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ABSTRACT:

Jeans, C.V., Long, D., Hu, X.F. and Mortimore, R.N. 2014. Regional hardening of Upper Cretaceous Chalk in
eastern England, UK: trace element and stable isotope patterns in the Upper Cenomanian and Turonian chalk
and their significance. Acta Geologica Polonica, 64 (4), 419-455. Warszawa.

The regional hardening of the Late Cenomanian to Early Turonian Chalk of the Northern Province of eastern Eng-
land has been investigated by examining the pattern of trace elements and stable carbon and oxygen isotopes in the
bulk calcite of two extensive and stratigraphically adjacent units each 4 to 5 m thick of hard chalk in Lincolnshire
and Yorkshire. These units are separated by a sequence, 0.3—1.3 m thick, of variegated marls and clayey marls. Mod-
elling of the geochemistry of the hard chalk by comparison with the Standard Louth Chalk, combined with asso-
ciated petrographic and geological evidence, indicates that (1) the hardening is due to the precipitation of a calcite
cement, and (2) the regional and stratigraphical patterns of geochemical variation in the cement are largely independent
of each other and have been maintained by the impermeable nature of the thin sequence of the clay-rich marls that
separate them. Two phases of calcite cementation are recognised. The first phase was microbially influenced and
did not lithify the chalk. It took place predominantly in oxic and suboxic conditions under considerable overpres-
sure in which the Chalk pore fluids circulated within the units, driven by variations in compaction, temperature, pore
fluid pressure and local tectonics. There is evidence in central and southern Lincolnshire of the loss of Sr and Mg-
enriched pore fluids to the south during an early part of this phase. The second phase of calcite precipitation was as-
sociated with the loss of overpressure in probably Late Cretaceous and in Cenozoic times as the result of fault move-
ment in the basement penetrating the overlying Chalk and damaging the seal between the two chalk units. This greatly
enhanced grain pressures, resulting in grain welding and pressure dissolution, causing lithification with the devel-
opment of stylolites, marl seams, and brittle fractures. Associated with this loss of overpressure was the penetration
of the chalk units by allochthonous fluids, rich in sulphate and hydrocarbons, derived probably from the North Sea
Basin. Microbial sulphate-reduction under anoxic conditions within these allochthonous fluids has been responsi-
ble for dissolving the fine-grained iron and manganese oxides within the chalk, locally enriching the Fe and Mn con-
tent of the calcite cement. The possibility is discussed that the pattern of cementation preserved in these regionally
hard chalks of Late Cenomanian and Early Turonian age may be different from that preserved in the younger (late
Turonian to Campanian) more basinal chalks of eastern England.

Key words: Chalk hardening; Trace elements; Stable isotopes; Cement modelling; Reservoir
diagenesis; History.
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INTRODUCTION

The Upper Cretaceous Chalk varies regionally and
stratigraphically from a soft friable sediment to a hard
fine-grained chalky limestone. Jukes-Browne and Hill
(1903, 1904) in their synthesis of the Upper Cretaceous
rocks of Britain were perhaps the first to differentiate be-
tween early diagenetic cementation responsible for hard-
grounds and nodular chalks and the cementation re-
sponsible for the regional differences in hardness. Hill
(in Jukes-Browne and Hill 1903, 1904) provided data
showing the weight percent acid insoluble residues
from biostratigraphical equivalent zones in southern
and eastern England that effectively compares soft with
regionally hardened chalks. These values show no sys-
tematic difference suggesting that the hardening was no
more than the internal rearrangement of the calcite and
the acid insoluble residue.

Differences in the regional hardness of the Chalk in
the British Isles have been commented upon for well
over a century and in more recent years have been the

topic of scientific investigation (Hu et al. 2012 for re-
view). Particular attention has been paid to the Chalk of
Northern Ireland (Wolfe 1968; Scholle 1968; Maliva
and Dickson 1997), the Chalk affected by post-Creta-
ceous east-west folding in England (Mimram 1975,
1977, 1978), and the Chalk hydrocarbon reservoirs of
the North Sea Basin (e.g. Scholle 1968; Oakman and
Partington 1998). The understanding of the mechanism
and conditions under which the regional hardening took
place is an important aspect of predicting its properties,
particularly when the Chalk is involved with major en-
gineering projects or for the extraction of water, oil and
gas trapped within reservoirs.

Recent progress in understanding the early lithifi-
cation and cementation of the Chalk in eastern and
southern England (Hu ef al. 2012; Jeans et al. 2012) has
provided a firmer basis from which the regional hard-
ening can be considered. This investigation is an attempt
to resolve the origin of the hard chalk of eastern England
(Text-fig. 1) that lacks evidence of early lithification. It
first appears as the predominant lithology in the upper-
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Text-fig. 1. Hard Northern Province Chalk in the Buckton Cliffs at Nose Trap, near Speeton, Yorkshire, UK, This exposes various members (Dalby, Bigby, Candlesby,

Nettleton, Louth) from the middle and upper part of the Cenomanian Ferriby Formation and the Flixton Member of the overlying, Welton Formation (predominantly
of Turonian age). Details of the stratigraphy and location are given, respectively, in Text-fig. 4 and in Hu et al. (2012, Text-fig. 5)
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most part of the Cenomanian Ferriby Formation and
continues through the overlying White Chalk of Tur-
onian to Campanian age. The distribution of this hard-
ened chalk coincides generally with that of the North-
ern Chalk Province in eastern England which is also
associated with, or characterized by, various intrinsic
features including particular fossil assemblages, pink
and red chalks, and tabular and carious flints.
Previous investigations have presented rather con-
tradictory evidence for the origin of the hardening.
Mimram (1978) suggested that the hardening was due
to the precipitation of a cement from porewaters of me-
teoric origin introduced at a relatively early stage of di-

agenesis prior to the Chalk being affected by tecton-
ism; Scholle (1974) suggested a cement resulting from
the precipitation from a mixture of the original chalk
pore water with meteoric water combined with the ef-
fects of enhanced geothermal gradients. The objective
of our investigation has been to clarify the nature of the
hardening of the Chalk and its relationship to the in-
trinsic diagenesis of the Chalk of the Northern
Province. The approach we have taken is novel — al-
though Jeans (1980, pp. 89-99) used similar methods
in a preliminary investigation — and is based on mod-
elling using the soft, unhardened chalk in south-east
England as a starting point. This side-steps the intrin-
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Text-fig. 2. Distribution of the Upper Cretaceous Chalk at the surface and subsurface in the UK showing the locations mentioned in the text and in Hu et al. (2014).
The insert shows the county names (East Yorkshire: Lincolnshire: Norfolk) referred to in the text
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sic problems resulting from the extremely fine-grain of
the Chalk, the nature of its alteration during diagene-
sis, and the limitation of electron microscopy, however,
our approach may introduce its own problems and
these are fully discussed.

This paper is based on the detailed analysis of two
units of hard chalk of Late Cenomanian and Turonian
age that occur throughout Lincolnshire and Yorkshire.
Lithostratigraphically they represent the first major oc-
currence of regionally hardened chalk in eastern Eng-
land. For each of these units of hard chalk we describe
(1) the general lithology, (2) the bulk specific gravity,
and (3) the regional trace element (Fe, Mn, Mg, Sr) and
stable isotope (8'3C, 6'80) geochemistry of the bulk cal-
cite. Comparison with the unhardened chalk at Dover
in south-east England has allowed us to deduce that the
hardening is related to calcite cementation and to model
the regional patterns of variation in trace elements and
stable isotopes of the cement. Comparison of these
model patterns with regional geological features — pat-
terns of faulting, zones of sulphidization, subsurface
distribution of igneous bodies in eastern England and

the nearshore parts of the North Sea — provides addi-
tional evidence of the factors controlling the Chalk
hardening.

Locations mentioned are shown in Text-fig. 2.

SAMPLE STRATIGRAPHY

The stratigraphical terms used are shown in Text-figs
3 and 4. Text-fig. 3 shows the horizontal section of the
chalk that has been investigated in the Ferriby and
Welton formations in eastern England and its relation-
ship to the zones of sulphidization that cross-cut these
formations. A number of these lithostratigraphic terms
need further explanation. In eastern England, the term
Variegated Beds (Wood and Mortimore 1995; Wood et
al. 1997) is preferred to the Plenus Marls/Black Band.
This thin unit of marls and marly clays rests on the sub-
Plenus erosion surface but it is only in part the re-
gional development of the Plenus Marls Member of the
Holywell Nodular Chalk Formation of southern Eng-
land (see discussion in Mortimore et al. 2001). More-
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Text-fig. 3. Horizontal section of eastern England showing the overall stratigraphy of the Upper Albian, Cenomanian and Lower Turonian strata and the general dis-
tribution of red colouration including the Upper and Lower Pink Bands of Bower and Farmery (1910) and the lower band of red coloured chalk of which the Red Chalk
Formation is an integral part. Zone 1 indicates the stratigraphical and regional extent of the detailed investigation of chalk hardening
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over, as their name implies, the Variegated Beds display
lateral and vertical variations in colour between red,
grey, green, white and black and include one or more
well defined black bands (Jeans et al. 1991, fig. 10;
Wood et al. 1997) that are absent from the Plenus
Marls. The Louth Member (6—8 m thick in eastern
England, 16 m thick at Dover) is a laterally continuous
unit of white fine-grained chalk which can be traced
from Speeton on the Yorkshire coast and throughout
much of southern England. It lies between the base of
the Variegated Beds/Plenus Marls and the underlying
Nettleton Chalk Member (Jeans 1980) of eastern Eng-
land and its lateral continuation in southern England,
Jukes-Browne Bed 7. It is of late Middle to Late Ceno-
manian age. The Louth Member of eastern England (6—
8 m thick) consists of hardened chalk whereas at Dover
it is represented by 16 m of soft chalk. The present
stratigraphical scheme used by the British Geological
Survey (reviewed in Mortimore et al. 2001) does not
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recognise this unit either in southern England, where it
occurs at the top of the Zigzag Formation (Middle to
Upper Cenomanian) (Text-fig. 4), or in eastern England
where it is within the Ferriby Formation (Lower to
Upper Cenomanian). This unit has been recognised in
Jeans (1968, fig. 4) and has been referred to as the
Louth Member in eastern England (Jeans 1980, fig. 3)
and at Dover (Jeans et al. 1991, fig. 2).

The Red Chalk Formation (Text-fig. 3) is used in
preference to the Hunstanton Limestone Formation.
This formation is included within, but must be differ-
entiated from the lowest zone of red coloured chalk
shown in Text-fig. 3. This lowest zone consists of red,
pink and ochreous coloured chalk. Included in this is
the basal dark red stromatolitic part of the Cenoman-
ian section at Hunstanton (Jeans 1980, fig. 12), as
well as the thin zone of very pale pink and ochreous
chalk in the lower half of the Paradoxica Bed ( Jeans
et al. 2012, text-figs 2, 7; Jeans et al. 2014, fig. 8).
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Text-fig. 4. Lithostratigraphical and stratigraphical terms used in eastern England and at Dover
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The section investigated (Text-figs 3, 5) extends
from some 3 to 4 m below the top of the Ferriby For-
mation up to some 5 m above the base of the overly-
ing Welton Formation. It is divided into two by the lat-
erally continuous marly Variegated Beds. The lower
unit, Unit A, consists of normal hard chalk that shows
no obvious field evidence of early lithification as de-
fined by Jeans (1980). Its base marks the appearance
of hard chalk as a continuous facies whereas in the un-
derlying part of the Ferriby Formation occasional beds
of this chalk type may occur but are interbedded with
chalk and marl showing evidence of early lithification.
In south Lincolnshire (Tetford, South Thoresby), where
the Upper Pink Band is preserved (Text-fig. 3), the
base of Unit A is at or just below the base of this
coloured band. The top of Unit A is the sub-Plenus ero-
sion surface, which defines both the base of the Var-
iegated Beds and the Welton Formation. The upper
unit, Unit B, includes the upper part of the Flixton
Member of Jeans (1980), the Melbourn Rock Member
of Jeans et al. (1991, fig. 12) and some of the overly-
ing chalk (Text-fig. 4). The base of this unit occurs
within the upper part of the marly Variegated Beds and
is placed at the level at which the calcium carbonate
content reaches 80% and over. The upper limit is the
band of occasional flint nodules just below the First
Main Flint Horizon of Wood and Smith (1978, fig. 2).
Unit B contains a number of thin primary marls, 1 to
4 cm thick (Text-fig. 5). The most important of these
is the Green Trace Bed with green glauconitic traces,
which is recognisable throughout eastern England.
Three thin marl seams overlie this and extend through-
out Lincolnshire and southern Yorkshire.

Samples were collected from the following eight
localities in eastern England that expose all or part of
this stratigraphical section: Unit A exposed at Prentice
Cove, Buckton Cliffs, Speeton (Jeans 1973, p. 425:
grid ref. TA 18307480); Unit B exposed in a small
chalk pit at Flixton (grid ref. TA 03937918); Units A
and B exposed in chalk pits at South Ferriby (grid ref.
TA 03937918), Elsham (grid ref. TA 03851310), Cais-
tor (grid ref. TA 12340025), Tetford (grid ref. TF
32957595), South Thoresby (grid ref. TF 40507725)
and Welton (grid ref. TF 45056920). Comparative
samples were collected from the Louth Member at
the top of the Zigzag Chalk Formation at Dover (Jeans
etal. 1991, fig. 2 for sample horizons) where the chalk
is soft, of low bulk specific gravity and has been es-
sentially unaffected by regional hardening; these sam-
ples have been used to establish the Standard Louth
Chalk which has been used for modelling the extent
and chemistry of the cement affecting the Chalk (Jeans
etal. 2012,2014).

SAMPLE LITHOLOGY

The regional and stratigraphical distribution of sam-
ples in Units A and B is shown in Text-fig. 5. The Louth
Member — the upper part forms Unit A — and its unce-
mented correlative at Dover (Text-figs 4, 6) consist of
fine-grained chalk made up predominantly of coccolith
debris with varying amounts of calcispheres and plank-
tonic foraminifera. No systematic vertical or lateral vari-
ation in lithofacies has been noted in eastern England.
Petrological investigation of Unit A has been restricted
to the section at Speeton (Text-fig.7). More general
views of the Louth Member in the Buckton Cliffs, Spee-
ton, are given in Mortimore et al. (2001, fig. 5.24, p. 415)
where it is located between the Nettleton Chalk Member
and the Variegated Beds. Typical lithofacies are shown
in Text-fig. 8. Unit B, in contrast, displays a considerable
vertical variation in lithofacies. This has been examined
petrologically at Tetford, Elsham and Flixton. Typical
lithologies are shown in Text-fig. 9; three lithofacies
zones are recognised. The lowest extends from the top of
the Variegated Beds up to the base of the “chalk rich in
inoceramid fragments”; this consists of a fine-grained
coccolith-rich matrix with occasional planktonic
foraminifera, calcisphere and inoceramid bivalve prisms
(Text-fig. 9A). The middle zone has little fine-grained
matrix. It is made up predominantly of broken fragments
and single prisms of inoceramid bivalves and calci-
spheres, fragments of other shelly fossils and occasional
foraminifera (Text-fig. 9 C, D). The lower part of this
zone is characterised by large inoceramid bivalve shell
fragments that are conspicuous in the field and is the
band of “chalk rich in inoceramid fragments” shown in
Text-fig. 5. The upper part becomes increasingly en-
riched in calcispheres (Text-fig. 9B) and at about a me-
tre from the top of Unit B it grades into the upper zone.
This consists of a fine-grained coccolith-rich chalk with
fairly abundant calcispheres and planktonic foraminifera
(Text-fig. 9A). Lateral changes in lithology are evident
between Flixton in the north and the more southerly lo-
cations. At Flixton the chalk is thinly bedded, occurring
typically in beds 10 to 15 cm thick each separated by a
thin seam of marl (Jeans et al. 1991, fig. 10), compared
to the more massive chalk to the south which occurs in
beds typically 25 cm or more in thickness.

ANALYTICAL METHODS

The geochemistry, bulk specific gravity (SG) and
acid insoluble residues (AIR) of chalk samples were
determined by the following methods. Bulk specific
gravity measurements used the procedure described by
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Jeans (1980, p. 155; this is similar to BS 1377, 1975) us-
ing wax coated blocks of chalk (dried at 105°C) weighed
in air and then in water. Samples for chemical analysis
were initially crushed, split and then ground finely by
hand. The percentage weight of acid insoluble residue
was determined by dissolving 1g of oven-dried material
(105°C) in exactly 25 ml standard volumetric 1 molar
HCIL. The excess acid was titrated against standard vol-
umetric 1 molar NaOH using Bromocreosol Green as in-
dicator. From this the weight percent CaCO5 was calcu-
lated and the AIR was obtained by difference. Prior to
titration it is essential that the AIR be removed by filtra-
tion through Whatman No. 42 filter paper. Chemical
analysis was restricted to chalks with a content of CaCO5
of 80 wt % and over. A total of 120 samples were
analysed. The concentrations of trace elements (Fe,
Mn, Mg, Sr) in the bulk calcite were determined with a
Perkin-Elmer Absorption Spectrophotometer (model
2280) or by colorimetry (Jeans 1980, p. 156 for Fe). Cor-
rection was made for the content of acid insoluble
residue. Samples were prepared by dissolving 0.25 gm
of oven dried sample in excess cold 1 molar acetic acid,
filtered through Whatman No. 42 filter paper, and made
up to precisely 50 ml with distilled water.

Stable isotope analysis was performed at the God-
win Laboratory for Palacoclimate Research, Depart-
ment of Earth Sciences, University of Cambridge. Sam-
ples were analysed for '*0/'°0 and 3C/'2C of carbonates
using either a Micromass Multicarb Sample Preparation
System attached to a VG SIRA Mass Spectrometer
(prefix S) or a Thermo Electron Kiel Preparation De-
vice attached to a MAT 253 Mass Spectrometer (prefix
K). Each run of 30 samples was accompanied by ten
reference carbonates and two control samples. The re-
sults are reported as %o values with reference to the
VPDB and the precision was better than +/—0.06 per mil
for 8'3C and +/~0.06 per mil for 3'%0.

Contouring in Text-figs 11-16 was carried out
manually based on the actual and model chemical
data (Tables 3, 4) for Units A and B using the precise
positions in the horizontal section of the Chalk from
which the samples came (Text-fig. 5). The orientation
of the contour and the intervals between them were
chosen to express best the vertical and lateral variations
in values without regard to preconceived assumptions
such as, for example, they might be expected to par-
allel the general direction of bedding or to reflect the
arrangement of chalk lithofacies. The robustness of the
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Text-fig. 5. Horizontal section through the upper part of the Ferriby Formation and the lower part of the Welton Formation in eastern England showing the position

of samples in units A and B that were chemically analysed. Further details of the samples from the Louth Member at Speeton and their stratigraphic relations to other

samples that have been investigated in this study as well as by Jeans et al. (2012) and Hu et al. (2014) are shown in Text-fig. 7
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Text-fig. 6. The cliff section at Samphire Hoe, Dover, UK, showing the chalk of the upper part of the Louth Member (Zig Zag Chalk Formation), the Plenus Marls, and
part of the overlying Holywell Nodular Chalk Formation

regional patterns of contours is variable. It is strongest
in the southern and central regions where the dis-
tance between sampling locations averages about
10 km. It is the weakest in the 30 km and 60 km gaps
between, respectively, southern Lincolnshire and cen-
tral and northern Lincolnshire and northern Lin-
colnshire and East Yorkshire (Flixton/Speeton). Sam-
ple intervals (Text-fig. 5) were chosen to investigate
general trends as well as lithological variations; they
varied from about a metre at the maximum to less than
10 cm.

CEMENT MODELLING

The basis of our modelling is that the upper part of
the Louth Member at Dover is (1) of the same strati-
graphic age (Calycoceras guerangeri ammonite
Zone), (2) essentially unhardened and has been little
affected by calcite cementation or pressure dissolu-
tion, and (3) it represents the upper part of the Louth
Member in eastern England in its primary lithofa-
cies, chemical composition and degree of compaction
prior to its hardening. There are some conspicuous dif-

ferences between eastern England and southern Eng-
land but these are of post-depositional origin and not
of primary lithofacies. In eastern England there are
thin marl seams of post-depositional origin that may
be parallel to the general direction of bedding or at a
considerable angle to it. For example, in the sea cliffs
at Speeton such secondary marl seams are well de-
veloped and in any one location divide the sequence
into a number of beds (Text-fig. 7). Laterally indi-
vidual marl seams can be traced for only tens or a few
hundreds of metres before they die out and thus the
pattern of beds is always changing along the cliff sec-
tion. Their lithological investigation (Jeans 1980, pp.
89-96) and their patterns of stable isotopes (Jeans et
al. 2012, table 4; Hu et al. 2014, table 4) indicate that
they were formed by pressure dissolution during late
diagenesis. There are some conspicuous differences
between eastern and southern England in the presence
or absence of diagenetic iron sulphides or red
hematitic pigments. The Louth Member in eastern
England may contain red and pink units of chalk
(Text-fig. 3) where they have not been affected by
late-stage diagenetic sulphidization, whereas in south-
ern England there is no evidence of this colouration
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but pyrite is widespread. These differences have lit-
tle effect on the modelling as we are only concerned
with the geochemistry of the calcite fraction and these
processes have played at the most a minor role in af-
fecting the geochemistry of the bulk calcite.

The following questions are important in the in-
vestigation of the process of hardening and the asso-
ciated increase in bulk specific gravity of the chalk.
Has it been caused by pressure dissolution in (1) an es-
sentially closed system where the dissolved bioclastic
calcite is reprecipitated in the adjacent pore space, or
(2) by pressure dissolution in an open system where the
dissolved CaCOs is lost in the escaping pore waters
and the hardening is the result of a more intimate in-
terlocking of the grains and possibly grain crushing?
Or has it been caused by the precipitation of calcite ce-
ments perhaps similar to those associated with early
lithification (Hu et al. 2012)?

Two terms used in the modelling need clarification.
Pore-space loss (PSL) refers to the loss of pore space
that is calculated from the difference in bulk specific

gravity (SG) between the Standard Louth Chalk and
the actual sample of hard chalk. Model cement is the
term used when the pore-space loss is the result of the
precipitation of a calcite cement. The percentage by
volume of any pore-space loss or model cement and
its geochemistry (referred to as cement modelling in
this paper) in the hard chalk of Units A and B has been
calculated by assuming that prior to hardening the
chalk had similar values of bulk specific gravity,
CaCOj; content, trace elements and stable isotopes to
the Standard Louth Chalk, which is based on the av-
erage of eight samples (Table 1) from the Louth Mem-
ber at Dover. An example of this modelling is shown
in Text-fig. 10.

The range of primary chalk lithofacies in the hard
chalks of Unit B is much greater than in Unit A. There
are no stratigraphical equivalents of similar but unce-
mented lithologies to act as models for comparison. At
Dover, the equivalent strata form part of the Holywell
Nodular Chalk Formation (Text-fig. 4), which displays
abundant evidence of early lithification. The cement

:
1+(74) RS

Text-fig. 7. The Louth Member of the Ferriby Formation exposed at Prentice Cove, Buckton Cliffs, Speeton, Yorkshire. This shows the position of samples investi-
gated in this study, in Jeans et al. (2012, table 6) and in Hu et al. (2014, table 4). Text-fig. 7A shows the upper part of the Louth Member where Unit A extends down
to just below sample R10 and is characterised by a laterally variable sequence of alternating beds of hard homogeneous chalk and marl seams of secondary origin. This

passes gradually downwards into interbedded homogeneous and nodular chalks with intervening marl seams which are seen in Text-fig. 7B. The bed numbers
(1+(98) etc.) refer to the locations of the thin sections illustrated in Text-fig. 8
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modelling in Unit B is less satisfactory as we had to
base it upon the Standard Louth Chalk. This has
sometimes led to a model cement with a negative
value of a particular trace element, particularly with Sr,
to some extent with Mg, and very occasionally with Fe
and Mn. Such values are clearly not realistic for actual
cement. Understanding the reasons for these negative
values is best done by considering the example of the
Sr contents in 5 samples from Unit B. Table 2 shows
the pertinent details of these samples. They are as-
sumed to have started off their history as Standard
Louth Chalk with no cement, a bulk specific gravity
of 1.64, and a concentration of Sr (calcite) of 550 ppm.
They are arranged in order of the calculated model Sr
contents of their cement with values ranging from 31
ppm to -186 ppm. Their bulk specific gravities vary
from 1.98 to 2.44 and the pore-space loss (assumed ce-
ment volume) from 12.5 to 29.5 vol. %. The Sr content
of the bulk calcite of the actual samples varies from 329
to 400 ppm, in all cases less than the 550 ppm value of
the Standard Louth Chalk. In order to modify the
chemistry of a sample made from Standard Louth
Chalk and the additional calcite cement — that is the
present hard chalk — to its actual measured value, it is
necessary to reduce the Sr concentration in the cement
so that their joint average value is the actual value. For
four samples in Table 2 even a model calcite cement

with no Sr is insufficient to do this; in these circum-
stances, in order to achieve the actual value, it is nec-
essary to reduce further the average value by subtract-
ing Sr from the system thus giving the model cement
a negative value to bring the modelling back into line
with the actual values. The actual negative value will
depend upon both the amount of calcite cement and the
actual Sr value of the hard chalk sample under consid-
eration. The significance of negative model values
are three fold: either (1) the Standard Louth Chalk is
not similar in its chemistry and porosity to the chalk that
gave rise to the negative values, or (2) there has been
a selected loss of Sr from one or more of the compo-
nents of the sediment and its removal from the sediment
system during diagenesis, or (3) a combination of (1)
and (2). Consideration of these patterns of negative val-
ues has provided an additional and important insight
into the factors that may control the hardening of the
Chalk and affect the chemistry of any cement involved.

RESULTS

The bulk specific gravities, trace element and sta-
ble isotope composition in the bulk calcite of the chalk
samples and their model cement is shown in Tables 3
and 4.

Sample No. CaCOs wt% SG Fe (calcite) ppm [ Mn (calcite)ppm| Mg (calcite) ppm| Sr (calcite) ppm | §"°0y.r0s %o | 6°Cyrns %o
KR130 95.7 1.54 235 326 1045 531 -2.83 2.77
KR131 95.7 na 235 256 1169 530 -2.76 2.63
KR126 92.9 na 274 329 1169 545 -2.48 2.70
KR132 93.2 1.57 267 325 1170 592 -2.75 2.67
KR133 91.9 na 280 333 1370 602 -3.34 2.56
KR134 93.8 1.59 260 309 1654 574 -3.09 2.66
KR118 94.0 1.75 261 420 1453 466 -3.13 2.41
KR117 88.8 1.75 237 353 1466 547 -2.31 2.57
range 89-96 1.54-1.75 235-280 256-420 1045-1654 530-602 -2.31t0-3.34] 2.41-2.77
average 93 1.64 256 331 1312 548 -2.84 2.62

na - data not available

Table 1. CaCO3 contents, bulk specific gravity, acid insoluble residues, trace element concentration and stable isotope values in the bulk calcite of 8 samples from the
Louth Member (sensu Jeans et al. 2012) at Dover, Kent, used to establish the Standard Louth Chalk for modelling

sample location bulk specific actual Sr P-SL/cement model cement
gravity (SG) conc. vol.% Sr ppm
LR345 Elsham 2.32 380 25.1 31
LR140 Caistor 2.44 366 29.5 -2
LR360 S.Thoresby 2.16 392 19.2 -42
LR350 Elsham 2.27 329 23.2 -157
LR343 Elsham 1.98 400 12.5 -186
P-SL:  Pore-S pace Loss

Table 2. Bulk specific gravity, Sr (calcite) of the bulk chalk, volume of pore space loss or cement, model Sr (calcite) of the cement in 5 samples from Unit B,

Welton Formation, eastern England

Text-fig. 8. Micrographs of thin sections illustrating the lithofacies of the Louth Member at Speeton , Yorkshire. (A) — Planktonic foraminifera and calcispheres in a

fine-grained chalk matrix, Bed 1+(98), Unit A. (B) — Fine-grained chalk with occasional planktonic foraminifera and rare calcispheres, Bed 1+(90), Unit A. (C)— Fine-

grained chalk with planktonic foraminifera, Bed 1+(80), lower part of Louth Member. (D) — Fine-grained chalk with planktonic foraminifera and rare calcispheres,
Bed 1+(74), lower part of Louth Member
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Comparison with Standard Louth Chalk

Average values in Unit A for different localities
(Table 3) may differ markedly from the Standard
Louth Chalk (Table 1). Bulk specific gravity is higher
(2.11-2.24 cf. 1.64), CaCO; contents are generally
higher (92-98% cf. 93%), Fe is higher (348—832 ppm
cf. 256 ppm), Mn is usually higher (323—771 ppm cf.
331 ppm), Mg is similar (1219-1559 ppm cf. 1303
ppm), Sr is usually lower (445-574 ppm cf. 548 ppm),
Oxygen isotope values are generally lower (-2.50

Average chalk
Louth Member, Dover

Sample R11
Louth Member, Speeton

pore space
pore space
cement
AIR AIR
bioclastic bioclastic
calcite calcite
1.64 specific gravity 2.26
395 porosity vol. % 16.3
932 CaCO; wt. % 905
56.6 Ca CO; vol. % 75.8
6.8 AIR wt. % 9.5
41 AIR vol. % 79
255 Fe (calcite) ppm 489
330 Mn (calcite) ppm 575
1312 Mg (calcite) ppm 1835
550 Sr (calcite) ppm 637
-2.84 6" O (calcite) %o -4.37
262 8" C (calcite) %o 3.05
Model cement
cement vol. % 19.1
Fe (calcite) ppm 1183
Mn (calcite) ppm 1301
Mg (calcite) ppm 3385
Sr (calcite) ppm 895
8" O (calcite) %o -8.91
8" C (calcite) %o 4.33

Text-fig. 10. An example of cement modelling by comparing the trace element

concentration, stable isotope values, CaCO3 content and bulk specific gravity

of a sample of hard chalk (R11) from Unit A at Speeton with the average chalk

(Standard Louth Chalk) based on the average values of 8 samples from the
Louth Member (Zigzag Chalk Formation) at Dover (Table 1)

to -4.50%o cf. -2.84%o), and carbon isotope values tend
to be a little higher 2.60—3.18%o cf. 2.6%o).

Average values for Unit B (Table 4) also differ
markedly from the Standard Louth Chalk (Tablel).
Bulk specific gravity is higher (2.21-2.34 cf. 1.64),
CaCOj; contents are higher (95-98% cf. 94%), Fe is
usually higher (197-672 ppm cf. 256 ppm), Mn is
higher (323-503 ppm cf. 331 ppm), Mg is usually
higher (1165-3608 ppm cf. 1312 ppm) and Sr is nearly
always lower (342-550 ppm cf. 548 ppm). Oxygen
isotope values are lower (-3.72 to -4.56%o cf. -2.84%o).
Carbon isotope values are higher (2.85-3.32%o cf.
2.6%o).

Regional trends in eastern England

The regional patterns in the concentration of trace el-
ements and stable isotopes in the bulk chalk calcite are
shown in Text-figs 11A (Fe), 12A (Mn), 13A (Mg),
14A (Sr), 15A (**0/'°0) and 16A ('3C/"?C). The patterns
for Units A and B are very largely independent of each
other and are not continuous across the Variegated Beds.
In each of the two units the contours of concentration are
usually at a high angle to the general direction of bed-
ding as defined by the base of the Variegated Beds or the
primary marl seams. The only exception is the Mn pat-
tern (Text-fig. 12A), where there is broad correlation be-
tween the bedding direction and the variations in con-
centration. The regional trends in average values are
discussed below.

Unit A: Bulk specific gravities (Table 3) at Welton,
South Thoresby, Tetford and Elsham range from 2.11
to 2.17, whereas at Caistor, South Ferriby and Speeton
they are higher, ranging from 2.21 to 2.24. The Fe con-
tent of the bulk calcite (Table 3; Text-fig. 11A) in-
creases from south Lincolnshire (350—460 ppm) to
the north of the county (614-832) and then decreases
to the north at Speeton (564 ppm), values are excep-
tionally low (350-380 ppm) where the Upper Pink
Band has not been sulphidized (South Thoresby, Tet-
ford). The Mn content of the bulk calcite (Table 3;
Text-fig. 12A) displays particularly low values at
South Thoresby (320 ppm) and high values at Speeton
(1063 ppm). The Mg content of the bulk calcite (Table
3; Text-fig. 13A) averages 1366 ppm for eastern Eng-
land with somewhat enhanced values at Caistor (1507
ppm) and Speeton (1559 ppm). The Sr content (Table
3; Text-fig. 14A) averages 522 ppm, values from Wel-

Text-fig. 9. Micrographs of thin section illustrating the lithofacies of Unit B. (A) — Planktonic foraminifera and abundant calcispheres in a fine-grained chalk matrix.

LR353, Elsham. (B) — Compacted fragment of an inoceramid bivalve in a chalk very rich in calcispheres. LR348, Elsham. (C) — Chalk rich in inoceramid bivalve

prisms, foraminifera and calcispheres. LR319, Flixton. (D) — Chalk rich in inoceramid bivalve prisms. LR372, Tetford
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ton, South Thoresby and Tetford are between 445 and
488 ppm, whereas the more northerly locations (Cais-
tor, Elsham, South Ferriby and Speeton) have average
values between 518 and 574 ppm. Oxygen isotope val-
ues (Table 3; Text-fig. 15A) become lower from the
south to the north (-3.30%o to -4.50%o): Carbon isotope
values (Table 3; Text-fig. 16 A) show no obvious re-
gional variation, although Caistor and South Ferriby
and Speeton have somewhat higher values ranging
from 4.03 to 4.07%o.

Unit B: Bulk specific gravities (Table 4) are gener-
ally higher (2.31-2.34) in the northern locations (Cais-
tor, South Ferriby, Flixton) than in the southern ones
(2.21-2.29) although Elsham (2.24) belongs to the
southern group. The Fe content of the bulk calcite
(Table 4; Text-fig. 11A) shows appreciably lower val-
ues at Tetford (353 ppm) and Flixton (197 ppm)
within a south to north trend of increasing values
(487 to 672 ppm). The Mn content of the bulk calcite
(Table 4; Text-fig. 12A) varies between 399 and 503
ppm showing no regional trend. The Mg content of the
bulk calcite (Table 4; Text-fig. 13A) displays en-
hanced values in the southern part of the region rang-
ing from 1539 to 1608 ppm compared to 1165 to
1399 at Elsham, South Ferriby and Flixton. The Sr
content of the bulk calcite (Table 4; Text-fig. 14A)
tends to have higher average values (389—550 ppm) in
the north than in the south (342-369 ppm). Oxygen
isotope values (Table 4; Text-fig. 15A) display no
particular regional trend, whereas carbon isotope val-
ues (Table 4: Text-fig. 16A) show a south to north
trend of increasingly higher values from 2.85%o at
Welton to ~ 3.30%o in the north.

Geochemical patterns in model cement

The regional patterns displayed by the trace ele-
ment and stable isotope values for the model cement
(Tables 3, 4) are discussed below.

Fe Pattern (Text-fig. 11B)

Unit A: Model Fe values range from 700 to 2500 ppm.
The contoured pattern of regional variation bears no
correlation to the overall bedding direction. High values
(1400-2500 ppm) are restricted to the northern localities
(Caistor, Elsham, South Ferriby, Speeton) whereas lower
values (450-1300 ppm) are dominant in the south and
these are responsible for the complex pattern of contours
centred on South Thoresby. The lowest model Fe values
(400-980 ppm) occur at Tetford and South Thoresby in
chalk where the Upper Pink Band is preserved.

Unit B: Model Fe values range from -100 to 2380 ppm.
The contoured pattern of regional variation consists of
two components. At Flixton, the contours representing
the rapidly changing values from -100 to 310 ppm may
be part of a pattern parallel to the direction of bedding
and reflect lithofacies changes. The pattern in Lin-
colnshire (South Ferriby to Welton) is broad, generally
cross-cutting the stratigraphy with lower values in the
south (e.g. Tetford). There is an exceptional negative
value (-59 ppm, sample LR372) at Tetford in chalk
generally characterized by values of 370450 ppm. At
South Ferriby and Elsham there is a thin zone of par-
ticularly high Fe content (> 2000 ppm) which includes
the Green Trace Bed and is parallel to the general bed-
ding direction. A stratigraphical upwards decrease in
model Fe values occurs in Unit B at South Ferriby,
Elsham, Caistor, Tetford and Welton.

Mn Pattern (Text-fig. 12B)

Unit A: Model Mn values range from 203 to 3618
ppm. Two main features dominate the contoured pattern
of variation. There is a conspicuous zone of high val-
ues (>2000 ppm) in the lower part of the sequence that
extends from Speeton to Welton. At South Thoresby, ex-
ceptional low values (203—271 ppm) result in closely
spaced contours that are reflected in the upper part of the
Louth Member as far north as South Ferriby and be-
yond; it also affects the high Mn zone at South Thoresby.

Unit B: Model Mn values range from 260 to 1580
ppm, there is a unique negative value (-73 ppm) from
sample LR343 (Green Trace Bed, Elsham). The con-
toured pattern of variation is subparallel to the stratig-
raphy although locally it cuts across it; for example, at
Elsham relatively low Mn values in the lower part of the
sequence result in cross-cutting contours. The section
between the top of the Variegated Beds and the base of
the Green Trace Bed displays an overall N-S decrease
in values from 1016—1579 ppm at Flixton to 589-1191
at Tetford, South Thoresby and Welton. Each section
displays an up-sequence decrease of Mn values. The pat-
tern at Flixton is somewhat different because the up-
permost part of the sequence displays distinct oscilla-
tions between higher (>600 ppm) and lower values
(<600 ppm).

Mg Pattern (Text-fig. 13B)

Unit A: Model Mg values range from 636 to 3345
ppm. The contoured pattern of regional variation bears
no correlation to the overall bedding direction. High
Mg values are restricted to Speeton (>3000 ppm) and
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Calcite trace elements, stable isotopes and model cements in Unit A, Louth Member (Ferriby Formation), eastern England

Sample No. I CaCOs wt% I SG | Fe (calcite) ppm | model I Mn (calcite) ppm model | Mg (calcite) ppm model Sr (calcite) ppm | model I 3" Oy ppn %o model I 8" Cyppp %o model I
WELTON
LR392 99 2.24 491 1015 420 620 1352 1441 457 250 -3.24 -4.13 2.94 3.65
LR391 99 2.14 483 175 375 492 1394 1607 41 216 -3.17 -4.03 3.03 4.09
LR382 97 2.17 455 986 350 403 1422 1714 449 181 -3.27 -4.41 2.96 3.86
LR383 98 2.14 445 957 340 147 1399 1634 445 162 -3.18 -4.10 2.94 321
LR384 97 2.18 444 938 334 344 1353 1460 461 228 -3.17 -4.03 291 3.67
LR385 98 2.06 455 1080 371 499 1303 1275 473 233 -3.30 -4.74 2.89 3.05
LR386 97 2.09 467 1118 440 782 1258 1092 483 277 -3.29 -4.67 299 4.13
LR387 95 2.03 370 810 418 755 1172 636 482 222 -3.24 -4.71 2.86 3.78
LR388 98 2.06 471 1146 778 2178 1247 1044 518 418 -3.30 -4.74 2.79 3.32
LR389 96 2.03 467 1240 695 2025 1146 541 548 541 -3.45 -5.67 2.84 3.64
LR390 97 2.04 488 1281 1027 3398 1160 643 580 682 -3.74 -6.80 2.84 3.59
range 95~99 2.03~2.24 370~491 810~1281 334~1027 147~3398 1146~1422 541~1714 445~580 162~682 -3.74 to -3.17 -6.80 to -4.03 2.79~3.03 3.05~4.13
average 97 2.11 458 977 504 1058 1291 1190 449 310 -3.30 -4.74 2.91 3.64
SOUTH THORESBY
LR354 99 2.28 389 671 311 271 1513 1935 428 172 -3.54 -5.01 2.93 3.58
LR355 99 na 356 594 309 260 1400 1607 435 164 -3.62 -5.46 292 3.63
LR356 98 222 376 653 304 245 1428 1693 433 172 -3.52 -5.08 2.88 2.83
LR357 97 2.11 324 622 298 203 1316 1328 472 242 -3.41 -5.09 298 4.04
LR358 99 2.07 293 405 391 570 1159 709 459 191 -3.42 -5.13 2.75 3.13
range 97~99 2.07~2.28 293~389 405~671 298~391 203~570 1159~1513 709~1935 428~472 164~242 -3.62 to -3.41 -5.46 to -5.01 2.75~2.98 2.83~4.04
average 98 2.17 348 589 323 310 1363 1454 445 188 -3.50 -5.08 2.89 3.44
TETFORD
LR376 99 223 313 444 336 350 1318 1332 426 147 -3.86 -6.16 2.01 0.64
LR377 98 2.17 384 714 343 376 1412 1668 463 240 -3.83 -6.37 2.61 2.58
LR378 98 2.14 353 617 319 289 1404 1652 428 99 -3.51 -5.32 2.25 1.25
LR379 97 2.06 410 915 494 129 1409 1725 462 175 -3.42 -5.31 3.00 3.52
LR380 96 2.09 392 831 800 2307 1316 1329 501 344 -3.56 -5.87 2.78 3.29
LR381 96 2.05 416 977 843 2631 1182 729 563 608 -3.66 -6.52 2.95 4.10
range 96~99 2.05~2.23 313~416 444~977 319~843 129~2631 1182~1412 729~1725 426~563 99~608 -3.86 to -3.42 -6.52t0-5.31 2.01~3.00 0.64~4.10
average 97 2.12 378 750 523 1014 1340 1406 474 269 -3.64 -5.93 2.60 2.56
CAISTOR
LR400 96 2.19 600 1513 487 902 1569 2245 588 689 -3.83 -6.45 3.14 4.52
LR401 98 224 579 1323 471 795 1493 1909 552 557 -3.44 -4.82 3.10 4.20
LR402 100 2.23 621 1420 512 909 1533 2015 537 509 -3.71 -5.01 3.08 3.60
LR403 98 2.19 636 1580 515 974 1562 2182 555 567 -3.60 -5.48 3.00 3.94
LR404 97 22 635 1604 529 1036 1380 1553 618 791 - - - -
range 96~100 2.19~2.24 579~636 1323~1604 471~529 795~1036 1380~1568 1553~2245 537~618 509~791 -3.44t0-3.83 -6.45 to - 4.82 3.00~3.14 3.60~4.52
average 98 2.21 614 1488 503 923 1507 1981 570 623 -3.65 -5.44 3.08 4.07
ELSHAM
LR342 99 231 755 1764 439 659 1268 1179 514 441 -4.01 -6.67 222 1.41
LR341 99 2.16 773 2084 463 800 1329 1372 519 441 -3.66 -5,.74 2.83 3.36
LR340 100 2.09 642 1697 483 900 1242 1051 490 326 -3.66 -5.90 2.78 322
LR339a 94 2.04 639 2152 509 1214 1157 546 515 377 -3.62 -6.69 2.85 3.76
LR338a 96 2.07 733 2329 670 1805 1154 626 523 433 -3.71 -6.62 2.89 3.79
LR337a 96 2.05 756 2502 1063 3618 1168 544 523 -3.75 -6.92 2.82 3.52
range 94~100 2.04~2.31 639~773 1697~2502 439~1063 659~3618 1154~1329 546~1372 490~544 326~441 -4.01 to -3.62 -6.92 to -5.74 2.22~2.89 1.41~3.79
average 97 2.12 716 2088 605 1499 1220 955 518 424 -3.74 -6.42 2.73 3.18
SOUTH FERRIBY
LR334 97 2.28 792 1996 436 674 1277 1199 514 433 -4.20 -7.25 3.11 4.21
LR335 98 2.26 874 2255 457 740 1366 1486 547 540 -4.16 -7.11 3.12 4.24
LR336 96 2.17 830 2417 559 1191 1277 1180 512 407 -4.11 -7.62 2.98 3.97
range 96~98 2.17~2.28 792~874 1996~2417 436~559 674~1191 1277~1366 1180~1486 512~547 407~540 -4.20 to -4.11 -7.62 to -7.11 2.98~3.12 3.97~4.24
average 97 2.24 832 2223 484 868 1307 1288 524 460 -4.16 -7.33 3.07 4.14
SPEETON
R11 91 2.26 489 1183 575 1301 1835 3385 637 895 -4.37 -8.91 3.05 4.33
R12 90 2.24 503 1277 574 1336 1805 3344 626 1146 -4.3 -8.86 2.99 4.15
R13 90 2.19 545 1564 548 1314 1726 3181 668 1083 -4.35 -9.66 2.95 4.11
R4 92 2.24 520 1283 779 1121 1324 1359 445 143 -4.6 -9.67 3.02 4.17
R3 99 2.27 588 1297 850 1958 1275 1196 430 174 -4.69 -8.63 2.94 3.62
R2 92 2.25 590 1538 1159 3504 1199 879 512 404 -4.75 -10.15 2.92 3.77
R10 88 2.22 710 2377 910 3058 1748 3345 702 1259 -4.58 -7.92 2.93 4.07
range 88-99 2.19-2.27 489-710 1183-2377 548-1159 1121-3504 1199-1835 879-3385 512-702 143-1259 -4.3 t0"-4.75 -7.92 to -10.15 2.92-3.05 3.62-4.33
average 92 224 564 1503 771 1942 1559 2384 574 715 -4.52 -9.11 297 4.03

Table 3. CaCOj; contents, bulk specific gravity, acid insoluble residues, trace element concentration and stable isotope values in the bulk calcite and the model trace element and stable isotope values for samples from Unit A, Ferriby Formation, eastern England
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Table 4. CaCO; contents, bulk specific gravity, acid insoluble residues, trace element concentration and stable isotope values in the bulk calcite and the model trace element and stable isotope values for samples from Unit B, Welton Formation, eastern England
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Text-fig. 11. Horizontal sections of Units A and B in eastern England showing the contoured
pattern of variation in the Fe content of (A) the bulk calcite and (B) the model cement
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Caistor (>2000 ppm). Low values (<2000 ppm) occur
at South Ferriby, Elsham, Tetford, South Thoresby
and Welton.

Unit B: Model Mg values range from -2450 to 3018
ppm. The contoured pattern of regional variation bears
little obvious correlation to the overall bedding direction.
At Flixton between the base of the section and the
Green Trace Bed Mg values are very negative (-780 to
-2450 ppm). At this level negative values occur also at
South Ferriby (-91 ppm) and Elsham (-533 ppm) but
these are replaced by positive values at Caistor (1008—
1784 ppm), Tetford (1540 ppm), South Thoresby (996
ppm) and Welton (1158 ppm). At Flixton there is an up-
sequence decrease in the model Mg value in the chalk
above the Green Trace Bed that may suggest strati-
graphical control. Dominating the sections at Welton,
South Thoresby and Tetford and extending to Elsham is
an extensive chalk body with high Mg values (>2000
ppm) defined by the 2000 ppm contour. Its upper and
lower limits are approximately parallel to the overall
bedding direction. Lithologically it is dominated by
chalk rich in Inoceramid fragments and calcispheres
(Text-fig. 5).

Sr Pattern (Text-fig.14B)

Unit A: Model Sr values range from 99 to 1260 ppm.
The contoured pattern of regional variation bears no
correlation to the overall bedding direction. The pat-
tern is dominated by two chalk bodies of low Sr ce-
ment — a northern one defined by the 500 ppm con-
tour, this stretches from Speeton with the lowest Sr
values (143—174 ppm) to South Ferriby and Elsham;
a southern one defined by the 300 ppm contour that in-
cludes most of the sections at Tetford with the lowest
value (99 ppm), South Thoresby and Welton.

Unit B: Model Sr values range from -484 to 1768 ppm.
The contoured pattern of regional variation (Text-fig.
14B) is dominated by an extensive chalk body with neg-
ative values, defined by the 0 ppm contour. This includes
all or most of the sections at Welton, South Thoresby
and Tetford. The chalk body stretches northwards as far
as South Ferriby, where it is represented by a single sam-
ple (Table 4, LR330, Sr-11 ppm). Small outliers of this
zone of negative Sr values occur at Caistor, Elsham and
South Ferriby. At Flixton there is an upward decrease in
Sr contents; values are particularly high between the
base of the section and the Green Trace Bed, ranging be-
tween 1117 and 1768 ppm. The cement of the Green
Trace Bed has values of 430 to 480 ppm, and the over-
lying chalk has a Sr content ranging from 158 to 299

ppm. The high Sr cement near the base of the sections
at Caistor (558 ppm) and Welton (226 ppm) may be lo-
cal representatives of the high Sr zone at Flixton. There
is a marked increase in Sr contents at the top of section
at South Ferriby and Elsham with values going from be-
low 100 ppm to 300 ppm.

080 Pattern (Text-fig. 15B)

Unit A: Model 60 values range from -4%o to -10%o ,
with the more positive values dominating at Welton
and the more negative values at Speeton. The pattern of
variation is unrelated to bedding with contours often in-
tersecting the base of the Variegated Beds at steep an-
gles. The pattern suggests gradually laterally-increas-
ingly high 8'*0 values from north to south through the
chalk.

Unit B: Model 680 values range from -2.92%o to -
21.74%0. The overall pattern of variation can be con-
sidered to consist of two components, one parallel or
subparallel to the primary marl seams, the other is at a
high angle to the general bedding. Particularly pro-
nounced are the isotopically light values and lateral
variation in the chalk between the top of the Variegated
Beds and the base of the Green Trace Bed. At Flixton,
these range from -12 to -22%.. They display increasingly
less negative values to the south, -9 to -10%o at South
Ferriby, Elsham and Caistor, and -8 to -9%o at Tetford,
South Thoresby and Welton. The more massive chalks
overlying the Green Trace Bed display a different re-
gional pattern. At Flixton values range from -3.3%o to -
5.7%o; these become lower when traced southwards, at
South Ferriby values range from -6.7 to -8.4%o, at Cais-
tor, Tetford and Welton values generally range from -5.4
to -7.8%o with a single sample at Tetford having a value
0f-2.92%o . Values at Elsham are relatively high, rang-
ing from -3.6%o to -4.3%eo.

083C Pattern (Text-fig. 16B)

Unit A: Model 8"3C values range from 1.41 to
4.52%o. There is a general decrease in values from
Speeton to Caistor, with the 4%o contour intersecting
the base of the Welton Formation between Caistor
and Tetford. South of this, at Tetford and South
Thoresby, values are generally lower and much more
variable (0.64—4.1%o), resulting in a complex of con-
tours. This gives way between South Thoresby and
Welton to a simpler pattern dominated by 3.0—4.0%o
values. An exceptional low value (1.41%o) at the top
of the sequence at Elsham results in a local nest of
contours.
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Unit B: Model values range from 2.23 (Tetford) to
7.06%o (Flixton). There is a general southward decrease
in values. Two subsidiary patterns are recognised: (1) the
chalks below the Green Trace Bed tend to have the
highest values of 6"*C which decrease from north to
south, and (2) the chalk above the Green Trace Bed dis-
plays a gradual replacement of the high "*C values (
>4%0) of Flixton and South Ferriby with values of
<3%o in the more southern locations. Contours tend to
be subparallel to the stratigraphical framework although
between Tetford and Welton, rapid changes in values re-
sult in a complex pattern.

DETAILED INTERPRETATION

The general occurrence of relatively high model
trace element values in Unit A compared to the bulk
values leaves little doubt that the pore-space loss is due
to the precipitation of a cement often with higher trace
element values than the bulk hard chalk — and not to
the loss of porosity by the improved packing of the
original grains as a result of their pressure dissolution
or crushing. The pattern of model stable isotope values
provides additional support. The oxygen isotope values
(-4.03 to -10.15%0) indicate increasing temperatures
well above the average for the soft Standard Louth
Chalk (-2.84%o). The range of model carbon isotope
values is similar to those reported by Hu et al. (2012)
from calcite cements precipitated from the early to the
late stages of Chalk diagenesis in eastern England.

The more complicated patterns of model trace el-
ement and stable isotope values in Unit B shows the
same fundamental differences when compared to the
actual values of the hard chalk. This suggests that the
pore-space loss is again due to a cement with isotope
values that indicate its precipitation over a range of
temperatures and at stages of diagenesis comparable to
those described by Hu et al. (2012). The explanation
of the negative values of the model trace elements in
Unit B is dealt with later.

Unit A

The convoluted pattern of contours displayed by
the trace element and stable isotope values (Text-figs
11B to 16B ) of the model cement show little or no re-
lationship to the regional bedding as defined by the
base of the Variegated Beds. This suggests that the pre-
cipitation of cement took place from pore fluids that
were circulating within Unit A in the uppermost part of
the Louth Member as has been suggested by Hu ef al.
(2012, text-fig. 26).

Model trace elements: The general correlation in the
southern part of Lincolnshire between the preservation
of the Upper Pink Band at Tetford and South Thoresby
and the low values of Fe and Mn in the model cement
(Text-fig. 17) suggests that the regional sulphidization
and dissolution of the red pigment provided part or all
of the Fe and Mn that was incorporated in the model ce-
ment during the final period of precipitation. At Tetford,
South Thoresby and Welton the Sr and Mg contents of
the model cement show antipathetic relations (Text-fig.
17) — a similar antipathetic relationship is present in Unit
B where it is more extensive with better development,
and its interpretation will be dealt with later.

A direct indication of the trace element geochemistry
and the sequence of cements responsible for the hard-
ening is provided by the description by Hu ef al. (2012)
of the calcite filling the vug within the body cavity of
Terebratulid T11 from Unit A at Speeton (Text-fig 18).
Three growth zones are recognised, the earliest (zone A;
only observed but not analysed) is very thin and irreg-
ularly developed, consisting of minute non-luminescing
crystals probably of a Mg-rich calcite that line the inte-
rior of the shell. The later zones, B and C, are charac-
terised by a chaotic and complex pattern of trace ele-
ments that Hu et. al. (2012) suggest is the influence of
continually changing pore fluids of different composi-
tions. The Fe and Mn contents of the later part of Zone
C are enhanced and may represent the last phase of the
cement that caused the hardening of the chalk in Units
A and B. We are suggesting that this is related to the lo-
cal mobilisation by sulphidization of Fe and Mn occur-
ring as fine-grained oxides responsible for the colouring
of the Upper Pink Band in the chalk. Such calcite ce-
mentation under anoxic condition is associated with
negative 8"°C values (Hu et al. 2012) but available sta-
ble isotope data are insufficient to establish whether this
is present in brachiopod T11.

Model stable isotopes: The 680 values (-4.0%o to -
10.2%o) of the model cement are always negative and
are comparable to the values (-4.7%o to -11.6%o) re-
ported by Hu et al. (2012) in the cement inside bra-
chiopods from eastern England. These authors argued
that the range of values reflected increased temperature
(30 to 75°C) during cementation within marine pore
fluid with little or no influence from meteoric water.
The regional north to south trend (-10%o to -4%o) in
model values may be related to decreasing average
temperature of cement precipitation from 70 to
33/34°C. The 8'*C values of the model cement are al-
ways positive as is typical of suboxic cementation al-
though they display a wider range of values (up to
6.9%o0) compared to those found by Hu et al. (2012: up



www.czasopisma.pan.pl Pg iN www.journals.pan.pl

POLSKA AKADEMLA NAUK

441

PETROLOGY OF UPPER CRETACEOUS CHALK OF EASTERN ENGLAND

to 3.6%). There is a regional north to south decrease in
average 8'3C value that could be related to a greater
contribution from anoxic cementation associated with
regional facies variation. This has not been recognised
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in the field although there are nests of contours associ-
ated with low 8'*C values (down to 0.6%) at Elsham
and Tetford that could be related to patches of localised
anoxic cementation.
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Text-fig. 17. Comparison of the variation in the model values of Fe, Mn, Mg, Sr and §'®0 in Unit A between Caistor and Welton showing the general regional association
of higher values of Fe and Mg with low values of Mn and Sr



www.czasopisma.pan.pl w www.journals.pan.pl

I

POLSKA AKADEMIA NAUK

442

CHRISTOPHER V. JEANS ET AL.

35004

30004

Shell

25004

20004

15004

Trace Element Content /ppm

10004

500+

1A A

T11

20 30

Point number

Text-fig. 18. Trace element concentrations arranged along the direction of crystal growth for zones B and C in terebratulid T11 from Unit A, Louth Member, Ferriby
Formation, Speeton (Text-fig.13 of Hu ez al. 2012)

The model stable isotope values are comparable in
their general range to those reported by Hu et al. (2012)
from the cement-filled cavities inside brachiopods from
Speeton and Hunstanton. An indication of the changing
isotopic values of the cement responsible for the hard-
ening is provided by Terebratulid T11 from Unit A at
Speeton (Hu et al. 2012, Table 3). Stable isotope data
from zones B and C indicate that 80 values became
lower as the cement grew and whereas the §'C became
higher, always with positive values.

Unit B

The convoluted pattern of contours displayed by the
trace element and stable isotope values (Text-figs 11B to
16B ) of the model cement in Unit B show little relation-
ship to the regional bedding as defined by the base of the
Variegated Beds and the various primary marl seams.
This suggests that the precipitation of cement took place

from pore fluids that were circulating in the lower part of
the Welton Formation, although at times the pore solutions
were restricted by marl seams, particularly the Green
Trace Bed. The Green Trace Bed appears to have limited
the upward extension of well-defined lateral gradations in
model Mg and 8'%0 values (Text-figs 13B, 15B).

Model Trace elements: The trace element composition
of the model cement in Unit B and its relationship to that
of the Standard Louth Chalk is different from that ex-
hibited by Unit A. Negative values are associated par-
ticularly with Sr, to a lesser extent with Mg, and occa-
sionally with Fe and Mn.

Negative model Sr values occur in three parts of
Unit B (Text-fig. 14B). The main one is extensively de-
veloped in the south and can be traced northwards to
South Ferriby: the other two are more local, one in-
cludes the basal chalk at South Ferriby and is shown as
confluent with the zone of negative values at Elsham be-
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tween the Green Trace Bed and the base of the “chalk
rich in inoceramid fragments”. At Caistor there is a sin-
gle sample with a negative model value. The main
anomaly is best developed at Tetford where it occurs
throughout the Unit in all three chalk lithofacies — the
fine-grained coccolith rich chalk in the lower part, the
chalk rich in inoceramid bivalve shell fragments, and in
the calcisphere-rich fine grained chalk above, as well as
in the flinty chalk at the top. When traced southwards to
South Thoresby and Welton the base of the anomaly rises
to the level of the Green Trace Bed but still within the
fine-grained coccolith-rich chalk. Northwards at Elsham
the anomaly is of more limited stratigraphic extent. At
Elsham, and possibly at Caistor, it starts within the chalk
with abundant inoceramid bivalve shell fragments and at
Elsham its upper limit is within the calcisphere-rich
fine-grained chalk some 75 cm below the base of the
flinty chalk at the top. At South Ferriby, 10 km to the
north of Elsham, this negative anomaly is represented by
a single sample in the calcisphere-rich fine-grained chalk
between the top of the “chalk rich in inoceramid frag-
ments” and the base of the flinty chalk above. The strati-
graphical and lateral distribution of the negative Sr
anomalies demonstrates that they are not related to the
original chalk lithofacies as now preserved. Much, but
not all of the main negative anomaly, is developed in in-
oceramid-rich and calcisphere-rich chalks. Important
for the interpretation of the negative model Sr anomalies
is the question of whether the low Sr content of the hard
chalk reflects an original compositional difference of the
sediment or is the result of diagenetic processes. This can
be tested with data of the chemical composition of the
calcite in the bioclastic components of the soft chalk in
southern England (Jeans ef al. 1991) where it is known
that the fine-grained coccolith fractions have enhanced
Sr (calcite) contents compared to the coarser fractions of
the Chalk. Also coccolith material (<2 pm fraction) from
particular samples from the Upper Cenomanian Plenus
Marls at Dover have relatively enhanced Sr (calcite)
contents (~550 to 1100 ppm) but lower Mg (calcite)
contents (750 to 2700 ppm) compared to the coarser par-
ticle size fractions. The same relationship, but with lower
values, is seen in a chalk sample from the Coniacian or
Lower Santonian of Shudy Camp in Cambridgeshire.
Here the coccolith material is concentrated in the 4.47 to
0.83 um fractions and its Sr (calcite) content, ranging
from 453 to 675 ppm (average 569 ppm), is generally
higher than the values from the coarser fractions. The
sparse abundance of coccolith material in the coarser
grained chalk rich in inoceramid remains and calci-
spheres may be a tempting explanation of the negative
Sr values, however the calcite of inoceramid bivalves and
calcispheres have relatively high Sr values that are usu-

ally in excess of the Standard Louth Member value
(Jeans et al. 1991). Seventeen samples of inoceramid bi-
valve shell fragments and prisms from various beds in the
Upper Cenomanian Plenus Marls of Dover have average
Sr (calcite) values of 818 ppm Sr (range 261-1577 ppm,
with two values below 550 ppm, the value for the Stan-
dard Louth Chalk). There is a general antipathetic cor-
relation between the negative Sr anomalies and enhanced
values of Mg in the model cement (Text-fig. 19). Con-
sidering (1) the abundance of inoceramid bivalve shell
fragments and prisms and their expected high values of
Mg in their calcite, judging from the 17 samples from
Dover mentioned above which average 6075 ppm (range
3569-9133 ppm) and (2) the somewhat lower values for
Mg for the calcisphere-enriched fractions from the
same locality (2300—3200 ppm) and Shudy Camp
(1829 and 1865 ppm), it might be expected that the ac-
tual Mg values associated with these lithofacies would
be higher than their typical values of 1500-1900 ppm
(Table 4). This suggests that both Sr and Mg may have
been preferentially lost during diagenesis in a linked
process. Comparison of the inoceramid bivalve shell
fragments and prisms from the Plenus Marls of Dover
(Jeans et al. 1991, fig. 4d), assumed to be unaltered or
very little altered, with those in Text-fig. 9C from
Elsham shows a general difference. The calcite of
those from Dover is full of inclusions, whereas those
from Elsham range from being clear crystals to con-
taining some inclusions suggesting complete or partial
recrystallization. There is also petrographic evidence
that recrystallization may have also affected calci-
spheres and shell fragments. We suggest that the orig-
inal biogenic calcite on recrystallization excluded or
greatly reduced the amount of Sr (ionic radius 1.27A)
and Mg (ionic radius 0.78A) in the recrystallized cal-
cite because of their mismatch with Ca (ionic radius
1.06A) within the calcite lattice. Our interpretation of
this negative Sr anomaly as a post-depositional effect,
essentially unrelated to the original lithofacies, is given
further support because a low Sr but still positive anom-
aly occurs also in the underlying Unit A between Cais-
tor and Welton (Text-fig. 17) but in a different chalk
lithofacies.

Another contributing factor to the development of
the negative Sr anomalies must have been the dissolu-
tion of aragonite shells during early diagenesis. Arag-
onite with its appreciable contents of Sr, when compared
to calcite, is an important source of this trace element in
early calcite cements in the Chalk (Hu et al. 2012, text-
fig. 27). In those parts of the chalk reservoir that were
tight the Sr would have been retained in the pore fluids,
to be incorporated either into carbonate cements or
other Sr-containing authigenic minerals. If, however the
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reservoir was leaking during early diagenesis as we
have suggested for Units A and B in southern Lin-
colnshire, the Sr-enriched pore fluids would be lost.
Although aragonite is not preserved in either Units A or
B there can be no doubt that it was present as the calcitic
portions of inoceramid bivalves are preserved. These bi-
valves originally consisted of both calcite and aragonite
and only the individual calcite prisms or fragments of
shell consisting of these prisms are preserved. In Unit
A they are a minor or occasional component but in Unit
B these prisms and shell fragments are particularly
abundant in the chalk above the Green Trace Bed (Text-
fig. 5). In addition to inoceramid bivalves, there were
likely to have been the remains of many other inverte-
brates with skeletons consisting solely or partially of
aragonite, such as ammonites, gastropods and bivalves.

Negative model Mg values at Flixton are restricted
to the chalk between the top of the Variegated Beds and
the Green Trace Bed (Text-fig. 13B). The lithofacies is
a fine-grained coccolith-rich chalk with scattered plank-
tonic foraminifera and calcispheres. When this subunit
is traced southwards the negative Mg values are grad-
ually replaced by positive values. Beyond Elsham, val-
ues are all positive and increase generally southwards.
This pattern is parallel to those exhibited by the 6'*0 val-
ues of the model cement and to thickness variations of
the Variegated Beds. The most negative Mg values are
South
Ferriby

| Els:}am

A

associated with the lowest 6'30 values and the thickest
section of the underlying Variegated Beds. A possible
clue to this relationship may be the direct correlation be-
tween the volume of the clay mineral assemblage and
bed thickness — the greater the thickness the greater the
amount of the clay assemblage. The Variegated Beds are
dominated by the Chalk smectite-mica clay assemblage
(Jeans 1968; Wood et al. 1997). The smectite compo-
nent is considered by Weir and Catt (1965) to be a dioc-
tahedral smectite containing Mg as an interlayer cation
as well as occupying sites in the octahedral layer. There
is considerable discussion about the origin of the smec-
tite (Hu et al. 2014); is it detrital or has it been neo-
formed within the chalk sediment during diagenesis,
possibly as the result of the argillization of volcanic ash?
A possible explanation of the lateral pattern of Mg in the
model cement of this lowest subunit of Unit B is that the
neoformation of the Mg-containing Chalk smectite in
the Variegated Beds depleted not only its own porewa-
ters in Mg but also that of the overlying chalk subunit;
the extent of this depletion being controlled by the
amount of smectite being formed and this is reflected in
the thickness of the beds.

Negative model Fe values are restricted to a single
sample at Tetford and to four zones at Flixton (Text-fig.
11B ). At Tetford it is associated with the highest 5'*0
value of the model cement in Unit B, whereas those at

South
Tetford Thoresby

Mg (calcite)
model cement

NOILLYWHOS
NOLT3IM

Sr (calcite)
model cement

NOILYWHOS
NOLT3aM

Text-fig. 19. Unit B in Lincolnshire showing the antipathetic relationship in the model cement between Mg values of 2000 ppm and above and negative values of Sr.
(key as for Text-fig. 14)
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Flixton are not associated with relatively high 6'%0 val-
ues. At both locations a possible cause is the localised
depletion of the Chalk’s pore waters by the development
of authigenic clay assemblages enriched in Fe. At Tet-
ford the high 6'30 value suggests that here it is more
likely to be associated with early cementation.

A single negative model Mn value is associated
with the Green Trace Bed at Elsham (Text-fig. 12B). A
possible cause is the localised depletion in Mn of the
pore fluid of the chalk as the result of the formation of
a Mn-enriched diagenetic mineral .

Model stable isotopes: The §'%0 values display two
conspicuous patterns. The first is associated with the
chalk between the top of the Variegated Beds and the
Green Trace Bed in Unit B. At Flixton it has excep-
tionally isotopically light values as low as 3'%0 of -22%o.
As this chalk subunit is followed southwards values be-
come increasingly high, reaching -9 to -8%o in south
Lincolnshire. There is independent evidence of a max-
imum temperature of ~110°C based on spore colouration

index values (averaging 4) affecting the immediately un-
derlying Variegated Beds at Flixton (Cornford in Jeans
et al. 1991; Cornford 1998, fig. 11.17.(3)). If this rep-
resents the average temperature (~95°C) of calcite ce-
ment precipitation in the immediately overlying chalk at
Flixton, the model cement 630 value of -22%o could
have been precipitated in equilibrium with a marine
pore fluid with a water 830 of 9 to 9.5%0 V-SMOW
(Text-fig. 20). The regional increase in 3'30 values of
the model cement represents a decrease to about 50°C
in south Lincolnshire. Depth of burial curves (Hu ef al.
2012, text-figs 24, 25) based upon the cement within
brachiopods do not suggest enhanced burial in the north.
However the enhanced temperature and its regional
pattern could have resulted from the injection of hot
mineralising fluid which precipitated a calcite cement
into this chalk subunit between the Green Trace Bed and
the top of the underlying Variegated Beds in the north,
and which cooled as it travelled southwards.

The second conspicuous pattern is a region of high
30 values centred at Elsham that cuts across the
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Text-fig. 20. Cross plot of temperature and 8'%0 for the equilibrium precipitation of calcite in sea water showing the temperatures of precipitation of the model cement

in the basal chalk subunit of Unit B at various locations in eastern England
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stratigraphy of Unit B. It is recognised at South Ferriby
and extends southwards as a finger of isotopically heavy
values that is evident at Caistor and Tetford. There is
some correlation between this region of high §'%0 val-
ues and a whale-shaped zone of high Fe contents
(1000—2000 ppm) in the model cement (Text-fig. 11B).
This could represent a phase of enhanced Fe-rich cement
associated with cooler pore water.

The zone of low 6'%0 values and the region of high
8'80 values intersect in the lower part of the section at
Elsham. The contours suggest that the zone of high &
130 (lower temperature) cement was already in place
when the zone of lower 680 (higher temperature) ce-
ment was precipitated in the chalk sub-unit between the
top of the Variegated Beds and the Green Trace Bed.

GENERAL INTERPRETATION

The different and convoluted concentration pat-
terns of trace elements and stable isotope values in the
model cements of Units A and B indicate that their pre-
cipitation took place in two separate chalk cells sepa-
rated by the thin but clay-rich Variegated Beds acting as
an effective seal. In Unit A, the concentration patterns
show practically no correlation with the general direc-
tion of bedding, reflecting the homogeneous nature of
its primary lithofacies and the lack of primary marl
bands. In Unit B, with its more varied lithology and the
presence of laterally continuous primary marl bands,
there is more correlation. The subunit of fine-grained
chalk between the base of the Unit and the Green Trace
Bed displays strong north-south regional patterns in the
Mg and 8"0 values (Text-figs 13B, 15B). In Lin-
colnshire, high values of Mg and negative values of Sr
are associated with but not restricted to the lithofacies
rich in inoceramid bivalve shell fragments and calci-
spheres (Text-figs 13B, 14B). The regional values for
Mn display a general up-sequence decrease in values
(Text-fig. 12). In spite of these differences the overall di-
agenetic history of units A and B is similar. Each un-
derwent a main period of cementation under conditions
of considerable overpressure, maintaining an abnor-
mally high porosity and permeability, thus allowing the
relatively free circulation of the pore fluids from which
calcite cements were precipitated. The average 8'°C
values of the cement were positive and precipitation
took place on average under suboxic conditions (suboxic
type of Hu et al. 2012). The overall style of cementation
is in contrast to that which characterizes the lower and
main part of the Ferriby Formation with its localised
centres of cementation and diagenetically earlier lithi-
fication. However the trace element pattern in the ce-

ment in Terebratulid T11 from Unit A at Speeton (Text-
fig. 18) is comparable to that of other brachiopods (TS5,
T7-10) from the lower part of the Ferriby Formation at
Speeton investigated by Hu et al. (2012) that were in-
volved in early lithification prior to the loss of over-
pressure, and these also display similar chaotic trace el-
ement patterns.

The absence of conspicuous evidence of early lithi-
fication in Units A and B reflects their more off-shore
depositional sites and differences in the bioclastic com-
position of the sediment entering the diagenetic envi-
ronment. For example, the chalk of Unit A is a distal fa-
cies representing relatively rapid deposition with a very
restricted benthic fossil assemblage. The rarity of fossils
with shells consisting wholly or partially of aragonite
suggests this early and important source of CaCO; for
cement was limiting. Cement precipitation did take
place: it occurred generally throughout the sediment but
was insufficient to form lithified compaction-resistant
structures that would be emphasised by subaerial weath-
ering. Such lithified structures would be capable of brit-
tle fracture during the overpressure phase of diagenesis
as evident in the Breccia-Nodule Bed in the Red Chalk
Formation at Speeton (Jeans 1973, p. 429).

The phase of overpressured diagenesis in eastern
England was brought to an end at the same time in
both units by regional tectonic activity which allowed
the overpressured pore fluids to escape either to re-
gions of lower pressure or to the surface. At least par-
tially responsible for this was the reactivation of a num-
ber of basement structures that are deduced to, or can be
seen to, affect the Chalk (Text-figs 3, 21). The most
prominent is the Flamborough Fault Zone (the reacti-
vation of the Jurassic Howardian Fault Belt; Text-fig.
21) that is responsible for the E-W Contortion Zone in
the Chalk with its complex folding, faulting and joint-
ing which is exposed in the cliffs at Flamborough. The
WSW-ENE Caistor Fault is responsible for localised
folding in north Lincolnshire. Associated with the Wash
and north Norfolk is a postulated WNW-ESE tectonic
line (the Wash Line of Jeans 1980) that affected the
Chalk of south Lincolnshire which may represent the
northern margin of the buried granite mass in the base-
ment underlying Norfolk (Text-fig. 21: Pharaoh et al.
1996). There is evidence that the initial reactivation of
these three basement structures was already under way
during the overpressured phase of diagenesis. Activity
on the Flamborough Fault Zone may be responsible for
the introduction of the postulated hot, calcite-precipi-
tating solution into the basal subunit of Unit B that af-
fected this horizon as far as south Lincolnshire. Less
certain is the possible association between the complex
zone of 80 contours in Unit B at Elsham and the
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Caistor Fault somewhat further to the south or to its ex-
tension to the north-west. The loss of pore solutions rich
in Sr and Mg in southern Lincolnshire during early di-
agenesis in both Units A and B is probably related to
pore pressure leakage along the WNW-ESE ‘Wash
Line’ to the south.

The next phase in the diagenesis of Units A and B
is intimately related to the increase in grain pressure as-
sociated with the loss of overpressure in the pore flu-
ids and the influence of the three reactivated basement
structures. This was associated regionally with grain

welding, pressure dissolution of the calcite grains and
the general precipitation of a calcite cement. It resulted
in lithification and the associated development of brit-
tle fracture, pressure dissolution marl seams, stylolites,
and wisps. Figure 6b in Jeans (1980) illustrates the in-
timate relationship between pressure dissolution and the
development of stylolites, marl seams, and brittle frac-
ture in the Louth Member (Unit A) of the Ferriby For-
mation at South Thoresby. Directly linked to the Flam-
borough Fault Zone and the Caistor Fault, and less
certainly to the WNW-ESE ‘Wash Line’, are zones of
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Text-fig. 21. Regional map of eastern England and the adjacent parts of the North Sea showing the distribution of the Chalk at the surface and subsurface, the main

tectonic structural lines and the granites inferred to occur at depth. Based on Pharaoh ez al. (1996)
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Stenigot
Member

Text-fig. 22. The Ferriby Formation at Red Cliff, Speeton showing the Belchford Member overlain by the Stenigot Member. The lower part of the Belchford is bluish-
greyish white as a result of sulphidization and contains pyrite and marcasite crystals. Three narrow zones of sulphidization extend upwards on either side of inclined

fractures that cross-cut the reddish brown coloured chalk of the upper part of the Belchford Member. These disappear into the marbled pink and white nodular chalk of

the overlying Stenigot Member. Scale, ice axe, 86 cm

sulphidization that cut across the stratigraphy of the Red
Chalk and Ferriby formations (Text-fig. 3). These are
responsible for the loss of the Lower and Upper Pink
Bands over much of Lincolnshire and Yorkshire as
well as the red colour of the Red Chalk Formation at
Caistor, Grimston and locally at Speeton (Text-fig. 3).
Unpublished sulphur isotope studies on the pyrite nod-
ules and the chalk from these discoloured chalks leave
little doubt that this alteration was under the control of
sulphate-reducing bacteria acting on allochthonous
pore fluids rich in sulphate and hydrocarbons (Jeans,
Turchyn, Hu and Mortimore in preparation). It is pos-
tulated that the solutions, ascending along these fault
lines, were forced out of the North Sea Basin by in-
creased lithostatic pressure possibly during a single or
a number of tensional phases of tectonic activity. The
timing of this is not clear. Starmer (1995, 2008, 2013)
has identified four tectonic phases (D1—D4) in the
Chalk affected by the Flamborough Fault Zone. D1
(Laramide — late Maastrichtian to early Palaeocene) and
D3 (Alpine — Oligocene) were compressional and in-
volved in folding and thrusting, whereas D2 (post-

Laramide — late Palacocene and Eocene) and D4 (post-
Alpine — Miocene to Pliocene) are tensional phases in-
volved with normal faulting and jointing. Obviously a
tensional regime is a more likely scenario for these as-
cending sulphate- and hydrocarbon-rich fluids, but at
present there is no field evidence to make a specific
case for one phase or the other. It is clear at Speeton
that these solutions made use of joints to ascend the suc-
cession, diffusing out laterally into the more permeable
beds (Text-fig. 22). Some of this movement could
have been earlier during the Late Cretaceous but can-
not be demonstrated onshore because of the loss of the
Campanian—Maastrichtian and Tertiary sediments. Off-
shore, along the Dowsing—South Hewett Fault Zone,
which links in to the Flamborough Fault Belt, there is
evidence from seismic sections for Santonian—Cam-
panian and Maastrichtian tectonic events leading to
local unconformities on tectonic structures (fault-driven
uplift: Badley et al.1989). It is quite possible that the
ending of the first phase of overpressured diagenesis
could have been pulsed, varying in its timing and re-
gional effects over eastern England.
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Text-fig. 23. Encrustation of large calcite crystals from an open joint in the Chalk of Selwick Bay, Yorkshire. Scale in cm

The second phase of cementation in Units A and B
is not just a simple redistribution and re-precipitation
of the chalk and its earlier cement (dissolved by pres-
sure dissolution) to form the hard chalk as we know it
today. The calcite dissolved was not reprecipitated in
the immediate environment as would be expected with
pressure solution (Jeans 1980, pp. 94-97). It was re-
leased into an open system affected by the developing
pattern of brittle fractures as lithification occurred.
Some of the CaCO5 migrated elsewhere to be precip-
itated as vein and vug filling calcite (Text-fig. 23),
whereas some was precipitated in the surrounding
chalk incorporating enhanced amounts of Fe and Mn
that had been mobilised locally by the microbial re-
duction of the fine-grained red and ochreous pigments
responsible for the coloured horizons in the Red Chalk
and Ferriby formations. This is reflected by the par-
ticular low values of Fe and Mn in the model cement
of Unit A at Tetford and South Thoresby in south Lin-
colnshire where its pink colour (Upper Pink Band) is
preserved. There is little direct evidence of the geo-

chemistry of this second phase of cement. In those
parts of Units A and B affected by sulphidization the
cement is likely to be enriched in Fe and Mn; it would
also be expected to have negative §'*C values as evi-
dence suggests it developed under anoxic conditions
through the action of sulphate-reducing bacteria (cf.
anoxic cement series of Hu ef al. 2012). The final
stages of the cement sequence recorded in Zone C
from Terebratulid T11 (Text-fig. 18) collected from the
sulphidized Unit A at Speeton does display an enrich-
ment in Fe and Mn but the analysis of the bulk calcite
from this zone gives a positive §'°C value of 3.52 %o
that does not indicate precipitation under anoxic con-
ditions. It is possible that more detailed analysis of
Zone C with higher spatial resolution using laser ab-
lation or ionmicroprobe isotope analysis might reveal
that the final Fe and Mn enrichment in the cement took
place under anoxic conditions.

Driving the circulation of pore fluids in Units A and
B must have been effected by variations in compaction,
pore fluid pressure, tectonic activity and temperature.
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Text-fig. 25. High density white chalk (SG >1.95) from the North Sea showing primary marl seams that have been secondarily compressed and buckled in association
with the development of syn-deformational stylolites and secondary marl seams. (from Mortimore, 2014, figure 5.37)

The pattern of 3'30 values of the model cement pro-
vides indication of the variation in temperature as long
as it is accepted that calcite precipitation took place in
marine pore waters as is evident from the calcite ce-
ment preserved in Terebratulid T11 from Unit A and
other brachiopods from stratigraphically lower levels
in the Ferriby Formation at Speeton (Hu et al. 2012)
— although there is no direct evidence for Unit B. In
both units enhanced temperatures are recorded in the
northern part of the region. Unit A has a regional de-
crease in temperature from an average of 70°C in the
north to 33—34°C in the south. Unit B displays two pat-
terns. Initially a cooler and variable pattern of tem-
perature (35 to 50°C) was established with a zone of

greatest variability centred on Elsham. Later, but still
during the first and overpressured phase of cementa-
tion, hot calcite-precipitating solutions were injected
between the base of Unit B and the Green Trace Bed;
at Flixton the temperature of cement precipitation was
~95°C and the effects of this can be recognised in the
same subunit in south Lincolnshire where the temper-
ature had dropped to ~50°C. There is no clear rela-
tionship to the granites (Pharaoh et al. 1996) postulated
to underlie the Market Weighton Block and north Nor-
folk (Text-fig. 21), and these lateral changes are best
related to variations in heat flow and hydrothermal ac-
tivity associated with various phases of tectonic ac-
tivity in the North Sea Basin.

Text-fig. 24. High density white chalk (SG >1.95) from the North Sea displaying a complex primary sedimentary marl seam with an extensive burrow networks
with white-chalk burrow-fills that have been squashed and sheared in the lower parts of the bed as a result of post sedimentary compaction and bedding-slip (from
Mortimore 2014 figure 5.29)
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CONCLUDING DISCUSSION

A novel approach has been applied to investigating
the regional hardening of the Chalk of eastern England
by modelling the extent and geochemistry of its cement
based upon the Standard Louth Chalk. The interpre-
tation of the patterns of variations shown by the major
trace elements and the 6'80 and 8"*C values has re-
vealed details of a surprisingly complicated history,
very different from the simple idea that pressure solu-
tion or pressure dissolution and reprecipitation, with or
without the introduction of meteoric water, were the
causes of the change from soft to regionally hardened
chalk as a result of burial and temperature increases
(Wolfe 1968; Scholle 1974; Neugebauer 1973, 1974;
Maliva and Dickson 1997) or tectonic activity (Mimram
1975, 1977, 1978).

We suggest that overpressuring, with the Variegated
Beds acting as a seal between these adjacent units, played
an important role in allowing pore fluids to circulate in-
dependently of each other on a regional and local scale.
It has already been suggested that the Variegated Beds,
rich in smectitic clay, was responsible for the trapping of
compaction-driven pore waters and the development of
overpressure in the top part (Unit A) of the Ferriby For-
mation (Hu ef al. 2012, text-fig. 26). Responsible for the
development or enhancement of overpressures in Unit B
would have been the restrictions on the upward move-
ment of compaction-driven pore waters by the fine-
grained chalk of low permeability and the numerous
thin and laterally extensive primary marl bands and flint
horizons in the overlying Chalk described by Wood and
Smith (1978) and Whitham (1991).

Evidence suggests that our conclusions based upon
the two units (A, B) may not apply to the main mass of
hard white chalk that overlies them. Units A and B rep-
resent sedimentation at the end of a period of deposition
(Cenomanian to Mid Turonian) in which early lithifi-
cation — nodular chalks and hardgrounds — and shallow
water facies are widespread. In contrast the overlying
Chalk (Mid Turonian to Campanian) displays little or no
evidence of early lithification or shallow water facies.

Modelling of the geochemistry of the cement in
Units A and B and the geochemistry of the calcite crys-
tals developed within the body cavities of brachiopods
(Hu et al. 2012) from the underlying chalk of Ceno-
manian age indicates that cementation is microbially in-
fluenced and the source of the calcite cement lies with
the aragonite shell material present in the sediment. So
the absence of early lithification in the younger chalks
does not reflect the absence of the different microbial
groups that played a role in calcite precipitation, but the
lack or shortage of aragonite shell material in the more

off-shore and deeper water chalk sediment. Studies on
the main mass of hard chalk in eastern England are re-
stricted to Scholle’s (1974) and Mimram’s (1978) in-
vestigations of the Chalk around Flamborough in York-
shire. Their contrasted observations on the extent of
sediment compaction and the crushing of microfossils
suggest that they sampled chalks of rather different di-
agenetic histories. Scholle’s samples exhibited consid-
erable compaction but he states that it is less extensive
than that he observed in the Irish Chalk where Wolfe
(1968) had measured 15-31% compaction based on
fossil crushing. In contrast, Mimran’s samples showed
no evidence of compaction. In addition to these differ-
ences in compaction, there are differences in porosity.
The uncompacted samples have porosities between 17
and 8 vol. % (Mimram 1978), which suggest bulk spe-
cific gravities between 2.24 and 2.48, whereas the com-
pacted chalks have higher porosities (1720 vol. %;
Scholle 1974) with bulk specific gravities of 2.16 to
2.24. This suggests that the uncrushed chalks have un-
dergone lithification by calcite cementation prior to po-
tential fossil crushing, whereas the crushed chalks ex-
perienced compaction prior to lithification and
cementation. The general absence of early lithification
in the Mid Turonian to Campanian Chalk of eastern
England suggests that originally this was soft and un-
cemented similar to the soft chalks of south-east Eng-
land. Supporting evidence of this includes: (1) the York-
shire Chalk in the area of Enthorpe and Kiplingcotes is
soft and unhardened with bulk specific gravities (based
on 5 samples from the Enthorpe railway cutting) rang-
ing from 1.58 to 1.66, averaging 1.64, no different from
the average value for the uncemented Standard Louth
Chalk at Dover, and (2) soft and uncemented chalks are
known in boreholes put down to investigate the foun-
dations for off-shore wind farms only 10—15 km off
Flamborough Head (Mortimore and James 2014). A
likely explanation of the local soft Yorkshire Chalk is
that it was originally highly overpressured — as sug-
gested for the chalk of Units A and B — but the grain
pressure was sufficiently low that pressure dissolution
of the calcite grains did not take place. Subsequent loss
of overpressure and the associated enhancement of grain
pressure may have taken place at a shallow burial
depth, considerably less than the 1000 m which Neuge-
bauer (1973, 1974) has calculated as the minimum
depth of burial for a low-Mg calcite sediment — such as
the chalk — to be affected slightly by pressure solution
and cementation (0.5—5%).

The spatial arrangement, shape and dimensions of
the bodies of compacted and uncompacted chalks re-
ported by Scholle (1974) and Mimram (1978) is un-
known, they could parallel the general direction of bed-
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ding or be independent of it, perhaps associated with
cross-cutting structures. A hypothetical scenario envis-
ages two adjacent bodies of overpressured, unlithified
and uncemented chalk. In one body there is a gradual
and localised leakage of pore fluids. Developing in the
immediate environment of the leakage are enhanced
grain pressures, fossil compaction and pressure disso-
lution of the calcite grains. Part of these pore solutions,
enriched in calcium carbonate, is lost to lower pressure
regions outside the chalk body, whereas some migrates
in the opposite direction along a gradient in pore fluid
pressure related to a minor loss of pore pressure in the
adjacent chalk body. Along this more extended pathway
there is sufficient time for the calcium carbonate to be
precipitated out as calcite cement. Such a situation could
develop in overpressured, uncemented chalks that were
being affected by tectonic movement. It is clear that a
careful investigation of the distribution of compacted
and uncompacted chalks in the Mid Turonian to Cam-
panian chalks of east England and their relationship to
the tectonic framework as well as the postulated granitic
intrusion underlying the Market Weighton Block (Text-
fig. 21) is needed before their geological history can be
resolved.

Considerable progress in understanding the regional
and geological significance of the variations in the
Chalk’s hardness is likely to come from studies in the
North Sea. The surveying of certain sites for off-shore
wind farms has demonstrated that where the Chalk is cut
by faults on structural highs it is much harder and more
dense than the soft chalks of the equivalent horizons in
the off-structural regions (Mortimore and James 2014).
Features developed in these hard chalks are the result of
the deformation of primary marl seams and burrow tex-
tures by compaction and bedding slip (Text-fig. 24)
and the development of stylolites, secondary marl
seams and brittle fracture by pressure dissolution and
calcite cementation (Text-fig. 25). This overall setting
is similar to that we have described onshore in Units A
and B, where it has been interpreted as the effects of the
great increase in grain pressure when the seal on an
overpressured reservoir fails. However, pending a de-
tailed investigation of the hardening, the presence or ab-
sence of a microbially influenced phase of calcite ce-
mentation cannot be assumed.

The approach we have taken by comparing the geo-
chemistry of equivalent hard and soft chalks and then at-
tempting to differentiate by modelling whether (1) an
additional cement has been added, or (2) the cement is
no more than the pressure solution effects on the origi-
nal sediment in a closed system, or (3) the hardening is
not related to cementation but to the complex inter-
locking of the original calcitic bioclastic grains affected

by pressure dissolution in an open system where the dis-
solved CaCOyj is lost. When this is combined with the
analysis of the large calcite cement crystals that may
have grown inside fossil echinoid tests or within bra-
chiopods or bivalves, it will open up a new chapter in the
understanding of the regional hardening of the Chalk as
well as other limestones that are generally too fine-
grained for satisfactory microscopic investigation of
their diagenesis and geochemistry.
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