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ABSTRACT

The Upper Permian (Zechstein) slope carbonates in the Roker Formation
(Zechstein 2nd-cycle Carbonate) in North-east England consist of turbidites
interbedded with laminated lime-mudstone. Studies of turbidite bed thickness
and relative proportion of turbidites (percentage turbidites in 20 cm of section)
reveal well-developed cyclicities consisting of thinning-upward and
thickening-upward packages of turbidite beds. These packages are on four
scales, from less than a metre, up to 50 m in thickness. Assuming that the
laminae of the hemipelagic background sediment are annual allows the
durations of the cycles to be estimated. In addition, counting the number and
thickness of turbidite beds in 20 cm of laminated lime-mudstone, which is
approximately equivalent to 1000 years (each lamina is 200 pum), gives the
frequencies of the turbidite beds, the average thicknesses and the overall
sedimentation rates through the succession for 1000 year time-slots. Figures
obtained are comparable with modern rates of deposition on carbonate slopes.
The cyclicity present in the Roker Formation can be shown to include:
Milankovitch-band ca 100 kyr short-eccentricity, ca 20 kyr precession and
ca 10 kyr semi-precession cycles and sub-Milankovitch millennial-scale cycles
(07 to 4-3 kyr). Eccentricity and precession-scale cycles are related to
‘highstand-shedding’ and relative sea-level change caused by Milankovitch-
band orbital forcing controlling carbonate productivity. The millennial-scale
cycles, which are quasi-periodic, probably are produced by environmental
changes controlled by solar forcing, i.e. variations in solar irradiance, or
volcanic activity. Most probable here are fluctuations in carbonate productivity
related to aridity-humidity and/or temperature changes. Precession and
millennial-scale cycles are defined most strongly in early transgressive and
highstand parts of the larger-scale short-eccentricity cycles. The duration of
the Roker Formation as a whole can be estimated from the thickness of the
laminated lithotype as ca 0-3 Myr.

Keywords Carbonate turbidite, Milankovitch cycles, millennial-scale cycles,
North-east England, orbital forcing, Permian, slope-apron carbonates,

Zechstein.
INTRODUCTION prets this in terms of changes in carbonate
productivity and supply caused by relative sea-
This paper documents the cyclicity of carbonate level and climatic oscillations induced by orbi-
turbidites in a slope-apron succession from the tal and solar forcing. The sub-Milankovitch,
Upper Permian of North-east England and inter- millennial-scale periodicity that the turbidites
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exhibit is of particular interest and signifi-
cance; cyclicity of this type has rarely been
described in the pre-Pleistocene geological
record, as the high-resolution stratigraphical
control necessary for this generally is lacking.
In contrast, millennial-scale, as well as higher-
frequency (decadal to centennial-scale), cyclicity
is observed in many Quaternary sedimentary
records (Fairbanks, 1989; Behl & Kennet, 1996;
Hughen et al., 1996a,b; Kennet et al., 2000; Roth
& Reijmer, 2005), as well as in polar-ice and
tree-ring data. In sedimentary rocks from older
geological epochs, millennial-scale periodicity
has been documented in only a few instances
(Anderson, 1982; Elrick & Hinnov, 1996, 2007;
Ziihlke, 2004) or is evident but not discussed
(Badenas et al., 2005), whereas the much longer
orbital-forcing, Milankovitch-band cycles are
recognized widely (e.g. Lehrmann & Goldham-
mer, 1999).

This paper examines a slope-apron carbonate
succession containing turbidites in the Roker
Formation of the Zechstein Group from North-
east England (Fig. 1). The data collected consist
of two basic parameters: (i) the thickness of each
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turbidite bed; and (ii) the thickness of each unit of
‘background’ laminated lithotype with which the
turbidites are interbedded. The relative thickness
of the turbidites is, broadly speaking, inversely
proportional to that of the thickness of adjacent
laminated units. In other words, sections con-
taining thick turbidite beds are associated with
relatively thin units of laminated lithology and
vice-versa. This relationship can also be consid-
ered in terms of the relative proportions (percent-
ages) of each lithotype in a unit of section.
Furthermore, the stratigraphy is organized into
packages consisting of upward-decreasing and
upward-increasing turbidite bed thickness and
percentage. It is this cyclicity that is discussed in
this paper. There is no independent information
from radiometric age dating, biostratigraphy or
magnetostratigraphy on the duration of the Roker
Formation. However, the high-resolution time-
scale required to establish the duration of the
cyclicity present, and in particular to recognize
the millennial-scale periodicity, is provided by
the laminated lithotype interbedded with the
turbidites, where each lamina is interpreted as
annual.
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Fig. 1. Palaeogeography in Late Permian time showing the Northern and Southern Zechstein Basins, separated by
the mid-North Sea high. Areas of shallow and deep water sedimentation are also shown, as well as the location of the

study area.
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GEOLOGICAL BACKGROUND

Upper Permian (Zechstein) stratigraphy

The Zechstein Group consists of a thick succes-
sion (up to ca 2 km) of Upper Permian cyclic
carbonates and evaporites, with relatively minor
clastics. This succession was deposited within
the continental interior of Pangea in a vast
intracratonic basin which occupied much of the
present-day North Sea and also covered parts of
Eastern England and most of northern continental
Europe (Fig. 1; Taylor, 1998; Smith & Taylor,
1992). This basin can be divided into two major
sub-basins, the Northern and Southern Zechstein
Basins (NZB and SZB), in which further, smaller,
sub-basins were present (Fig. 1). The study area
in the County of Tyne & Wear in North-east

1°23'W

England (Fig. 2), was located on the western
margin of the SZB (Fig. 1) and is situated in
Marsden Bay, near Sunderland (Figs 2 and 3).
The formation of evaporite deposits within the
basin was promoted by its landlocked nature and
subtropical palaeolatitude (ca 20°N), as well as
the hot, arid climate of the time. The entrance to
the Zechstein Sea was also probably silled where
it was connected to the open ocean, most prob-
ably just with the Boreal Sea to the north. A
communication with Tethys to the south-east
may also have been established (Ziegler, 1990b;
Ziegler et al.,, 1997). The succession shows a
broad upward change from predominantly car-
bonate to evaporite rocks and the evaporites from
sulphate to halite to potash composition. The
Zechstein Group represents an early transgressive
but largely regressive, succession of around 5 to

Fig. 2. Location of the study area in
North-east England, with outcrop of
Upper Permian carbonates, and a
map of Marsden Bay showing the
position of logs used to construct
composite log (data in this study
from localities 1 to 6). Two major
faults are present; the one to the
south of Marsden Grotto may have
been active during deposition of the
Roker Formation as indicated by
facies and thickness changes across
it.

Key

F - {Fautt

Sand & gravel

I:I Rock exposure (foreshore onIy)’ ’ up
’

,Marsden Bay

—54° 59'N

Marsden Bay

up = down

1

1

1

! ’
down ¢

’
’,
’
.

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 56, 1905—1936



1908 M. Mawson and M. Tucker

Lot’s Wife

< Approx. top

45 A of section

Z2C/2

‘[— Orange Marker

— Lot’s Wife Bed

Z2CN1
5
Y < Approx. base
0m ofpgection

I Iie W L S
1 10100 0. 20 40
Turb.thk. Turb. freq.

T [ i
0 50100 0.11 10
Turb. % Acc. rate

Fig. 3. Exposure of Roker Formation slope-apron rocks in Marsden Bay in the vicinity of Lot’s Wife (a sea-stack).
Also shown, for the whole section studied, are the plots for turbidite thickness (cm), percentage and frequency
(no. kyr™" or 20 cm), as well as the accumulation rate (m kyr'). See text for explanation. The section for the plots
below beach level is ca 200 m to the right of cliff (north), and the section for the plots above the cliff is ca 100 m to the

left (south).

7 Myr duration (Gradstein et al., 2004; Menning
et al., 2005).

Traditionally, the Zechstein Group has been
divided into carbonate to evaporite cycles (Rich-
ter-Bernburg, 1955; Fig. 4), five of which are
widely distinguished, as in the study area
(Smith, 1989). The carbonates described in this
paper belong to the second cycle, i.e. Z2C
(Zechstein 2nd-cycle Carbonate) and are termed
here the ‘Roker Formation’. The validity of the
cycle approach is brought into question when
the Group is examined from a sequence strati-
graphic point of view (Tucker, 1991); the suc-
cession is then viewed as a series of sequences
generally consisting of lowstand evaporite, trans-
gressive evaporate to carbonate and highstand
carbonate, systems tracts (Tucker, 1991). For

further information regarding the Zechstein
Group see Taylor & Colter (1975), Tucker
(1991) and Taylor (1998).

Roker Formation

The ‘Roker Formation’ is a new term, not yet
formally defined which, for various reasons noted
in the Appendix, is used in preference to the two
older stratigraphic divisions for the Z2C in NE
England; namely the Concretionary Limestone
and the Roker Dolomite. In continental Europe,
where it forms a hydrocarbon exploration target,
as well as in the UK sector of the southern North
Sea, the equivalent of the Roker Formation is the
‘Haupt Dolomite’ (Rhys, 1974; Taylor, 1998). The
Roker Formation is generally up to ca 100 m thick
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UK southern N. Sea UK onshore
Sherwood Sst. Group
Triassic Bunter Shale Fm.
Roxby Formation

z5 Grenz Anhydrite Littlebeck Anhydrite Z5A
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Z4 Pegmatitic Anhydrite | Sherburn Anhydrite Z4A
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Haupt Dolomite Roker Formation z22C

Werra Anhydrite Hartlepool Anhydrite Z1A

Z1 Zechsteinkalk Cadeby Formation Z1C
Kupferschiefer Marl Slate KS

Rotliegend Group Yellow Sands

Fig. 4. Zechstein stratigraphy in the UK southern
North Sea (after Rhys, 1974) and UK onshore with
proposed short-hand nomenclature on the right. It
should be noted that the Z1C at outcrop in North-east
England is divided generally into the Raisby and Ford
Formations but in fact it would be more correct, in
terms of stratigraphic procedure, to regard them as
members of the Cadeby Formation.

(attained in the more basinward part of the
platform) but it is around half this thickness, ca
50 to 60 m, on the platform-top. It overlies the
cycle 1 Hartlepool Anhydrite (equivalent to the
Werra Anhydrite of Germany), which provided a
foundation on which the platform developed and
also strongly influenced facies distribution and
platform geometry. The Roker platform generally
had a distally steepened ramp-like morphology.
There is evidence for only minor syn-depositional
faulting. The Roker platform-margin was oriented
ca NW to SE and faced north-eastwards, normal
to the direction of prevailing north-easterly
(trade) winds (Glennie, 1972, 1982, 1998); i.e. it
was located in a windward setting. The abun-
dance of sedimentary structures in the Roker
Formation platform-top facies formed by waves
and storms indicates that these were important
processes influencing sediment distribution and
dispersal and, therefore, facies type. Strong sea-
sonality is predicted by Permian global climate
models (Crowley, 1994; Kutzbach, 1994; Barron &
Fawecett, 1995; Gibbs et al., 2002).

The low diversity of the biota (gastropods,
ostracods and three species of bivalves; Smith &
Francis, 1967) indicates that sea water in the
Zechstein Basin had an elevated salinity and

temperature during Z2C times (Taylor, 1998). In
the basin centre, the water column probably was
stratified and partly anoxic; the interface be-
tween the anoxic and oxygenated sea water
probably was located around the top of the
slope-apron.

The Roker Formation displays an overall shal-
lowing-upward trend and constitutes part of a
single third-order sequence. Three smaller-scale
packages, equivalent to parasequences and inter-
preted here as ‘fourth-order short-eccentricity
cycles’, can be identified: Z2C/1, Z2C/2 and Z2C/
3 (Fig. 5). A similar number of packages is recog-
nized in Germany (Strohmenger et al., 1996a;
Leyrer et al., 1999) and Poland (Peryt, 1986).

The facies and grain types, as well as the
diagenesis, in the Roker Formation are remark-
ably similar to those found in the Z2C elsewhere
in the Zechstein Basin as, for example, in the
Netherlands (Clark, 1980, 1986; Van der Baan,
1990), Germany (Huttel, 1989; Steinhoff &
Strohmenger, 1996; Strohmenger et al., 1996b)
and Poland (Peryt, 1986). Four broad facies
associations (RK1, RK2, RK3 and RK4) are recog-
nized in NE England and summarized in Table 1:
RK1 — the slope-apron facies association and the
subject of this paper; RK2 — the offshore, mid-
ramp facies association, commonly skeletal mud-
wackestone and ribbon rocks; RK3 — an inner
ramp, foreshore—shoreface facies association
dominated by oolitic grainstones; and RK4 — an
inner platform tract of evaporites, terrigenous
clastics and peritidal carbonates (constituting
part of the Edlington Formation).

METHODOLOGY

The approach used to study the cyclicity of the
slope-apron facies in the Roker Formation was
first to measure the thickness of each turbidite
bed and of each unit of laminated lithology
between the turbidites in the succession. Using
these data, the changes in the relative proportion
(percentage or ‘volume’) of each lithotype were
established. A high-resolution time-scale is pro-
vided by the laminated lithotype, if it is assumed
that each lamina is annual. With this time-scale,
net accumulation rates in cm kyr_l, turbidite
frequency kyr ' and average bed thickness kyr™*
can be established and used to resolve and then
interpret the cyclicity. The use of bed-thickness
data has recently been reviewed by Sylvester
(2007). The packaging was examined in five
different ways, as follows:
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(1) Thicknesses of turbidite beds and
laminated units

The thicknesses of individual turbidite beds and
units of laminated lithotype in the succession
were measured in the field and plotted against
stratigraphic thickness.

(2) Percentage of turbidite beds and laminated
units

This method examines the relative proportion of
the two lithotypes as a percentage. This analysis
was undertaken by dividing the stratigraphy into
equal units of thickness starting from the base.
The sum of each lithotype in each unit was then
determined. Units of 5, 10, 20, 25, 30 and 50 cm
thickness were considered. This method, which

- Transgressive

- 4th-order Eccentricity-scale cycle top

section discussed, in this paper
cannot be determined, as much of it
is affected by soft-sediment
deformation. The positions of
localites 1 to 6 shown in the insert
are marked in Fig. 2.

produces a time series, does not recognize bed or
unit integrity, so that, for example, a single, thick
turbidite bed could occur in more than one
thickness division.

(3) Net rate of accumulation

This method is similar to method (2) above but the
succession is divided into equal intervals of time,
instead of thickness, again starting from the base.
In this instance, time is determined from the thick-
ness of the laminated lithotype, on the assump-
tion that laminae were annual. Units containing 5,
10, 20, 25, 30 and 50 cm of the laminated lithotype
were examined; these correspond to 0-25, 05, 1-0,
1-25, 1'5 and 25 kyr, respectively, if mean lamina
thickness is 200 pm. The actual thickness of each
such division will vary according to the amount of
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Table 1. Summary of Roker Formation facies associations and their most characteristic facies. Rocks of RK1, the
slope-apron facies association, are the subject of this study.

Facies association

Facies

Platform-top
RK4: Shallow-water
marine to continental*

RK3: Shallow-water,
shoreface and inner
ramp

Interbedded terrigenous claystone and breccia consisting of carbonate clasts.
Originally comprised of evaporites (sulphate), mudrock and carbonates; evaporites

removed by dissolution and proved in subsurface. Shallow-marine to supratidal
sabkha.

Very coarse to fine-grained ooid grainstone (shallow to very shallow-water, subtidal to
intertidal, high to moderate-energy facies). Medium-bedded to thickly-laminated
heterolithic sediments with variable proportion of very fine micritic carbonate as thin
beds, laminae, lenses and drapes. Stromatolites of varied size and morphology (shal-
low-water, subtidal, high to moderate energy facies). Planar laminated stromatolitic
rocks containing many vugs. Very coarse-grained pisolite (supratidal, moderate energy

facies). ‘Meteoric’ compaction common. Sparse fossil biota. Mostly dolomitized.

Offshore
RK2: Offshore, middle

Ribbon-rocks: very thin to medium well-bedded lime-mudstone to wackestone con-

ramp taining bivalves, gastropods, ostracods and foraminifera. Thick to very thick units of
lime-mudstone to wackestone. Concretionary fabrics (dedolomite) relatively common.
Some soft-sediment deformation (probably related to synsedimentary faulting).

RK1: Slope apron

Interbedded units of finely, evenly hemipelagic lime-mudstone and thin to thick

unlaminated beds predominantly of lime-mudstone (turbidites). Very thick units of
very fine to fine grainstone and packstone and lime-mudstone. Slump-breccias. Soft-
sediment deformation very common. Extremely rare well-preserved fossil fish in
laminated lithotype. Transported biota in other rock types; most fragmentary and
consisting of bivalves and gastropods. Concretionary fabrics (dedolomite) very

comimon.

*Could be assigned to the Edlington or Fordon Formation.

turbidite it contains. This approach provides
quantitative data regarding net rates of accumula-
tion, i.e. of turbidite plus laminated lithotype,
assuming that small-scale erosion and sediment
by-pass were minimal.

(4) and (5) Turbidite frequency and average
turbidite bed thickness

The total number of turbidite beds can be
counted in each equal interval of time. The
divisions used were the same as for method (3);
i.e. each unit containing 5, 10, 20, 25, 30 and
50 cm of the laminated lithotype. This method
gives a measure of turbidite frequency (4). For
each unit, the total number of turbidites and the
number of turbidites >1 cm were recorded. Note
that frequency data quoted are for turbidites
>1 cm thick unless stated otherwise. Using data
from method (3), the average thickness of the
turbidites in each time interval was also deter-
mined (5).

For method (2), 20 cm of section was used and
for methods (3), (4) and (5), the data from 20 cm
thick units of the laminated lithology were found

best to smooth random signatures in the record.
For methods (3), (4) and (5), this unit thickness
corresponds to a time interval of ca 1 kyr, if mean
lamina thickness is 200 pm.

Data regarding compositional changes of the
turbidites to complement the thickness analysis
would be much harder, if not impossible, to
obtain. For example, unlike many Quaternary
studies, changes in mineralogy (e.g. aragonite %
or calcite %) or isotope values (such as 5'80)
could not be examined, because of the diage-
netic alteration of the rocks, which is severe
locally. All the rocks have been dolomitized
and many have subsequently been calcitized
(dedolomitized), producing unusual concretion-
ary fabrics in some instances. For the same
reasons, differences in the composition of grains
and grain-size in the turbidites are hard to
establish, although there is some evidence that
this signal is present. A technique that could be
applied in future is an examination of the
palynomaceral content of the turbidites and
the laminated lithotype (cf. Strohmenger et al.,
1996b). Spectral analysis also would allow
further interpretation of the data.
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Time-scale

Estimates for the duration of the cyclicity from
the thickness of laminated lithotype units inter-
bedded with the turbidites can be used to derive a
time-scale, assuming that every lamina is annual.
This interpretation has already been proposed by
Huttel (1989) and Smith (1994), who suggested
that the partings are the product of yearly (sum-
mer) blooms of planktonic algae and bacteria.
Although convincing evidence is not available to
substantiate this suggestion, the strong similarity
of these rocks to other laminated lithotypes
(Scholle et al., 1983; Anderson, 1996; Hughen
et al., 1996a,b), proven to consist of varve
couplets, does indicate that an annual origin for
them is very likely as well.

In the field, the mean thickness of the laminae
in each laminated unit was estimated when
logging the section using a standard grain-size
card. For hand-samples, the same method was
employed or a binocular microscope was used to
count the number of laminae in each millimetre
or centimetre division of a ruler. Thin-section
measurements supplemented these data. Lamina
thickness mostly varies from ca 150 to 250 pm
and an average of ca 200 pm is used in this
study. With this thickness, 1 cm of laminated
lithology corresponds to 50 years and 20 cm to
1000 years (1 kyr). For the most part, lamina
thickness is fairly uniform throughout the sec-
tion studied; the few departures are accounted
for in the interpretations. The realistic values
obtained in this study for rates of sedimentation
and turbidite frequency suggest that the meth-
odology is appropriate.

Problems inherent with the basic data

Firstly, it is hard to establish the correct
stratigraphic order and thickness of units in
horizons affected by syn-sedimentary creep and
slump-folding, as these processes cause repeti-
tion and thickening of the stratigraphy. Units
affected in this way (particularly thicker ones)
probably give an under-estimate of the thickness
of laminated lithology, because, when strongly
deformed, this lithotype is hard to recognize.
Soft-sediment deformation, however, is only sig-
nificant in middle slope-apron facies (Table 2)
where slurrying is also an important process. In
contrast, only a relatively small thickness of
stratigraphy (ca 10%) in the lower slope-apron
facies is affected by soft-sediment deformation;
these units tend to be thin (<10 cm thick) and/or

of limited extent and so do not seriously affect the
data. At Marsden Bay, four relatively thick and
laterally persistent ‘slump-sheets’ occur within
the lower slope-apron facies of which two are
exceptionally thick (2-3 m and 1-2 m). Significant
thickening (possibly by over 100%) and repeti-
tion of the ‘original® stratigraphy by slump-fold-
ing have probably occurred in both. Thus the
recorded thickness of laminated lithology in each
slump-sheet probably is incorrect. The lower of
the two slump-sheets also contains a ‘slump-
breccia’ at its base and this is regarded as a
turbidite for the purposes of this study.

A second factor which must be considered is that
some stratigraphy could be missing or repeated as a
result of syn-sedimentary sliding or faulting. This
problem is of little importance in the lower slope-
apron facies because typically few, minor
syn-sedimentary faults are present. In contrast,
many syn-sedimentary slides and normal faults
(large and medium-scale) occur in the middle
slope-apron facies; this partly explains why only
3 m of these strata could be examined for this
study.

A third problem inherent in the basic data is that
the amount of erosion by turbidity currents is hard
to quantify. The fact that many turbidites contain
fragments of partings derived from the laminated
lithotype indicates that at least some scouring took
place and that, as a result, the time-scale provided
by the laminated lithology has very probably been
shortened. The amount, however, is considered to
be relatively insignificant because most of the
turbidite beds have flat bases and exhibit only very
minor scouring. Units of laminated lithology also
display no major thickness changes when traced
laterally over nearly 800 m, the limit of the expo-
sure. The amount eroded will probably be greater
in units containing a higher volume of turbidites
and/or coarser-grained turbidites, i.e. in the
middle slope-apron facies.

The stratigraphy of a ca 7 m thick unit towards
the top of the succession was derived from field
photographs, as it could not be measured directly.
This derivation has probably introduced a small
error into the basic data by under-estimating the
thickness of units.

Thus, if, for any of the above reasons, the
recorded thickness of the laminated lithotype is
less than the original, the time-scale will be
shortened; this will have two consequences.
Firstly, the cyclicity will appear to be of shorter
duration (even that of a higher-frequency cycle)
and, secondly, rates of sedimentation will be
increased.
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Table 2. Slope-apron lithotypes and facies in Facies Association RK1 of the Roker Formation. Details of the three
types of laminated lithotype, L1 to L3, are given in Table 3.

Facies Lithotypes Soft-sediment deformation Interpretation/remarks

RK1c  Poorly to very poorly bedded. Pervasive soft-sediment Facies RK1c only seen at one locality
Crudely interbedded. Thick to very  deformation as in Rk1b. (Marsden Bay) where it overlies Fa-
thick massive units of very fine to Many units affected by creep cies RK1b and underlies platform-top
fine-grained packstone to grain- and slurrying. middle ramp rock-types of Facies
stone (composed of fine ooids) and Association RK2. Lack of finely lami-
coarse packstone containing nated lithotype and absence of bio-
aggregate grains, skeletal material turbation indicates dysaerobic
and lithoclasts. A few units of environment, unlike that of RK1a and
matrix to clast-supported breccia Rk1b; this also indicates depositional
with coarse to very coarse-grained setting higher-up slope-apron. A
matrix. Units of thickly laminated/ moderate to high-angle of declivity
very thinly bedded, predominantly indicated by degree and style of soft-
fine-grained lime-mudstone; indi- sediment deformation.
vidual layers normally graded.

RK1b  Poorly to well-bedded. Interbed- Pervasive soft-sediment Middle slope-apron with moderate
ded units of thinly to thickly lam- deformation which affects angle of declivity. High proportion of
inated lithotype L3 (hemipelagic)  up to ca 50% of stratigraphy. strata affected by soft-sediment
and massive, normally graded beds ~ Slurrying very common. deformation; its extensional style
(turbidites), as in RK1a, but coarse- Large to medium-scale dis- indicates a higher angle of declivity
grained or very coarse-grained conformity surfaces and for RK1b than for RK1a; this is also
wackestone to packstone textured  small to medium-scale syn-  suggested by the more grainy texture
beds more common; contains sedimentary normal faults. of the turbidite beds which also
comminuted skeletal material, Massive units often boudi- indicates a more proximal setting.
lithoclasts (of lime-mudstone) and naged. Slump-folding. Preservation of lamination in lami-
ooids. nated lithotype indicates anoxic

environment.

RK1la  Well-bedded. Interbedded thinly Affects around 10% of stra-  Lower slope-apron with relatively

laminated lithotype L1 (hemi-
pelagic) and massive, normally
graded beds (turbidites) 1 to 20 cm
thick mostly consisting of lime-
mudstone. Some beds of fine to
very coarse-grained wackestone to
packstone containing poorly
preserved ooids and lithic frag-
ments. Fragments of partings from
laminated lithotype very common.
Partings and thin units of clay-
rich, crudely laminated lithotype
L2 (pelagic). A few units of ‘slump
breccia’ up to ca 80 cm thick in
units affected by soft-sediment
deformation.

tigraphy. Creep and slump-
folding very common in
units generally less than

30 cm thick; thickest
recorded ca 1-8 m thick; this
and a few other units
associated with ‘slump
breccias’. A few small-scale
syn-sedimentary normal
faults.

low angle of declivity; this is indi-
cated by small thickness of strati-
graphy affected by slumping and
lime-mud-rich nature of sediments.
Compressive style of soft-sediment
deformation also indicates location
near base of slope-apron. Muddy
character of most of the turbidite
beds, as well as position at base of
succession, indicates distal setting
relative to other RK1 facies. Anoxic
environment suggested by preserva-
tion of laminae and organic-rich
nature of laminated lithotype.

FACIES ANALYSIS OF THE ROKER (Z2C)

SLOPE-APRON

(laminites)

Laminated lime-mudstone lithotype

Two principal lithotypes, laminated lime-mud-
stone and turbidites, occur within the slope-
apron facies association (RK1; see Figs 6 and 7).
Three separate facies can be differentiated,
representing the lower (RK1a), middle (RK1b)
and upper (RK1c) slope-apron environment
(Table 2).

Description

There are three sub-types of the laminated litho-
type (L1, L2 and L3) which are characterized by
thin and very even laminae (Table 3, Fig. 8). The
most common of these, L1 (Fig. 8A and B), consists
of fine, varve-like couplets comprising lighter,
generally thicker laminae (25 to 250 pm thick)
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Z2C1

Lot's
[€&— Wife
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s v I v

Fig. 6. General view of Roker Formation slope-apron
facies, near Lot’s Wife Bed, Marsden Bay. Students for
scale, maximum height 18 m. Turbidite beds are
lighter coloured and weather positively relative to the
laminated lime-mudstone. The stretched-out vertical
triangles on the right show broad trends of turbidite bed
thickness and percentage (upward-thinning — decreas-
ing/upward-thickening — increasing). Parts of two
large-scale packages (interpreted as the result of short-
eccentricity), the upper part of Z2C/1 and lower part of
Z2C/2, are exposed here, below and above the Orange
Marker, respectively. Below the Orange Marker is the
higher frequency cycle (interpreted as the result of
precession), Z2C/1i; above the Orange Marker is the
lower part of another higher frequency cycle, Z2C/2i. In
this view, the base of the cliff is approximately +15-6 m
above the base of the studied section. Red box indicates
location of Fig. 7.

composed of silt-grade carbonate that alternate
with darker partings composed of terrigenous clay
admixed with organic material (25 to 70 pm thick).
The partings are affected, to varying degrees, by
compaction-related dissolution. Palynological
studies show that the organic material in the
partings contains a low diversity of palynomacer-
als that are largely of marine origin, although there
is also some terrestrially derived material (Fen-
some, 2002). Total organic carbon (TOC) values
(bulk analyses of outcrop and subsurface material)
are all below 1% (Fensome, 2002).

Petrographic study shows that the L1 laminae
contain small, approximately spherical, peloids
25 to 70 pm in size; these may have been flocs of

carbonate mud. A few detrital quartz grains are
also found in the partings, always in higher
abundance than in adjacent laminae, however.
The quartz grains are sub-rounded to sub-angular,
mostly silt-sized and are thought to be of aeolian
origin. The partings also contain pyrite and trace
amounts of mica. Very rare remains of fossil fish,
exquisitely preserved, and land plants are also
recorded (Kirkby, 1863, 1864; Howse, 1880; Pet-
tigrew, 1980); no benthic biota, either in situ or
transported, is found. In some thin sections, the
laminae display normal grading.

The thickness of each couplet in L1 laminae is
generally ca 150 to 250 pm. The thickness and
sharpness of the laminae and, to a lesser extent,
of the partings, do vary. In the field, this variation
is expressed by colour differences of layers
(lighter and darker shades of brown) within the
laminated units. These different coloured layers
are up to ca 1 cm thick and probably record an
even higher-frequency, shorter-duration (deca-
dal-scale) cyclicity.

Another laminated lithotype, L2 (Fig. 8C),
occurs in association with L1. The laminae
generally are thinner than L1 and more poorly
defined. The partings are slightly thicker and
contain a high abundance of quartz grains. This
rock has a distinctive brown colour and is clay-
rich. L1 also is gradational in character with,
and generally passes upwards into, a further
laminated lithotype, L3 (Fig. 8D). Here, the
laminae are thicker, mostly >0-5 to 1-0 mm,
and grading is well-defined. This lithotype is
only present in the top ca 6 m of the section
examined; it is typical of the middle slope-
apron facies.

Interpretation

In view of their occurrence in the more basin-
ward, mid-slope to outer-slope parts of the Roker
Formation, the various laminated lithotypes are
considered to have accumulated in substantial
water depths, below the influence of fair-weather
and storm-generated waves, as ‘background’
hemipelagic sediment. The preservation of fine
lamination, together with the occurrence of
organic matter, indicates an anoxic environment,
as does the pyrite present. The laminae (couplets)
are interpreted as annual in origin.

Turbidite beds

Description
Unlaminated beds, thought to be the product
of turbidity currents, are found nearly always
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Bed number

Fig. 7. More detailed view of Roker
Formation lower slope-apron (RK1a)
facies consisting of interbedded, 146
darker, laminated lime-mudstone

and lighter turbidite beds. The sec-

tion in this view (location shown in

Fig. 6) is composed of limestone
(dedolomite) with concretionary

fabrics from dedolomitization. Pat-

terns of upward-increasing/upward-
decreasing turbidite bed thickness

and percentage at various scales are 130
readily apparent here. The smallest-

scale packages, two of which are

seen in this photograph (cycles 9

and 10 of Fig. 12, Table 4), are

interpreted as millennial-scale in

duration (1 cm of laminated lime-

mudstone is approximately equiva-

lent to 50 years). Bed no. 104

(marked with an asterisk) may mark 110

<«— Topcycle 10

<— Topcycle9

the boundary between two even

higher frequency packages within

Cycle 9. Cliff near Lot’s Wife,

Marsden Bay (section shown is from

+166 to 17-9 m above base of 104
section). Bed numbers are the same

as those as indicated on Fig. 13.

Hammer is 33 cm long.

Table 3. Finely and evenly laminated lithotypes (L1 to L3) in Roker Formation slope-apron facies.

Type Description

Facies

L3 Thinly to thickly laminated; sharp to diffuse. Couplets generally 0.5 to 1.0 mm thick;
laminae up to 5 mm. Laminae predominantly thicker than in L1 and grade from silt-

RK1b (middle
slope-apron)

size to micritic carbonate. Rock often fissile, breaking along partings.

L2 Generally very thinly to indistinctly laminated. Terrigenous clay-rich, with dis-
tinctive brown colour. Laminae very thin or poorly defined, often discontinuous so

RK1a (lower
slope-apron)

that partings often appear thicker than in L1 or L3. Contains a much higher abun-
dance of detrital quartz grains than L1 or L3. Many associated thicker laminae and
massive beds contain admixed clay. Only exposed in the vicinity of Marsden Bay,

near base of Roker Formation.

L1 Thinly to very thinly laminated; sharp to diffuse. Couplets generally 150 to 250 pm
thick. Grading of laminae visible in some thin-sections and defined by decrease in

RK1a (lower
slope-apron)

proportion of peloids; top of laminae composed of dark micritic carbonate. Some
units of laminated lithotype have pale pink-orange colour due to admixed clay.

interbedded with the laminated lithotypes de-
scribed above (as in Figs 6 and 7). Although
many such units are less than 1 cm thick and
therefore should be referred to as ‘laminae’
(Tucker, 2003a), for clarity all these units are
termed ‘beds’. These beds are relatively thin,
predominantly 1 to 10 cm thick. The average
thickness at Marsden Bay is 3'9 cm for all beds

(n =642) and 58 cm for those >1 cm thick
(n = 414). Of the beds 21 cm thick, only 55
(13:3%) are >10 cm thick; 18 (4:5%) are >20 cm
thick and just six (ca 15%) are >30 cm thick
(Fig. 9). The thickest bed recorded in the study
area is ca 1 m thick and, being very distinctive
on this account, is named the ‘Lot’s Wife Bed’
(seen in Figs 3 and 6).
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The laminae and turbidite beds do not form a
continuum; they belong to two discrete thickness
populations with their boundary lying some-
where between 250 and 500 pm. For practical
purposes, however, laminae <1 mm thick are
regarded as being of the laminated lithotype and
laminae >1 mm are interpreted as turbidites.

Most of the turbidite beds (even the thickest)
are fine-grained, lime-mudstone textured and
composed largely of silt-grade carbonate mud

Fig. 8. Laminated lime-mudstones
in the slope-apron facies association
(RK1) at Marsden Bay. Figures in
brackets give location of sample
above base of section. (A) Lithotype
L1 (+15'9 m); note vug after burial
anhydrite. (B) Lithotype L1

(+21-7 m); note normal grading
within laminae. (C) Lithotype L2
(+199 m). (D) Lithotype L3 (from
stratigraphic level above top of
studied section). Blue is porosity.

(Fig. 10). In most instances, the mud contains
small peloids and quartz grains identical to those
in the laminated lithotype. The quartz, although
ubiquitous, always occurs in much lower abun-
dances (trace amounts; ca 1% to 2% of bulk
volume) than in the laminated lithotype. Some
beds also contain a significant amount of terrig-
enous clay, giving the bed an orange or chocolate-
brown colour, either admixed with the lime-mud
or as a discrete, finer fraction towards the top of
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Fig. 9. Histogram of thickness distribution of beds
>1-0 cm thick (n = 414). Not shown are 18 beds >20 cm
thick. 228 beds are <10 cm thick.

individual beds. In addition to mudstone,
wackestone—packstone textures also occur. In
the majority of beds, even the thickest, lime-
mudstone-textured rock predominates. For exam-
ple, in the ca 1 m thick Lot’s Wife Bed, the
packstone layer at its base is only 6 cm thick and
this grades upwards rapidly into lime-mudstone
which constitutes the rest of the unit.

Fig. 10. Photomicrographs of
textures present in turbidite beds of
lower slope-apron facies (RK1a) at
Marsden Bay. Figures in brackets
give location of sample above base
of section (m). (A) Packstone,
division 2 (+13-9 m); vugs are
thought to be ooid moulds enlarged
by weathering; compacted flakes
visible. (B) Flake mudstone —
wackestone, division 3 (+22-1 m),
with moulds of anhydrite needles.
Blue is porosity.

Excepting the grains seen only in thin section
(the fine peloids and quartz grains), grains are
largely of four types, in order of abundance:

1 Flake-like grains which clearly are fragments
of partings derived from the laminated lithotype
(Fig. 10A and B).

2 Non-skeletal grains preserved as equant,
vuggy pores, which probably are enlarged
moulds, most of which are considered to be ooids
on the basis of their size and shape (Fig. 10A). As
these grains are very poorly preserved, it is hard
to establish their type (i.e. thickness and fabric of
their coating) but most appear to be relatively
small (<0-2 mm) and quite unlike the ooids that
are typical of the shallow-water, high-energy
facies (RK3, Table 1) in the Roker Formation.

3 Lithic fragments predominantly with a mas-
sive, lime-mudstone texture. From their shape,
some are probably of the laminated lithotype;
most are relatively small (up to 2 mm) but they
can be up to centimetre size.

4 Skeletal material, mostly consisting of broken
bivalve fragments, although the origin is often
hard to establish because it is so comminuted.

Many of the beds display the same broad set of
divisions but they may not always be present. A
complete succession, from the base, consists of
the following parts: (i) a very gently scoured base
(generally <1 mm relief); (ii) packstone to wacke-
stone containing vuggy pores thought to be ooids;
(iii) packstone to wackestone containing many
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flakes derived from partings; (iv) structureless
lime-mudstone to wackestone with few flakes; (v)
a finer (silt to clay grade) top, generally very thin,
which can consist of porcellaneous (cryptocrys-
talline) micritic dolomite, terrigenous clay or
admixtures of both; and (vi) a sharp, planar top.
Parts (iii), (iv) and (v) show a strongly gradational
relationship. In many of the turbidite beds, part
(ii) is absent and part (v) is hard to discern; most
beds consist just of parts (iii) and (iv). There is a
broad, positive correlation between the thickness
of each unit and texture/grain-size, as well as the
degree of scouring. Most beds are single, although
a few are composite or amalgamated. The beds
also display good lateral continuity. The maxi-
mum distance proved is ca 0-8 km (limited by
exposure) over which there are no significant
lateral changes of thickness, texture or grain-size.

Interpretation

These beds are interpreted as the product of
turbidity currents as they clearly consist of trans-
ported sediment (as indicated by grading, evi-
dence of scouring at their base and the presence of
shallow-water grains, such as ooids) and they are
interbedded with the laminated lithotype. The
sharp, planar contacts of these beds preclude
them from being formed by bioturbation of the
laminated lithotype. In addition, they and the
laminated lithotype interbedded with them, also
lack sedimentary structures associated with storm
deposits. However, there is a possibility that
some, or possibly even most, of these beds could
be the product of hyperpycnal flows. Hyper-
pycnal flows would very probably have formed
at the platform-margin/upper slope-apron and,
lasting for days or even longer periods of time,
could have been generated by major storms
(Wilson & Roberts, 1992, 1995; Roth & Reijmer,
2005; Shanmugam, 2008) or by seasonal varia-
tions of storm frequency and intensity and/or
wind direction and strength, as well as by an
increase of sea water salinity. The lack of sedi-
mentary structures such as climbing ripples and,
more significantly, of inverse grading (Mulder
et al., 2003), both features typical of hyperpycnal
deposits, indicates, however, that these beds are
more likely to be ‘genuine’ turbidites. However, it
is possible that the absence of such features is due
to the different hydrodynamic properties of car-
bonate sediments and grains relative to their
siliciclastic counterparts and/or the fine-grained
and uniform nature of the sediment of which most
of the beds are constituted. These characteristics
would also explain the difficulty in recognizing

Bouma divisions within the beds. The only ‘true’
turbidite deposits then, might be the relatively
few units (generally >20 cm thick) which contain
relatively coarser-grained material such as ooids
(e.g. the Lot’s Wife Bed). Although of sedimento-
logical interest, in the context of this paper, the
interpretation of these beds as turbidites or
hyperpycnites is not significant, as both result
from the basinward transport of platform-top
sediment, and the fundamental controls on this
will most probably be the same. Hereafter, for
brevity, these beds are referred to as ‘turbidites’.

The slope-apron facies association

The interbedded laminated lime-mudstones and
turbidite beds, constituting facies association RK1
are interpreted as slope-apron deposits on the
basis of their basinward distribution, common
association with soft-sediment deformation and
the fact that they grade upwards into offshore,
platform-top, middle-ramp facies of RK2. The
slope-apron facies association in the Roker For-
mation can be sub-divided into lower, middle and
upper slope apron facies (RK1a, RK1b and RK1c,
respectively) on the basis of proximality trends
and/or slope declivity, using four criteria,
namely: (i) abundance of shallow-water grains
and textures in the turbidites; (ii) thickness of
laminae in the laminated lithotype; (iii) other
facies types present; and (iv) style and degree of
gravity-driven, down-slope soft-sediment defor-
mation. The features of these slope-apron facies
are given in Table 2.

The profile of the Z2C slope-apron varied in
time and space but most of RK1 appears to have
been deposited in a relatively distal location on
a uniform, low-angle slope, i.e. in a lower slope-
apron setting. This observation is indicated by the
mud-rich nature of the turbidites and the fine and
even character of the laminae in the laminated
lithotype, as well as the relatively small thickness
of stratigraphy affected by soft sediment defor-
mation.

Within the Z2C of the Sunderland area, units of
slope-apron facies (RK1) (Table 3) occur in each
of the three smaller-scale packages (Z2C/1, Z2C/2
and Z2C/3). The relative thickness of each unit of
RK1 decreases successively in each of these three
packages, from ca 28 m in Z2C/1, to ca 14 m in
72C/2 and to ca 8 m in Z2C/3. In each package,
a general upward increase in grain-size and
abundance of shallow-water derived grains is
observed, concomitant with an increase in the
abundance of grain-supported textures and, in
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72C/2 and Z2C/3, they are overlain by rocks of
the middle-ramp, offshore facies association, RK2
(typically ribbon-rocks).

DESCRIPTION OF THE EXPOSURE AT
MARSDEN BAY

Marsden Bay near Sunderland (Fig. 2) is where
the thickest and most complete succession of Z2C
slope-apron facies is well-exposed (Fig. 3). How-
ever, the base of the Roker Formation (as else-
where throughout most of its outcrop) is marked
by a unit of collapse breccia, formed as a result of
dissolution of the underlying Hartlepool
Anhydrite. The collapse breccia has a roughly
stratiform geometry and is affected by severe
diagenetic alteration. In the vicinity of Marsden
Bay it is up to 12 m thick but it is possibly only
ca 3 m thick below the base of the studied section
(where it is not exposed). For obvious reasons,
the stratigraphy of this part of the section
(and therefore the cyclicity within it) cannot be
established.

The exposure at Marsden Bay comprises the
first two (Z2C/1 and Z2C/2) of the three smaller-
scale packages that constitute the Roker Forma-
tion (Figs 3, 5 and 11). The criteria used to
identify the two packages include the arrange-
ment of the turbidites discussed in this paper.
Each consists of lithotypes belonging to facies
associations RK1 (slope-apron) and RK2 (off-
shore/middle-ramp) (Table 1). Only ca 45 m of
stratigraphy out of a total of ca 70 m exposed is
examined in this study; this is composed pre-
dominantly of lower slope-apron facies.

72C/1 is at least ca 31 m thick, of which 3 m of
collapse breccia in the lowest part cannot be used
for thickness studies; its base coincides with that
of the Roker Formation. Probably, including most
of the collapse breccia, it is composed entirely of
lower slope-apron facies. Z2C/1 contains four
thick ‘slump-sheets’, the first (and thickest) just
above the collapse breccia unit.

Z2C/2 is at least 37 m thick, of which only the
lowest 17 m can be studied; its top is not
exposed. The first ca 14 m of Z2C/2 consists of
lower slope-apron facies; this grades upwards
into middle and upper slope-apron facies (ca
13 m thick) which, in turn, is overlain by upper
slope-apron/outer ramp facies (ca 10 m thick).
Except for the first ca 3 m of the middle-slope
facies, cyclicity above the lower slope-apron
facies in Z2C/2 cannot be resolved. The failure
to resolve this is due to the poor quality of the

exposure, facies differences and also because
much of the stratigraphy is affected by pervasive
soft-sediment deformation and contains a number
of syn-sedimentary slide surfaces and faults.

The boundary between Z2C/1 and Z2C/2 is
marked by a ca 45 cm thick package that contains
turbidites and units of laminated lithology which
have a high terrigenous clay content. This unit,
which is called the ‘Orange Marker’ because of its
distinctive colour, also weathers recessively and
so is easily recognizable (Fig. 6). It is also exposed
at one other locality in the Sunderland area
(Hendon, ca 10 km south from Marsden Bay)
and, therefore, it can be assumed to be laterally
extensive.

DESCRIPTION AND INTERPRETATION
OF CYCLICITY

The plots for turbidite thickness, turbidite rela-
tive proportion (percentage), turbidite frequency
and net rate of accumulation reveal a high degree
of organization and cyclicity, with strong regu-
larity (Figs 11, 12A, 12B and 13). For clarity, only
turbidites 21 cm thick are plotted unless stated
otherwise. Analysis of the data reveals up to four
orders of cyclicity. These cycles are interpreted
below as being Milankovitch-band ca 100 kyr
short-eccentricity, ca 20 and 10 kyr precession
and semi-precession cycles and sub-Milankov-
itch, millennial-scale cycles. Each cycle, at all
scales, consists of two parts: a lower part of
upward-decreasing trend and an upper part of
upward-increasing trend in bed thickness and
turbidite percentage. However, as the different
types of data set do not correspond exactly to the
same stratigraphic units, figures deduced for the
thickness and duration of cycles do vary and are
thus only approximate. These figures are quoted
as thickness (m) from the base of the studied
section which, as noted previously, coincides
with the top of the collapse breccia, the base of
which is the actual base of the Roker Formation
itself. In addition to the trends of turbidite bed
thickness, percentage and other parameters, com-
positional criteria were also used to interpret the
packaging.

Milankovitch-band cycles

ca 100 kyr short-eccentricity cycles

The largest-scale, longest-duration periodicity
present is thought to be the product of a
Milankovitch-band short-eccentricity signal of ca

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 56, 1905—1936



1920 M. Mawson and M. Tucker

c A
45 - F100 .
44 =4 {\_ l g f—95 A l l I/ Z2C/2iv
43 St
42 ° 90
1 Qo F
41 S Ess Z2C/2iii
40+ ?E
39 _ AN [ 0 g 3 32
W S X
37 EF = | Z2C/2
36 -] nﬁ k l = E- 65 Z2C/2ii
35 ] F 60
] [ [ £ 24
34 | o = i 23 F55
2 Ew= > o2
32 == Pa { 3
31 = LS P2 Z2C/2i
30 o, < 1\. 20 [-45
. r 19t
29 —— / Parasequence
6 28] = g boundary between
= =2 o 2 A Z2C/1 & Z2C/2 =
Q274 3 Q oL T base Orange Marker
9 5 3 6 8 B
5 25 [40% A E
] - Sl ®
ool = < <wr s 1E3lE)s
2 53] §> Lot’s)Wife Bed / wlb 2 HE B
[ i Py =
> 22 Foop 2 o 2R = ;
o ] 35 @ = 9] Z2C/i
a 21 =" o 13k ] a I =
= 204 = —= —= L © 8 8 Q
E o] " { / 12[30T £18fE
< 194 = 4
2 18] -g" = sk < 518
2 17 il LV L 10F25§ B 'g
x '] FR 2 c
2 16 E K 1\ °r £ £ls
SRLE } | 8 204
14+ g— /./L _,.1( 7 [ Z2CN1
2] — S
12 N
= <G
10 I Z2cnii
9 4 10
84 L
lE . < < 3 fs
W= fote
5 - - F
. \X \\
f ] Z2Ciii
om- e (e O kyr . \d
1 10 100 0 10 20 30 40 <~ Higher Lower—>
Turb. thk. (cm) Turb. freq. (no. / kyr) Cyclicity Sea-level curve & Packages
[ RARR AR (e |
0 50 100 01 1 10 Milankovitch-scale cycles
Turbidite % Acc. rate (m/ kyr)
Key for lithology Key for cyclicity, cycle tops & sea-level curves
I:l Middle slope-apron - Terrigenous clay-rich - Regressive Millennial-scale
5th-order Precessional-scale
- Lower slope-apron @ Thick slump units - Transgressive 4th-order Eccentricity-scale
—— 3rd-order

Maximum water depth for

Milankovitch-scale cycles
Fig. 11. Plot of turbidite bed thickness (cm, red) and turbidite percentage (% in 20 cm of section, green), turbidite
frequency (no. beds per kyr, i.e. within 20 cm of laminated lime-mudstone, blue), and net accumulation rate (cm kyr ™,
purple). The left-hand scale is thickness above base of the measured section; the right-hand scale shows the calculated time.
The numbers of the millennial-scale cycles are shown (1 to 24, tops marked by yellow lines), The base of the Orange Marker
(red line) is taken as a parasequence boundary between the first two (Z2C/1 and Z2C/2) of the three short-eccentricity cycles
that constitute the Roker Formation. Tops of precession cycles (Z2C/1i—iii and Z2C/2i—iii) are marked by thin orange lines.

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 56, 1905—1936



Thickness (m) above base of section

Fig. 12.

Key for lithology

[ ]rurbidite
- Laminated @ Thick slump units

High-frequency cyclicity of slope-apron carbonates

I:I Terrigenous clay-rich

T
.
:
p
5
<
=

- 14
F13 237
5 b
- 12
22
—_2 21_
4 11
(]
K -10
o
7y 20
()] '9
3
] Z2C/ii
©
= -8
g 19
= '7
s3 -6
-5
3 18
-4
-3
2t 17
-2
é\ 1 16
~ 1
.§ 15_
e 14_
Z2C/1iii
B |=— 13
=
1T— 12 m-
E -0 kyr
100 5 10 15 20
Turb thk (cm) Turb freq. (no. / kyr)
|_l_l_l_l_|_l_l_l_l_|
0 50 100
Turbidite %

Lot¥’s Wife Bed

N

r
=

Turb thk (cm)

0 50

- 37

- 36

- 28

- 27
_-26

- 25
-24

-
-

-
o

£ -
-
¢
!

Millennial-scale cycles

- 23
- 22

- 21

Duration (kyr) above base of section

- 20

- 19

[ Z2C/1ii
- 18

-17
-16
—- 15

(=]

5 [14kyr

/ ;
x
Al

5 10 15 20
Turb freq. (no. / kyr)

100

Turbidite %

Key for cycle tops

Millennial-scale

5th-order Precessional-scale

1921

- 4th-order Eccentricity-scale

Maximum water depth for
Milankovitch-scale cycles

(A) and (B) Detail of Fig. 11 showing turbidite thickness, frequency and percentage through the succession.
Cycle top colours as in Fig. 11. Millennial-scale cycles shown here are numbers 8 to 24.

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 56, 1905—1936



1922 M. Mawson and M. Tucker

\

E}\IA’/E\\F"/\,/

B 351 i
fﬂ .{ 24 58
E - 57
- 56
34 - 55 ]
23 - 54 101
] 3 45 - 100
- 53 - 5
. - 52 ] - 98 i
33 20 - 97 Z2C/2iv
_—51 - 96
. 5o 44T - 95
32 26 j - 49 ] . |
21 [48
] =47 43
i - 46
313 L z2c/2i
I 8% 45,
=] ° F
(4]
b >
- 30 o [4 ]
k] 519
o @ r Z2C/2
T = A 414
o =
‘1>> c
3 29-] 218 43 1
© = r
z -42 | 404
- Orange Marker 17 1
[7]
[]
c
S
2 39
l—

- 41

\4
16 | zac1 38

26

40 a 3
37 - 68

3 ol z2c2ii

- 65

- 64

- 63

- 62

F61

- 60

- 59

- 58Z2C/2i

23 m-= [ BEELERLLL e | [T T T - (LR e | [T T ~-57 kyr
1 10 100 0 5101520 1 10 100 0 5101520
Turb. thk. (cm) Turb. freq. (no. / kyr) Turb. thk. (cm) Turb. freq. (no. / kyr)

[_T_T_T_T_T_T_T_T_Tj [_T_T_T_T_T_T_T_T_Tj
0 50 100 0 50 100
Turbidite % Turbidite %

Key for lithology Key for cycle tops

I:I Turbidite I:I Terrigenous clay-rich Millennial-scale ——— 4th-order Eccentricity-scale
Maximum water depth for

5th-order Precessional-scale : .
- Laminated N Thick slump units Milankovitch-scale cycles

Fig. 12. (Continued).

o5} Z2C/1i
-39 36+
- 38 kyr

24

Millennial-scale cycles

T T T T T T T T T T T T T T T T T
NSNS 00 000 00m 0 0 0 WW©W© © ©
NOOW O - NWH U1 ONOO© O=N w S

N
Duration (kyr) above base of section 8

~

N

] Lot's\Wife Bed 14 35m-

Vel - on
N
A

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 56, 1905—1936



High-frequency cyclicity of slope-apron carbonates

b, - e 1
" - 31
20
1 12
- © B 30
i ~29
19
1 28
c 1 - I c
% . L 27 %
3 \ L 26 @
G 18- 8 r ©
[) 1 © ()
& 150 ) -25 @
o 146 ) L 2
g 8 10 o g ;
) 1 x @ [ o4 © Z2C/1i
o - o
© . .g ©
E 130 » 5 E:
@17 s b=t
e ‘ 9
3 110 . g
I'E J 104 o o
9
16
2 — 20 kyr o
o g 8 Y zacnii
_ | f
0.1 1 10 100 0 5 10 15
Turb. thickness (cm) Turb. frequency (no. / kyr)
1 1 1 1 1 1 1 1 1 1 1 [_T_Tm
0 50 100 0.1 1
Turbidite % Acc. rate (m / kyr)

Key for lithology

[ ]Turbidite
- Laminated

I:I Terrigenous clay-rich

- Thick slump units

Key for cycle tops

Millennial-scale

Precessional-scale
Maximum water depth for
Milankovitch-scale cycles

1923

Fig. 13. Detail of Fig. 12 showing millennial-scale cycles 8 to 13, from 145 to 20-5 m above base of section. Bed
numbers are the same as those indicated on Fig. 7. In the first plot, all turbidites recorded are plotted in red; black

lines indicate turbidites >1 cm thick.

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 56, 1905—1936



1924 M. Mawson and M. Tucker

100 kyr duration. Parts of two such cycles are
present in the studied section, represented by Z2C/
1below the Orange Marker and Z2C/2 above. These
two packages can be distinguished easily by a very
marked change in the packaging of the turbidite
beds which occurs around the horizon of the
Orange Marker at ca 281 m. Above the Orange
Marker, a pronounced upward decrease in turbi-
dite bed thickness and percentage is seen (Figs 3,
11 and 12B), which is particularly evident in the
field. In contrast, the unit immediately below the
Orange Marker contains many thick turbidites
(including the Lot’s Wife Bed) and has a high
turbidite percentage (Figs 11 and 12B). These
differences are reflected by gross values for turbi-
dite percentage, turbidite frequency and net sedi-
ment accumulation rates which, below the Orange
Marker (in Z2C/1), are much higher (ca 70-5%, one
per 138 years and 0-68 m kyr ', respectively) than
those above (in Z2C/2) from which equivalent
figures are significantly lower (31%, one per
528 years and 0-29 m kyr ', respectively). There
is less difference in average turbidite bed thickness
in Z2C/1 and Z2C/2 (41 and 3'5 cm, respectively,
for all turbidites). These gross figures consist of
data obtained from only the parts of Z2C/1 and
Z2C/2 included in the studied section, not the
whole of Z2C/1 and Z2C/2.

In detail, each of the two packages comprises
two parts, both consisting of upward-decreasing
(lower) followed by upward-increasing (upper)
trends of turbidite bed thickness, percentage,
frequency and rate of sedimentation. The values
for all these parameters are consistently high in
the first ca 16 m of Z2C/1; turbidite frequency
(one per 30 years) and net rates of sedimentation
(41 m kyr "), in fact, reach their maxima for the
entire study section in this unit. These figures
are, however, misleading because they include
data from all four of the thick slump-sheets in the
section and, for reasons given before, turbidite
percentage and, to a much greater extent, net
rates of sediment accumulation, probably are
exaggerated. In addition, it should be noted that
the duration of this part of the section is probably
slightly greater (by <2 kyr) than indicated and,
therefore, actual rates of sedimentation will be
reduced; this is because it contains ca 40 cm of
the clay-rich laminated lithotype (L2) in which
the laminae are generally much thinner (ca
100 um) than in L1 (Table 3).

Interestingly, many of the turbidite beds in the
lowest 6 m of Z2C/1 contain ooids and are wacke-
stone to packstone textured; above this, ooids are
rare and most beds consist largely of lime-mud-

stone. From ca 16 m, all values (turbidite percent-
age, etc.) show a broad decrease with minima in all
reached at 20-7 m, above which upward-increasing
trends are seen, up to and including the Orange
Marker. Above the Orange Marker, in Z2C/2, all
values decrease steadily until reaching a minimum
at 364 m, above which they show an overall
increase in the top ca 8 m of the section. Similar
trends are also seen in the smaller-scale cycles,
described below.

The thickness and duration for the parts of
Z2C/1 and Z2C/2 included in the studied section
are 28'1 m and 414 kyr and 17-3 m and 597 kyr,
respectively. The total duration of each package
can be established by estimating the time repre-
sented by the parts of each not included (3 to
12 m of collapse breccia at the base of Z2C/1,
ca 20 m of middle and upper slope-apron to
outer-ramp facies at the top of Z2C/2). A simple
calculation using an average sedimentation rate
for the whole of the section (ca 0-45 m kyr™')
yields a total duration of ca 48 to 68 kyr for Z2C/
1 and ca 104 kyr for Z2C/2. These figures are
higher than expected for a ca 41 kyr obliquity
signal. The relatively low palaeolatitude (ca
20°N) of the study area in Late Permian times
also suggests that obliquity, which has more of
an effect at higher latitudes, is unlikely to have
been the cause of this cyclicity (De Boer &
Smith, 1994; House, 1995). There is no other
indication of an obliquity signal in the data.
Consequently, if there is an orbital-forcing con-
trol for these larger packages, it could be the
ca 100 kyr short-eccentricity. An explanation for
the apparently short duration (as little as 48 kyr)
of Z2C/1 is given in the discussion.

ca 20 kyr precession cycles

The next order of periodicity present is ascribed
to Milankovitch-band precession cycles of ca
20 kyr duration. These cycles are more strongly
developed in Z2C/1 than in Z2C/2; they are
distinguished by their ca 20 kyr periodicity,
which is roughly the same as the duration of
ca 194 kyr predicted for precession cycles in the
Permian (De Boer & Smith, 1994). As the base of
the studied section does not coincide with that of
the Roker Formation, the Orange Marker is used
as a datum to identify a total of seven precession
cycles, three in Z2C/1 (Z2C/1i to iii) and four in
72C/2 (Z2C/2i to iv) (Figs 11, 12A and 12B). The
cycles in Z2C/1 are numbered downwards from
the Orange Marker, those in Z2C/2 upwards from
it. Z2C/1iii and Z2C/2iv are incomplete and occur
at the very base and very top of the studied
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section, respectively; they are not discussed any
further. Three of the complete cycles (Z2C/1ii,
7Z2C/1i and Z2C/2iii) have durations (19:3, 212
and 207 kyr, respectively) similar to the pre-
dicted value of 19-4 kyr. The duration as well as
the thickness of both Z2C/2i (175 kyr and 6-9 m)
and Z2C/2ii (147 kyr and ca 3-2 m) are probably
greater than indicated as it was from this part of
the section that thickness data were obtained
partly from field photographs. Assuming a
duration of ca 20 kyr for each cycle, the
mis-measured (missing) thickness of laminated
lithotype in Z2C/2i and Z2C/2ii is probably ca 0-5
and ca 1-1 m, respectively. The actual thicknesses
of Z2C/2i and Z2C/2ii are therefore at least 7-4
and 4-3 m, respectively.

The cycles display varying degrees of symme-
try, Z2C/1ii and, more especially, Z2C/2iii
displaying marked asymmetry. The two complete
cycles in Z2C/1 are thicker than the three in Z2C/
2: Z2C/1i and ii are 125 m and 116 m thick,
respectively, and Z2C/2i, ii and iii, are 6-9 m,
3-2 m and 54 m thick, respectively (Fig. 11).

Significantly, a compositional signal is evident
in both Z2C/1ii and Z2C/1i and helps to validate
their identification. The top half of Z2C/1ii con-
tains a few thicker laminae (2 mm) of orange
terrigenous clay and its top is marked by a turbidite
bed which, similar to the turbidites in the Orange
Marker, contains much disseminated terrigenous
clay, giving it a distinctive pink-orange colour. A
number of other turbidites in the top half of Z2C/
1ii, including one prominent unit which is up to ca
64 cm thick and is affected by soft-sediment
deformation, contain relatively coarser-grained
material (probably ooids and lithic fragments);
they have a packstone to wackestone fabric. Two
turbidites in the top half of Z2C/1i, including the
Lot’s Wife Bed (top at ca 23-8 m) also contain
similar coarser-grained sediment.

ca 10 kyr semi-precession cycles (‘half
P-cycles’)

A relatively strong periodicity of ca 10 kyr can be
identified within at least two (Z2C/1i and Z2C/
1ii) of the four complete precession cycles
described above (see Figs 12A, 12B and 13). Each
of the precession cycles in these two cycles can be
divided into two parts of ca 86 to 109 kyr
duration which are interpreted as being the
product of semi-precession periodicity, herein
referred to as ‘half P-cycles’. The four cycles
identified are 46 to 79 m thick and display
varying degrees of symmetry. The cycles are fairly
symmetric in terms of thickness but more asym-

metric with respect to time, the second intervals
in three of the four half P-cycles being of shorter
duration than their first intervals.

Millennial-scale cycles

Higher-frequency cycles of sub-Milankovitch
periodicity are the building blocks of this slope-
apron succession. These short-period cycles are
best discerned in Z2C/1i, Z2C/1ii and Z2C/2i in
which at least 24 cycles (numbered 1 to 24) are
recognized (Figs 11, 12A, 12B and 13); they have
an average duration of 2-4 kyr with a range of 07
to 4-3 kyr (Fig. 14, Table 4). It is not impossible
that some of the longer, ca 4 kyr cycles are
actually two cycles amalgamated. The millen-
nial-scale cycles can be best identified by trends
of turbidite bed thickness and percentage which
generally display the same polarity and show
good correlation; they are not particularly well-
resolved by the other data.

The millennial-scale cycles display systematic
variations in turbidite bed thickness and percent-
age and (less strongly) degree of symmetry, which
is typical also of the longer-duration cyclicity. In
7Z2C/1i, Z2C/1ii and Z2C/2i there appear to be
eight of the millennial cycles in each (Fig. 11).
Like the precession cycles and semi-precession
half P-cycles, the millennial-scale cycles are
defined best in Z2C/1 and generally are discerned
less easily in Z2C/2. The cycles are mostly 05 to
1-6 m thick with an average of 1-3 m; one (at the
top of Z2C/1, immediately below the Orange
Marker) is 3-1 m thick.

The time-scales of the millennial-scale cycles
are comparable with the high-frequency cyclic-
ity reported in many Quaternary records. In
particular, those of the shorter duration could
be equivalent to Dansgaard-Oeschger (ca
1470 years) cycles recorded in ice cores (see
later Significance and Discussion section).

INTERPRETATION AND FORCING
MECHANISMS OF CYCLICITY

Although many factors are probably involved,
the cyclicity described in this paper records
changes in the flux of carbonate to the slope-
apron. There are two major factors involved in
this process: carbonate productivity and trans-
port ‘efficiency’ (number and magnitude of
shedding events) of sediment from the plat-
form-top to the slope-apron (Roth & Reijmer,
2005). These, in turn, are probably controlled by
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Fig. 14. Histograms showing thickness (m) and dura-
tion (kyr) of the millennial-scale cycles. Numbers of
cycles (x-axes) are as given in Figs 11, 12 and 13 and
Table 4.

relative sea-level and/or a variety of environ-
mental, climatic and oceanographic changes
forced by fluctuations of solar irradiance, either
related directly to variations in solar output
(that is solar forcing) or to changes in the orbit
of the Earth (that is orbital forcing).

ca 100 kyr short-eccentricity cycles

The larger-scale packaging of the turbidites seen
in Z2C/1 and Z2C/2, thought to be the product of

Table 4. Details of millennial-scale cycles in Z2C/1i,
Z2C/1ii and Z2C/2i.

Cycle Thickness Duration Top Top
number (m) (kyr) (m) (kyr)
Z2G/1ii
1 0.80 1.00 4.80 1.91
2 1.60 2.22 6.40 4.13
3 1.60 3.91 8.00 8.04
4 2.40 3.59 10.40 11.62
5 1.60 2.67 12.00 14.29
6 0.60 0.96 12.60 15.25
7 1.80 3.90 14.40 19.15
8 1.20 1.06 15.60 20.21
72C/1i
9 1.60 3.21 17.20 23.42
10 0.80 2.08 18.00 25.49
11 1.20 3.69 19.20 29.18
12 1.00 1.96 20.20 31.14
13 1.40 3.81 21.60 34.95
14 2.20 2.36 23.80 37.31
15 1.20 1.91 25.00 39.22
16 3.06 2.21 28.06 41.42
Z2C/2i
17 0.54 0.69 28.60 42.11
18 0.80 1.14 29.40 43.25
19 1.00 0.99 30.40 44.24
20 0.60 1.49 31.00 45.73
21 1.40 4.27 32.40 49.99
22 1.00 2.87 33.40 52.86
23 1.00 3.83 34.40 56.69
24 0.60 2.22 35.00 58.91

a ca 100 kyr short-eccentricity signal, is inter-
preted through the concept of ‘highstand shed-
ding’ (Schlager et al.,, 1994). Accordingly, the
primary control that produced them is believed to
have been changes in relative sea-level which, in
turn, affected carbonate productivity. Environ-
mental factors such as water temperature and
climate may well have played a part too but are
considered to have been subordinate to the
changes caused by relative sea-level. In the
context of ‘highstand shedding’, Z2C/1 and Z2C/
2 are each considered to be transgressive to
regressive packages. Trends of upward-decreas-
ing turbidite bed thickness, percentage, frequency
and rates of accumulation are considered to
mark periods of transgression; trends of
upward-increasing turbidite thickness, percent-
age, frequency and rates of accumulation are
considered to mark periods of highstand. Rela-
tively thick units of the laminated lithotype are
thought to mark periods of maximum water depth
and, in terms of sequence stratigraphy, therefore,
to represent the maximum flooding ‘surface’
(MFS) of each package. Interestingly, concentra-
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tions of fossil fish occur in the laminated litho-
type at two localities, one of which is the MFS
interval of Z2C/2 at Marsden Bay (Kirkby, 1863,
1864; Howse, 1880). Similar packaging of turbi-
dites has been recorded in Quaternary strata by
Kuhn & Meischner (1988), Schlager et al. (1994)
and Bernet et al. (2000).

The relative sea-level rise associated with Z2C/
2 might have been greater than that for Z2C/1
because the MFS interval for Z2C/2 is much
thicker and of longer duration (ca 1-8 m, 9 kyr)
than in Z2C/1 (ca 0-3 m, 1:7 kyr). This interpre-
tation is substantiated by the much lower values
in Z2C/2 relative to Z2C/1 for average turbidite
bed percentage (31%, 70:5%) and frequency
(528 years, 138 years), and net rates of accumu-
lation (0-29 m kyr™', 068 m kyr ') quoted previ-
ously. Z2C/1 is markedly asymmetric in terms
of duration and thickness (Fig. 11). The MFS
interval for Z2C/1 is located at 20-7 m (327 kyr)
from the base of the study section or 471 m
(91-3 kyr) above the base of Z2C/1 (equivalent to
the base of the Z2C) because, as discussed later,
the original thickness of the collapse breccia was
probably 264 m (207 + 264 = 47'1 m). Assum-
ing a duration of ca 100 kyr for Z2C/1, the MFS
interval is located 87 kyr below its top, which
gives 91-3 kyr from its base. The transgression
associated with Z2C/1 was, therefore, of longer
duration and also relatively slow, because
relatively high carbonate production on the
platform was maintained throughout most of
this period.

The initial transgression associated with Z2C/1
appears to have coincided with the end of
evaporite precipitation (which deposited the
Hartlepool Anhydrite) and the start-up of carbon-
ate production (which deposited the Roker For-
mation). Thus the contact between the Hartlepool
Anhydrite and Roker Formation does represent a
significant stratigraphic boundary but it does
occur within the early transgressive part of the
third-order sequence which constitutes the Roker
platform as a whole. As turbidites containing
ooids and units of the clay-rich laminated litho-
type (L2) are common in this lower transgressive
part of Z2C/1, but are rare or absent above, it is
probable that water depths during the early stages
of the transgression were less than those existing
during the subsequent highstand period. Rates of
carbonate production in this TST were thus able
to keep up with the rise of relative sea-level.

Z2C/2 is also asymmetric in terms of time and
thickness (significantly less so in terms of time);
the MFS is located at 83 m (24-1 kyr) above its

base and, therefore, 287 m of stratigraphy occurs
above it (Fig. 11). Unlike Z2C/1, therefore, it is
predominantly regressive in character although
most of the section studied belongs to the trans-
gressive part. As noted above, the relative sea-
level rise associated with Z2C/2 was of greater
magnitude than that associated with Z2C/1. This
fact is also substantiated by facies analysis at
other localities in the region which indicates that
this is the MFS interval for the Roker Formation
sequence as a whole. The transgression was also
clearly much more rapid than in Z2C/1 because,
in Z2C/2, it lasted for a period of ca 24 kyr, when
compared with ca 91 kyr in Z2C/1. Initially, rates
of sea-level rise must have been slow enough to
allow relatively high carbonate productivity
because the first 2:5 m of Z2C/2 has a relatively
high percentage of turbidites. As an alternative,
this material may have been reworked from
sediment produced during the previous high-
stand. The change from transgressive to high-
stand conditions in Z2C/2 appears to have
coincided with platform/slope-apron prograda-
tion, because ca 3 m above the MFS interval, the
transition from lower to middle slope-apron
facies begins.

The Orange Marker (Figs 6 and 11) is thought to
represent a relative sea-level fall and to mark the
boundary between Z2C/1 and Z2C/2 on the basis
of the pronounced change in the style of packag-
ing associated with it, together with its relatively
high terrigenous clay content. This increase in the
flux of clastic material is characteristic of many
carbonate systems during periods of forced
regression and lowstand (Hunt & Tucker, 1993;
Southgate et al., 1993; Tucker, 2003b). As there is
no evidence of exposure associated with this unit,
the placement of a parasequence boundary at the
base of the Orange Marker may seem rather
arbitrary; however, the turbidite percentage and
frequency seem to substantiate this interpreta-
tion. This view follows that of the Grant et al.
(1999) sequence stratigraphic interpretation of
pelagic chalk facies and other carbonate sequence
stratigraphic models (references above and also
Emery & Myers, 1996; Coe et al., 2003) which
place the sequence boundary where the first
evidence for relative sea-level fall is found. The
boundary here in reality then is the correlative
conformity, as well as the basal surface of forced
regression in the scheme of Hunt & Tucker (1992).
Sequence stratigraphic terminology is reviewed
in Catuneanu et al., 2009.

The small thickness of the falling-stage/low-
stand part of the section (ca 45 cm), represented
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by the Orange Marker, is another feature typical
of carbonate systems because mechanical rework-
ing of carbonate rocks on the exposed platform is
generally limited by their early lithification.
Another contributing factor, which is equally
important, and which may also explain the fine
nature of the clastics in the Orange Marker, was
the arid climate during Roker Formation times.
This climate probably inhibited mechanical
reworking and transport of terrigenous sedi-
ments; much of the clay is possibly aeolian in
origin. At the correlative horizon on the platform-
top, there is no obvious exposure surface and
clastic influx is seen at only one locality (Haw-
thorn Quarry). The general lack of evidence for
exposure is probably due to a combination of
erosion and, more probably, the fact that such
surfaces are usually poorly developed in hot, arid
environments, such as those existing during the
Zechstein. However, Strohmenger et al. (1996a)
have described karstic exposure horizons in the
Z2C of Germany.

ca 20 kyr precession cycles

In view of their duration, the most important
control of the ca 20 kyr precession cycles is also
thought to be changes in carbonate productivity
caused by changes of relative sea-level and asso-
ciated environmental changes, and their packag-
ing is interpreted accordingly. Evidence for
sea-level fluctuations of this duration is observed
in many Quaternary coral-reef records (Fairbanks,
1989) and they are commonly interpreted as being
the cause of shallowing-upward cycles (para-
sequences) in a wide range of settings and
sedimentary rock-types throughout the geological
record (Lehrmann & Goldhammer, 1999 and
papers cited previously). The occurrence of
coarser-grained turbidites and clastics at the top
of two of the cycles also supports this interpre-
tation. A compositional signal such as this is, in
fact, predicted by highstand shedding models
(Schlager, 1992) and is documented from slope
facies throughout the geological record as, for
example, in the Triassic (Reijmer et al., 1994),
Cretaceous (Hunt & Tucker, 1993) and many
examples from the Quaternary (see references
given previously).

ca 10 kyr semi-precession cycles (‘half
P-cycles’)

The interpretation of these cycles is not clear but,
given their duration, their forcing mechanism,

similar to the ca 20 kyr precession cycles, is
probably associated with the relative sea-level
changes. Reuning et al. (2006) have documented
half-precession cycles in aragonite content data
from slope carbonates of the Bahamas.

Millennial-scale cycles

These relatively short-period cycles are perhaps
the most interesting of all the cycles present and
their interpretation is controversial. Relative sea-
level change is a possibility, although it would be
at a much higher frequency than the Milankovitch
rhythms. Sub-Milankovitch sea-level cycles have
been inferred from Pleistocene oxygen isotope
data (Thompson & Goldstein, 2005; Rohling et al.,
2007) but this was an icehouse time, contrasting
with the Upper Permian probable ice-house to
green-house transitional state, when any sea-level
changes would have been subdued through much
reduced or absent polar ice-caps. More probable
controls are fluctuations in climate and/or
environmental factors affecting carbonate
productivity and/or sediment supply. For exam-
ple, carbonate productivity could have been
increased through higher sea water temperature
and/or aridity, thus increasing the size of the
sediment ‘reservoir’ on the platform-top. The
volume (flux) of carbonate sediment transported
from the reservoir to the slope could have fluctu-
ated as well. For instance, regional changes of
climate could have increased storm intensity and
frequency, or simply raised fair-weather wave-
height and wave-energy so that ‘shedding-events’
(turbidity currents and hyperpycnal flows) were
more frequent and of greater magnitude.
Short-term climatic and oceanographic changes
have been recognized relatively recently in a wide
variety of Quaternary records (Bond et al., 1997,
2001; Dansgaard et al., 1993; GRIP, 1993; Hughen
et al., 1996a,b; Johnsen et al., 1992; Schulz et al.,
1998; Yancheva et al., 2007). The ca 1500 year
Dansgaard-Oeschger cycles are particularly rele-
vant as they are the result of sharp warming events
followed by cooling. If the millennial-scale cycles
were driven by climate change, then some other
parameter must have been fluctuating to change
climate on this high-frequency scale. The most
probable explanation then is fluctuations in solar
output, as suggested by many of the above-cited
papers; and, in this context, of particular interest is
the deduction that the duration of the millennial-
scale cycles recognized here does not appear to
have been equal, only quasi-periodic or non-
canonical. As shown in Table 4 and Fig. 14, the
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durations vary from ca 700 to ca 4300 years
(although some of the longer-duration cycles could
be amalgamated). Note also that there is a sugges-
tion of increasing and decreasing durations.

It has been suggested, however (Foukal et al.,
2006), that there is “no evidence for solar lumi-
nosity variations of sufficient amplitude to drive
significant climate variations on centennial,
millennial and even million-year timescales”.
This suggestion leaves only one other potential
mechanism for quasi-regular changes in climate —
major changes in volcanic activity. Ward (2009)
has presented strong arguments that high rates of
SO, emission from volcanic activity (i.e. more
than one large volcanic eruption each year for
decades) will lead to global warming. Ward
demonstrated that the millennial-scale sharp
warming events of the last ca 50 000 years, the
Dansgaard-Oeschger cycles, were contemporane-
ous with times of major volcanic eruptions. Thus,
the arguments continue regarding the ultimate
driving mechanisms for short-term and long-term
climate change; however, this does not devalue
the sedimentological record in any way, where
the evidence for such changes is often so well-
preserved.

OTHER EXPLANATIONS FOR THE
PACKAGING

There are other processes that could be invoked for
the packaging of the turbidites, other than sea-level
and climate change affecting carbonate productiv-
ity and sediment transport, but most of these
alternatives can be discounted on the grounds of
the high degree of organization and periodicity
shown by the cyclicity. It could be argued, for
example, that the packages, especially the smaller-
scale, higher-frequency cycles, were produced by
random variations in turbidite bed thickness (see
Hiscott, 1981 for discussion). The fact that these
cycles are apparently so well-organized and dis-
play such a strong periodicity suggests that they are
real. Statistical tests and other analytical
approaches (Murray et al., 1996), especially for
the millennial-scale cycles, could confirm their
existence for sceptics of the data and
interpretations presented here; however, the
apparent quasi-periodic nature of the millennial-
scale cycles (see Fig. 14, Table 4) may make it
impossible to identify them through spectral
analysis.

A tectonic control could be invoked for the
packaging. For instance, it could be argued that

the larger-scale packages (Z2C/1 and Z2C/2) were
generated by syn-sedimentary, fault-related up-
lift. There is evidence at Marsden Bay for such
tectonic activity. This evidence includes thick-
ness and facies changes across a fault (located
near Smuggler’s Cave; see Fig. 2) and also the
facing directions of slump-folds in Z2C/2, which
are strongly oblique to the general north-east
facing (basinward) direction of the slope-apron.
However, the fact that Z2C/1 and Z2C/2 can be
recognized throughout the outcrop of the Roker
Formation (and also probably throughout the
Zechstein Basin), indicates that they were caused
by basin-wide, not local, changes of relative sea-
level. The strong periodicity of the ca 20 kyr-scale
and millennial-scale cycles indicates that a tec-
tonic origin for them is unlikely. Some of the
thicker turbidites, such as the Lot’s Wife Bed,
may have been triggered by fault movement,
however.

It is also possible that the larger-scale trends of
upward-increasing turbidite bed thickness and
percentage could have been caused by platform
progradation. This effect is, however, unlikely
given that the laminated lithology is almost
entirely of the same type (L1) throughout all of
Z2C/1 and most of Z2C/2; this suggests that the
depositional setting throughout most of Z2C/1
and Z2C/2 times at Marsden Bay remained
broadly the same. The relatively thickly lami-
nated lithotype (L3), which is just found in
middle slope-apron facies, occurs only at the
top of the section at Marsden Bay. A progradation
explanation also fails to explain how the larger-
scale trends of upward-decreasing turbidite thick-
ness and percentage could have been generated;
platform retreat would require an external forcing
mechanism such as a relative sea-level rise and/or
environmentally related inhibition of carbonate
productivity.

A number of deep-water sedimentary processes
could explain some of the packaging (see Picker-
ing et al., 1989; Stow et al., 1996). For example,
channel and/or lobe migration, switching and
abandonment provide possible explanations for
the upward increasing/decreasing patterns of
turbidite bed thickness. Thick, massive units in
the upper and middle slope-apron at Marsden
Bay may occupy channels but channellization is
not observed at all in the lower slope-apron
facies. The lack of scouring and the mud-rich
nature of most of the turbidite beds also suggest
that channellization associated with their depo-
sition is unlikely to have occurred. The interpre-
tation of the packages as lobe sheets is harder to
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discount, however, especially given the uncer-
tainty regarding the size of such features and the
general paucity and limited extent of exposures of
the Roker Formation in the region. Sedimentary
processes associated with lobe sheets could also
have produced the smaller-scale thickening and
thinning-up packages (so-called ‘compensation
cycles’; Hiscott, 1981; Stow ef al., 1996) but
significant lateral thickness changes are not dis-
cernible in the turbidite beds and so this expla-
nation is also considered unlikely. Taking all the
data into account, the well-organized nature and
strong periodicity of the cycles suggest that
purely sedimentary processes are unlikely to
have generated the packaging.

VALIDITY OF THE TIME-SCALE

The validity of the time-scale used in this study is
critical for the interpretation of the cyclicity. In
particular, the assumptions made regarding the
annual origin of the laminae and their uniform
thickness are clearly open to question. The time-
scale can be tested, however, by comparing the
data with those from modern examples and the
rest of the geological record. Such a comparison
indicates that the time-periods suggested here for
the cycles are reasonable. For example, the net
rate of accumulation for the whole of the studied
section is ca 0-45 m kyr~ ' which, although higher
than the average for the sedimentary record (see
data in Schlager, 1992), is geologically realistic
when compared with Quaternary data. Equivalent
figures for just the parts of Z2C/1 and Z2C/2
included in this study are 0-68 and 0-29 m kyr ",
respectively. The same figures for the five com-
plete precession cycles in the study section (Z2C/
1i and ii and Z2C/2i to iii) vary between ca 0-2
and ca 06 mkyr'. Data from eight of the
1000 year time-slices show figures >1 m kyr~"' of
which six are between 1 and 1-5 m kyr~". The two
highest values (ca 4-1 and ca 1-6 m kyr™ ') occur in
time-slices at the base of the section that each
contain one of the two very thick slump-sheets
and, for reasons given earlier, probably are unre-
liable. The data generated in this study also
produce realistic values for net rates of accumu-
lation of the Roker Formation as a whole (see
Significance and Discussion). Note that any com-
parison of the net rate of sedimentation for the
Roker Formation with modern data must take into
account the fact that the data derived from this
study are for compacted sediment and, therefore,
will have originally been higher than indicated

above. Decompacted thicknesses are calculated to
be ca 20% to 30% higher if a maximum burial
depth of 1 to 2 km is assumed for the Roker
Formation.

Turbidite frequency data also give realistic
results. The average frequency of all turbidites
in the study section is one every ca 158 years and
one every 244 years for turbidites 210 cm thick.
Figures from both Z2C/1i and Z2C/1ii show an
average frequency of one every 170 and 135 years,
respectively, for turbidites 21-0 cm thick. In Z2C/
2i to iii, equivalent figures are much lower,
varying from one every 253 to 1637 years for
turbidites 21:0 cm thick. Many of these figures are
comparable with the periodicity of major
so-called ‘100 to 200 year’ storm events predicted
for the present-day North Sea (Light & Wilson,
1998) and to the frequency of category 5 cyclones
(200 to 300 years) for the Great Barrier Reef (Nott
& Hayne, 2001). Data from the Bahamas (Tongue
of the Ocean, Exuma Sound), however, show that
turbidite frequency is an order of magnitude, or
more, less than that in the Roker Formation: <1 to
6 per 10 kyr (Droxler & Schlager, 1985; Kuhn &
Meischner, 1988; Bernet et al., 2000). Net rates of
accumulation are also proportionally less (ca 1 to
8 cm kyr™'). These markedly contrasting figures
are probably due to fundamental differences in
scale between the two systems; the Roker Forma-
tion slope-apron was only ca 100 m in height
whereas the Bahamian slopes have a much higher
bathymetric relief of ca 1000 m or more. A further
factor that must be considered when making
comparisons with data from the Quaternary is
that production then was associated with major
glacio-eustatic sea-level changes, unlike those in
the Roker Formation (see later). Shanmugam
(2008) demonstrated the significant role of trop-
ical cyclones in transporting sediment from
shelves to slopes.

One further point regarding the time-scale is
that the duration of 48 to 68 kyr calculated
previously for Z2C/1 is too short to be interpreted
as a ca 100 kyr short-eccentricity signal. These
figures included an estimate for the duration of
the 3 to 12 m thick unit of collapse breccia at its
base by using the average sedimentation rate
(0-45 m kyr™') derived from the entire study
section. As there is no evidence for any major
stratigraphic break within the collapse breccia, an
obvious explanation for the discrepancy is that
the actual rate of accumulation for this section
was much lower. Assuming a duration of ca
100 kyr for Z2C/1, the amount of time repre-
sented by this unit would have been ca 586 kyr
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(the duration of the dated part of Z2C/1 is
41+4 kyr) and, therefore, the rate of sedimentation
for the collapse-brecciated unit would have been
between only 0-05 and 0-2 m kyr™'. As this figure
is relatively low for the Roker Formation, an
alternative explanation is that the strata now
forming the collapse breccia were originally
much thicker than at present. This view is
suggested because subsurface evidence (cores)
shows that, throughout the platform, the bottom
part of the Roker Formation contains much
anhydrite (displacive and replacive). The removal
of this by dissolution would, it is suggested, have
significantly reduced the original thickness of
these rocks. As the time represented by the
collapse breccia is known roughly (586 kyr), its
original thickness can be determined from the
average sedimentation rate of the study section
(0-45 m kyr "), yielding a figure of ca 26:4 m for
the original thickness of the collapse brecciated
unit; i.e. 144 to 234 m more than it is now.
Performing a similar calculation for the top part of
7.2C/2 which is not dated (and which would have
had a duration of ca 40-3 kyr) yields a figure of
181 m, comparable with the actual figure of
20 m; this suggests that such an approach is
correct. The original thickness of Z2C/1 was
therefore ca 545 m (281 + 264 = 545 m).

SIGNIFICANCE AND DISCUSSION

The importance of this study is that cyclicity of
various types can be recognized using turbidite-
bed and laminated-mudstone thickness patterns.
The packaging of the turbidites is very well-
organized and displays a strong periodicity that
clearly does not have a random signature. The
recognition of the millennial-scale sub-Milankov-
itch cycles is of particular interest as this
demonstrates that such cyclicity can be recog-
nized in the pre-Pleistocene geological record,
even when high-resolution biostratigraphic and
radiometric data are not available. Significantly,
this also indicates that the record of millennial-
scale cyclicity could, in fact, be much more
widespread in the geological record than consid-
ered previously and that it may be recognized by
variations of bed thickness in suitable facies
(notably shelf carbonates, see Tucker et al., 2009).

The shorter-duration Milankovitch-band and
millennial-scale cycles are most strongly de-
fined in the early transgressive and highstand
parts of larger, interpreted eccentricity-scale
fluctuations of relative sea-level. The signal of

this higher-frequency cyclicity therefore is
weaker than that associated with the longer-
duration/higher-amplitude, eccentricity-scale
related changes of relative sea-level, i.e. those
recognized as ‘highstand-shedding’. The preces-
sional and millennial-scale signal is clearly
amplified or muted by the variations in carbon-
ate productivity and supply caused by these
longer-term changes.

Eccentricity and precessional-scale changes of
relative sea-level are much more significant dur-
ing icehouse times, such as the Quaternary,
through a glacio-eustatic mechanism. The Late
Permian, however, was a transitional time follow-
ing the end of the Gondwanan glaciation (Angio-
lini et al., 2003; Montaiiez et al., 2007), leading to
the greenhouse conditions of the Triassic. In the
Late Permian sea-level changes would have been
of lower amplitude than in the Lower Permian,
although there may well have been an influence
from residual polar ice. Global computer climate
modelling (Crowley, 1994; Kutzbach, 1994; Bar-
ron & Fawcett, 1995; Gibbs et al., 2002) and floral
evidence (Ziegler, 1990a; Rees et al., 1999, 2002)
have shown that the climate of the Earth during
the Late Permian was significantly warmer (by up
to ca 65 °C) than at present. The Zechstein Basin
is thought to have undergone periodic isolation,
especially in the latest Permian and at times of
evaporite precipitation (Tucker, 1991), but it was
most probably connected to the open ocean during
times of carbonate deposition.

The arid climate and near-landlocked nature
of the Zechstein Sea would have made it
particularly sensitive to changes in solar irradi-
ance and global warming events and these may
have reinforced even minor sea-level and envi-
ronmental variations. The strong seasonality of
the global climate, also indicated by computer
modelling, could also have amplified further
even small changes of irradiance caused by
orbital and solar forcing (see references above).
These factors may explain why the high-
frequency millennial-scale signal is so well-
recorded in the Roker Formation slope-apron
facies. The fact that some of the millennial-scale
cyclicity is of broadly similar duration to the ca
1500 year periodicity of Dansgaard-Oeschger
cycles is especially significant for two reasons,
assuming that in both cases the cycles are the
product of the same forcing mechanism. Firstly,
it suggests that the same process or processes
were operating in the Permian as during the
Quaternary and, secondly, an explanation for
these cycles must exclude one controlled purely

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 56, 1905—1936



1932 M. Mawson and M. Tucker

by thermohaline circulation, because, as noted
above, the Earth was in a transitional icehouse
to greenhouse state in Late Permian times.

Another important result of this study is that it
allows the time interval represented by the Roker
Formation (Z2C) as a whole to be estimated; this
is because the duration of two of the large-scale
packages (Z2C/1 and Z2C/2) that constitute the
Z2C are probably the product of ca 100 kyr
short-eccentricity rhythms. As there is a third
package of comparable thickness to the first two
within Z2C, the duration of the Roker Formation
can be inferred to be up to 0-3 Myr. This figure is
in broad agreement with the estimate of Men-
ning et al. (2005) of 0-8 Myr for the duration of
the whole of the second Zechstein cycle, which
includes a very thick basin-centre halite, and
non-deposition. The duration for the Z2C sug-
gested here contrasts markedly with the estimate
of ca 1'5 Myr given by Leyrer et al. (1999) for the
Z2C in Germany. A duration of 0-3 Myr produces
net accumulation rates for the Roker Formation
of between 045 m kyr™' for the slope-apron
(maximum thickness ca 140 m) and ca
02 m kyr' for the platform-top (maximum
thickness 60 m). Using a duration of 15 Myr
for the Roker Formation gives equivalent rates of
ca 01 and ca 004 m kyr_l, which seem extre-
mely low. If the assumptions are correct, it
implies that much of the sediment on the
platform-top was exported, because, using an
average sedimentation rate of 0-45 m kyr™' for
the slope-apron facies at Marsden Bay and a
duration of 300 kyr for the Roker Formation, it
can be calculated that ca 135 m of carbonate
sediment would have been produced on the
platform-top. Therefore, more than half the
sediment produced on the platform-top was
probably exported because there is no evidence
for significant exposure in the platform-top
succession. The high rate of export is partly a
reflection of the lack of accommodation space on
the platform top itself, along with high carbonate
productivity and efficient export processes. As
shown by this study, the flux of sediment varied
and was strongly cyclic at a range of periodic-
ities including a sub-Milankovitch, millennial-
scale frequency, which in this paper is attributed
to fluctuations in solar output.

CONCLUSIONS

The lower slope facies of the Upper Permian
Roker Formation in North-east England shows a

clear hierarchy of cyclicity on scales from metres
to tens of metres. The slope cycles basically are
defined by the thickness, percentage and fre-
quency of carbonate turbidites interbedded with
laminated lime-mudstones, caused by variations
in sediment export from the adjacent platform.
The control on this will have been fluctuations in
carbonate productivity, driven by changes in sea-
level, climate and/or environmental factors. The
durations of the cycles are from millennial-scale
(700 to 4300 years) to Milankovitch-scale (pre-
cession, ca 20 000 years and short-eccentricity,
100 000 years). The ultimate control on the
Milankovitch-scale cycles would have been
variations in solar irradiance because of the
orbital forcing. However, the origin of the
quasi-periodic millennial-scale cycles, likely
responses also to climate change, is debateable;
variations in solar luminosity or volcanic activity
are the two possibilities.
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APPENDIX

Nomenclature of Zechstein Cycle 2 carbonates
in North-east England: Reasons for change:

1. In many instances, the facies of the two forma-
tions into which the Z2C was previously divided,
are hard to discriminate. Shallow-water facies,
typified by oolite, were assigned to the Roker
Dolomite. Slope-apron facies, characterized by
those described in this study, and middle-ramp
facies such as ribbon rocks, comprised the Concre-
tionary Limestone. Many facies in the Roker For-
mation are, however, difficult to interpret and have
characteristics typical of either formation. Concre-
tionary fabrics from dedolomitization, for which
the Concretionary Limestone was named, are not
always present and do occur in the Zechstein Cycle
3 Seaham Formation, as well.
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2. The Z2C does not show the simple shallow- in this paper, at least three smaller-scale packages
ing-upward succession and facies partitioning are present.
understood to be present when the two forma- 3. Thus it is recommended that the terms Roker
tions were established. Facies analysis shows a Dolomite and Concretionary Limestone be aban-
more complicated pattern in which, as mentioned doned and replaced by the term Roker Formation.
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