | Total | Fe++ A“1203 Estimated
Reference| Fe Visual
Oxidation
W of 89 4.8 | 1.5 | 7.4 | 100
‘(’3::;"‘“’““ 95 39,0 |16.2 | 7.2 | +50
Goldring,1964, |167(C) 35.5 27.5 7.1 -15
unpublished). 165 33.6 29.5 7.0 "0
119 40.7 6.0 | 6.6 + 75
169 38.5 | 14.7 | 6.6 - 25
57 33.7 29.0 6.5 0
116 31.7 | 12.5 | 5.2 30
East of | ¥W 256 37.1 | 1.1 | 8. " 100
River Witham |y 35 32,8 | 30.6 | 7.4 0
CE 157(N)| 36.2 | 29.2 | 7.2 12
CH 97 37.8 6.6 8
CH 181 34.8 6.0 0
NW 251 39.8 0.3 | 5.9 100
NW 216 33.1 | 25.4 | 5.0 - 20
W 178(2) | 27.5 26.7 4.3 0
Great Ponten | CLP 31 37.6 9.9 20
Area CLP 80 40.2 1.6 52
| CLP 57 34.6 1.6 100
CLP 121 | 42.1 7.3 100
Exton Park CEP 76 37.3 "1 8.4 |-25
CEP 78 39.1 8.1 66
CEP 75 34.4 6.8 19
CEP 82 36.1 6.7 64
CEP 81 37.4 6.0 50
TABLE 10




Chemical variation of the logged Main Oolite thickness is
generally less than that of the overall thickness of the bed which,i
in Fig. 6b, includes seyeral feet of basal transitional beds.

In Fig. 6a, however, the iron variation of the Main Oolite is, when
takihg all the boreholes into account, greater than the variation

of the overall thickness: this is due to variable oxidation and to
the particularly heavy oxiaation at boreholes (D) and (E), and to
the low average iron content in borehole (A) where the Main Oolite
has deteriorated. _

Where the Main Oolite is mainly unokidised.(Fig. 6b), there
may be little chemical variation over considerable areas.
Conversely, where the Main Oolite is oxidised throughout its
vertical thickness and over a considerable area, there will be less
chemical variation. (The Main Oolite, referred to in Fig. 13,
is heavily oxidised throughout much of its thickness). | 1

Variation in chemistry over a distance of 12 miles is
illustrated in Fig. 7, and this is related to ﬁhe logged
subdivisions of the.ironsfong. Using fhe criteria mentioned in
Table 9, it is seen that the logged Main Oolité coincides with the
Main Oolite based on.chemistry, i.e. for consecutive one foot
increments with 30 per cent. of more of iron and 20 per cent. or
less of silica.. Where the Main Oolite logged subdivision is not
coincident with this, it is generally because of deterioration either:
at the top or at the base of the Main Oolite, and, of course, the ‘
chemistry is for each foot, and logged subdivisions may have their L
boundaries within an analysed foot. P

Lateral chemical variation for ome unoxidised bed within the
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Main Oolite is shown in Fig. 8. Variation is seen to be within

narrow limits, and each sample is characteristically similar.

2.F THE RELATIONSHIP BETWEEN CHEMISTRY AND MINERALOGICAL TYPES

It will be realised that similar chemical analyses may relate
to rocks of different mineralogy and microstructure. The
relationship between chemistry and mineralogical types is
particularly important in the study of sintering,,blast furnace
reactions, slags and techniques of beneficiation. |

Given complete analyses and with knowledge of the composition

" of the minerals comprising the ironstone, it would be possible to

calculate mineral compositions of samples and evaluate petrological
variations. Taylor (19#9, pP+9) suggests that a routine chemical
analysis does not supply the neéessary data to determine‘the
mineralogical composition; howeéér, usiné the United Steel

. Companies Limited analyses, i.e. for total Fe, Ca0, and Sioa,
mineralogical rock types can be determined reasonably accurately
and the presence of certain minerals can be inferred. Taking
proportions of Fe, Ca0 and SiO2 rather than pefcentage weights,
chemical differences due to oxidation are considerably reduced.
These proportions, when plotted on three-component diagrams, fall
into groups representing their particular rock types (c.f. Taylor,
1949, p.67). TFig. 9 shows a three-¢omponent diagram on which
the analyses of Taylor (1949, pp. 60, 61 and62) have been plotted

as Fe, Ca0 and SiO2 ratios and descriptions of the related thin
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