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Abstract 

A stratigraphic reinterpretation of the Eocene-Oligocene Solent Group is 

presented here, based on the Whitecliff Bay section of the Isle of Wight, 

Hampshire Basin, UK. 

High resolution palaeontological, sedimentological and mineralogical analyses 

allow the establishment of facies groups, which are used to demonstrate the 

presence of seven conspicuous sequences. For the first time, these are tied to 

an accurate mag netostratigraphic framework. 

Investigation of the cyclic signal in clay mineralogical data reveals that sea level 

was controlled by the -400ka cycle of astronomical (Milankovitch) forcing at this 

critical period in Earth history, when the change from a greenhouse world to an 
icehouse world took place. This has also allowed uncertainty surrounding the 

location of the Eocene-Oligocene boundary within the Solent Group to be 

cleared up. 

A major incision event associated with glacial build up at the Eocene-Oligocene 
boundary is recorded, but is smaller than that predicted by isotope records 
(Miller et al. 1991), possibly as a result of rapid subsidence rates. 
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1 Introduction 

1.1 Aims and Rationale 

The Eocene to Oligocene Solent Group of the Hampshire Basin comprises a 

series of coastal plain deposits, which record sea level change across this 

critical period of Earth history. Whilst astronomical forcing is known to be a 
driver for ice volume and therefore sea level, the nature of this link is poorly 

understood due to the paucity of sections recording both sea level change and 

astronomical forcing records. This study aims to construct an astronomical 
forcing record from the Solent Group and correlate it with a sea level record 

obtained from the same sections. This will enable events in the Late Eocene to 

Early Oligocene to be understood more accurately and allow the sequences of 
the Hampshire Basin to be placed in their proper context with respect to global 

events. 

1 



1.2 Literature Review 

1.2.1 Astronomical Forcing and Milankovitch cycles 

As early as 1832, geologists were investigating the possibility that geological 

phenomena may have been related to variations in the Earth's orbit around the 

Sun (Herschel 1832). Many attempts were made to show that astronomical 

variations were the cause of climate change, particularly the Ice Age theory that 

Louis Agassiz first argued for in 1837, having himself been convinced by 

amateur proponents the previous year. The work of a Scottish mechanic, James 

Croll (1875), went some way towards explaining the ice ages, but could not 

calculate the effects of all the astronomical parameters (Imbrie & Imbrie 1986). 

Milutin Milankovitch first published his solution for incoming solar radiation 
variation over time in 1920, in Serbian. UnsurprisinQly. it did not have an 
immediate international impact. His final version was published in German 
(Milankovitch 1941) and it was not until 1969 (after his death) that an English 

translation of his work appeared (Imbrie & Imbrie 1986). A further, model-based 
demonstration of how Milankovitch cycles would control ice sheet sizes was 
given at about the same time as cycles were being recovered from the 

geological record (Weertman 1976). 

In the geological record, Milankovitch cycles were first meaningfully recognised 
in the Quaternary (Hays et a/. 1976; Berger 1977 and Imbrie & Imbrie 1980), but 

they were gradually identified in older rocks as the stability of the signal was 

addressed (Berger et al. 1992). The aim was not merely to extend the 

astronomical timescale back from the beginning of the Quaternary (Zahn 2002), 

but also to investigate much older sequences. For example, Milankovitch 

records have been found in the Triassic platform carbonates of the Alps 

(Goldhammer et al. 1990), the Pliocene-Pleistocene cyclothems of Wanganui 

Basin, New Zealand (Naish & Kamp 1997), the Miocene of the Mediterranean 

(Nilgen & Krijgsman 1999), the Lower Jurassic of Dorset (Weedon & Jenkyns 

1999), the Triassic-Jurassic of northeast USA (Olsen & Kent 1999), and the 

Cenomanian (Gale et al. 1999). 
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The Milankovitch band occupies the 10,000 to 500,000 year window (Fischer 
1986). The annual energy receipt from the sun does not vary greatly on 
Milankovitch timescales, but the distribution of the energy in terms of both 
latitude and season changes due to variation of three parameters, known as 
precession, obliquity and eccentricity (Figure 1). 
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Figure 1. Variations in the Earth's orbital parameters that cause Milankovitch 

cycles (after House, 1995). 

The obliquity cycle is caused by a change in the inclination of the Earth's axis by 

up to 3 degrees every 41,000 years. The Earth's orbit around the Sun changes 
from almost circular to more elliptical in two eccentricity cycles of 100,000 and 
400,000 years. The Earth's axis also precesses (spins like a spinning top) every 
19,000 to 23,000 years: this is known as the precession cycle. A full discussion 

of astronomical forcing cycles can be found in Weedon (2003). 

When obliquity is low (the axis is more upright), more energy is delivered to the 

equator and less to the poles. This has the effect of steepening the temperature 

gradient between the poles and the equator whilst decreasing seasonality. 

Eccentricity and precession affect climate by interaction. Precession has two 

modes, one at 19 kyr and one at 23 kyr. At these intervals, one of the 

hemispheres will face the sun at mid-summer and will experience short, hot 

summers and long cool winters. Whereas the other hemisphere will enjoy long, 
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cool summers and short, mild winters. In the opposite phase, the roles are 

reversed. The intensity of the precessional effect is controlled by the eccentricity 

of the orbit and will wax and wane with the cycles in orbital eccentricity. 

Variations in the period of the orbital parameters through geological time have 
been reported (Berger et al. 1992). Shortening of the Earth-Moon distance 

through time has helped induce shortening of the fundamental periods of 
obliquity and precession over the past 500 million years. Some workers suggest 
that the effect of the inclination of the Earth's orbital plane ought also to be taken 
into account (Muller & McDonald 1995). 

A greater understanding of astronomical inputs and an increase in the 

sophistication of the methods employed have enhanced the dependability of 
astronomical forcing parameters (e. g. Pälike & Shackleton 2000). The energy 
output of the sun can vary over time, but should not swamp the Milankovitch 

signal. A slowing in the Earth's rate of rotation has also been invoked as an 
agent of change in ocean and atmospheric circulation and by that token, climate 
(Hunt 1979). These effects are small and need only be taken into account when 
measuring astronomical forcing over very long time periods. 

The effect of variation in the chaotic motion of the planets over time is thought to 
be negligible, therefore the eccentricity period can be considered more or less 

constant throughout geological time (Berger et al. 1992). 

A cyclostratigraphic approach has been applied to the Rupelian (Lower 

Oligocene) stratotype, the Boom Clay Formation, in North Belgium. These 

siliciclastic shelf deposits are strikingly banded on the scale of approximately 
half a metre. The first study (Van Echelpoel & Weedon 1990) identified cycles of 

grain size linked to the -100 ka & -40 ka Milankovitch cycles. Later, cycles were 

elucidated using grain size variation and organic matter content, combined with 

carbonate concentration, bed thickness, trace elements, clay minerals and 

oxygen isotopes (Vandenbergh et al. 1997). The cyclicity was again the -100 ka 

eccentricity cycle, with a minor -40 ka obliquity signal, taken by the authors to 

suggest the presence of Antarctic ice sheets. The fluctuation of the ice sheets 

and the resulting variation in sea level is thought to be the mechanism through 

which the astronomical forcing is expressed in the sedimentary record. 
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The study of astronomical variation in the geological record is still a young area 

of science. However, it is clear that Milankovitch studies have great potential for 

understanding past global changes and for high-level resolution of the 

stratigraphic record. However, whilst Milankovitch parameters control insolation, 

it is the state of the earth system and the existence of feedbacks and thresholds 

that govern how the Milankovitch cycles are expressed climatically and this must 
be borne in mind when using Milankovitch cycles as a guide to past changes. 
Eccentricity cycles in particular (as they are stable) offer the possibility to date 

pre-Quaternary sequences much more accurately than is possible using dating 

techniques currently available. However, this approach is dependent on the 
identification and exploitation of a reliable proxy for Milankovitch variation, which 

can be hampered by diagenesis, imprecision in absolute timescales and the lack 

of suitable sections. 

1.2.2 Global Changes Across The Eocene-Oligocene Boundary 

Since the end of the Cretaceous period 65 million years ago, Earth's climate has 

undergone significant and complex evolution (Figure 2). 
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Figure 2. Cenozoic climatic change (Zachos et al. 2001). 

5 



Global climate change studies have become more advanced in recent decades 

as a result of sections recovered from the Deep Sea Drilling Program (DSDP) 

and Ocean Drilling Program (ODP). This was coupled with the evolution of 
faster, more accurate analytical methods for extracting oxygen and carbon 
isotopic records. Oxygen and carbon isotope records provide both stratigraphic 

and climatic information and have enabled the extension of astronomically 

calibrated records back into the Tertiary (Zachos et al. 2001), which in the past 
had been thought impossible. 

Climate change over time is commonly measured using oxygen isotopes. Long 

records, reaching beyond the beginning of the Quaternary were rare in the early 
days of isotope work in the 1960s and 1970s, but became more common as 

ocean-drilling cruises began prospecting sites specifically to retrieve older 

material at higher resolution. 

Considerable caveats must be borne in mind when using oxygen isotopes as a 

climate record (Miller et al. 1991b). The ö180 of foraminiferal calcite is thought to 
be a function of the temperature and seawater 6180 where the organism lived. 
Therefore, an increase in 6180 may be the result of either a drop in water 
temperature, an increase in global seawater 6180 due to ice sheet growth or a 
local seawater 6180 increase due to increased evaporation or decreased 

precipitation. 

It is still difficult to apportion particular glacio-eustatic change values to each 

measured oxygen isotope value. This is particularly true of older pre-Pleistocene 

records that may be more subject to diagenesis and where vital effects are 
harder to determine. The technique relies on the covariance of ö180 from 

benthic and low-latitude (non-upwelling) planktonic foraminifera. Low-latitude 

non-upwelling planktonic species are used because they are less likely to be 

affected by seasonal changes (Prentice & Matthews 1988). 

It has been suggested that changes in Cenozoic climate were largely a function 

of the interaction between tectonic and orbital factors (Zachos et al. 2001). 

Eccentricity affects climate by modulating the amplitude of precession. Obliquity 

changes the latitudinal distribution of insolation. Interactions of these variables 
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with major boundary conditions control the climate. Tectonic boundary 

conditions include the geographic distribution of continents and their topography 

and also the location and bathymetry of oceanic gateways (Hay 1996, Barron et 

a/. 1984). 

The Palaeocene and Early Eocene are considered largely a continuation of the 

Cretaceous greenhouse world and the Oligocene is recognised as part of the 

icehouse that has continued to the present day. The uncertainty surrounding the 

nature of ice sheets during the Middle and late Eocene has been dubbed the 

Doubt House World (Miller et al. 1991 b) (Figure 2). 

Early, low-resolution isotope studies such as one based on molluscs from the 
North Sea (Buchardt 1978) showed that the Eocene-Oligocene boundary was 
"the most dramatic event" in the Palaeogene isotope record (Shackleton 1986). 
Today there is no doubt that the events of the Late Eocene to Early Oligocene 

represent a fundamental reorganisation of Cenozoic climate (De Conto & Pollard 
2003). 

Matthews and Poore (1980) first promulgated the idea of a world with significant 
ice volumes prior to the Miocene, an idea that had previously been thought 

unlikely, although a few studies had hinted at it (Geitzenauer et al. 1968). It is 

now believed that Antarctic ice has existed in significant quantities throughout 

most of the Tertiary (Dingle et al. 1997) and even in the greenhouse world of the 

Cretaceous (Gale et al. 2002; Miller et al. 2003). 

Rapid changes in climate are thought to lead to brief transient climatic periods. 
In the Palaeogene, two major events of this nature have been identified (Zachos 

et al. 1993). These events are characterised by so-called excursions in carbon 

and oxygen isotopes. Their causes are uncertain; however, the complex 
interaction of Milankovitch cycles with tectonic activity is enhanced when 
feedback mechanisms and thresholds are also considered, because climate 

responses are not always linear. 

The first of these events is at the end of the Palaeocene period, the Palaeocene- 

Eocene Thermal Maximum (PETM) and the second is the Early Oligocene 

Glacial Maximum. This event was designated Oil by Miller et al. (1991 b) as an 
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isotope zone based on the Pleistocene scheme. The Oil event occurs close to 

the base of the Oligocene and is defined in DSDP hole 522. It is broadly 

synchronous with magnetochron C13n, nannoplankton zone NP21 and 
foraminiferal zone P18. Miller et al. (1991b) calculate that a glacioeustatic sea 
level fall of between 30 and 90 metres is associated with the Oil event. 

A high resolution isotope study across the Eocene-Oligocene boundary, created 

using data from the DSDP and ODP Sites in the South Atlantic Ocean and the 

southern Indian Ocean, showed that the Oil event isotope peak (with a duration 

of -400ka) could actually be defined as two pronounced peaks separated by a 

shallow but repeatedly present trough (Zachos et al. 1996). These events were 

correlated with onshore sea-level records in New Jersey (Pekar & Miller 1996)., 

Calcareous nannofossil assemblages (Wei 1991) from the Southern Ocean also 

show an abrupt cooling coincident with the Oil isotope excursion (Zachos et al. 
1992). 

Important palaeoceanographic changes are thought to have occurred at the 

Eocene-Oligocene boundary (Keigwin 1980). One was the initiation of a bottom 

water system, or psychrosphere, similar to that of the present day (Kennett & 

Shackleton 1976). Before this change, ' deep water is thought to have formed in 

equatorial waters by the evaporation and sinking of highly saline waters 
(Shackleton & Boersma 1981). A gradual development of the psychrosphere 
(the lower cold layer of a two-layer ocean), culminating in a rapid temperature 

drop near the Eocene-Oligocene boundary had been proposed (Corliss 1979). 

However, oxygen isotopes from benthic foraminifera at DSDP site 277 south of 
New Zealand showed a shift from 10°C to 5°C over 75ky to 100ky close to the 

Eocene-Oligocene boundary. Major faunal changes did not take place across 

the boundary at this site, which is thought to suggest that the fauna present had 

a high tolerance to the changes in temperature brought about by the initiation of 

cold bottom water circulation (Corliss 1981). 

It has also been suggested that North Atlantic Deep Water formation began at 

the beginning of the Oligocene (Davies et al. 2001). This was based on the 

discovery of a sediment drift, known as the Southeast Faeroes Drift, which was 

formed by currents moving out of the Norwegian-Greenland Sea and entering 

the North Atlantic. 
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The global cooling events at the Eocene-Oligocene transition are thought to 
have been caused by the build up of large-scale ice sheets on Antarctica. 

Antarctic ice sheets have a major influence on regional and global climate. They 

enhance the vigour of atmospheric circulation by acting as a vast heat sink that 

steepens the equator to pole thermal gradient. The low temperatures and strong 

winds generated by the ice cap sustain the rapid production of Antarctic Bottom 

Water (AABW) and enhance biological productivity by initiating ocean upwelling 

along frontal zones. They are capable of influencing sea level, land/sea surface 

coverage, weathering rates and ocean chemistry, all factors that have the 

potential of triggering large-scale physical and geochemical feedbacks (Zachos 

et al. 1996). 

The amount of sea level change associated with a particular ice sheet is hard to 

ascertain, but it is believed that the amount of sea level rise since the Last 
Glacial Maximum (LGM) may be as much as 130 metres (Hay et al. 1997). 
Others suggest that the volume of Antarctic ice at the LGM was only the 

equivalent of a global sea level fall of -6 to 13 metres (Bentley 1999). It has also 
been proposed that small sea-level chances occurred on Milankovitch 
frequencies even in times of limited ice volume via changes in lake and 
groundwater storage (Jacobs & Sahagian 1993). 

Data modelling suggests that Antarctic ice may have reached 40% or more of its 

present day size by the Eocene-Oligocene boundary (Barker et al. 1999). Ice 

expansion on Antarctica is thought to have been driven by the 

palaeoceanographic isolation of the Antarctic Circumpolar Current (Kennett 

1977). It acted as an insulator, keeping cold in and preventing warm currents 
from reaching the continent. The first DSDP legs to Antarctica took place in the 

early seventies, with four legs between 1972 and 1974. Amongst other tasks, 

material was collected to attempt to answer questions about the timing of major 
ice-sheet formation in Antarctica. 

Antarctica is thought to have glaciated in stages. It is likely that the Trans- 

Antarctic Mountains were glaciated first, followed by the growth of the East 

Antarctic Ice Sheets (EAIS) and West Antarctic Ice Sheet (WAIS) either side of 

the mountains. Cryosphere development on the Antarctic Peninsula is thought to 

9 



have taken place in the Early Oligocene, later than the rest of Antarctica (Dingle 

& Lavelle 1998). 

Other factors may have had a role to play in ice sheet growth. Recent 

simulations suggested that declining CO2 initially caused small, dynamic 

Antarctic ice caps to form (De Conto & Pollard 2003) and that later a CO2 

threshold was breached allowing for the development of widespread glaciation. 
It is suggested that once the threshold was breached, widespread glaciation was 
rapid and was controlled by astronomical variables. This theory proposes only a 
secondary role for oceanic gateway opening. The idea is supported by 
investigations of Eocene-Oligocene palaeosols in the Pacific Northwest of North 

America, which indicate that the climate became cooler and drier across the 
boundary. Increased weathering flux at this time may have increased CO2 

consumption, contributing to global cooling (Bestland 2000). 

It is also suggested that mountain uplift and volcanism in the West Antarctic rift 
system was related to the waxing and waning of ice sheets from the Oligocene 

onwards (Behrendt & Cooper 1991), although whether this was a driver for ice 

sheet change or is a response to changing lithostatic pressure following 

changes in ice sheet size is not clear. 

It has been suggested that the Antarctic Circumpolar Current (ACC) developed 

in response to the opening of oceanic gateways around Antarctica (Barker & 

Burrell 1977). These gateways are believed to be critical to the initiation of 
icehouse periods in Earth history. A polar continent is required for large-scale 

glaciation, but does not guarantee it. The Eocene-Oligocene Antarctic ice sheet 

expansion is thought to have started at -36.8ma with the opening of the 

Tasmanian gateway, as Australia separated from Antarctica and moved north. It 

was not until -32.8ma that the Drake Passage between Antarctica and South 

America was open to intermediate and deep water allowing for the full 

development of the Antarctic Circumpolar Current (Smith & Pickering 2003). 

Many commentators (e. g. Kennett et al. 1974; Lawyer et al. 1992) had 

suggested dates of -23ma for this event. This was thought to be due to the 

existence of the South Tasman Rise, which would have prevented circumpolar 

flow until a water depth of greater than 1500m had developed. A Late Eocene 
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date based on echinoids had been suggested as early as 1974 (Foster). 

Evidence from Tasmania suggests that it was glaciated towards the end of the 

Eocene (36 ma), which is roughly synchronous with glacial development on 
Antarctica itself (Macphail et al. 1993). Unfortunately, the terrestrial record in 

South Australia is inconclusive as the Eocene-Oligocene boundary is commonly 

unconformable, with at least part of the Upper Eocene missing in most sections 
(Li et al. 2000). 

Changes in weathering rate have been used as a guide to the timing of Antarctic 

ice sheet expansion. Clay minerals from ODP Site 689 on the Maud Rise near 
Antarctica show increased illite abundance, which is thought to reflect enhanced 

physical weathering associated with the development of the East Antarctic Ice 

Sheet and cooling of the Southern Ocean. Whilst a smectite-dominated system 
is thought to indicate that chemical weathering processes were dominant. The 

results suggest major cryosphere development in the period between 33.7 & 

33.4 ma (Robert & Kennett 1997). 

Hiatuses in deep-sea cores of the Palaeogene may be indicators of significant 

palaeoceanographic change (Davies et al. 1975). Six Palaeogene hiatuses have 

been described globally and a nomenclature has been developed (Keller et al. 
1987). Four of these hiatuses occur during Solent Group times. They are: PHb 

in the late Early Oligocene, PHc at the Eocene Oligocene boundary, PHd in the 

Late Eocene and PHe at the Middle Eocene - Late Eocene boundary. Of these, 

PHc is recognised as being less extensive geographically, and may be restricted 

to higher latitudes. The hiatuses are thought to have been caused by carbonate 

starvation and dissolution in the deep sea, as a response to increased 

carbonate deposition on shelves following transgressions (Keller et al. 1987). 

Isotope analysis of cores drilled on the Maud Rise and Kerguelen Plateau in the 

Southern Ocean show a cooling trend beginning at approximately 49.1 ma 

(Mackensen & Ehrmann 1992). They also postulate an East Antarctic ice cap 

with some glaciers reaching sea level as early as the Middle Eocene, based on 
the occurrence of ice-rafted debris and terrestrial clay minerals (Ehrmann & 

Mackensen 1992). They favour an Early Oligocene ice-sheet of a temperate, 

wet-based nature that would explain both the rapid ice build-up (via increased 
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moisture transport) and explain the relatively warm Antarctic surface waters 

suggested by some records. 

A global assessment of planktonic foraminifera from DSDP sites from the Middle 

Eocene to the Oligocene was interpreted as showing a good agreement 

between low-latitude assemblages in the Pacific, Atlantic and Indian Oceans 

(Keller 1983a, 1983b). The faunas are thought to indicate gradual cooling in 

general through the Eocene, but major faunal changes occur at discrete 

intervals. One of these is the Eocene-Oligocene boundary, which is marked 

primarily by an increase in abundance of cool-water species. As such, it is 

suggested that the Eocene-Oligocene boundary had a lesser effect on the 

planktonic foraminiferal assemblage than previous cooling episodes, which are 

more commonly marked by major species extinctions and first appearances over 

short stratigraphic intervals. This is supported by analysis of the Eocene- 

Oligocene boundary at DSDP site 549 in the Bay of Biscay, which found no 
dramatic change in nannoplankton or foraminifera at the boundary. The deposits 

instead show a gradual move to cool-water assemblages through the Late 

Eocene, with more intense cooling in the Early Oligocene (Snyder et al. 1984). 

Productivity changes across the boundary based on carbon isotopes and 

microfossil accumulation rates at DSDP and ODP sites around Australia showed 

major increases in productivity across the Eocene-Oligocene transition. The 

rises in productivity have been interpreted as being caused by changes in ocean 

current circulation, increased wind stress (therefore increased upwelling) and 

increased supply of terrigenous dusts containing limiting biominerals (Diester- 

Hass & Zahn 2001). 

It is thought that increased productivity rates and intensified upwelling during Oil 

may also be identified via the partial change from a carbonate primary producer 

dominated assemblage to a silica-based primary producer system at ODP Site 

744 on the Kerguelen Plateau (Salamy & Zachos 1999). Oil is accompanied by 

an ocean-wide 613C anomaly of -0.75%o. The carbon anomaly is explained by 

Salamy and Zachos (1999) as the result of increased productivity through 

intensified upwelling and wind stress caused by climate change. At ODP Site 

744, the 613C anomaly is matched by higher terrigenous sedimentation rates, 

providing limiting biominerals. Increases in productivity affect the carbon isotope 
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signal by temporarily increasing the burial rate of organic carbon relative to 

carbonate carbon. 

A recent ODP cruise (leg 189) drilled several sites on the South Tasman Rise 

and around Tasmania. Palynological evidence from the Late Eocene sediments, 

when the gateway was thought to be opening, record large fluctuations in 

temperature and upwelling (Exon et al. 2002). 

High-resolution carbon and oxygen isotope records from the Eocene-Oligocene 

of Maud Rise in the Southern Ocean (ODP Site 689), show variations at the 

eccentricity periodicities of 100ka and 400ka, implying that climates were under 

orbital control (Diester-Haas & Zahn 1996). 

Good records of Antarctic glaciation from the continent itself are scarce and 

often incomplete. In response to this problem, the Cenozoic Investigation of the 

Ross Sea (CIROS-1) was carried out in the late 1980s and aimed to unravel the 

glacial history of Antarctica throughout the Cenozoic. This was later matched 

with seismic stratigraphy from the same area in an attempt to identify large-scale 

glacial erosion surfaces and correlate them with those seen in the cores (Bartek 

et al. 1996). The CIROS-1 Project also identified the area around Cape Roberts 

in Antarctica as a possible site where Palaeogene and older records of Antarctic 

glacial output might be obtained. 

The CIROS-1 team believed that many of the earlier suggestions of ice sheet 

growth taking place in the Miocene (e. g. Kennett 1977) were too late. CIROS-1 

reported that the Ross Sea shelf was deeply gouged by grounded ice by the 

Late Oligocene (Wilson et al. 1998). The CIROS-1 core captured the highest 

latitude Eocene-Oligocene boundary section. They postulate that the Late 

Eocene (36.5 to 34.5 ma) was relatively warm, with rapid sedimentation and 

some glacial activity. In their opinion, the Eocene-Oligocene boundary interval 

(34.5 to 28.5 ma) saw a transition from warm to cooler conditions and the Late 

Oligocene to Miocene (28.5 to 22 ma) saw large-scale glaciation, including ice 

grounding on the continental shelf. A major East Antarctic Ice Sheet is thought 

not to have developed until toward the end of the Eocene-Oligocene transition 

(Wilson et al. 1998). 
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The Cape Roberts Project started drilling in the southwestern Ross Sea in the 

early 1990s. Its aim was to recover a long record of Antarctic ice sheet history. 

Despite drilling on seasonal sea ice for several successive seasons and 

extracting excellent records of Neogene climate (Naish et al. 2001), the project 

failed in its ultimate goal of extracting a record of the transition from greenhouse 

to icehouse conditions at the Eocene-Oligocene boundary (Davey et al. 2001). 

Another Antarctic drilling project from the 1980s was the McMurdo Sound 

Sediments and Tectonic Studies Project (MSSTS). Hole MSSTS-1 was drilled 

through the ice near Ross Island in the Ross Sea and reached well into the 

Oligocene, but could not recover the Eocene-Oligocene boundary either (Barrett 

et al. 1987). 

Climate events can have heavy impacts on biota. The Oil event is broadly 

synchronous with the Grande Coupure of Stehlin (1910) in Europe when 
European taxa were suddenly replaced by taxa from Asia and possibly North 

America (Hooker 1992). Evidence from the mammal record of the Solent Group 

itself shows that there is no overall reduction in the number of mammal species 
from the Middle Eocene to the Lower Oligocene (Hooker 1992). The two major 
turnover events identified are at the Middle Eocene/Upper Eocene boundary and 
in the Lower Oligocene, taken to be the Grande Coupure. Globally, the Grande 

Coupure can be said to be just one of a series of stepwise events across more 

than ten million years of the Eocene to Oligocene, which had previously been 

grouped as one mass extinction due to poor stratigraphic control (Prothero 

1989). 

Fish otoliths (ear stones) can provide oxygen isotope records of seasonal 

variation across the boundary. They show that whilst low latitude mean 

temperatures remained relatively stable across the Eocene-Oligocene boundary, 

there was a drop of 4°C in the mean winter temperature, which could explain 

faunal turnover (e. g. 90% of United States Gulf coastal plain mollusc species) 

observed during the transition (Ivany et al. 2000). 

Oxygen isotope data from the Kutch Basin of northwest India show that a rapid 

cooling of -6°C across the Eocene-Oligocene boundary was associated with the 

extinction of several species of larger benthic foraminifera (Sarangi et al. 1998). 
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More recent quantitative work on the benthic foraminifera of the Massignano 

section shows that the global turnover in benthic foraminifera was diachronous, 

following a latitudinal gradient, the assemblages nearest Antarctica changing 

earlier than those further north (Coccioni & Galeotti 2003). 

Tertiary pollen and spores from the Isle of Wight suggested a gradual cooling 

through the Eocene shown by an increase in conifers and ferns (Collinson et al. 

1981). Pollen records also show also a major extinction (39% of Palaeogene 

angiosperms) at the end of the Lower Headon Beds (Totland Bay Member). 

Early analysis of deep-sea records also found no catastrophic change occurred 

across the Eocene-Oligocene boundary (Corliss et al. 1984). Their analysis of 

cores from the Indian, Pacific and Atlantic Oceans showed gradual change, with 
diversity in benthic foraminifera, planktonic foraminifera and calcareous 

nannoplankton remaining stable across the boundary. They interpret that the 

changes that did occur were due to depth migration of deep-water assemblages 
into the abyssal zone. 

North American land mammals showed a gradual decline in diversity during the 
Late Eocene due to the extinction of archaic forms (Prothero 1985). It was 

argued that this evidence, combined with that from other groups, showed that a 

global crisis did occur, but that it was not catastrophic. 

The Early Oligocene was characterised by faunal stability in North American 

land mammals (Prothero & Heaton 1996). The radiation of ruminant artiodactyls 

(which characterise the Neogene), particularly bovids, occurred at the expense 

of hindgut fermenting ungulates such as perissodactyls, proboscids and 

hyracoids. It has been suggested that climatic changes across the Eocene- 

Oligocene boundary were responsible for the changes at high latitudes, rather 

than direct competition (Janis 1989). 

Bryozoans are one of the groups that underwent major change at the Eocene- 

Oligocene boundary (McKinney & Taylor 2001). The cheilostomes (Class 

Gymnolaemata) and the cyclostomes (Class Stenolaemata) both recorded 

anomalously high extinction rates during the Priabonian when measured at the 
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genera level. The extinction rate during the Priabonian was by far the highest in 

the Cenozoic. The bryozoans also showed an intense extinction in the 

Priabonian rather than being spread throughout the Eocene as extinctions were 

with some other groups. This is thought to be because bryozoan peak 

abundance is found at shallow water temperate temperatures, not tropical 

temperatures. The tropical and deep-water forms were affected earlier in the 

Eocene, but the shallow water temperate forms survived throughout the gradual 

cooling of the Eocene, although they could not withstand the intensification of 

cooling at the end of the Eocene. 

The Eocene-Oligocene boundary undoubtedly represents a major episode in the 

development of global climate. Whilst the influence of Milankovitch variation is 

repeatedly found in the geological record, the interaction of the factors that 

controlled the change remain unclear. Palaeoceanographic, tectonic and 

astronomical forcing mechanisms all appear to play an important role. 

An understanding of the glaciation of Antarctica is particularly important as this 

is considered vital in the quest to understand global change in the past and in 

the future. The large collection of palaeoclimate work so far undertaken on the 

Eocene-Oligocene boundary demonstrates the requirement for reliable 

stratigraphic controls and interpretation to prevent the misinterpretation of 

palaeobiological evidence. In particular, care must be taken not to analyse 

sections heavily affected by bioturbation as it can cause smearing of the record 

and stratigraphic leakage to the extent that the results may be misleading 
(Huber eta!. 2001). 

1.2.3 Extraterrestrial Events 

Since the discovery of an extraterrestrial event coeval with the Cretaceous- 

Tertiary boundary (Alvarez et al. 1980), it has become commonplace to 

investigate the possibility of extra-terrestrial activity at other important junctions 

in Earth history. This has been the case for the Eocene-Oligocene boundary. 

An extra-terrestrial event at the Eocene-Oligocene boundary was first postulated 

in a paper suggesting that many geological boundaries might have associated 

impacts (Urey 1973). It could however be argued that all boundaries must have 
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impacts associated with them due to the continuous nature of bombardment. 

However the Late Eocene period represents the third highest impact energy flux 

period in the last 150 million years (Montanari et al. 1998). 

An anomalously high iridium value was discovered with known Late Eocene 

microtektites in the Caribbean Sea (Alvarez et al. 1982). It was proposed that 
the iridium did not come from the microtektites, but was deposited 

simultaneously from bolide impact dust. It was thought that the iridium would 
take no more than 50 years to be deposited from the atmosphere. 

Recent research (Whitehead et a/. 2000) suggests that there are five late 
Eocene impact sites with craters large enough to produce global ejecta records. 
They are at Popigai in Siberia (100km diameter), Chesapeake Bay in the USA 
(85km diameter), Mistatin in Canada (28km diameter), Wanapitei, also in 
Canada (7.5km diameter) and at Logoisk in Belarus (17km diameter). A further 

crater, the Toms Canyon structure (-20km diameter) on the continental shelf of 
New Jersey may also be Late Eocene in age (Poag & Poppe 1998). Global 

correlation of ejecta layers coupled with accurate radiometric dating can create a 
powerful tool in stratigraphy. The ejecta composition will be a reflection of the 

composition of the impactor and the target rocks. In order to create a global 
ejecta layer, an impact of sufficiently high velocity to eject material beyond the 

atmosphere of the earth is required. This is known as atmospheric blowout and 
can result from a crater as small as 3 kilometres in diameter (Whitehead et al. 
2000). 

Benthic foraminifera from ODP Site 689 suggest that cooling in the Late Eocene 

may have been accelerated by synchronous impact events which are postulated 
to have blocked sunlight via dust loading of the atmosphere and atmospheric 
injection of SO2 (Vonhof et al. 2000). 

Analyses of planktonic foraminifera in Eocene-Oligocene sections found no 

extinctions coeval with impact events. Instead, the species extinctions are found 

to be gradual and selective, with cold-water intolerant planktonic species most 

affected. This has been related to the gradual cooling throughout the Late 

Eocene and a change in oceanic circulation (Molina et al. 1993). 
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Five key species of radiolarian become extinct simultaneously at the end of the 
Eocene: Thyrocyrtis bromia, Thyrocyrtis tricantha, Thyrocyrtis tetracantha, 

Thyrocyrtis finalis and Calocyclas tunis. These species represented 70% of the 

total radiolarian population (Ganapathy 1982). However, it is not clear from this 

paper as to whether this is the result of Late Eocene impacts. 

Research on marine sediment cores (Keller et al. 1983) found three discrete 

microtektite horizons but no associated extinctions. They invoke the formation of 
the Antarctic ice sheet and the associated cooling as a cause of any extinctions 

at that time. A study of the same cores (Glass 1984) disputed the existence of 

several layers and cited reworking and local processes as the cause of repeated 
layers. In reply, the authors of the original paper (Keller at al. 1984) use 

evidence from other cores, which also show several layers and dismiss the 

ability of local processes to produce coeval layers across several cores. This 

correspondence serves as proof of the difficulties encountered when interpreting 
impact ejecta deposits, even in relatively straightforward settings. Another 

research group concluded that at least three and perhaps four Late Eocene 
impact events can be identified from deep-sea cores (Miller et al. 1991 a). 

Other research (Sanfilipo et al. 1985) found that on Barbados, whilst the 
extinction of several radiolarians coincided with an iridium peak, they are 
beneath the microtektite layer. The authors conclude that the spherule layer that 

had corresponded with the iridium peak and extinctions had been dissolved by 

groundwater. 

One mechanism for the rapid cooling event at the Eocene-Oligocene boundary 

invokes the creation of a ring system (similar to that of Saturn) formed from 

extraterrestrial microtektites, which failed to reach the Earth (O'Keefe 1980). It is 

suggested that this would create more intense winters without changing the 

summer intensity and allow for climatic cooling. The postulated ring is thought to 

have formed from a cloud in approximately one year and have survived for a few 

million years after which time it dispersed outwards. 

Investigators generally agree that there is one Late Eocene global microtektite 

(glassy spherule) layer, but disagree on the number of microkrystite (crystalline 

spherule) layers. The microkrystite layers have the same chemistry and may 
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have the same source. Comparisons with the chemistry of the target rocks in the 

candidate craters suggest that the Popigai impact is a possible source of the 

microkrystites. The superposed microtektite layer was thought to have been 

originated from the Chesapeake Bay impact, but this could not be confirmed 

chemically (Montanari & Koeberl 2000). 

The Popigai impact structure had a dubious chronology with ages ranging from 

late Cretaceous to Oligocene (Vishnevsky & Montanari 1999). However 

advances in 40Ar-39Ar dating using step-wise heating allowed for a more precise 
date of 35.7 +/- 0.2 ma to be achieved (Bottomley et al. 1997). The target rocks 
comprise Pre-Cambrian granitic gneisses overlain by more than a kilometre of 
Proterozoic to Cretaceous sandstones and carbonates capped by Pliocene and 
Quaternary deposits (Bottomley et al. 1997). 

Iridium anomalies were also found at the stratotype in Massignano, Italy and at 
ODP site 689 on Maud Rise, close to Antarctica (Montanari et al. 1993). The 

anomaly at Massignano was dated at 35.7 +/- 0.4 ma. This layer corresponded 
to NP 19/20, in the Late Eocene. A layer of shocked quartz was later found at 
the same horizon (Clymer et al. 1996). This shocked quartz is thought to have 
been formed under pressures of 10 to 26 Gigapascales (GPa). The 

characteristics of the shocked quartz are thought to favour the Popigai impact as 

a source (Langenhorst 1996). 

Later, a nickel-rich spine) layer was discovered, coincident with the iridium and 

shocked quartz. This was interpreted as confirmation that the Popigai layer 

represented a major cosmic event (Pierrard et al. 1998), as nickel-rich spinel is 

thought to form during hypervelocity interactions of meteoritic bodies with the 

Earth's atmosphere. 

A multi-proxy biotic investigation across the Late Eocene impact layer at 
Massignano found no dramatic effects on marine biota in terms of extinction 
(Coccioni et al. 2000). The groups studied were dinoflagellate cysts, calcareous 

nannoplankton and foraminifera. There was however a quantitative change in 

the Calcareous nannoplankton and dinoflagellate cysts approximately 60ka after 

the impact layer. This was proposed to reflect a long-term reorganization of 

water structure (Coccioni et al. 2000). 
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At Gubbio (near Ancona, Italy), two small iridium anomalies were discovered in 

the lower part of Magnetochron 13n. These were not found at Massignano. The 

Maud Rise iridium anomaly found at ODP site 689 is dated at -35.0 to 35.5 ma. 

The lack of clear correlation between these layers and the difference in the 

chemical composition of associated ejecta suggests that they may be the 

product of more than one globally significant event, closely spaced during the 

Late Eocene (Montanari et al. 1993). More recent investigation of the 

Massignano sequence has revealed two new iridium layers, giving three layers 

in total. One layer lies below the original Popigai layer and is thought to 

represent the Chesapeake Bay impact event. The other layer is below the 

Popigai layer and has no obvious related crater; however similar carbon and 

oxygen isotopes for each of the new layers suggest that the unknown impactor 

hit the continental shelf, as at Chesapeake Bay (Bodiselitch et al. 2004). Slight 

warming signals in the carbon isotope signals associated with each iridium layer 

may reflect the release of methane hydrates from the continental shelf on impact 

or the impact of 12 Carbon-rich comets during a comet shower. 

Recent analysis of foraminifera across the Late Eocene impact layers at 
Massignano found no abrupt change associated with the impacts, but suggests 
that the impacts did enhance the general cooling taking place at the time 

(Spezzaferri et al. 2002). 

Previous work has suggested that a comet shower 2.2 million years in duration 

may have affected the Late Eocene (Farley et al. 1997). Recently, investigation 

of the Chickahominy Formation, which lies conformably above the Chesapeake 

Bay impact crater shows that the event took place during magnetochron 

C16n. 2n, which is the same chron in which the ejecta layer of Massignano is 

found, giving them a date of -35.6Ma (Poag et al. 2003). 

Whilst the interpretation and stratigraphic use of impact events in the geological 

record is an embryonic field, it has already showed great value as a stratigraphic 

tool. New geochemical tools are being developed to differentiate ejecta from 

different impacts and settle doubts over the number and provenance of layers 

that surface due to variation in sampling techniques, biostratigraphic anomalies 

and diachroneity. 
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It seems that the role of impacts in Late Eocene to Oligocene change will 

continue to be debated, but the individual events and their effects will become 

better understood as more discriminate sampling of suitable sections and 

increasingly sophisticated techniques are employed (e. g. Bodiselitch et al. 

2004). 

1.2.4 Geochronology of the Eocene-Oligocene Boundary 

The Eocene and Oligocene epochs belong to the Palaeogene period, that 

together with the Neogene Period makes up the Cenozoic era. This modern 

nomenclature leaves no room for the term Tertiary, previously used to describe 

post-Cretaceous to pre-Quaternary strata. This change in legitimacy has been 

relatively recent and discussions about the description and classification of time 

and stratigraphy are ongoing (Zalasiewicz et a/. 2004). The term Tertiary is now 

accepted as a Sub-Era (see Figure 3) and is likely to remain in common usage 
for the foreseeable future. 

There have been large changes in Palaeogene geochronology, corresponding 

with the evolution of new dating techniques such as Single Crystal Laser Fusion 

(SCLF) 40Ar-39Ar dating (Swisher & Prothero 1990; Berggren & Prothero 1992), 

the discovery of better sections and more reliable sampling. Since the mid 20th 

century, the age of the Eocene-Oligocene Boundary has fluctuated between 

3OMa and 40Ma (Berggren et al. 1992). 

The Eocene-Oligocene boundary was dated at 36 +/- 2ma in 1961 (Kulp 1961), 

founded on extrapolation from 40K-39Ar dates taken from an Upper Eocene 

granite in Georgia (former USSR). A date of 33Ma was suggested in 1964 

based on 40K-39Ar dates from volcanics intercalated with mammal-bearing 

sediments in North America (Evernden et al. 1964). An estimate of 38.6Ma was 

put on the boundary in 1968 (Heirtzler et. al. 1968), based on extrapolation from 

magnetostratigraphic data. Later efforts using the same technique also yielded 

relatively old dates: 38Ma by LaBreque et al. (1977). A date of 32.5 +/- 0.9 ma 

was given for the boundary by Alvarez et al. (1982). By 1983, the age of the 

Eocene-Oligocene Boundary was 36.6 Ma (Berggren 1983; Berggren et al. 

1985) based on an improved correlation of biostratigraphic and 
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magnetostratigraphic data. The Contessa Quarry and Contessa Highway 

sections at Gubbio yielded volcanic biotites that gave a 40K-39Ar radiometric date 

of 35.7 +/- 0.4 Ma (Montanari et al. 1985). This is nearly a million years younger 
than the date given by Berggren et al. (1985). Further work on the sections at 
Massignano yielded a date of 33.7+/- 0.4 Ma (Montanari et al. 1988; Odin et al. 
1991). The latest accepted date for the Eocene-Oligocene boundary is 33.9 Ma 

(Gradstein & Ogg 2004). 

A magnetostratigraphic timescale for the Cretaceous and Tertiary was erected 
using sea-floor magnetic profiles and variable spreading rates to create an 
accurate Geomagnetic Polarity Time Scale (GPTS) (Cande & Kent 1992). This 

work was itself a replacement for earlier work by Heirtzler et al. (1968), revised 
by LaBreque et al. (1977). The Palaeogene magnetostratigraphy was revised 
following improved techniques of sample preparation; this gave a revised age for 

the base of Chron 13R of -33.7 Ma (Cande & Kent 1995). 

A possible new magnetostratigraphic subchron has been identified in an ODP 
core recovered from Site 1090, Aghulas Ridge in the sub-Antarctic South 
Atlantic (Channell et al. 2003). C13r. 1n has a duration of -79ka and may not be 
identified elsewhere due to lower sedimentation rates. The age of 13n is 

recorded as being 33.545 to 33.058 ma. The new zone is based on correlation 

of nannofossils but contradicts the foraminiferal biostratigraphy. However, the 

existence of cryptochrons (small, enigmatic magnetozones) in 13r was identified 

as a possibility by Cande & Kent (1992; 1995) and a normal sample was 

recovered from the top third of 13r at Massignano (Bice & Montanari 1988). This 

was not found in subsequent magnetostratigraphic investigations of the 

Massignano section, which stated that the Eocene-Oligocene boundary could be 

found towards the top of Chron 13R (Lanci et al. 1996). 

The magnetic polarity timescale for the Oligocene was calibrated using well- 
dated ashes from the White River Group in the western Great Plains, USA. They 

gave dates for the base of 12r of 34.6 Ma and 32.4 Ma for the base of 12n 

(Prothero et al. 1982). 
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Figure 3. Key Stratigraphic markers in the Late Eocene to Early Oligocene. 
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The Global Stratotype Section and Point (GSSP) for the Eocene Oligocene 

boundary is at Massignano (latitude 43°32'13" N, longitude 13°35'36" E) in the 

Umbria-Marche region of Italy. Its position was decided in 1988 and ratified in 

1992 at the end of IGCP Project 174 (1980-1985) which entailed a global search 
for the best section (Premoli-Silva & Jenkins 1993). The former quarry at 
Massignano contains a 23-metre thick marine sequence. 

The boundary itself is marked by the Last Appearance Datum (LAD) of the 

planktonic foraminifera genera Hantkenina and Cribohantkenina (Nocchi et al. 
1988). The section was correlated with calcareous nannofossil zones NP 21 of 
Martini (1971) and CP16a of Okada & Bukry (1980) and with planktonic 
foraminiferal boundary zones P17 and P18 of Blow (1969). The section lies in 

magnetic polarity reversal 13R. The fact that the primary means for identifying 

the boundary is biostratigraphic means that it may be subject to varying degrees 

of asynchrony in different parts of the world, as extinctions may begin in one 
location and take thousands or tens of thousands of years to become global. 
Other sections in the Italian Apennines also contain good Eocene-Oligocene 

boundary records, such as the Contessa Quarry section near Gubbio (Lowrie et 

al 1982). 

The Palaeogene planktonic foraminiferal biostratigraphy (known as the P- 

zonation) was created by Banner & Blow (1965), with refinement by Berggren 

(1969) and was later revised (Berggren & Miller 1988). The calcareous 

nannoplankton zones for the Palaeogene were erected by Martini (1970a). The 

Eocene-Oligocene boundary is marked by the extinction of Discoaster 

barbadiensis and Discoaster saipanensis (Backman et al. 1981). However, there 

is evidence that this event occurs earlier in high latitudes than in lower latitudes. 

The Middle Eocene-Late Eocene boundary is marked by an almost complete 
disappearance of spinose planktonic foraminifera such as Globorotalia spinulosa 

and Globorotalia lehneri. The Eocene-Oligocene Boundary is marked by the 

extinction of the Cerroazulensis lineage and of Hantkenina (Backman et al. 
1981). Attempts to correlate the various Eocene and Oligocene biostratigraphic 

indicators are ongoing. Costa and Müller (1978) found that the nannoplankton 

and dinoflagellate zones of the Northeast Atlantic (Rockall Plateau) and 
Northwest Europe were readily correlatable. 
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Globally correlatable sea-level cycles have been identified for the Mesozoic and 
Cenozoic (Haq et al. 1987,1988). They show that the Solent Group interval falls 

within the TA4 Supercycle. A sequence stratigraphic analysis of the Eocene- 

Oligocene boundary interval in the North Sea and northern Belgium concluded 
that four sequences could be correlated across the entire basin. Two occur 
below the Eocene-Oligocene Boundary and two above (Vandenberghe et al. 
2003). 

The Chronostratigraphy and biostratigraphy of the Eocene-Oligocene boundary 

is now well constrained. However, many European sequences are ridden with 

unconformities and contain useful biostratigraphic markers only sporadically, 

which makes global correlation of the sections difficult. The relatively new 
technique of sequence stratigraphy offers the potential for interpreting strata 

even if they lack biostratigraphic markers, if used in combination with diligent 

use of available stratigraphic dating techniques. 

1.2.5 British Tertiary Stratigraph 

In general, the Tertiary is well represented in the British Isles although there is a 

gap from the Upper Oligocene to the Middle Miocene, the nearest such deposits 

being in Belgium and France. Stratigraphical correlation in the Tertiary is based 

on marine microfossils and is aided by approximately twenty magnetic reversals 

and a number of other useful event horizons. 

In the British Isles, the sequences are only slightly consolidated, but they can be 

weathered by oxidation and groundwater percolation to a depth of several 

metres (Curry 1992). The south of England contains two major Tertiary basins, 

the London Basin and the Hampshire Basin. The Upper Eocene and Oligocene 

rocks with which this study is concerned occur only in the Hampshire Basin. 

1.2.6 British Upper Eocene and Oliqocene Sequences outside the Hampshire 

Basin 

Eocene and Oligocene deposits occur at several other locations in and around 

the United Kingdom. Lough Neagh in Northern Ireland, Southwest England and 
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the Tertiary Volcanic Province of western Scotland (Bell & Jolley 1997) contain 
informative sections, but are less extensive with respect to their duration. 

1.2.6.1 British Upper Eocene and Oligocene Sequences outside the Hampshire 

Basin - Terrestrial Areas 

In southwest England, Eocene-Oligocene sediments are known from a number 
of small fault-controlled basins. Most of these basins lie on the Greencliff- 

Sticklepath-Lustleigh-Torquay wrench fault, which is a fault zone of Alpine origin, 
although it may be a reactivated Hercynian structure (Edwards 1976). 

The Bovey Basin at Bovey Tracey, south Devon is reported to contain about 
1200 m of sediment, although the lower 900 m are unexposed. The deposits are 
thought to range from clays and silty clays to silts, lignites and sands and belong 

to the Bovey Formation of Early to Middle Oligocene age (Edwards 1976; Key 

1861). 

The Petrockstow Basin in Devon is approximately 1 km wide and 5km long and 

reportedly contains over 600 m of sediment at its deepest point (Freshney & 

Fenning 1967). Its strata are interpreted as being fluvially derived deposits 

ranging from gravels and sands to silty clays, lignites and clays (Freshney 

1970). The ball clays present in some distal parts of the basin are thought to 

have been derived from the weathering of Carboniferous rocks (Bristow 1970), 

including but not limited to the Dartmoor Granite. The lignites and clays preserve 

plant material, including roots and leaves, presumed to be Oligocene in age 
(Fenning & Freshney 1968). 

Another Tertiary basin was discovered at Dutson, near Launceston in Cornwall 

(Freshney et al. 1982). A borehole revealed at least 9.35 m of sediment. This 

basin is unique amongst the south-west Tertiary basins in that it does not lie on 

the Greencliff-Sticklepath-Lustleigh-Torquay wrench fault. Instead, it occupies a 

parallel fault, thought to be of the same generation. 

Another potential basin was identified based on a gravity survey at Lamerton, 

near Tavistock, between Dartmoor and Bodmin Moor. A possible Tertiary 

sediment thickness of -150 metres was suggested (Rollin 1988). This was 
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questioned by others who thought that the anomaly may have been created by 

kaolinisation of country rock (Bristow 1989), or the development of a thick head 

pile (Isaac 1989), although Isaac believes that a smaller Tertiary basin may exist 
below the head, being a result of topographical infilling rather than a tectonic 

feature. This issue is still to be resolved. 

The Lough Neagh Clays of Northern Ireland have undergone palynological 
investigation (Watts 1962, Wilkinson et al. 1980) which found them to be of 
Chattian (Upper Oligocene) age. The Lough Neagh Clays have an outcrop of 

about five hundred square kilometres, but much of this is under the water of 
Lough Neagh. The successions are thought similar to those of Cardigan Bay 

and the southwest of England, comprising up to 363 metres of pale-coloured 

silts and clays with plant fossils and occasional lignite beds. 

1.2.6.2 British Upper Eocene and Oliqocene Sequences outside the Hampshire 

Basin - Offshore Areas 

Sediments of the Solent Group are not thought to extend far offshore into the 

English Channel area (Hamblin et al. 1992), although the geology of the area is 

far from certain. Recent sonar and geophysical investigations are re-awakening 
interest in the geology of the area and may be more conclusive (J. Collier pers. 

comm. ). Significant amounts of Palaeogene and Neogene sediments are found 

in the western English Channel and its western approaches, bearing 

considerable comparison with the on shore deposits of southwest England 

(Evans 1990). 

The Stanley Bank Basin in the Bristol Channel lies roughly five kilometres east 

of the Isle of Lundy, and was discovered by a seismic survey (Davies 1987) The 

basin is 32 km by 16 km, with the long axis aligned northwest to southeast 
(Fletcher 1975). The lignites and clays of this basin have a maximum thickness 

of 340 m and are thought to be Middle to Late Oligocene in age (Fletcher 1975), 

however, work on recovered pollen and spores proved inconclusive in terms of 

age (Boulter & Craig 1979). They were interpreted as being swampy floodplain 

and lake deposits, with a marine incursion (Davies 1987). 
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An offshore Tertiary basin was explored by the Institute of Geological Sciences 

in Cardigan Bay off North Wales. The Llanbedr (Mochras Farm) Borehole was 
drilled between 1967 and 1969. The Tertiary succession was found to lie on 
Toarcian sediments and has a basal conglomerate -3 metres thick. The 

sequence generally comprises silts and clays with occasional lignite beds up to 

15 cm in thickness. The sequence is thought to vary in thickness from 77.47 to 

601.83 metres and is likened to the Lough Neagh Clays and the Bovey Tracey 

Beds (Woodland 1971). Palynological analyses proved to be of limited 

stratigraphical use, but indicated a temperate environment. 

Further basins in the Celtic Sea area, including the St Georges Channel Basin 

contain Palaeogene sediments similar to those from the Mochras Farm Borehole 

(Tappin et al. 1994). 

In the Sea of the Hebrides between Skye and South Uist, another Tertiary basin, 

known as the Canna Basin, has been identified (Smythe & Kenolty 1975; Fyfe et 

al. 1993). Up to 1000 meters of sediment are thought to exist, lying on the 

plateau lavas of the Palaeocene-Eocene Tertiary volcanic province. However, 

these interpretations are made on the basis of geophysical parameters, primarily 

seismic velocity. The readings most closely corresponded with those from the 

Lough Neagh Clays and are considered too high to represent Pliocene- 

Pleistocene sediments. However, no conclusive evidence of the age of the 

sediments is available. 

Further Oligocene sediments are thought to exist to a limited extent in the 

Hebrides-West Shetland area (Stoker et al. 1993), although most boreholes in 

this area are devoid of Palaeogene. This is thought to be due to strong early 

Oligocene currents. 

1.2.7 Pre-Solent Group Research in Whitecliff Bay. Isle of Wight 

The Whitecliff Bay succession runs from the top of the Belemnitella mucronata 

zone of the Chalk and ends in the Solent Group. The sequence in between is 

one of the most complete Palaeogene successions in Europe. It includes the 

Reading Formation of the Lambeth Group (Skipper 1999), through the London 
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Clay Formation (King 1981), the Bracklesham Group and the Barton Group. 

Significant research was carried out into the sequence stratigraphy of the 

Bracklesham Group by Plint (1983,1984). Work has also been carried out into 

the history of the inversion of the Sandown Pericline during the Eocene (Gale et 

al. 1999). A summary of work carried out in Whitecliff Bay can be found in Daley 

& Balson (1999). 

1.2.8 Stratiaraohv of the Solent Groua: History of Research 

The Tertiary deposits of Britain have a long history of exploration due to the 

relative ease with which they can be accessed and because of the variety of 

fossil material they contain. These deposits are surprisingly varied given that 

they occupy relatively little of the British outcrop. After early work carried out in 

the golden age of the nineteenth century, there was a decline in research being 

carried out on the Tertiary strata. The emergence of new techniques in 

micropalaeontology (Banner & Eames 1966) and magnetostratigraphy and new 

ideas in sedimentology ushered in a second wave of researchers. In 1766 the 

first description of British fossils using Linnaean systematics was made on 

Tertiary molluscs by Solander (in Brander 1766). In 1814 Webster made the first 

international stratigraphic correlation by comparing the Isle of Wight Tertiary 

sequences with those published from the Paris Basin (Curry 1992). 

The research into the stratigraphy of the Upper Eocene and Oligocene can be 

split into two main eras. The first contains the embryonic era of British geology 

from the beginning of the nineteenth century until -1920. This era was 

characterised by primary observational recordings of strata and their organic 

remains by "gentlemen geologists" for whom geology was more of a serious 

pastime than a living. Their research was published largely as a series of 

competing letters to journals of the day and publications occurred in bursts as 

one set of interpretations was published and then commented on by others in 

the field. Much of this early work remains valuable. The second era from -1920 

to the present was characterised by the use of new technical advances and the 

application of new theories as they became available. 
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Webster (1814) originally proposed that the sequence preserved at Headon Hill 

contained the entire Tertiary Fluvio-Marine sequence. He divided it into the 

Lower Freshwater, Upper Marine and Upper Freshwater Formations. This view 

was accepted by Adam Sedgwick and other influential geologists of the day. 

Prestwich (1846) first noted the existence of beds above the Headon Hill 

sequence, suggesting that the Hempstead Hill deposits were not Lower 

Freshwater Headon deposits as had previously been believed. 

Forbes conducted a thorough investigation of the Tertiary Fluvio-Marine 

Formation for the Geological Survey (which started its first survey of the island in 

1848) and published preliminary results before his death (Forbes 1853). Forbes 

proposed the division of the Fluvio-marine Formation into four Series: Headon, 

Osborne, Bembridge and Hempstead, which stand the test of time well when 

compared with subsequent schemes. 

The Hempstead Series was named after a local farm whose name was 

misprinted on early maps, the subsequent use of which as a geological term 

caused further confusion, with misguided geologists reportedly looking for the 

Hempstead Series in Essex and Hertfordshire (Judd 1880). 

After his death, Forbes' notes were compiled by his colleagues and published 

under his name as a memoir of the Geological Survey (Forbes 1856). These 

works included detailed observations of each of the series of the Fluvio-marine 

Formation and demonstrated that the Headon Hill sequence was not directly 

equal to that of Whitecliff Bay as was previously thought. He correctly surmised 

that the Headon Hill sequence could be correlated up until the Bembridge 

Limestone in Whitecliff Bay and that the material above was Bembridge Marls 

and the Hempstead Series, which could be correlated to Hempstead Hill. 

Bristow (1862) published The geology of the Isle of Wight as a Memoir of the 

Geological Survey. This is not as in depth a treatment as the more specific remit 

of Forbes and sheds little new light on the nature of the sequence. 

Blake (1881) commented that the correlation of Upper Eocene sections in the 

west of the Isle of Wight were far from satisfactory. He recognised that in strata 
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of such great lateral variability, trying to correlate at too close a scale is 

undesirable saying, "In such changeable strata, one may have too much detail. " 

Fisher (1882) suggested that a comparison between the Headon Hill section and 

that of the mainland is necessary for an understanding of the true sequence at 

Headon Hill, but did not take account of lateral variation. 

Lucas (1882) seemed quite embarrassed by the lack of consensus over the 

correlation between the Isle of Wight and the mainland. He sought to address 

the dilemma posed by the lack of unanimity over the correlation between 

Headon Hill and the adjacent Colwell Bay, just a kilometre or so further north. 

He warned that only sections in vertical cliff faces could be reliably measured, 

due to the propensity of the strata to slump and become "mud glaciers" (Figure 

4). He accounted for much of the difference in opinion by observing the lateral 

variation at Headon Hill and noting that authors whose opinions differed had 

measured thicknesses at different points along the section. 

is approximately fifteen metres high. 

Judd (1882c) also alluded to the problems of lateral variation; his varied 

measurements in different places caused "a profound distrust as to the 

constancy of particular bands in these variable estuarine deposits. " He also 
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adjusted the understanding of the sequences along the west coast of the Isle of 
Wight (Judd 1882b), removing the repeating beds of earlier authors. This error 
had been created by observing sections cut at angles to one another through 

the strata in different locations. 

Bristow, Reid and Strahan produced a revised Geological Survey Memoir in 

1889, which was condensed along with other previously published work into the 

Memoir of White (1921). 

In the 1970s, a UNESCO sponsored International Geological Correlation 

Programme (IGCP) project (number 124) was established to study The 

Northwest European Basin under the auspices of the International Union of 
Geological Science (IUGS). British contributions were presented in a volume of 
Tertiary Research (Hooker et al. 1980). 

1.2.9 The Lithostratigraphic Nomenclature of the Solent Group 

The lithostratigraphy erected by Forbes (1856) remained in use virtually 

unaltered until the 1970s. The alterations that followed were the result of 

renewed investigation, particularly micropalaeontological studies and the need 
to adhere to international codes and conventions relating to stratigraphical 

nomenclature (e. g. Hedberg 1976). 

Keen (1972) proposed the division of the Hampstead Beds (now the Hamstead 

Member and Cranmore Member) into three units on the basis of 

palaeoenvironment (specifically salinity) derived mainly from ostracod analyses, 
however this proved difficult to apply and was not widely adopted. 

Stinton (1975) proposed to name the Bembridge Limestone the Bembridge 

Formation and to call the Lower Headon Beds the Hordle Member and place it in 

the Barton Formation. Furthermore, he erected the Solent Formation and placed 

the Osborne Beds and the remainder of the Headon Beds within it as members. 

This was attacked as being incompatible with international standards for 

stratigraphical nomenclature (Daley et al. 1979; Stinton & Curry 1971). 
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The Solent Group (Figure 5) and the modern stratigraphical subdivisions were 

created by Insole & Daley (1985). Their goal was to apply modern Hedbergian 

principles to the sequence originally termed the Fluvio-marine Formation by 

Forbes (1856). 
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Figure 5. The lithostratigraphic subdivisions of the Solent Group (Insole & Daley 

1985). 

The previous lithostratigraphic schemes for the deposits now included in the 

Solent Group are shown on Figure 6. 
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Figure 6. Current and former designation of sediments included in the 5oient 

Group (after Daley 1999). 
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The stratotype for the Solent Group in general is Whitecliff Bay, near Bernbridge, 

at the western end of the Isle of Wight (SZ 644 864). The seaward face of 
Headon Hill (SZ 306 860) and the cliffs and foreshore between Hamstead Ledge 

(SZ 404 920) and Bouldnor (SZ 375 902) are designated as hypostratotypes 

(Insole & Daley 1985) (Figure 7). 

Hamstead Ledge to Bouldnor, 

cliff End 
Cotmll Bay 

Tatland Bai-. 

Headon Hil - 

® 
BembridgeMarlsMember". 

  
Beinbridge Umestone Formation 

EI 
Headon HIN Formation 

Bradhg 

Figure 7. Location map of the Isle of Wight, showing relevant unit outcrops 
(modified after Daley 1999). 

1.2.10 General Studies of the Solent Group 

Magnetostratigraphic analyses of the Palaeogene deposits of the Hampshire & 

London Basin proved that a workable signal could be obtained from the soft 

sediments of the Palaeogene, but stopped short of analysing the Solent Group, 

as there was no equivalent material in the London Basin to correlate with 

(Townsend & Hailwood 1985). 

Ostracods from the Solent Group were analysed by Keen (1972; 1975; 1977 & 

1978) and by Haskins (1968-1971). Much of their work is descriptive 

palaeontology, but they did find assemblages that confirmed general 

conclusions about salinity, which were based on molluscs. Other stratigraphical 
divisions that may be demonstrated in the ostracods (Keen 1972) cannot be 

widely used due to endemism and facies dependency. Other indicators, such as 
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the macrofauna, can be used as an environmental guide in the field, rendering 
the ostracods redundant. 

A review of the foraminifera from the Solent Group showed that the Colwell Bay 

Member (specifically the Brockenhurst and Venus Beds), the Bembridge Oyster 

Bed of the Bembridge Marls Member and the Corbula Beds of the Cranmore 

Member yield good assemblages (Murray et al. 1981). 

Early work on the clay mineralogy of the Hampshire Basin (Gilkes 1968; 1978) 

was limited in its extent and resolution, covering the Tertiary in general, rather 
than being specific about particular units. Gilkes proposed a kaolinite/illite 

dominated western province and a smectite/illite/kaolinite/chlorite eastern 

province throughout the Lower Eocene. This was thought to reflect the 

progressive increase in marine sediments found when moving from west to east 
through the basin. However, this system does not persist into the Upper Eocene 

and Oligocene sequences. 

Gilkes (1968; 1978) suggests that the general increase in illite he observed is 

unlikely to be due to the erosion of highly illitic rocks. Instead he suggests that 

illite is neoformed in widespread calcareous lakes. He observes no systematic 
difference between the clay mineralogical suites deposited in marine/estuarine 

sediments compared to those of freshwater/brackish origin. It is likely that this 

study failed to identify many important -trends in the Tertiary clay mineralogy of 
the Hampshire Basin, because it had limited resolution both geographically and 

stratigraphically. 

More recent analyses of the clay mineralogy of the Solent Group has thrown 

considerable light on the nature and formation of the record (Huggett et a/. 2001; 

Huggett & Cuadros 2005), and these will be explored in more detail later. A 

recent overview of the Tertiary clay mineralogy of the British Isles can be found 

in Huggett & Knox (2006). 

Heavy mineral analysis carried out on borehole material from the Palaeogene of 

the Hampshire Basin identified three suites, dominated by material from the 

Scottish Highlands (north), Amorican Massif (south) and Cornubian Massif 

(west) respectively (Morton 1982). Only one of the boreholes studied (Ramnor 
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Enclosure) contained material from the Solent Group (Totland Bay and Colwell 

Bay Members) and the Scottish suite dominated it. It was suggested that 

indicated a transgressive unit, because the closer Cornubian and Amorican 

sources would have been submerged, cutting off the sediment supply and 

allowing the mostly emergent Scottish Highlands to dominate. This study lacks 

the spatial and temporal resolution required to make inferences about the Solent 

Group. 

A broad investigation of carbon and oxygen isotopic variation in molluscs from 

the Upper Palaeogene of the Hampshire Basin (Young 1992) found 

considerable ecological fractionation, thought to be caused by factors such as 

salinity and microenvironment. This uncertainty meant that only long-term 

climatic trends can be reliably inferred from the data. 

Further isotope studies using oxygen isotopes derived from mammal tooth 

enamel have been conducted in an effort to establish summer temperatures in 

the Solent Group (Grimes et a/. 2005). They found shifts in oxygen isotope 

values which they apportioned to the Oi-1 glaciation, however, the results are 

not conclusive. 

The mammals of the Solent Group have been studied for many years and 
include many important specimens. For example the oldest Talpid (moles, 

shrews, shrew moles) is from the Upper Eocene of the Hampshire Basin. There 

are also bats, carnivores, artiodactyls and perissodactyls (Hooker 1992). 

Mammal species diversity is seen to decrease steadily throughout the Late 

Eocene (Hooker 1989). This has been attributed to global climatic deterioration 

recorded at the time, as has a peak in diversity in the Bembridge Limestone 

Formation may also be climate related (Hooker 1989). The use of mammals to 

zone the Solent Group has been suggested by Insole (1972) and Bosma (1974), 

but has been of limited use due to the endemism of many of the taxa (Hooker 

1987). 

Other biostratigraphical mammal usage relies on the concept of niveaux- 

reperes, which are stratigraphical points rather than zones. Issues of 
diachroneity and the reliability of theoretical evolutionary lineages render these 
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points vulnerable to uncertainty except for broad use. Possible correlation of 
these levels across Northwest Europe has also been attempted (Brunet et al. 
1987). A tentative system of imperfect mammal zones has been proposed, with 
the hope that further refinement may follow (Hooker 1987). 

The diets of rodents from the Totland Bay Member, Osborne Marls Member and 

Hamstead Member of the Solent Group have been distinguished using carbon 
isotopes, to the extent that it may be deduced that the two groups were feeding 

on different plants close to large water bodies (Grimes et al. 2004). 

Charophyte gyrogonites from throughout the Solent Group have been studied 
(Reid & Groves 1921; Feist-Castel 1977). They suggest that the Eocene- 

Oligocene boundary should be placed at the Middle Headon Beds (Colwell Bay 

Member). 

A recent study of the microevolution of the charophyte genus Harrisichara spp. 
has identified a doubling in size between the Headon Hill Formation to the 

Bembridge Limestone Formation and Bouldnor Formation (Sille et al. 2004). 

This doubling in size was attributed to cooling associated with the Eocene- 

Oligocene boundary. This suggests a boundary location between the Headon 

Hill Formation and the Bouldnor Formation, perhaps in the Bembridge 

Limestone Formation itself. Despite the obvious value of charophytes in 

palaeoenvironmental studies, Sille et al. (2004) place limited value on the 

suggested stratigraphic use of charophytes (e. g. Riveline et al. 1996) due to the 

lack of taxonomic consensus, the inappropriate designation of species and the 

degree to which modern plants can show great variability of charophyte 

gyrogonites within single specimens and plant assemblages. 

A broad palynological investigation of the Headon Hill Formation based on core 

material from the mainland Hampshire Basin concluded that the base was a 

warm paratropical rainforest, with deciduous forms becoming dominant higher 

up (Hubbard & Boulter 1983). 

Further palaeobotanical studies showed that seeds from the floating plant 
Stratiotes from throughout the Solent Group have rodent gnawmarks similar to 
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those of the modern day Wood Mouse (Collinson & Hooker 2000). These 

findings represent the earliest recognised seed predation by rodents. 

The value of the Whitecliff Bay section has been known for some time. Judd 

(1882a) urged the use of the Whitecliff Bay section "as a standard to which to 

refer the strata seen in sections where the order of succession is not so clear'. 
The Solent Group beds on the Isle of Wight are prone to slumping, and this has 

been the case for some time. (Stinton 1971) notes on a visit to Whitecliff Bay 

"cliff exposures of strata below the Bembridge Limestone were in their usual 

tumbled condition. " 

1.2.11 Headon Hill Formation 

The formal stratotype for the Headon Hill Formation is at Headon Hill, but the 

impersistence and lateral variety of its Members requires the designation of 
Whitecliff Bay as a hypostratotype (Insole & Daley 1985). 

1.2.12 Totland Bay Member 

The seaward face of Headon Hill has been designated as the stratotype for the 

Totland Bay Member. The cliffs between Widdick Chine (SZ 320 866) and 
Warden Cliff (SZ 324 866) on the west coast of the island and the Whitecliff Bay 

section have been selected as hypostratotypes (Insole & Daley 1985) (Figure 7). 

The Totland Bay Member is reported as being up to 32.5 metres thick and 

dominantly siliciclastic, but also contains several thin limestone layers, including 

the How Ledge Limestone, a freshwater limestone that does not occur at 

Whitecliff Bay and is not well developed at Hordle Cliff (Plint 1984). 

The Totland Bay Member is also well exposed along a 2.25 km section at Hordle 

Cliff (grid 263,923 to 278,917) on the south coast of the Hampshire mainland. 

Here the sequence is -25 metres thick and comprises unlithified blue-grey to 

green muds, with grey muddy silts and fine to medium sands (Edwards & Daley 

1997). 
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The Totland Bay Member has yielded salamander bones, anuran remains (frogs 

& toads) and snake fossils (Rage & Ford 1980). Pond turtle remains have also 
been recovered from the Totland Bay Member at Headon Hill (Holman 2002). 

The Hordle Cliff outcrop in particular has yielded snakes (Holman 1993; 1996), 

frogs, salamanders and lizards (Milner et al. 1982), as well as birds (Walker 

1980). 

Coniferous tree remains have been found in situ in the Lower Headon Beds 

(now Totland Bay Member) at Totland Bay (Fowler et a/. 1973). They are 
interpreted to have grown in a flooded or waterlogged habitat. Fruiting bodies of 

epiphyllous fungi, thought to indicate warm sub-tropical to tropical conditions 
have also been recovered from the Totland Bay Member (Smith 1980). 

1.2.13 Colwell Bay Member 

The cliff section adjacent to Brambles Chine (SZ 330 883) (Figure 7) has been 

selected as the stratotype for the Colwell Bay Member. Headon Hill and 

Whitecliff Bay are hypostratotypes. It can have a thickness in excess of 30 

metres. The Colwell Bay Member is referred to by some authors (Edwards & 

Freshney 1986) as the Lyndhurst Member (Figure 6) which is described as 
being 11 metres of greenish grey sandy clays and clayey sands. 

The Brockenhurst Bed has special stratigraphic importance within the Solent 

Group because it is the highest fully marine bed in the sequence, although it 

occurs near the base of the Solent Group. The lack of further marine strata has 

handicapped wider stratigraphical correlation, which is based on marine 

microfossils. The Brockenhurst Bed contains the calcareous nannoplankton 
Isthmolithus recurvus, Discoaster saipanensis & Discoaster tan!, which places it 

in the NP19/20 zone (Martini 1970a). This places the bed firmly in the Upper 

Eocene and excludes it from representing the base of the Oligocene, a view that 

had been widely held on the basis of other fossil correlations (Curry 1965). The 

only planktonic foraminiferan is not biostratigraphically useful. 

In Whitecliff Bay, the foraminifera of the Brockenhurst Bed are interpreted as 
representing the seaward part of a normal marine lagoon (Murray & Wright 

1974). Other salinity indicators include shark and stingray teeth (Ward 1980), 

39 



thought to belong to brackish water tolerant species. It is suggested that the 
dinoflagellate cysts found in the Brockenhurst Bed indicate open sea conditions 
(Liengjaren et al. 1980). 

The Brockenhurst Bed also contains Ostrea sp., Clavilithes sp., Calyptraea sp., 
Turritella sp. & Bonellitia sp. (Jarzembowski 1976) and the corals Solenastrea 

granulata and Lobopsammia cariosa (Martini 1970b). Thirteen species of coral 
from Brockenhurst and Roydon have been recorded in total. The crabs 
Typilobus obscurus and Branchioplax concinna are both described from the 

Colwell Bay Member in Whitecliff Bay, the former from the Brockenhurst Bed 

(and Brockenhurst itself) and the latter from the Roydon Beds (Quayle & Collins 

1981). The remains of a whale (Balaenoptera Juddi Seeley) were found in 

deposits of this bed near Roydon in the New Forest (Judd 1881; Seeley 1881). 

Starfish ossicles have also been recovered from the Colwell Bay Member at 
Lyndhurst Hill in the New Forest (Stinton 1970). Judd (1883) records the first 

discovery (by Mr F Chapman) of bryozoan remains in the strata in Colwell Bay. 

One investigation of the Brockenhurst Bed concluded it was marine, with a 

salinity greater than 30 ppm, based on macrofossils such as bivalves, echinoids 

and corals (Daley & Edwards 1974). They apportioned the Brockenhurst Bed to 

a shallow sub-littoral environment. However, one investigation of the microfaunal 

record suggests it is species poor relative to fully open marine assemblages 
(Bhatia 1955,1957) and may be slightly restricted marine, rather than fully 

marine. The transgressive event, marked so clearly by the Brockenhurst Bed in 

Whitecliff Bay and the New Forest, is not present at Headon Hill, where the first 

marine deposit of the Colwell Bay Member is the Venus Bed. The foraminifera 

recovered from the post-Brockenhurst Colwell Bay Member in Colwell Bay itself 

are thought to suggest a very shallow, lagoonal or estuarine environment 
(Murray & Wright 1974). 

There is some confusion as to what actually constitutes the Brockenhurst Bed. 

Keeping & Tawney (1881) defined the Brockenhurst Beds in Whitecliff Bay as 
being the 14 feet of strata at the base of the Middle Headon Beds (now the 

Colwell Bay Member). The bottom two feet of this was described as the 

Brockenhurst Zone, whilst the remainder was compared to the Roydon Beds. 

They proposed dividing the Brockenhurst Beds into the component 
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Brockenhurst Zone at the base and the Roydon Zone above. Early analysis of 
the Brockenhurst Bed near Lyndhurst in Hampshire (Tawney 1883) showed that 

the deposits were variable in thickness and lateral extent. In one well a 
thickness of twenty-six feet of material containing characteristic Brockenhurst 

Bed forms was recorded. The Roydon Beds, named after another New Forest 

location, are thought to represent the thickness of several metres above the 

Brockenhurst Bed, but some authors refer to the Roydon Bed as being part of 
the Brockenhurst Beds. 

The New Forest locations are now largely inaccessible as many of the sites 

were railway cuttings or pits worked for liming material or brick making. These 

have been subsequently filled in or have become overgrown. Further 

investigation was possible at the Victoria Tilery (Davis 1952). On this occasion 
the Brockenhurst Bed was recorded as being two feet six inches in thickness. 

Desilicified flint pebbles were also found here. One correlation (Vella 1969) 

stated that the Roydon Zone and Brockenhurst Zone were true biostratigraphic 

units, but correlated them to the Brockenhurst Beds as a whole in Whitecliff Bay. 

The Roydon Beds have been defined as being the package of sediments 

occupying -6m above the Brockenhurst Beds (3.05m in Whitecliff Bay) (Stinton 

1971). Judd (1880) recorded a sequence of "sandy clays crowded with marine 
fossils" for a thickness of 25 feet or more in Whitecliff Bay. Judd also described 

the beds as being "unmistakably Oligocene", although it would now seem that 

he was mistaken. 

The Venus Bed of the Colwell Bay Member has been ascribed 

estuarine/lagoonal salinities according to the dinoflagellate cysts found there 

(Liengjaren et al. 1980). 

1.2.14 Linstone Chine Member 

Linstone Chine in Colwell Bay (SZ 330 886) (Figure 7) has been designated the 

stratotype for the Linstone Chine Member. It consists of pale grey fine sands 

and muddy sands and has a maximum thickness of 5.2 metres, although it is 

usually significantly thinner (Insole & Daley 1985). The presence of the Linstone 

Chine Member in Whitecliff Bay is uncertain. The sands attributed to this 

member are lenticular and their designation may be incorrect (Daley 1999). 
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1.2.15 Hatherwood Limestone Member 

The stratotype of the Hatherwood Limestone Member has been created above 
Hatherwood Point on the seaward face of Headon Hill (Figure 7). The 

Hatherwood Limestone Member is not present at Whitecliff Bay. It consists of 

creamy brown shelly limestones, with subordinate muds and lignites and is up to 

9 metres in thickness (Insole & Daley 1985). 

The Hatherwood Limestone Member (previously known as the Headon Hill 

Limestone) reportedly contains rhythmic coarse-fine alternations and some soil 
horizons. Evidence from charophytes is thought to suggest a freshwater 

environment, as do the ostracods, but the foraminifera suggest lagoonal to 

marine conditions. The coarse-fine variation is caused by variation in the size of 
the molluscs present and is thought therefore to be governed by environmental 

variables. This may also explain the varying results from the 

micropalaeontological investigations, which might not have sampled the same 
levels. Pulmonate snails are found on some levels, suggesting that conditions 

were regularly dry enough to cause ponds to dry up (Paul 1989). 

1.2.16 Cliff End Member 

The cliffs at Cliff End (SZ 330 890) (Figure 7) have been nominated as the 

stratotype for the Cliff End Member, despite the fact that the entire unit is not 

exposed here. Sections at Linstone Chine and Whitecliff Bay are designated 

hypostratotypes. The Whitecliff Bay section is unique in being the only location 

where the upper and lower boundaries are regularly seen. The unit reportedly 

consists of blue-grey mud and red-mottled marls (Insole & Daley 1985). 

1.2.17 Lacey's Farm Limestone Member 

The Lacey's Farm Limestone Member is named after small pit northwest of 
Lacey's Farm at Totland in West Wight (SZ 323 862). However, as the future of 
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this exposure is uncertain, the Headon Hill section has been chosen as the type 

section. It reaches a maximum thickness of -6 metres at both Headon Hill and 
Whitecliff Bay (Insole & Daley 1985). 

1.2.18 Fishbourne Member 

The stratotype for this member is the foreshore between Fishbourne (SZ 562 
932) and King's Quay (SZ 538 941) (Figure 7). Only at this location is the typical 
lithology exposed. The Headon Hill and Whitecliff Bay sections are atypical 
(Insole & Daley 1985). 

Colenutt (1888) observed the beds at Chapelcorner Copse and recorded -40 
feet of strata in the cliff and 15 feet well exposed in the beach, but laments that 

"It is very difficult to get exact measurements on the account of the cliff for some 
distance inland being covered by a sliding talus. " In the beach section he 

recorded complete and disarticulated fish remains as well as alligator bones 

(Alligator hantoniensis), turtle plates (Emys sp., Trionyx sp. and Chelone sp. ), 

rodent teeth and snake vertebrae. 

Crustaceans from the bed at Chapelcorner Copse, dubbed the Fish Clay 

(Colenutt 1888; 1903) were also described (Woodward 1903). They are both 

shrimps: Propalaemon osbomiensis and Propalaemon minor. Woodward states 

that P. minor may be a juvenile form of P. osbomiensis. Colenutt (1903) notes 

that the Fish Clay is not found at any location save for the Chapelcorner Copse 

area. This bed was later given formal status and named the Chapelcorner Fish 

Bed (Gamble 1982). 

The Chapelcorner Fish Bed was reappraised by Gaudant and Quayle (1988). Its 

stratigraphic position within the Fishbourne Member of Insole and Daley (1985) 

is unsurprising given that the best exposure of the bed was from the shore near 
Chapelcorner Copse, three miles from East Cowes and not far from Fishbourne 

itself. Gaudant and Quayle identified the prawn Propalaemon osbomiensis 

(Woodward) and three fish species. The first, Clupea vectensis (Newton) was 

given the new genus Vecticthys. There was also a gobiid resembling 
Pomatoschistus bleichen (Sauvage) which had previously been identified from 

the Lower Oligocene of Alsace. It was noted that specimens classified as 
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Pomatoschistus minor were probably juveniles of Pomatoschistus bleicheri 

(Sauvage) rather than being a separate species. Isolated scales of Amia anglica 

and Amia colenutti were also identified. Previously, more extensive remains of 
the latter two species were recorded and described by Newton (1889; 1899). All 

were pronounced euryhaline, being able to live in a wide range of salinities. 
None were exclusively marine and the deposit was interpreted as a tropical to 

subtropical brackish environment. 

1.2.19 Osborne Marls Member 

The Osborne Marls Member was originally recorded in Osborne Bay (SZ 525 

953) (Figure 7). However this section is now obscured, and instead the Whitecliff 

Bay section has been selected as a lectostratotype (Insole & Daley 1985). It has 

a maximum thickness of 34 metres. 

The Osborne Marls Member has been used to test multi-proxy oxygen isotope 

palaeotemperature measurements (Grimes et a/. 2003). The freshwater and 
land organisms found within the Osborne Marls Member yielded a mean annual 
temperature of -18+/- 1°C, a mean growing season temperature of 21+/- 2°C 

and a warmest month temperature of 28+/-2°C. This interpretation suggests that 

the latest Eocene climate was subtropical to warm temperate seasonal in 

nature. 

1.2.20 Seagrove Bay Member 

The stratotype for the Seagrove Bay Member is at Horestone Point in Seagrove 

Bay (SZ 634 907) (Figure 7). It is highly lithologically variable, consisting of 

sands, sandstones, sandy limestones and marls and containing flint pebble 
bands and lignitic muds (Insole & Daley 1985). 

1.2.21 Bembridge Limestone Formation 

The stratotype for this Formation is described as being the sea cliffs at the 

northern end of Whitecliff Bay (Insole & Daley 1985) (Figure 7). The Bembridge 
Limestone Formation has a maximum thickness of just over 9 metres and is the 
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only freshwater limestone on the Isle of Wight to persist for the entire length of 
the island (33 km). 

At the stratotype in Whitecliff Bay, it consists of three thick limestones separated 
by muds and marls. The progression from marly lithologies to limestones topped 

with intraformational conglomerates in each of the three beds suggests three 

cycles (Daley & Edwards 1990). At Priory Bay and St Helens only two of the 

limestones are present, with the bottom one being poorly developed. At Gurnard 

Point and Thorness Bay, the Formation is dominated by muds and marls. An 

inland exposure exists at Prospect Quarry (SZ 385 866) but the other previously 

accessible sites at Dodpits (SZ 405 877) and Tapnell Farm Quarry (SZ 377 864) 

are no longer available. 

Work on an outcrop of limestone on Creechbarrow Hill in Dorset (SY 922 824) 

suggested that the Bembridge Limestone extended further west than had 

previously been thought (Keeping 1910). However, work on the mammals of the 

Creechbarrow Limestone proved it to be early Late Eocene (Bartonian) rather 

than of Bembridge Limestone age (Hooker 1977). 

The Bembridge Limestone Formation is regarded as being the product of a 

carbonate lake system (Armenteros et al. 1997). These lakes are thought to 

have developed in a coastal plain, with limited relief and cyclic deposition in 

palustrine and lacustrine environments in response to the alternation of wetter 

and drier periods. 

Pedogenic modification in the Bembridge Limestone Formation is common 
(Armenteros & Daley 1998). These palaeosols are thought to have developed 

during the shallowing of lakes, leaving fewer lacustrine areas and more 

palustrine (seasonally or occasionally flooded lake margin) areas. 

Further evidence of dry, evaporative periods in the form of pseudomorphs after 

gypsum has been found (Daley 1989). They were first found in cherts at 
Gurnard (SZ 468954) (Figure 7) and are interpreted as being products of early 
diagenesis in a semi-arid soil. 
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The Bembridge Limestone contains a number of interesting land molluscs that 

are thought to indicate a sub-tropical climate (Gardner 1885). In all, 28 species 
of land molluscs are known from the Bembridge Limestone (Pain & Preece 

1968). 

Preece (1976) reports that gastropods in the Bembridge Limestone reveal 
differences in the fauna both geographically and temporally, whereas previous 

work had reported uniformity (e. g. Taylor 1894). In Whitecliff Bay, the 

occurrence of Sucinea spp. is thought to signify open marshes, whilst the 

Planorbids suggest shallow freshwater. These taxa are much rarer in the west of 
the island, suggesting a more terrestrial environment. This is supported by 

suggestions by other workers e. g. (Stinton 1971) that Whitecliff Bay in the east 

of the island is consistently more marine than the corresponding strata at 
Headon Hill in the west of the island. 

Cocoon-like trace fossils were also discovered in the Bembridge Limestone 

Formation (Edwards et al. 1998). These had previously been identified as snail 

eggs, but this is unlikely. Instead, they are deemed to be insect pupation 

chambers, or possibly aestivation/hibernation chambers. 

The upper part of the first limestone layer in the Bembridge Limestone 

Formation has yielded foraminifera suggesting a hyposaline, intertidal 

environment (Murray & Wright 1974). 

Hooker's (1994) analysis of the mammalian Taphonomy and palaeoecology of 
the Bembridge Limestone concluded that the mammal assemblages were not 

significantly affected by preservational and collecting biases. He states that the 

range of habitats extends from open woodland to dense forest. The open 

woodland, lower in the sequence is thought to represent the first arrival in 

England of species commonly associated with south-west Europe, in response 
to changing climate. Further up the sequence, a move to more dense forest is 

thought to occur. The presence of Lazarus taxa in this assemblage is taken as 

an indication of a reversion to previous climatic conditions. 

Comparison of the changes in the mammal fauna and other proxies (e. g. plant 

macrofossils, organic geochemistry and stable isotopes) in the Bembridge 
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Limestone at Headon Hill showed a contradiction in terms of habitat 

reconstruction (Hooker et al. 1995). Only the mammals and a few land snails 

give evidence of the presence of trees. The mammal evidence suggests 
fluctuations in vegetation type during the deposition of marls versus muds, but 

there is no parallel fluctuation in the other proxies. 

The age of the Bembridge Limestone Formation is uncertain, however 
Liengjarren et al. (1980), consider it to be Late Eocene on the basis of 
dinoflagellate evidence. 

1.2.22 Bouldnor Formation 

The foreshore and cliffs between Hamstead Ledge (SZ 404 920) and Bouldnor 

(SZ 375 902) (Figure 7), have been adopted as the stratotype for the Bouldnor 

Formation. 

1.2.23 Bembridge Marls Member 

The stratotype for the Bembridge Marls Member has been established as the 

northern end of Whitecliff Bay (Figure 7) (Insole & Daley 1985). 

A maximum thickness of 33 metres has been reported for the Bembridge Marls 

Member. In some places the Bembridge Marls Member lies unconformably on 
top of the Bembridge Limestone Formation, which is eroded. This is interpreted 

as representing a period of gentle warping along a NW-SE axis, consistent with 

folding in other parts of Europe at about the same time (Daley & Edwards 1971). 

The macroinvertebrate record from the Bembridge Marls is thought to show that 

there was a short-lived brackish transgression at the start, followed by a longer 

regressive period (Daley 1972c). Sharks teeth from the Bembridge Marls form 

an assemblage dominated by brackish water tolerant species (Ward 1980). 

Studies of the vegetation and mammals of the Bembridge Limestone Formation 

and overlying Bembridge Marls Member (Collinson et al. 1993; Machin 1971) 

from Gurnard Ledge are thought to show habitat variation and temperature 

fluctuations close to the Eocene-Oligocene boundary. In this area, the flora 
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suggests the presence of ponds or lakes with a limited catchment area in 

relatively dry surroundings. The woodland/forest habitat implied by the mammals 
is not fully supported by the flora. The Bembridge Marls Member is interpreted 

as an extensive marshland area, with some open water and fluvial influences. 

Woodward (1879) recorded the presence of a number of insects and a spider 
from the lower part of the Bembridge Marls Formation, a bed now known as the 

Insect Limestone. 

The Insect Limestone in Thorness Bay (SZ 460940) (Figure 7) is 6-10cm thick 

and is -90cm above the base of the Bembridge Marls. It is also fossiliferous at 
Gurnard, Howgate Bay and St Helens (Jarzembowski 1976,1980). 

The remains include beetles, flies and wasps. Woodward also described and 

named a phyllopod crustacean Branchiopus vectensis (now Branchiopodites 

vectensis) and concluded that the assemblage indicated a temperate climate. 

The imprint of a feather has also been recorded in the Insect Limestone at 
Gurnard Ledge (Daley & Edwards 1974), and bird fossils have been recovered 

from the Bernbridge Marls (Walker 1980). 

Approximately 220 insect species from 16 orders have been described from the 

Insect Limestone. However, conchoidal fracture of the limestone can cause 

random cross-sections that make identification difficult (McCobb et al. 1998). 

The pulmonate snail Lymnaea sp. and terrestrial plant fragments also occur in 

the rock, suggesting a lacustrine origin. The lack of fish suggests that the lakes 

may have been ephemeral. 

A palaeoenvironmental reconstruction of the Insect Limestone likens the deposit 

to a primary sub-tropical/tropical forest, with seasonal flooding or torrential rain 
(McCobb et al. 1998). 

Fossil damselflies and dragonflies have also been recovered from the Insect 
Limestone (Nel & Jarzembowski 1999). Their presence indicates standing or 

slightly moving water with marginal vegetation. Their association with a termite 

fauna suggests a sub-tropical to tropical climate. 
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Investigations of the Insect Limestone (Daley 1971; 1972b) found that the 

presence of small-scale jointing, cracking and slumping was possibly due to the 

syndepositional movement of sediment down the sides of small channels. 

Recent investigations have suggested that the Insect Limestone was deposited 

in a series of hypersaline lakes and lagoons, as shown by the presence of halite 

pseudomorphs and widespread specimens of the brine shrimp Branchiopodites 

vectensis (Gale & Self 2005). 

The Bernbridge Marls also contain shell-encrusting algae (Daley 1974) which 

encrust bivalves and occasionally gastropods. 

In analysing the palaeofloristic assemblages of the Bembridge Marls, Collinson 

(1983) discovered that the Quaternary approach pioneered by Birks and co- 

workers could not be transferred. The nature of the Bembridge Marls, with high 

levels of reworked and transported material, sorting and decay, prevent a 

quantitative approach from being applied. Most of the botanical work done on 

the sections is focussed on plant concentrates from a few horizons, making 

them less useful for indicating change over time. 

The Bembridge Oyster Bed (Forbes 1856) represents the main transgressive 

event in the Bembridge Marls Member (Daley 1973b). It has been interpreted as 

an estuarine deposit with occasional connection to the open sea (Liengjaren et 

a/. 1980). 

Foraminifera from the sandy clays at the base of the Bembridge Marls and the 

Bembridge Oyster Bed also reflect a hyposaline lagoon or estuary (Murray & 

Wright 1974), as does the presence of the barnacles Balanus sp. & Aporolepas 

sp. (Curry 1992). 

Dinoflagellates recovered from the Bembridge Oyster Bed proved to be badly 

preserved and unidentifiable. A poor, possibly transported calcareous 
nannofossil assemblage was also recovered from the same sample, but proved 
to be stratigraphically wide-ranging (Murray et al. 1987). 
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During Bembridge Marls times, a brief transgression represented by the 
Bembridge Oyster Bed was followed by a regression that caused the formation 

of sluggish rivers and freshwater lakes in the northern Isle of Wight (Daley 

1973a). Daley postulates a model for the existence of fluvio-lacustrine 

cyclothems that fine upwards, with fewer erosion features upwards. It is 

suggested 'that they were deposited in a marginal flood plain setting and that 

flowing water may have come from either overbank flooding or periodic 
incorporation of shallow lakes into the river system. However the existence of 

soils at the top of some cycles suggests sub-aerial exposure in some areas. It is 

suggested that the occurrence of large-scale gypsum deposits in the Paris Basin 

must have been matched with and conditions in southern Britain, therefore a 

series of pluvial and dry climatic periods is invoked (Daley 1972a). 

A variety of sedimentary structures have been preserved in the Bembridge Marls 

Member, some of which are best developed in a non-marine horizon 

approximately 15m above the base (Daley 1968). This layer is thought to 

represent a break in sedimentation and contains a variety of features. The 

primary sedimentary structures include runnel casts, groove casts, bounce casts 

and chevron marks. The post-depositional structures include pseudomorphs 

after gypsum, polygonal crack casts and ichnological feeding and resting traces. 

The runnel casts are thought to be erosional features running generally from the 

northwest to the southeast. 

The pseudomorphs after gypsum are of particular interest as they indicate 

periods of intense evaporitic conditions (Daley 1967; 1989). This runs counter to 

the evidence produced by much of the other evidence from the Bembridge Marls 

sequence. The 'palaeoenvironment of the Bembridge Marls Member has been 

described as sub-tropical, from brackish to freshwater (Daley 1973b). Plant 

remains suggest a humid subtropical climate similar to that in South-East Asia. 

The three main depositional environments are estuarine, lagoons and coastal 
lakes, and flood-plain lakes, which may be temporarily incorporated into a 

sluggish river system. 

The Bembridge Marls also contains the remains of soft-shelled Turtles (Trionyx 

spp. and Emys sp. ). Whilst fragments are common, complete carapaces and 

skeletons have also been found (Edwards 1969). These occurrences reinforce 
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the notion that the climate was warm and that the depositional environment was 

a series of lakes and lagoons. 

1.2.24 Hamstead Member 

The foreshore and cliffs between Hamstead Ledge and Bouldnor have been 

selected as the stratotype for the Hamstead Member (Insole & Daley 1985) 

(Figure 7). 

The base of the Hamstead Member is marked by the Black Band, a brown-black 

laminated mud (Insole & Daley 1985). The Nematura Bed in the Hamstead 

Member is thought to be a brief marine event on the basis of dinoflagellate cysts 

it contains (Liengjaren et al. 1980). 

The unit has been correlated with the Stampian of the Paris Basin and is 

therefore thought to be Oligocene in age, although it proved to be barren of 

foraminifera (Murray & Wright 1974). It has been correlated with the TA 4.3-4.4 

sequence boundary under the Haq et al. scheme (Hooker et al. 2004). 

The Nematura Bed is barren of mammal fossils and represents a hiatus 

estimated at -350ka (Hooker et al. 2004). It has been suggested that the 

Nematura Bed contains the Grande Coupure turnover that saw the replacement 

of European mammal faunas with Asian faunas (Stehlin 1910). Evidence from 

other European sites suggests that the turnover occurred rapidly at the start of 

the Nematura Bed hiatus. Hooker et al. believe that the Grande Coupure is 

"understated" in the Solent Group record. 

The Hamstead Beds are also a rich source of bird fossils (Walker 1980) and 

fossil plants (Heer 1862). 

1.2.25 Cranmore Member 

The upper part of Bouldnor Cliff (SZ 387 908) (Figure 7) has been chosen as the 

stratotype for the Cranmore Member (Insole & Daley 1985). Cranmore Member 
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deposits have also been recovered from wells in the Dorehill area, -3 km 

northeast of Newport (Curry 1958). 

The Cranmore Member contains the teeth of sharks and stingrays, which are not 

present in the Hamstead Member (Ward 1980). Dinoflagellate cysts suggest that 

three invasions of saline water can be found in the Cranmore Member 

(Liengjaren et al. 1980). The first of these is the Cerithium Bed of earlier authors 

and the other two are from the Corbula Beds. The Cerithium Bed has marine 
influences, but is not fully marine, whereas the Corbula Beds are thought to 

represent an environment close to fully marine conditions. 

Analysis of the foraminifera of the Corbula Beds suggested that they were 
deposited in less than 50 fathoms (-17 metres) of water (Bhatia 1957). Further 

analysis of the foraminifera from the Cranmore Member (Upper Hamstead Beds 

of Bristow et al. 1889) found that the two lower partially saline levels represent a 
hyposaline lagoon, whereas the upper saline level was fully marine (Murray & 

Wright 1974). 

The Cranmore Member was originally given a Middle Oligocene NP23 

nannofossil date (Martini 1972), however this was based on a weathered sample 

and can be considered unreliable. Further studies placed the Cranmore Member 

in NP21 on the basis of the occurrence of Wetzeliella gochtii (Costa & Downie 

1976), a dinoflagellate. However, the same lead author, working with another 
investigator, put the Hamstead Beds (now Cranmore Member) in NP23 on the 

basis of a correlation between dinoflagellate zones and nannoplankton zones 

across northwest Europe (Costa & Müller 1978). There is not a great deal of 
information in either of the papers which would explain why these particular 

choices were made, however, there is a margin for error, as dinoflagellates are 
being used as a proxy for nannoplankton. Aubry (1985,1986) placed the 

Cranmore Member in NP22 by correlating the Cranmore Member with the 

Cyrena Clay sequence in the Paris Basin, which is tentatively placed in NP22 on 

the basis that beds above are confidently placed in NP 23. This situation of 

using the relative positions of beds which cannot be correlated with absolute 

confidence is unsatisfactory. Definitively, the Cranmore Member cannot be any 

older than NP22, on the basis of the first appearance of W. gochtii, but whether 
it is NP 22 or NP 23 is unresolved. 
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It is postulated that the change from brackish to marine conditions in the 

Cranmore Member must have been very quiet due to the lack of a basement 

bed (Curry 1965). The Corbula Beds of the Cranmore Member are thought to 

have been deposited in a shallow embayment open to the sea, in a mostly 

silted-up basin (Munt & Barker 1996). 

Small fossil pearls have been found in a thin inconsistent pink clay towards the 

top of the marine sequence in the Cranmore Member (Stinton 1971). 

1.2.26 The Position of the Eocene-Oliqocene Boundary in the British Succession 

The Eocene-Oligocene Boundary has been placed at many levels in the past 
spanning almost the entire Solent Group. 

Judd (1882b) placed the boundary at the Brockenhurst Bed due to its fossil 

content matching closely that of Lower Oligocene beds on the continent. Stinton 

suggested (1971) that the Bembridge Oyster Bed in Whitecliff Bay should be 

taken as the arbitrary base of the Oligocene instead of the Brockenhurst Bed 

that was favoured at that time. 

The evidence provided by ostracod analysis suggested that the boundary should 
be somewhere between the Bembridge Oyster Bed (base Bembridge Marls 
Member) and the Lower Hamstead Beds (Hamstead Member) (Keen 1972). 

Dinoflagellate cysts (Liengjaren et al. 1980) placed the boundary "closely below" 
the Nematura Band (Hamstead Member). They also stated that the Bembridge 

Oyster Bed had a greater similarity with the Headon Hill Formation than the 

succeeding assemblage did. 

Bhatia (1955) assigned the Hamstead Corbula Beds (upper Cranmore Member) 

to the Middle Oligocene and the Headon and Bembridge Series (Headon Hill 

Formation, Bembridge Limestone Formation & Bembridge Marls Member) to the 

Lower Oligocene, based on the occurrence of foraminifera. 
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Daley & Edwards (1974) placed the boundary "Probably in the Bembridge Marls 

- Hamstead Beds succession". Curry et al. (1978) argued that the boundary 

must fall in the Bembridge Marls, and take the Bembridge Oyster Bed at its base 

as the level. 

Collinson et al. (1993) suggested that the Eocene-Oligocene boundary "probably 

occurs within the lower portion of the Bembridge Marls Member'. 

More recently, Hooker et al. (2004) have placed the boundary at the level of the 

Nematura Band in the Hamstead Member on the basis of mammal data, 

however, their stratigraphic conclusions are wrong due to an erroneous use of 

unpublished and inaccurate palaeomagnetic data. 

There has been a great deal of argument over the level of the Eocene- 

Oligocene boundary in the Solent Group. It seems unlikely that there will be full 

agreement in the absence of the biostratigraphic markers used elsewhere to 

define the boundary. However, it is possible that the boundary location maybe 

narrowed down using techniques that have yet to be used on the Solent Group. 

1.2.27 Correlation with other Basins 

The fullest available correlation of Solent Group age sediments across northern 
Europe was made by Curry et a/. (1978). However, the correlations are slightly 
tentative due to a lack of suitable biostratigraphic data (Figure 8). 

The Eocene-Oligocene boundary appears to be absent in the Belgian sequence. 

A gap exists between the Assche Clay (NP16), which has been correlated with 

the lower Barton Beds, and the next dated beds, the Grimmertingen Sands, 

which have an NP21 age (Curry et al. 1978). However, the sands of the Kallo 

complex are thought partially to fill the gap (Vandenberghe et al. 1998; Murray et 

a/. 1981). 
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Figure 8. Correlation of the Solent Group to other parts of northern Europe 
(adapted from Curry et al. 1978). 

The Eocene-Oligocene boundary appears to be absent in the Belgian sequence. 
A gap exists between the Assche Clay (NP16), which has been correlated with 
the lower Barton Beds, and the next dated beds, the Grimmertingen Sands, 

which have an NP21 age (Curry et al. 1978). However, the sands of the Kallo 

complex are thought partially to fill the gap (Vandenberghe et al. 1998; Murray et 

a/. 1981). 

The Headon Hill Formation cannot be correlated with confidence in the Paris 

Basin, mostly due to the lack of biostratigraphic markers and the patchy nature 
of exposures in the Paris Basin. The Bembridge Limestone has long been 

correlated with the upper part of the Gypse of the Paris region on the basis of 

mammal faunas. The Hamstead Member has been correlated with the Marries 

Supragypseuses and the Cranmore Member with the Calcaire de Sannois and 

the lower part of the Marnes a Huitres, this is also supported by the ostracods 
(Keen 1972). 

Pomerol (1989) argues that the Eocene-Oligocene boundary in the Paris Basin 

is within a hiatus between the Marnes blanches and the Glaises 6 Cyrenes and 
is marked by a deposit of gypsum known as the Banc Marabet. Pomerol claims 

that this hiatus is comparable with the Black Band between the Bembridge Marls 

Member and the Hamstead Member of the Bouldnor Formation. 
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2 The Stratigraphy of the Solent Group in Whitecliff Bay, Isle of Wight. 

Whitecliff Bay (Figures 9,10 & 11) has been long recognised as an 
internationally important location for its Tertiary stratigraphy and has been 

accorded Site of Special Scientific Interest (SSSI) status as a result. Several 

stratigraphic studies have been undertaken in Whitecliff Bay, including a full 

description of the Lambeth Group (Skipper 1999) and the London Clay (King 

1981). Plint (1983; 1984) created a sequence stratigraphic framework for the 

Bracklesham Group, whilst Gale et al. (1999) investigated the inversion history 

of the Sandown Pericline during the Eocene. 
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Figure 9. Map of the area around Whitecliff Bay (after Insole et al. 1998). 

The strata in Whitecliff Bay are near vertical for much of the length of Whitecliff 

Bay, but become horizontal further north (Figures 10 & 11). A summary of work 

carried out in Whitecliff Bay can be found in Daley & Balson (1999). 

For the purposes of this study, detailed logging was carried out in Whitecliff Bay, 

both of the cliff and of sections exposed in the beach during winter months, 

when the modern beach material is occasionally removed (Figure 13). These 

two sections are approximately 25 metres apart. The analysis of two closely 

spaced sections together proves useful in determining the lateral extent of 

particular horizons within the Solent Group. The cliff section can be both well 

exposed (Figure 14) and poorly exposed (Figure 15), depending on whether the 

units in question have a propensity to slump. A decision was made to 
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concentrate on logging and sampling the well-exposed Solent Group section at 
Whitecliff Bay in detail, rather than completing an overview of various sections 

around the island. This was due to time restrictions and the need for detailed in 

depth analysis of the strata to achieve the aims of the project. Whitecliff Bay's 

reputation as the best Solent Group section made it an obvious candidate for 

this study. Furthermore, uncertainties of the continuity of strata along the 

northwest coast, where the upper part of the Bouldnor Formation is exposed in a 

huge landslip complex made confident continuity of the study to this location 

impossible for the time being. 

The cliff section was measured first, with a zero datum placed at the lowest point 

which can be found in the cliff (a concrete ramp obscures the junction with the 

units below). When exceptional winter tides revealed material in the foreshore, 

the exposures were logged relatively quickly and matched with the cliff section. 

Several repeat visits over -4 years were required to allow the entire section to 

be logged in detail. At the time of writing the cliffs have once again slumped and 

may not be clear again for some time, depending on the style of coastal erosion 

(Figure 4). Logs were hand-drawn originally and subsequently digitised to 

preserve the quality of observations. Grain-sizes were estimated using a grain 

size comparison card and by tasting for silt. 
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Figure 10. Cliff profile of the strata in Whitecliff Bay (from Daley & Balson 1999). 
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_1 

Figure 11. Panoramic view of the Headon Hill Formation and Bembridge 

Limestone Formation exposed in the cliffs at Whitecliff Bay (view is -200 metres 
long). 

The lateral variation that characterises much of the Solent Group, particularly 

the Headon Hill Formation, on the Isle of Wight, precludes the observation of all 

of its members in Whitecliff Bay or at any other locality. The lateral extent and 

exposure of the component units of the Solent Group is shown in Figure 12. 
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Figure 12. The lateral extent and exposure of the component units of the Solent 

Group on the Isle of Wight (modified after Hooker 1992). 

58 

sw NE 
"e "v 

ww 

"M-ma9ö"me 

ee _" 
,weroüo 

vý 0v<"ÖÖ Ö= OaÖ"=r" aaSFSUQmSmdUä; m 



2.1 Headon Hill Formation, Whitecliff Bay 

The exposure of the Headon Hill Formation in Whitecliff Bay was designated as 

a hypostratotype when the current lithostratigraphy was created (Insole & Daley 

1985), the formally designated stratotype being the section at Headon Hill at the 

west end of the Isle of Wight. The Headon Hill Formation in Whitecliff Bay 

comprises the Totland Bay Member, Colwell Bay Member, Cliff End Member, 

Lacey's Farm Limestone Member, Fishbourne Member, Osborne Marls Member 

and Seagrove Bay Member. 

hidden by the ramp (left of centre). 
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Figure 13. The cliff and beach sections of part of the Headon Hill Formation in 

Whitecliff Bay. The boundary between the Solent Group and underlying strata is 
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Figure 14. The nature of the cliff exposure at Whitecliff Bay when not subject to 

slipping (Colwell Bay Member, Headon Hill Formation). 
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Figure 15. The nature of the cliff exposure in Whitecliff Bay when subject to mud 
flow (Headon Hill Formation). 
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2.1.1 Totland Bay Member, Headon Hill Formation, Whitecliff Bay 

The Totland Bay Member in Whitecliff Bay (Figure 16) consists of approximately 
9 metres of sediment, which sharply overlies the uppermost sands of the Barton 

Group. Compared to the sections in the west of the island (Daley 1999) and on 
the mainland (Edwards & Daley 1997), the Totland Bay Member is much 

reduced in thickness in Whitecliff Bay and lacks the freshwater How Ledge 

Limestone and the Warden Ledge Limestone (Figure 12). This is due both to 

lateral variation and the erosive nature of the contact with the overlying Colwell 

Bay Member, which has removed a considerable amount of sediment, as shown 
by mammal faunas (Hooker 1987). The cliff and beach sections of the Totland 

Bay Member show the greatest variability of the entire Headon Hill Formation in 

Whitecliff Bay (Figure 16). Whilst lateral variation and the erosive contact of the 

overlying Colwell Bay Member can account for some of this, it is also possible 
that it is partly caused by faulting, which has been observed in the area (J. Todd 

Pers. comm. ) and which may be the reason why there is an incised notch in the 

cliff at this point, which has subsequently been used as an access route to the 

beach, more recently concreted over as a ramp. 
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Figure 16. The Totland Bay Member of the Headon Hill Formation in Whitecliff 

Bay, showing a comparison between the cliff and beach sections (scale in 

metres). 
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2.1.1.1 Totland Bay Member, Headon Hill Formation, Whitecliff Bay - Cliff 

Section 

The cliff section rarely displays the contact between the Barton Group and the 
Solent Group. This is due to slumping and the construction of a concrete access 

ramp to the shore (Figure 13). 

In the cliff section (Figure 17), the Totland Bay Member consists largely of green 

and grey clays and silty clays, with palaeosol development at the base of the 

section. A palaeosol is "a soil of a landscape of the past: a past surface material 

of a planet or similar body altered in place by biological, chemical or physical 

processes, or a combination of these" (Retallack 2001). In practice, palaeosols 

are identified by the presence of pedogenic indicators such as colour mottling, 

rootlets and peds. Colour mottling often produces stark patterns of bright colours 

rarely found outside palaeosols. These are the result of differential oxidation and 

reduction of elements within different zones of the soil. Peds are aggregations of 

soil that form between rootlets, cracks, burrows and other soil openings. Their 

nature can be an indicator of soil type. 

The lower 2 metres (0 to 2m) of the cliff section consist of green to brown clay 

and silt with a calcareous interval and palaeosol mottling at the base. This is 

superceded by a series of sediments characterised by the presence of black 

lignitic clays and shell packed layers, dominated by Viviparus lentus The upper 

part of this 1.5 metre-thick lignitic sequence (2 to 3.5m) coarsens and shows 

palaeosol development in the form of orange mottling. From 3.5 to 5 metres, the 

sediments are coarser, consisting primarily of coarse ferruginous sand, which is 

iron-cemented in some places. Sandy silts and silty fine sands make up the 

upper part of this sequence (Figure 17). From 5 to -6.5 metres, the succession 
fines again to bright green clayey silt with a thin calcified zone towards the top 

(Figures 17 & 18). 
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Figure 17. The Cliff section of the Solent Group in Whitecliff Bay 0 to 6 metres, 

showing part of the Totland Bay Member of the Headon Hill Formation (scale in 

metres). 
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Figure 18. The cliff section of the Solent Group in Whitecliff Bay 6 to 12 metres, 
showing part of the Totland Bay Member (TBM) and part of the Colwell Bay 
Member of the Headon Hill Formation (scale in metres). 
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2.1.1.2 Totland Bay Member, Headon Hill Formation, Whitecliff Bay - Beach 

Section 

The beach section of the Totland Bay Member does extend all the way to the 

sharp lower contact (Figure 19). 
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Dark green clay 
Dark green-grey clay 
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Olive green clay with orange-yellow flecks 

Figure 19. The beach section of the Solent Group in Whitecliff Bay -3 to3 

metres, showing part of the Totland Bay Member of the Headon Hill Formation 

(scale in metres). 
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The section from -3 to -1 metres comprises green-grey clays and silty clays with 
thick lignites developed either side of a1 metre-thick shelly bed, dominated by 
Viviparus lentus (Figure 19). 
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Figure 20. The beach section of the Solent Group in Whitecliff Bay 3 to 9 

metres, showing part of the Totland Bay Member and part of the Colwell Bay 

Member of the Headon Hill Formation (scale in metres). 
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From 1.1 to ~4 metres, the sequence comprises a 20 centimetre hard 

ferruginous fine sand with an undulating base, then -1 metre of green clay, and 

-0.5 metres of silt (Figure 19). At 2.65 metres, this becomes a green clayey silt, 

which at 3.35 metres, becomes a heavily yellow and red mottled palaeosol and 

contains a layer of silty concretions (Figure 20). At 4.05 metres, the sequence 
becomes a green silty clay, with broken shell material including Viviparus lentus, 

and possibly Unio sp. in the bottom part and is palaeosol affected in the top part. 

The succession is completed by a clayey silt palaeosol that contains broken 

shells of Lymnaea longiscata from -5.15 to 6.35 metres (Figure 20). 

Between the cliff and the beach sections of the Totland Bay Member, only two 

levels are directly correlatable. These are the erosive contact which caps the 

member and a coarse sandy unit which occurs at -3.8 metres in the cliff section 

and at -1.1 metres in the beach section (Figure 16). This coarse layer also 

delineates the strata below, which include lignitic horizons, from the strata 

above, which do not. 

2.1.2. Colwell Bay Member, Headon Hill Formation, Whitecliff Bay 

The Colwell Bay Member of the Headon Hill Formation in Whitecliff Bay (Figure 

21) comprises 34 metres of sediment. In the west of the Isle of Wight, the 

Colwell Bay Member is overlain by the Linstone Chine Member (Figure 12), a 

largely sandy deposit, notable for its variability of thickness. At Headon Hill 

(Figure 7), its thickness varies from 0 to 1.5m over a distance of only 200 metres 

(Insole & Daley 1985). At Headon Hill, the Linstone Chine Member is followed 

by the Hatherwood Limestone Member, which is only present in the west of the 

Isle of Wight (Figure 12) and reaches a maximum thickness of approximately 9 

metres (Insole & Daley 1985). The Linstone Chine Member is thinner in the east 

of the island and its designation is uncertain. Whilst a 1.5 metre-thick sand does 

exist at the junction of the Cliff End Member and the Colwell Bay Member in 

Whitecliff Bay, it's designation as Linstone Chine Member is dubious. One of the 

original creators of the lithostratigraphy of which the Linstone Chine Member is 

part has conceded that the "assignment may be inappropriate" (Daley 1990). For 

the purposes of this study, the putative Linstone Chine Member sand will be 

included in the Colwell Bay Member. This is due to the definition of the lower 
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contact of the overlying Cliff End Member as being "the transition from sands or 

sandy muds to muds" (Insole & Daley 1985). 
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Figure 21. The Colwell Bay Member of the Headon Hill Formation in Whitecliff 

Bay, showing a comparison between the cliff and beach sections (scale in 

metres). 
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2.1.2.1 Colwell Bay Member, Headon Hill Formation, Whitecliff Bay - Cliff 

Section 

The base of the cliff section of the Colwell Bay Member is marked by an 

undulating erosional surface with widespread burrowing (Figure 18). This is 

overlain by a brown silty sand with well-rounded black flint pebbles and rip-up 

clasts of green clayey silt at the base. This deposit contains abundant marine 

molluscs, including Ostrea sp., Venericor sp., Clavilithes sp. & Turritella sp. 
Other marine indicators include echinoids, corals (Solenastrea granulata 
{Duncan} and Lobopsammia cariosa {Duncan}) and sharks' teeth. This bed is 

found only in the east of the Isle of Wight and on the mainland and is known as 
the Brockenhurst Bed. The parameters that define the Brockenhurst Bed vary 
from author to author (see section 1.2.13 for more details). In the cliff section 
from 6.5 to -8.5 metres, there are approximately 2 metres of sediment (Figure 

18) which are packed with a molluscan assemblage that can be considered 
definitely "Brockenhurst" in nature. From -8.5 to 19.65 metres (Figures 18,22 

and 23), the section comprises green-grey silty fine sand and fine sandy silt with 

occasional marine molluscs and concretion horizons, including a series of very 
large concretions (up to 34 cm in diameter). 
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Figure 22. The cliff section of the Solent Group in Whitecliff Bay 12 to 18 metres, 

showing part of the Colwell Bay Member of the Headon Hill Formation (scale in 

metres). 
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Figure 23. The cliff section of the Solent Group in Whitecliff Bay 18 to 24 metres, 

showing part of the Colwell Bay Member of the Headon Hill Formation (scale in 

metres). 

There is a change at 19.65 metres to a sequence dominated by medium yellow, 

white and buff sand with subordinate silt and clay, which extends until 25.35 

metres (Figures 23 and 24). 
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Figure 24. The cliff section of the Solent Group in Whitecliff Bay 24 to 30 metres, 

showing part of the Colwell Bay Member of the Headon Hill Formation (scale in 

metres). 

The base of these sands is undulose and the sands commonly contain clay 

ripples. The upper part of this sequence contains shell layers of broken and 

whole valves of Corbicula sp. From 25.35 to 25.80 metres the section comprises 

interbedded clay or silty clay and thin beds of brown sand-grade comminuted 

shell debris, including Tarebia acuta. The intervening clays occasionally contain 
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Corbicula sp. (Figure 24). From 25.80 to 26.80 metres a bed of mostly medium 

sand, containing the large bivalves Venericor sp. & Ostrea sp. is found (Figure 

24). This is another widely recognised stratum, known as the Venus Bed (Daley 

1999). In the cliff section, this bed seems to contain two distinct horizons, with a 
flat based shelly medium sand channel that fines up to a silty sand before being 

cut by a second shelly medium sand with an erosional base. Whilst this is the 

last part of the Venus Bed sensu stricto, Venus sp. is found in thin layers above. 

Green silty fine sand occurs between 26.80 and 28.10 metres, and green clayey 

silt with shells is found between 28.10 and 29.30 (Figure 24). Medium sand is 

found from 29.30 to 30.05 metres, the bottom 20 centimetres of which is packed 

with Venus sp. The rest of this bed shows signs of palaeosol development in the 

form of green and grey mottling. 

Further unmottled medium sand occurs between 30.05 and 31.85 metres, 

showing wavy interbedding of silt and sand layers towards the top (Figure 25). 

The medium sand gives way to a silty fine sandy palaeosol from 31.85 to 33.45 

metres, which is strongly mottled and contains thin sand and fragmentary shell 

beds towards the top. Thin medium and fine sands and silty sands interbedded 

with millimetre-scale laminations of green clay occur between 33.45 and 36 

metres. The sands are light brown, buff and white in colour and are affected by 

orange iron staining. The upper part contains some small burrows (Figure 25). 
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Figure 25. The cliff section of the Solent Group in Whitecliff Bay 30 to 36 metres, 

showing part of the Colwell Bay Member of the Headon Hill Formation (scale in 

metres). 

75 



42 
Buff-brown-orange fine sand with occasional wavy bedding 
and some clay layers 

E 
Q) 

r m m 
d 
3 
8 

41 

40 

39 

38 

37 

Orange fine sand 
Grey silty clay with orange streaks of sand 
Trough crossbedded orange fine sand with flint pebbles <1 cm across 
Wavy-bedded grey-brown silty clay 
Grey silty clay becoming white sand interlaminated 
with orange sand 

Green silty clay with brown palaeosol mottling at top 

Olive green clay 
Hard deep red-brown rusty fine sand 
Olive green clay with some shell debris at top 
Gren clay with molluscs 

Green-grey clay palaeosol with light mottling 

Grey-green silt with some sand at the base, becoming 
more clay rich towards the top 

Dark green silty claypalaeosol, becoming sillier further up, 
with orange-brown mottles 

Layer of broken shells at base 

Green silty clay palaeosol with orange-brown mottles 

Figure 26. The cliff section of the Solent Group in Whitecliff Bay 36 to 42 metres, 

showing part of the Colwell Bay Member of the Headon Hill Formation (scale in 

metres). 

From 36 to 38.20 metres is green and grey-green silty clay palaeosol with 

orange-brown mottling (Figure 26). Green silty sand follows from 38.20 to 39.40 

metres, which fines up through silty clay to clay. Green clay is found from 39.40 

to 40 metres, the lower part being palaeosol mottled and the upper part rich in 

shell debris (Figure 26). From 40 to 40.13 metres, a hard ferruginous fine sand 
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is found. Green clay and silty clay, with brown mottling in the uppermost 10 

centimetres, occurs from 40.13 to 40.95 metres (Figure 26). This is followed 

(from 40.95 to 42.85 metres) by almost 2 metres of ferruginous fine sands, 

which are cross-stratified in places. This sand represents the putative Linstone 

Chine Member in Whitecliff Bay (Figures 26 & 27). At its top are rare well- 

rounded desilicified flints up to 14 centimetres in diameter (Figures 27 & 28). 

These are soft and crumbly to the touch. Brief investigation has shown that they 

contain well-preserved silicified microfossils and, uniquely, silicified 

nannofossils, which are sufficiently well preserved that they can be identified at 

the generic level. However, a thorough investigation of these "rotten flints" is 

beyond the scope of this study. Previous studies of desilicified flints from other 

Palaeogene horizons, including some in Whitecliff Bay (Curry 1964; 1986) have 

revealed which zone of chalk which was being eroded at the time of deposition. 

Whilst reworking of flints from one Tertiary deposit to another can cause 

problems with this technique, it does offer the possibility of constraining uplift 

rates. 
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Figure 27. The cliff section of the Solent Group in Whitecliff Bay 42 to 48 metres, 
showing part of the Colwell Bay Member (CBM) and part of the Cliff End 

Member of the Headon Hill Formation (scale in metres). 
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1 
Figure 28. A well-rounded de-silicified flint pebble at the top of the Whitecliff Bay 

cliff section of the Colwell Bay Member, Headon Hill Formation (field of view 

30 cm across). 

2.1.2.2 Colwell Bay Member, Headon Hill Formation, Whitecliff Bay - Beach 

Section 

The beach section of the Colwell Bay Member in Whitecliff Bay begins with the 

eroded, burrowed lower contact of the Brockenhurst Bed (Figure 20), which 

contains the same rolled flints and rip-up clasts as in the cliff section. Here, 

some of the rip-up clasts are a deep red clay, contrasting with the brown silty 

sand of the Brockenhurst Bed. This lower section of silts and silty clays with 

shell bands of Venus sp. and Ostrea sp. runs from 6.35 to 17.65 metres (Figures 

20,29 and 30). 
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Figure 29. The beach section of the Solent Group in Whitecliff Bay 9 to 15 

metres, showing part of the Colwell Bay Member of the Headon Hill Formation 

(scale in metres). 
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Gradually fines up over -1 metre to a grey-green clay 

Orange and grey medium sand Infilling channel 

Top part heavily burrowed (up to 50cm) 

Grey-green silty clay with occasional shells and 
shell debris 

Figure 30. The beach section of the Solent Group in Whitecliff Bay 15 to 21 

metres, showing part of the Colwell Bay Member of the Headon Hill Formation 

(scale in metres). 

From 17.65 until 18.70 metres, orange and grey medium sand occurs. This fills 

a 0.5 metre deep channel and has a heavily burrowed base (Figure 30). From 

18.70 metres, silty sand is present. 
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Figure 31. The beach section of the Solent Group in Whitecliff Bay 21 to 27 

metres, showing part of the Colwell Bay Member of the Headon Hill Formation 

(scale in metres). 

This fines up over -1 metre to a grey-green clay, which continues until 21.45 

metres, the top 40 centimetres containing sandy ripples (Figure 31). From 21.45 

to 22.90 metres are silty clays with thin bands of unidentifiable comminuted shell 
debris. This is overlain from 22.90 to 23.85 metres by the distinctive Venus Bed 

(Daley 1999), comprising silty fine sand with dense bands of Venus sp. at top 
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and bottom (Figure 31). Green silty clay and clay with concretion bands and shell 
layers including Tarebia acuta occurs between 23.85 and 27.80 metres (Figures 
31 & 32). From 27.80 to 28.25 metres is a shelly sand with Venus sp. and 
Tarebia acuta. Mottled yellow fine sand follows from 28.25 to 29.85 metres. This 

bed has a burrowed basal contact, with burrows reaching into the bed below. 

This is followed by green sandy silt from 29.85 to 30.85 metres (Figure 32), then 
from 30.85 to 31.85 metres a green silty fine sand palaeosol with brown mottles 
is found. 
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Figure 32. The beach section of the Solent Group in Whitecliff Bay 27 to 33 

metres, showing part of the Colwell Bay Member of the Headon Hill Formation 

(scale in metres). 
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From 31.85 to 32.60 metres, green silty clay palaeosols with brown mottles 
occur, becoming more clay rich and intensely green towards the top, which 
contains broken shell material. This is cut by an undulose contact which is 

overlain by laminated green silts until 32.80 metres. A green silty clay palaeosol 
with brown mottling is found between 32.80 and 32.95 metres (Figure 32). This 

coarsens to a 20 centimetre green fine sand until 33.10 metres (Figure 33). 
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Figure 33. The beach section of the Solent Group in Whitecliff Bay 33 to 39 

metres, showing part of the Colwell Bay Member of the Headon Hill Formation 

(scale in metres). 
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From 33.10 metres is a green-grey clayey silt with shell bands and burrows. The 

base of this bed is erosional with a thin (-. 10 centimetre) lag of tightly-packed 

shells. From 33.95 metres there is a gradual transition to grey fine sand, which 

continues until 34.80 metres. Hard channel deposits follow from 34.80 to 35.25 

metres (Figure 33). These comprise thin (<10 centimetre) layers of shells 
(including Lymnaea longiscata at the base) or coarse ripped-up material, 
including bone. Thin palaeosols are developed within them. Green silty clay and 

clay palaeosols with yellow mottles continue from 35.25 to 37.40 metres. This is 

followed by a partly concreted green laminated silt with broken shelly material 

above an undulose base from 37.40 to 37.65 metres. From 37.65 to 39 metres, 

a brown-mottled green clay palaeosol is found (Figure 33). Dark green clay 

extends from 39 to 39.35 metres (Figure 34), followed by an undulating bed of 

brown fine sand with Viviparus lentus until -39.55 metres. It varies in thickness 

from 15-20 centimetres and is succeeded by green clay which continues until 

40.40 metres. The beach section of the Colwell Bay Member is capped by 2.1 

metres of grey and orange sandy silt with wavy bedding, which represents the 

Linstone Chine Member and extends from 40.40 to 42.50 metres (Figure 34). 

Correlative horizons between the cliff and beach sections of the Colwell Bay 

Member in Whitecliff Bay include the Brockenhurst Bed at -6.5 metres and the 

Venus Bed at 24.9 metres in the cliff section and 23 metres in the beach section 

(Figure 21). These are both characterised by their fossil content as outlined 

above. Another correlatable unit is a thick sandy bed which occurs from -29.5 to 

-31.8 metres in the cliff and -28.2 to -30 metres in the beach section (Figure 

21). The level at which palaeosol development begins above this bed can also 

be matched. Another correlatable horizon is the first occurrence of palaeosols 

above a coarse, complicated sequence at 36 metres in the cliff section and 

-35.2 metes in the beach section (Figure 21). Finally in the Colwell Bay 

Member, the base of the thick sand unit which caps the member can be 

correlated from 41 metres in the cliff section to -40.4 metres in the beach 

section (Figure 21). 
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Figure 34. The beach section of the Solent Group in Whitecliff Bay 39 to 45 

metres, showing part of the Colwell Bay Member and part of the Cliff End 

Member of the Headon Hill Formation (scale in metres). 

2.1.3 Cliff End Member, Headon Hill Formation, Whitecliff Bay 

The Cliff End Member in Whitecliff Bay (Figure 35) comprises approximately 15 

metres of sediment. The lower boundary of the Member is defined as being, "the 

transition from sands or sandy muds to muds" (Insole & Daley 1985). This 
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definition places the dubious "Linstone Chine Member" sand in the upper part of 
the preceding Colwell Bay Member. The upper boundary of the Cliff End 

Member is also described as being "placed arbitrarily" by its authors (Insole & 

Daley 1985). It is marked by the first appearance of "massive green marls with 

calcareous concretions" belonging to the overlying Lacey's Farm Limestone 

Member. 
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Figure 35. The Cliff End Member of the Headon Hill Formation in Whitecliff Bay, 

showing a comparison between the cliff and beach sections (scale in metres). 
87 

Cliff 



2.1.3.1 Cliff End Member, Headon Hill Formation, Whitecliff Bay - Cliff Section 

The cliff section of the Cliff End Member begins with a thin layer of clay which 
drapes the flint and sand of the underlying Colwell Bay Member (Figure 27). At 

42.90 metres, this is overlain by green silts, which are rippled at the base and 
which contain gastropods (including Tarebia acuta), bivalves (including Sinodia 

sp. ) and the barnacle Balanus sp. These continue until 43.90 metres and are 

succeeded by hard green calcareous silty fine sand from 43.90 to 44.15 metres 
(Figure 27). Above this, from 44.15 to 44.35 metres is green-grey silty clay with 

occasional shell debris and from 44.35 to 44.55 metres, is orange medium to 

coarse sand. This bed has an undulating erosional basal contact and contains 
harder, iron-cemented patches up to -10 centimetres in diameter (Figure 27). 

From 44.55 to 44.70 metres the section comprises blue-green silty clay with 

shell debris, capped by 1 centimetre of brown comminuted shell debris, some of 

which belongs to the gastropod Tarebia acuta (Figure 27). This is followed from 

44.70 to 46 metres by thin silty beds with occasional sand, small scours and 

shell bands, including Corbicula sp. This is overlain by hard brown fine sand with 

shell debris to 46.20 metres and another 20 centimetres of clayey silt with bands 

of comminuted shell debris to 46.40 metres. From 46.40 to 46.50 metres, an 

orange clay is succeeded by grey-green clay and silty clay with shell layers, 

which continues to 46.75 metres (Figure 27). A hard, yellow silty medium sand 
follows from 46.75 to 46.80 metres. From 46.80 to 48 metres, the section 

comprises green-grey silts, silty clays and fine sands with scours and shells 
beds, including the gastropod Viviparus lentus (Figure 27). Green clays and silty 

clays with shell bands make are present between 48 to 50 metres. This 

sequence is punctuated by a9 centimetre layer of brown shelly concretions 
(Figure 36). 
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Figure 36. The cliff section of the Solent Group in Whitecliff Bay 48 to 54 metres, 

showing part of the Cliff End Member of the Headon Hill Formation (scale in 

metres). 

A6 centimetre orange fine sand follows, overlain by green silts and silty clays up 
to 52.45 metres (Figure 36). The silts contain bands of shells and shell 
fragments, including Viviparus lentus. Close to the top of this silty sequence is a 
22 centimetre brown-mottled green clay palaeosol. Above this are blue-green to 

green silty clay palaeosols with brown mottles, which extend from 52.45 to 55.25 
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metres (Figures 36 & 37). Silt and fine sand follow from 55.25 to 55.55 metres, 

with wavy bedding in places. From 55.55 to 57.85 metres the section comprises 

green silty clay palaeosols with brown and red mottling (Figure 37). 
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Figure 37. The cliff section of the Solent Group in Whitecliff Bay 54 to 60 metres, 
showing part of the Cliff End Member and part of the Lacey's Farm Limestone 

Member of the Headon Hill Formation (scale in metres). 
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2.1.3.2 Cliff End Member, Headon Hill Formation Whitecliff Bay - Beach 
Section 

The base of the Cliff End Member in the beach section is also marked by a thin 

clay at 42.50 metres (Figure 34). Shelly green silty clay extends from 42.50 to 
43.45 metres, becoming siltier and less shelly upwards. Interbedded silty clay 
and fine sand with broken Tarebia acuta follows from 43.45 to 43.65 metres 
(Figure 34). 
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Figure 38. The beach section of the Solent Group in Whitecliff Bay 45 to 51 
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This is followed by thinly (occasionally wavy) bedded clay and silt with 
occasional shells and green sandy concretions from 43.65 to 44.75 metres, 
which gives way to grey-green clay until 45.90 metres. This clay contains shell 
layers, including the gastropod Viviparus lentus (Figure 38). From 45.90 to 51 

metres, the section comprises green-grey clay with occasional silty clays, shell 
bands and concretionary horizons (Figure 38). 
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Figure 39. The beach section of the Solent Group in Whitecliff Bay 51 to 57 

metres, showing part of the Cliff End Member and part of the Lacey's Farm 
Limestone Member (LFLM) of the Headon Hill Formation (scale in metres). 
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A brown-mottled green clay palaeosol with shells extends from 51 to 51.45 

metres, followed by green-grey silty clay with shell layers to 51.90 metres 
(Figure 39). Green-grey and green clay palaeosols with brown and red mottling 

and occasional silt extend from 51.90 to 54.60 metres. Wavy-bedded fine sand 

occurs from 54.60 to 54.75 metres (Figure 39). The sand overlies an undulating, 

erosional basal contact. A4 centimetre green and brown mottled clay palaeosol 
is sandwiched within this sand. Green clay palaeosols with brown, red and 

purple mottles cap the beach section of the Cliff End Member, extending to 

56.90 metres. 

Several horizons of the Cliff End Member in the cliff and beach sections at 
Whitecliff Bay are directly correlatable lithostratigraphically, including the thin 

clay which occurs at the base of the member in both sections (Figure 35). Above 

this, a silty sand at 44 metres in the cliff section can be matched with a series of 

silts and sands of equivalent thickness at ~ 43.5 metres in the beach section 
(Figure 35). The rest of the lower part of the Cliff End Member is much more 

variable in the cliff section than in the beach section. However, a layer of 

concretions at -49.2 metres in the cliff section and at 49 metres in the beach 

section do correspond (Figure 35). Some small-scale channels at -50.6 metres 
in the cliff section may correlate with wavy-bedded sediments at 50.7 metres in 

the beach section (Figure 35). Above this, the first occurrence of palaeosols in 

the member can be traced between -51.8 metres in the cliff section and 51 

metres in the beach section (Figure 35). Above this, the Cliff End Member is 

dominated by fine-grained palaeosols, with the exception of a wavy-bedded 

sandy unit which can be correlated from -55.4 metres in the cliff section to 

-54.6 metres in the beach section (Figure 35). 

2.1.4 Lacey's Farm Limestone Member, Headon Hill Formation, Whitecliff Bay 

The Lacey's Farm Limestone Member is not thought to extend the full length of 

the Isle of Wight (Insole & Daley 1985) (Figure 12), but in Whitecliff Bay 

comprises approximately 8 metres of sediment (Figure 40), the base of which is 

somewhat arbitrarily marked by the first occurrence of calcified green clays 

(Insole & Daley 1985). The palaeosols within the Lacey's Farm Limestone 

Member are mottled in some parts, but are generally characterised by their 
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unusually bright green colouration and the heavily slickensiding and blocky ped 
structure of the palaeosols. 
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Figure 40. The Lacey's Farm Limestone Member of the Headon Hill Formation 

in Whitecliff Bay, showing a comparison between the cliff and beach sections 
(scale in metres). 

2.1.4.1 Lacey's Farm Limestone Member, Headon Hill Formation, Whitecliff Bay 

- Cliff Section 

The Lacey's Farm Limestone Member in the cliff section begins at 57.85 metres 

with a hard calcareous green clay to 57.90 metres. This is followed by green silt 
to 58.15 metres (Figure 37). Green clay and silty clay palaeosols with red and 
brown mottling are present from 58.15 to 59.40 metres. Green silt is present 
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from 59.40 to 59.75 metres (Figure 37), followed by a bright green, slickensided 
clay palaeosol to 60.40 metres (Figure 41). Light green calcareous silt is present 
from 60.40 to 60.55 metres, succeeded by grey-green silty clay palaeosols to 
61.50 metres. 
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Figure 41. The cliff section of the Solent Group in Whitecliff Bay 60 to 66 metres, 

showing part of the Lacey's Farm Limestone Member and Part of the 
Fishbourne Member (FM) of the Headon Hill Formation (scale in metres). 
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Hard silty limestone with Lymnaea longiscata occurs from 61.50 to 61.60 

metres. Green clay with silt extends to 62.10 metres, followed by blocky, 

pedogenically affected green silty limestone to 62.50 metres. Green silt follows 

to 63 metres (Figure 41) with Lymnaea longiscata, which fines up to a green- 

grey, eventually grey clay. Light green silty limestone follows to 63.20 metres. 
The limestone also contains Lymnaea longiscata. The sequence is completed 
by a pure green, occasionally silty clay palaeosol with heavy slickensiding and 

shell fragments at the top. This extends from 63.20 to 65.40 metres (Figure 41). 

2.1.4.2 Lacey's Farm Limestone Member, Headon Hill Formation, Whitecliff Bay 

- Beach Section 

The Lacey's Farm Limestone Member in the beach section begins with a green 

clay palaeosol with silty horizons and calcified patches from 56.90 to 59.45 

metres (Figures 39 & 42). Light green silty limestone extends from 59.45 to 

59.85 metres, followed by green clay to 60.70 metres (Figure 42). A coarse, 

gritty, nodular green sandy limestone occurs between 60.70 and 60.90 metres. It 

gives way to a brown-mottled green clay palaeosol, which becomes siltier 

upwards to 61.35 metres. Green silty limestone follows from 61.35 to 61.85 

metres (Figure 42). This limestone weathers to a lemon yellow colour. Another 

green silty clay palaeosol occurs between 61.85 and 62.35 metres. Green silty 
limestone follows to 62.60 metres (Figure 42). The beach section of the Lacey's 

Farm Limestone Member is completed by an olive green clay palaeosol from 

62.60 to 65.15 metres (Figure 43). This palaeosol has occasional silt horizons 

and shell fragments at the top. 

All of the main limestone units within the Lacey's Farm Member can be 

correlated between the cliff section and the beach section (Figure 40). They are 

particularly good marker bands as they are more resistant than the surrounding 

sediments and form ridges protruding from the cliff and also jut out from the 
beach section when the modern material is removed by winter tides. 
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Figure 42. The beach section of the Solent Group in Whitecliff Bay 57 to 63 

metres, showing part of the Lacey's Farm Limestone Member of the Headon Hill 

Formation (scale in metres). 
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Figure 43. The beach section of the Solent Group in Whitecliff Bay 63 to 69 

metres, showing part of the Lacey's Farm Limestone Member and part of the 

Fishbourne Member of the Headon Hill Formation (scale in metres). 

2.1.5 Fishbourne Member, Headon Hill Formation, Whitecliff Bay 

The Stratotype for the Fishbourne Member of the Headon Hill Formation lies on 
the northeast coast of the Isle of Wight between Fishbourne and King's Quay 

(Figure 7), however the exposure at that location is poor. In Whitecliff Bay, the 
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Fishbourne Member is much more readily exposed but lacks some of the 
features of the member as described at the stratotype. In particular, the 
Chapelcorner Fish Bed (Gamble 1982) is missing at Whitecliff Bay (see section 
1.2.18 for more details), although scattered fish remains can be found 

throughout the member. The Fishbourne Member in Whitecliff Bay (Figure 44) 

comprises between 7 and 9.4 metres of sediment. 
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Figure 44. The Fishbourne Member of the Headon Hill Formation in Whitecliff 

Bay, showing a comparison between the cliff and beach sections (scale in 

metres). 
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Figure 45. The cliff section of the Solent Group in Whitecliff Bay 66 to 72 metres, 
showing part of the Fishbourne Member of the Headon Hill Formation (scale in 

metres). 

2.1.5.1 Fishbourne Member, Headon Hill Formation, Whitecliff Bay - Cliff 

Section 

The Fishbourne Member in the cliff at Whitecliff Bay is 9.4 metres thick. It's base 

at 65.40 metres (Figure 41) is marked by a thin grey-green silt with Tarebia 

100 



acuta, lying above a wavy erosional surface. This extends to 65.50 metres. 
From 65.50 to 66.45 metres by green to grey clay with silty clay horizons. The 

occasional shell layers commonly contain Viviparus lentus (Figure 45). Olive 

green to brown muddy fine sand occurs between 66.45 and 66.55 metres, 
followed by light green clay to 66.80 metres (Figure 45). Dark green clay with 
two thin (1 centimetre) bands of brown medium sand are found from 66.80 to 67 

metres. Grey medium sand follows to 67.10 metres. It contains comminuted 

shell debris, some of which are recognisable as Tarebia acuta (Figure 45). 

Green clay with occasional layers of Viviparus lentus and Unio sp. extends from 

67.10 to 67.85 metres. A dark grey muddy fine sand with broken Tarebia acuta 

occurs from 67.85 to 67.95 metes, followed by laminated blue-green clay with 

silty horizons containing Viviparus lentus to 68.75 metres (Figure 45). This is 

overlain from 68.75 to 69.25 metres by blue-green to grey-green shelly clay, 

which gives way to a heavily mottled clay palaeosol with occasional silt and 
infrequent shells that extends to 69.85 metres. The palaeosol is blue-green with 
brown mottles at the base, olive green with pink mottles in the centre and grey 

with brown mottles towards the top (Figure 45). From 69.85 to 70.40 the section 

comprises green clay with shell debris at the base. Weakly laminated green silty 

clay follows to 70.85 metres, with thin (-2 centimetre) sands at the base. The 

clay contains occasional Viviparus lentus shells. A sequence of beds runs from 

70.85 to 72.60 metres, consisting of green clay palaeosols with weak brown 

mottles. This sequence also contains five thin (up to 3 centimetre), brown, fine to 

medium sands with shell debris including Tarebia acuta (Figures 45 & 46). From 

72.60 to 74.80 metres, the section comprises grey to green clays and silty clays 

with thin sand layers and layers of Viviparus lentus (Figure 46). 
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Figure 46. The cliff section of the Solent Group in Whitecliff Bay 72 to 78 metres, 

showing part of the Fishbourne Member and part of the Osborne Marls Member 

of the Headon Hill Formation (scale in metres). 
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Figure 47. The beach section of the Solent Group in Whitecliff Bay 69 to 75 

metres, showing part of the Fishbourne Member and part of the Osborne Marls 

Member of the Headon Hill Formation (scale in metres). 

2.1.5.2 Fishbourne Member, Headon Hill Formation, Whitecliff Bay - Beach 

Section 

The record of the Fishbourne Member in the beach at Whitecliff Bay is less well 

resolved than the cliff section. This is due in part to the temporary nature of 
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beach exposure in the Fishbourne Member and because certain features of the 

Fishbourne Member become more obvious in a partially weathered section. The 

section comprises green to grey clays and silty clays from 65.15 to 72.20 

metres, with a patch of brown palaeosol mottling from 69.35 to 69.95 metres 
(Figures 43 & 47). 

There is a relatively large disparity between the beach and cliff section 
thicknesses. This is the result of two interacting variables. Firstly, the lateral 

variation in the thickness of the Fishbourne Member originally deposited. 

Secondly, a function of lateral variability in the depth to which the palaeosols of 

the overlying Osborne Marls Member were developed, a criterion used to define 

the top of the Fishbourne Member (Insole & Daley 1985). Few horizons are 

directly correlatable lithostratigraphically in the Fishbourne Member at Whitecliff 

Bay, due to its high degree of lateral variation. The erosive contact with the 

underlying Lacey's Farm Limestone Member can be traced from -65.4 metres in 

the cliff section to -65.2 meters in the beach section. Most of the rest of the 

section cannot be directly correlated, but one of the pedogenised intervals in the 

cliff section, between -69.2 & -69.8 metres and between -70.9 & -72.4 metres 

is likely to be the lateral equivalent of the palaeosol between 69.3 and 70 metres 

in the beach section (Figure 46), as these are the only pedogenised horizons in 

the unit. 

2.1.6 Osborne Marls Member, Headon Hill Formation, Whitecliff Bay 

The Osborne Marls Member can be found across the Isle of Wight, except in the 

easternmost part, where it is missing (Figure 12). In Whitecliff Bay (Figure 48) it 

comprises between 10 and 11 metres of sediment. It is composed mostly of clay 

and silty clay palaeosols. 
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Figure 48. The Osborne Marls Member of the Headon Hill Formation in 
Whitecliff Bay, showing a comparison between the cliff and beach sections 
(scale in metres). 
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2.1.6.1 Osborne Marls Member, Headon Hill Formation, Whitecliff Bay - Cliff 

Section 

The cliff section of the Osborne Marls Member starts at 74.80 metres with green 

clay palaeosols with brown mottles that extend to 75.70 metres, with an 8 

centimetre black silty clay from 75.30 metres (Figure 46). This is overlain by 

grey silty clay, which fines upwards and becomes a blue-green clay palaeosol 

with brown mottles to 77.20 metres (Figure 46). From 77.20 to 80.95 metres the 

sequence consists of green-blue clay palaeosols with brown and red mottling 

(Figures 46 & 49). From 80.95 metres, the sequence coarsens again, with a 

series of blue-green, grey and green silty clays and clayey silts to 82.30 metres 

(Figure 49). A blue-green silty clay palaeosol with red and brown mottling is 

present from 82.30 to 82.90 metres. A green silty clay with Viviparus lentus is 

present from 82.90 to 83.15 metres. From 83.15 to 85.15 metres, a purple-red 

clay palaeosol with blue-green mottles and a red and green mottled clay 

palaeosol occur (Figures 49 & 50). 
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Figure 49. The cliff section of the Solent Group in Whitecliff Bay 78 to 84 metres, 

showing part of the Osborne Marls Member of the Headon Hill Formation (scale 

in metres). 

107 



Dark green silty clay palaeosol with brown and occasionally red mottles 

aý 
E 
a) 

a 
co 
a) 
2 
U 
f0 
u) 

8 

88 

87 

Coarse channel fill with flints, bone and Intraclasts 

Dark green silty clay palaeosol with brown and occasionally red mottling 

Olive green brown sandy silt 

a0 
E 

N 

f0 

N 
E 

O 

86 

85 

84 

Dark green-grey silty clay palaeosol with weak brown mottles 

Buff fine sand with brown speckles. Fines up to a sandy silty clay 
with Viviparus sp. 

Fines up to a green clayey silt with some fine sand 

Orange fine sand with some wavy bedding 

Red and green mottled clay palaeosol 

Figure 50. The cliff section of the Solent Group in Whitecliff Bay 84 to 90 metres, 

showing part of the Osborne Marls Member and part of the Seagrove Bay 

Member of the Headon Hill Formation (scale in metres). 
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Figure 51. The beach section of the Solent Group in Whitecliff Bay 75 to 81 

metres, showing part of the Osborne Marls Member of the Headon Hill 

Formation (scale in metres). 

2.1.6.2 Osborne Marls Member, Headon Hill Formation, Whitecliff Bay - Beach 

Section 

The beach section of the Osborne Marls Member begins at with 72.20 metres, 

with blue-green slickensided clay palaeosol with brown mottles to 73.85 metres 

109 



(Figure 47). From 73.85 to 76.40 metres, the section comprises blue-green clay 

palaeosol with red mottling, which becomes more pedogenically altered upwards 
(Figures 47 & 51). A weakly mottled blue-green clay palaeosol extends from 

76.40 to 76.80 metres, followed by a red and green mottled clay palaeosol to 

77.10 metres (Figure 51). Blue-green clay with Viviparus lentus occurs from 

77.10 to 77.55 metres, followed by a red clay palaeosol with blue mottles to 

77.90 metres, and a blue-green clay palaeosol with brown mottles to 78.05 

metres (Figure 51). From 78.05 to 78.20 metres, the section comprises blue- 

green clayey silt with Viviparus lentus. A blue-grey silty clay palaeosol with red 

mottling is found between 78.20 and 78.30 metres and is succeeded by slightly 

mottled grey silty clay to 79.05 metres (Figure 51). At 79.05 metres, a6 

centimetre red-mottled blue clay palaeosol occurs, followed by a blue-green clay 

palaeosol with brown mottles to 79.35 metres and a green clay palaeosol with 

red mottles to 79.43 metres (Figure 51). Blue-green silty clay extends from 

79.43 to 79.53 and is followed by a hard calcareous silt to 79.60. From 79.60 to 

81 metres the section comprises a complex series of thin, heavily mottled 

palaeosols with a hard limey silt band and clay horizons (Figure 51). Mixed red 

and green clay palaeosols and a green clay palaeosol with purple mottles 

extend from 81 to 82.90 metres (Figure 52). At this point the beach section was 

covered by thick beach material. The section also becomes more susceptible to 

disruption due to its proximity to the fold of the Sandown Pericline (Gale et a/. 

1999). Further exposures were discovered by digging holes through the beach. 

From 83.75 to 83.95 metres, green clay palaeosol with brown mottles was 
found. It is thought that the upper boundary of the -Osborne Marls Member 

occurs very close to this point. 

The Osborne Marls Member is particularly difficult to correlate laterally. This is 

partly due to the variability in the degree of pedogenic development laterally 

within beds. The sequence of unmottled silty clays and clayey silts between 81 

and -82.3 metres in the cliff section may be laterally equivalent with the more 

patchy unmottled sequence between -77.1 and 79 metres in the beach section 
(Figure 48), but this cannot be stated with great confidence. 
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Figure 52. The beach section of the Solent Group in Whitecliff Bay 81 to 87 

metres, showing part of the Osborne Marls Member and part of the Seagrove 

Bay Member of the Headon Hill Formation (scale in metres). 

2.1.7 Seagrove Bay Member, Headon Hill Formation, Whitecliff Bay 

The Seagrove Bay Member in Whitecliff Bay (Figure 53) comprises 7 metres of 
sediment. 
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Figure 53. The Seagrove Bay Member of the Headon Hill Formation in Whitecliff 

Bay, showing a comparison between the cliff and beach sections (scale in 

metres). 

It exists only in the east of the island (Figure 12) and shows considerable lateral 

variation. At its stratotype at Horestone Point in Seagrove Bay, it is much 

coarser than at Whitecliff Bay, consisting of more than five metres of sands and 

gravels (Insole & Daley 1985). 

112 



2.1.7.1 Seagrove Bay Member, Headon Hill Formation, Whitecliff Bay Cliff 

Section 

The cliff section of the Seagrove Bay Member in Whitecliff Bay begins at 85.15 

metres with 23 centimetres of wavy bedded orange fine sand, which fines to a 
green clayey silt with fine sand to 85.60 metres (Figure 50). A buff fine sand 

which becomes finer and siltier upwards extends from 85.60 to 86.05 metres. 
This contains occasional Viviparus lentus at the top and is succeeded by dark 

green to grey silty clay palaeosols with weak brown mottling until 87.05 metres. 
From 87.05 to 87.25 metres is olive green to brown sandy silt. Dark green silty 

clay palaeosols with brown and red mottles occur from 87.25 to 90.85 metres 
(Figures 50 & 54). However, a discontinuous thick channel of coarse material 
interrupts this palaeosol. It is up to 1 metre in thickness and occurs at between 

88 and 89 metres. It is a sandy conglomerate, the sand ranging in size from fine 

to coarse. The base of the channel contains a moderately well-rounded quartz 

gravel, with clasts up to 25 millimetres in diameter. The rest of the channel 

consists largely of sand with clasts of granule-sized material, including limestone 

intraclasts, flint and bone. Above the palaeosol and channel complex, from 

90.85 to 90.95 metres is a bed of white silt. From 90.95 to 91.20 metres is a 

green and yellow chaotic slumped silty clay with an erosional base. The 

Seagrove Bay Member is completed by clay with occasional silt from 91.20 to 92 

metres. This is green at the base, but becomes greyer upwards and becomes a 
black lignitic clay at the top (Figure 54). 
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Figure 54. The cliff section of the Solent Group in Whitecliff Bay 90 to 96 metres, 
showing part of the Seagrove Bay Member of the Headon Hill Formation and 
part of the Bembridge Limestone Formation (scale in metres). 
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2.1.7.2 Seagrove Bay Member, Headon Hill Formation, Whitecliff Bay - Beach 
Section 
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Figure 55. The beach section of the Solent Group in Whitecliff Bay 87 to 93 

metres, showing part of the Seagrove Bay Member of the Headon Hill Formation 

(scale in metres). 

The beach section of the Seagrove Bay Member in Whitecliff Bay is limited to a 
few scraps of exposure, recovered by digging holes through the beach material. 
From 87 to 87.30 metres, green clay palaeosol with brown mottling occurs. From 
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88.20 to 88.45 metres, green and red mottled clay palaeosol is found. Finally, 

from 89.55 to 88.80 metres are green and red clay palaeosols with brown 

mottling (Figure 55). 

2.2 Bembridge Limestone Formation, Whitecliff Bay 

The Bembridge Limestone Formation in Whitecliff Bay (Figure 56) comprises 

nearly 8 metres of sediment. 
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Figure 56. The Bembridge Limestone Formation in Whitecliff Bay (scale in 

metres). 
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By this point in the section, the strata have become almost horizontal, altering 

the nature of the exposure from one with correlative sections in cliff and beach 

to one where the cliff contains a section in which any lateral variation is revealed 
by moving along the cliff. Some hard bands present themselves as ledges, 

protruding seaward and sculpted by the sea. These reveal variation within 

planes sub-parallel to bedding. 

The Bembridge Limestone Formation occurs across the entire Tertiary outcrop 

on the Isle of Wight (Figure 12). The section in Whitecliff Bay has been the 

subject of a number of studies (see section 1.2.21) and detailed logging has 

been carried out (Armenteros et al. 1997,1998). These published logs record 

the same general stratigraphy as is presented here. 

The section begins at 92 metres with soft buff-brown fine sandy limestone to 93 

metres. The limestone has infilled voids of the gastropod Lymnaea longiscata 

and rhizoliths (Figure 54). From 93 to 93.70 metres, calcareous silt occurs, with 

an 8 centimetre intraclastic conglomerate at the base. Hard white silty limestone 

with layers of reworked limestone intraclasts follows from 93.70 to 93.95 metres. 

The second major bench of limestone extends from 93.95 to 95.40 metres and 

is a buff-grey fine sandy limestone with Lymnaea longiscata and has intraclasts 

of limestone and infilled solution features at it's top (Figure 54). An olive-green to 

brown clayey conglomerate of limestone and broken shells occurs from 95.40 to 

95.55. metres. From 95.55 to 96.15 metres, the section comprises dark grey 

clay with silty laminations and bivalve fragments (Figures 54 & 57). From 96.15 

to 96.85 meters, a complex of sands and muds is found. Grey medium sand with 

Tarebia acuta is followed by dark grey/olive green clay and grey silty clay, which 

becomes lighter and calcareous upwards (Figure 57). The third major bench of 

limestone extends from 96.85 to 98.75 metres and consists of cream fine sandy 

limestone with Lymnaea longiscata voids (Figure 58). Intraformational limestone 

conglomerates occur at 96.85,97.45 & 98 metres (Figure 57). The Bembridge 

Limestone Formation is completed by white-cream clayey limestone with a basal 

intraformational conglomerate, which runs from 98.75 to 99.90 metres (Figure 

57). 
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Figure 57. The cliff section of the Solent Group in Whitecliff Bay 96 to 102 

metres, showing part of the Bembridge Limestone Formation and part of the 

Bembridge Marls Member of the Bouldnor Formation (scale in metres). 
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Figure 58. An example of voids of the gastropod Lymnaea longiscata in the 

Bembridge Limestone Formation, Whitecliff Bay (hammer for scale). 

2.3 Bouldnor Formation, Whitecliff Bay 

The entire Bouldnor Formation is not present in Whitecliff Bay, the Hamstead 

Member and the Cranmore Member are missing. The post Bembridge 

Limestone Formation section in Whitecliff Bay is the most susceptible to 

slumping and mudflows, which inhibits easy inspection of the sequence. 
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2.3.1 Bembridge Marls Member 

The Bembridge Marls Member of the Bouldnor Formation can be found along 

most of the outcrop of the Solent Group on the Isle of Wight (Figure 12). It 

generally thickens from west to east (Insole & Daley 1985). The Bembridge 
Marls Member in Whitecliff Bay (Figure 59) comprises just over 30 metres of 

sediment. 

The Bembridge Marls Member begins at 99.90 metres with green-grey silty clay 

which extends to 101.05 metres (Figure 57). The lower 35 centimetres of the 

silty clay contain shell fragments. From 101.05 to 101.40 metres, the section 

consists of shelly, grey-green fine sandy clay, with clay-rich intervals. This is the 

"Bembridge Oyster Bed" (Forbes 1856, Daley 1973b) and the bottom few 

centimetres contain well-rounded flint pebbles. The bed is packed with shells, 
including Ostrea sp., Sinodia sp. and Tarebia acuta, which become less 

common upwards. The barnacle Balanus sp. is also commonly present in this 

bed, which is well-cemented in some areas and forms a ledge on the shore in 

Howgate Bay, the northward extension of Whitecliff Bay (Figure 9), where the 

Bouldnor Formation strata are often better displayed than in Whitecliff Bay itself. 

The "Bembridge Oyster Bed" is followed from 101.40 to 101.60 metres by green- 

grey silty clay. Then, from 101.60 to 101.80 metres shelly green-grey sandy silty 

clay with Tarebia acuta occurs (Figure 57). 
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Figure 59. The Bembridge Marls Member of the Bouldnor Formation in Whitecliff 
Bay (scale in metres). 
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Dark green silty clay and grey to green silty clay with concretions extend from 

101.80 to 102.15 metres (Figure 57 & 60). From 102.15 metres to 102.40 

metres the section comprises light green to buff clayey limestone with rootlets. 

This is the Insect Limestone or Insect Bed of Forbes (1856). This gives way to a 

green-grey silty clay palaeosol, which extends to 102.80 metres. The palaeosol 

has mottling in the lower part and sandy horizons and desiccation cracks at the 

top. From 102.80 to 104.10 metres is dark green-grey clay with silt, becoming 

siltier upwards, with rare, well-rounded flint pebbles (Figure 60). 

At this point the Whitecliff Bay sequence becomes seriously disrupted by 

landslips, which prevented full investigation during the study period. The 

following sedimentological description is therefore augmented with information 

and measurements from research by Prof A Gale of the University of 

Greenwich, conducted over a period of time during which the sequence was well 

exposed. 

Grey-green clay with silty patches and shell bands which include Viviparus 

lentus occurs from 104.10 to 105.40 metres. From 105.40 to 106.60 metres, the 

section comprises a mottled grey-green clay palaeosol with silt, calcareous 

concretions and broken shell material. A mottled grey-green silty clay palaeosol 

with occasional fine sandy horizons follows from 106.60 to 107.50 metres 

(Figure 60). 
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Figure 60. The cliff section of the Solent Group in Whitecliff Bay 102 to 108 

metres, showing part of the Bembridge Marls Member of the Bouldnor Group 

(scale in metres). 

A mottled grey-green clay palaeosol with silt and some sand extends from 

107.50 to 108.50 metres (Figures 60 & 61). Yellow-mottled olive green-grey 
clayey silt, and red-mottled green-grey clayey silt palaeosols extend from 108.50 

to 109.75 metres (Figure 61). Grey to olive green clay palaeosols with red and 
brown mottles and small calcareous concretions occur from 109.75 to 110.35 
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metres. From 110.35 to 111.05 metres, the section consists of laminated clay 

and silt with some red mottling, rootlets and small sideritic nodules. From 111.05 

to 112.15 metres, an olive green silty clay palaeosol with light brown mottles and 

shell debris of Viviparus lentus occurs (Figure 61). A grey-olive green silty clay 

palaeosol with brown mottles extends from 112.15 to 113.55 metres, followed by 

an olive green silt palaeosol with rootlets from 113.55 to 113.80 metres (Figure 

61). This is followed from 113.80 to 114.90 metres of grey-green silty clay 

palaeosol with weak brown mottling and Viviparus lentus (Figures 61 & 62). This 

bed has a slightly erosive undulating base with rare small, well-rounded flint 

pebbles above it. A thin, hard grey-green silt with remains of Tarebia acuta 

extends from 114.90 to 115 metres Then, from 115 to 115.90 metres, grey- 

green silty clay, with wavy silt laminations occurs (Figure 62). Another thin grey- 

green silt with Tarebia acuta runs from 115.90 to 116.05 metres. From 116.05 to 

117.25 metres, the section comprises grey-green silty clay, becoming siltier 

upwards with brown palaeosol mottling towards the top and scattered Lymnaea 

longiscata (Figure 62). Green clay with brown mottling and sideritic concretions 

occurs from 117.25 to 117.45 metres, followed from 117.45 to 118.15 metres by 

grey-green clayey silt with rare scattered well-rounded flints (Figure 62). 
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Figure 61. The cliff section of the Solent Group in Whitecliff Bay 108 to 114 

metres, showing part of the Bembridge Marls Member of the Bouldnor 

Formation (scale in metres). 
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Grey-brown silty clay palaeosol with brown mottles and scattered 
Viviparus sp. 
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Figure 62. The cliff section of the Solent Group in Whitecliff Bay 114 to 120 

metres, showing part of the Bembridge Marls Member of the Bouldnor 

Formation (scale in metres). 
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Figure 63. The cliff section of the Solent Group in Whitecliff Bay 120 to 126 

metres, showing part of the Bembridge Marls Member of the Bouldnor 
Formation (scale in metres). 

A grey-brown silty clay palaeosol with brown mottles and scattered Viviparus 

lentus occurs from 118.15 to 120.05 metres (Figures 55 & 63). From 120.05 to 

121.35 metres the section consists of grey-green laminated silt with clay and 

scattered Viviparus lentus, then a grey clay palaeosol with brown mottling to 

122.75 metres (Figure 63). A grey clayey silt palaeosol with abundant rootlets 
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occurs from 122.75 to 123.15 metres, followed by a grey clay palaeosol with red 

and brown palaeosol mottling to 124.25 metres (Figure 63). Grey clayey silt 

extends from 124.25 to 125.35 metres, followed by a greenish grey clay 

palaeosol with reddish-brown mottles to 126.05 metres (Figures 63 & 64). Grey 

clayey silt extends from 126.05 to 126.65 metres, followed by a grey-green clay 

palaeosol with red-brown mottles to 126.75 metres (Figure 64). 
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Figure 64. The cliff section of the Solent Group in Whitecliff Bay 126 to 132 

metres, showing part of the Bembridge Marls Member of the Bouldnor 

Formation (scale in metres). 
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From 126.75 to 127.45 metres, a grey silty clay palaeosol is present, becoming 
finer upwards, with brown mottling, which becomes more intense upwards. This 

is followed from 127.45 to 127.90 metres by a grey silty clay, passing up into 

grey clay until 128.25 metres (Figure 64). From 128.25 to 129.05 metres, grey 

silty clay is present, followed by a grey clay palaeosol with red and brown 

mottles to 129.45 metres (Figure 64). 
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Figure 65. The cliff section of the Solent Group in Whitecliff Bay 132 to 138 

metres, showing part of the Bembridge Marls Member of the Bouldnor 

Formation (scale in metres). 
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An olive green-grey silty clay palaeosol with red mottling extends from 129.45 to 

130.35 metres. This is followed from 130.35 to 131.45 metres by a bluish-grey- 

green silty clay palaeosol with brown mottling and rootlets. From 131.45 to 

132.65 metres, the sequence comprises grey silty clay, with black, well-rounded 

chatter-marked flints and Viviparus lentus (Figures 64 & 65). Grey-brown clay, 

which becomes silty upwards, with Viviparus lentus follows from 132.65 to 

133.15 metres, then grey-brown silt with some clay and Viviparus lentus to 

133.85 metres. From 133.85 to 134.20 metres, grey clay is present, becoming 

siltier upwards (Figure 65). The sequence is completed by grey-brown silty clay 

with sideritic concretions and bands of shells, including Viviparus lentus, which 

extends from 134.20 to 136.30 metres (Figure 65). 
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3 Facies and Palaeoenvironments 

This chapter aims to interpret the sediments of the Solent Group and place them 

in a palaeoenvironmental context. 

3.1 The Palaeoenvironmental Paradigm of the Solent Group 

The Solent Group displays many different styles of sedimentation as it was 

deposited close to sea level, in a large embayment within the Hampshire Basin. 

This basin was framed to the north by chalk hills created by the Portsdown 

Anticline and to the south by chalk hills formed by the Sandown and Brixton 

Anticlines, which have an east-west en echelon arrangement (Figure 66). These 

features are part of the larger Purbeck-Wight Monocline which extends into the 

Wessex Basin in Dorset and which are thought to be related to thrust structures 

in the Variscan basement (Stoneley 1982; Chadwick et al. 1983). The same 

structures can be traced east of the Isle of Wight along the Bembridge-St Valery 

Line as far as northern France (Smith & Curry 1975). 
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Figure 66. Tectonic structure of the Isle of Wight (from Gale et al. 1999). 

Inversion on the Sandown and Brixton Periclines took place in several phases 
throughout the Tertiary, and has been constrained using the presence of derived 

fossils and clasts in subsequent units (Gale et al. 1999; Plint 1982; Isaac & Plint 

1983). Reworked Bracklesham Formation and Bembridge Limestone Formation 
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clasts in the Bembridge Marls Member suggest that uplift was ongoing into 

Solent Group times (Daley 1973b). 

As well as tectonic factors, the area was subject to global climatic changes, not 

only the Late Eocene to Oligocene transition, but also significant climatic 

variability earlier in the Palaeogene (Figure 2) (Plint 1983, Zachos et al. 2001). 
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Figure 67. A proposed palaeogeography of the Hampshire Basin during the 

deposition of the Brockenhurst Bed (Colwell Bay Member, Headon Hill 

Formation). From Keen 1977. 

The existing proposed general depositional setting of the Solent Group is a low- 

lying coastal plain area, adjacent to a large marine embayment enclosed by 

chalk hills to the north and south (Figure 67). This embayment opened eastward 
to the English Channel area and was fed by numerous fluvial channels from the 

chalk hills and from a main channel to the northwest. The entire system is 

thought to represent the proto-Solent channel. This palaeoenvironmental 
interpretation is based on ostracod assemblages from the base of the Headon 

Hill Formation to the lower Bouldnor Formation (Keen 1977) and from 

sedimentological studies of the Totland Bay Member (Headon Hill Formation) at 
Hordle Cliff on the mainland (Plint 1984). Keen's (1977) work is considered to be 

the most definitive guide to palaeoenvironments of the Solent Group available 

due to it's systematic approach. Further palaeoenvironmental analysis of the 

Bembridge Marls Member has been carried out using macroinvertebrates (Daley 

1972c; 1973b), whilst Gale et al. (2006) have used a combination of indicative 
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molluscs to identify changes in salinity throughout the Solent Group. Both 

studies are in broad agreement with the Keen (1977) paper. 

The ostracods are thought to indicate that the salinity of Solent Group 

environments ranged from freshwater of varying depth, through a range brackish 

environments representing lagoons with little marine influence, estuaries and 

marine-influenced lagoons, to near-shore normal marine (Keen 1977). Plint's 

(1984) analysis of the Totland Bay Member at Hordle Cliff interprets coarsening 

up cycles from clay to sand with thin lignites as shallowing floodplain lakes in a 
fluvio-lacustrine setting. Armenteros et al. (1997) suggested that the Bembridge 

Limestone Formation was largely formed in flood plain lakes. Daley's 

investigation of the Bembridge Marls Member of the Bouldnor Formation 

suggests that three environments are represented. These are: i) estuarine, ii) 

lagoons and coastal lakes, and iii) floodplain lakes, occasionally incorporated 

into a sluggish river system (1972c; 1973b). 

Collectively, the above studies concur with other palaeoenvironmental reports 
from the Solent Group (see sections 1.2.10 to 1.2.25); including those involving 

other fossil groups such as foraminiferans (Murray & Wright 1974). All place the 

Solent Group in a coastal location, close to sea level. All previously proposed 

palaeoenvironments occupy positions in Keen's (1977) embayment from open 

marine conditions and estuarine deposits, to floodplain lakes and palaeosols 
(Daley 1999). 

3.2 Modern Coastal Plain Environments and Their Geological Indicators 

Modern environments are an important resource in palaeoenvironmental 

studies. Comparisons between modern environments and their geological 

equivalents allow informed deductions to be made about palaeoenvironmental 

conditions. In most cases, no single proxy is sufficient for an accurate diagnosis. 

Usually a combination of sedimentological, mineralogical and palaeontological 
indicators is required. Palaeontologically speaking, a diverse range of different 

taxa indicating the same result is preferable for a confident diagnosis; however, 

individual species may have such a restricted range of occurrence in the modern 

world that they are considered to be indicators in their own right (Gall 1983). 
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3.2.1 Coastal Marine Systems 

Coastal marine systems are highly variable in terms of geomorphology and 

sedimentology. They can be divided into depositional and erosional types, each 
of which has many subdivisions with their own distinctive landforms and 
sedimentary record. These vary according to the volume and grain size of 
sediment supply, tidal regime, wave conditions, basin gradient and depth and 

sea-level change. Accordingly, classifications are generally process-based 
(Reading & Collinson 1996; Dalrymple 1992; Dalrymple et al. 1992). 

Along coastlines where a fluvial influence is dominant, deltas may form. These 

have a variety of forms depending on the sediment supply, basin morphology, 

and the varying dominance of wave, tide and fluvial forces (Orton & Reading 

1993). Offshore bars and barrier islands may also form in wave-dominated 

systems, although in non-deltaic settings, the most common depositional 

landforms are beaches (Reading and Collinson 1996). These show a variety of 
forms, which again are controlled by factors such as sediment supply and the 

nature of wave and tide interactions. Though particular sediment grain sizes are 

not commonly characteristic of unique depositional environments, aspects of 

sedimentology can provide strong evidence of their origin. Shallow marine 

environments, such as beaches and bars tend to be composed of relatively 

coarse sediments, any finer material having been winnowed out by wave action 

and currents. The sediments may include little-altered material recycled from the 

pre-existing local rocks, including rip-up clasts and reworked pebbles. Flint 

pebbles may show chatter marks, which are lunate surface cracks caused by 

high velocity collisions between clasts. A variety of sedimentary structures can 
be found on beaches and bars, including cross-bedding, laminations, burrows 

and ripple marks (Reynolds 1996; Heckel 1972). 

The iron silicate mineral glauconite has long been recognised as an indicator of 

marine conditions (Porrenga 1967; Odin & Matter 1981). It occurs as bright 

green to green-black grains and pellets (McRae 1972). 

Palaeontologically, marine environments tend to have a high faunal diversity 

(Gall 1983). Corals, bryozoans, echinoderms, radiolarians, brachiopods and 

cephalopods all occupy exclusively marine salinities (Heckel 1972; Gall 1983) as 
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do some bivalves. Most can be found in shallow marine conditions, although this 

environment can produce composite faunas, which have been mixed by waves 
and tides. 

3.2.2 Tidal Flats & Estuarine Systems 

In low relief coastal areas, tidal flats often occur. Tidal flats can be classified 
according to their dominant grain size as sand flats, mud flats or mixed flats 
(Dalrymple 1992). Grain size is a function of the distance from the main energy 
source, in this case, the main tidal channel. The extent of the flats is dependent 

on the tidal range and relief of the area. Tidal flats commonly possess tidal 

gullies, a network of small meandering channels that increase in width and 
depth as they coalesce towards the sea (Dalrymple 1992). 

Tidal flats often display sedimentary structures that are the product of 
bidirectional currents, such as herring-bone cross-stratification. However, in the 

mud-dominated Holocene tidal flats of northern Germany, near the mouth of the 
River Elbe, thick mud layers with thin sand horizons may be found (Reineck 

1972). Lenticular bedding, comprising lenses of fine sand within laminated muds 

also occur (Reineck 1975). Ripple-laminated sands and muds are also found in 
tidal flats, such as the Lower Jurassic sequence at Bornholm in Denmark 
(Sellwood 1975). Flat laminations are often found in supratidal areas where 
burrowing activity is relatively limited (Heckel 1972). 

In coastal systems where rivers meet the sea, estuaries commonly develop. 

Generally, estuaries are found along areas of the coast which are least exposed 
to wave action (Perillo 1995a). They are usually shallow and are rarely 

preserved in the geological record, as fluctuating sea levels often destroy them 

(Dyer 1995). The development of a classification system for estuaries has been 

a steady process, requiring interdisciplinary coordination (Perillo 1995b). Whilst 

many of the available definitions are unsuited to geological use, a geology- 

oriented one was erected by Dalrymple et al. (1992) (Figure 68). They define an 

estuary as; "The seaward portion of a drowned valley system that receives 

sediment from both fluvial and marine sources, and contains facies influenced 

by tide, wave and fluvial processes" Furthermore, estuaries formed in low relief 
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coastal environments can be described as coastal plain estuaries (Bokuniewicz 
1995). 
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Figure 68. Schematic representation of the definitions of estuary and estuarine 
facies (after Dalrymple et al. 1992). 

The Dalrymple et al. (1992) definition closely matches that produced by the 

factor more commonly used in estuary definitions, namely salinity (Pritchard 

1967), but does not extend as far offshore as the normal marine salinity point at 
32 per mil. It also extends slightly further upstream than the Pritchard (1967) 

model as it is based on the limits of tidal influence in terms of sedimentary facies 

rather than measured salinity (Figure 68). The Dalrymple et al (1992) model 

divides estuaries into outer, central and inner portions, depending on the degree 

of dominance of marine and fluvial processes (Figure 68). 

Sedimentologically, estuarine deposits are highly variable, often consisting of 
interbedded silts and clays, with thinner horizons and lenses of sand. These 

often exhibit herring-bone structures, ripple marks, flaser bedding, wavy and 

Limit of tidal 
influence 
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lenticular bedding and laminations caused by the varying energy conditions 
created by the interaction between waves, tides and fluvial processes (Wells 
1995). Flaser bedding is particularly indicative of variable energy conditions as it 

comprises alternating ripples of relatively coarse material, with infillings and 
drapes of finer material which are deposited from suspension during quieter 
periods (Gall 1983). 

In palaeontological terms, estuarine systems tend to have a low diversity, 
dominated by a small number of euryhaline taxa (those which can withstand 
large variations in salinity). Bivalves (including oysters), some gastropods and 
ostracods have many euryhaline forms (Gall 1983). Stenohaline taxa (those that 
cannot tolerate changes in salinity) are rarer and are restricted to discrete 

horizons rather than being found throughout. Shells themselves, particularly the 
disarticulated valves of bivalves can be used as indicators of current strength. 
Shells lying concave-up are unstable even in weak currents and will quickly be 

realigned to convex-up, which is a much more stable position. Thus convex-up 
disarticulated valves indicate a degree of transport, however small (Gall 1983). 

3.2.3 Coastal Floodplain Systems 

Most academic treatments of floodplain facies concentrate on the fluvial channel 
deposits and landforms, rather than on floodplain deposits themselves. This is 

because they show greater variation of features and capacity for revealing the 

history of a fluvial system than the surrounding deposits and also because they 

are more likely to be important as reservoirs in hydrocarbon exploration. As well 

as hosting fluvial channels, coastal floodplains may contain floodplain lakes. 

Fluvial channels can range from a few metres to hundreds of metres across 
depending on location within the catchment, bedrock hardness and flow regime 
(Miall 1992). They generally contain coarse material, which may be poorly 

sorted and have a range of clast sizes, shapes and lithologies. They have a 

convex down shape, which may be symmetrical or asymmetrical, depending on 
the channel style. Four styles of channel are traditionally recognised, 

meandering, braided, anastomosed and straight (Miall 1992). 
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Common palaeontological freshwater indicators include the bivalve group 
Unionidae (Yen 1951), freshwater plants and some gastropods, notably species 

of Viviparus, a prosobranch gastropod with gills that is restricted to freshwater 

(Paul 1989). 

In floodplain systems, sand, silt and mud deposits with fine lamination or very 
fine ripples are regarded as being indicative of overbank flood deposits. 

Laminated to massive silt and mud is thought to be an indicator of backswamp 

deposits. Massive mud deposits with freshwater molluscs indicate backswamp 

pond deposits and coal and other carbonaceous muds such as lignite suggest 

swamp deposits (Miall 1992). Sand deposits can also be deposited as crevasse 

splays, which occur when a river is in full spate. A meander bank is breached, 

forming a crevasse and coarse material is transported out onto the floodplain. 

These crevasse splays may develop into new channels (a process known as 

avulsion) and are particularly widely in low relief floodplain areas where 

meandering is common (Bridge 2003). 

Areas of floodplain which are predominantly subaerial often develop into soils, 

which are preserved in the geological record as palaeosols. These enigmatic 
deposits can reveal important information about palaeoclimate and depositional 

environment. Their colour, mineralogy, structure and palaeontological content 

are all guides to their mode of formation (Retallack 2001). One form of evidence 

comes from evaporite minerals such as gypsum and halite, which develop in 

continental sequences during and conditions, when evaporation is much greater 
than precipitation (Gall 1983). Palaeosols may contain roots or root traces which 

show that they were vegetated. The clay mineralogy and structure of palaeosols 

gives an insight into conditions such as whether the ground was waterlogged or 
dry. The structure may preserve peds (the building blocks of soils), which range 
in size from millimetre to decimetre scale and display a variety of shapes. For 

example, angular, blocky peds are indicative of shrinking and swelling in 

response to repeated wetting and drying of the soil (Retallack 2001). On 

floodplains, gley soils often develop in the very wet or waterlogged environments 

which commonly exist. They are typically bluish-grey to greenish-grey in colour, 

with orange and brown mottling, the drab colours a result of the chemically 

reduced conditions and the bacteria which proliferate in them. Pseudo-gleys 

may also develop when water accumulates over the soil and are likely to have 
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more intense red mottling due to the aerobic conditions this creates (Retallack 

2001). 

Floodplain lakes frequently develop on floodplains, particularly in low-lying areas 

which are close to the water table. The sediments preserved in these lakes may 
display bedding and other sedimentary structures that are similar to those found 

in shallow marine environments, as lakes tend to have shallow wave-bases and 

short fetches, which are a function of their limited area (Picard & High 1972). 

This often produces finely laminated sediments, but they can also be massive 
depending on the depth of the wave base. Palaeontologically, lake deposits may 

contain freshwater plant remains or other organisms such as ostracods and 

gastropods that indicate freshwater conditions. The clay mineralogy of lakes is 

highly variable and is largely dependent on source lithology and climate (Picard 

& High 1972). However, modern approaches to clay mineral analysis are able to 

elucidate information previously unavailable to the geologist. Some lakes and 

paludal (marshy) settings produce freshwater carbonate sediments, the 

Everglades of Florida are a modern example (Platt & Wright 1992). These have 

characteristic features that indicate a shallow water freshwater origin, including 

freshwater gastropods, root traces and pedogenic horizons which indicate 

shallow water to subaerial settings. 

3.3 Palaeoenvironmental Indicators in the Solent Group 

The macrofossils encountered within the Solent Group sections provide 
important information about the environment of deposition. Several key 

macroinvertebrate genera can be found which give information about salinity 

(Figure 69). Whilst micropalaeontological groups such as Ostracoda (Keen 

1972,1975,1977,1978) and Foraminifera (Murray & Wright 1974) have 

previously been used to study the salinity of the Solent Group sediments, the 

macrofossils are equally valuable when a broad classification of salinity is 

required and are a much quicker and easier proxy to employ. Corals, echinoids, 

sharks' teeth and some bivalves all indicate marine conditions (Hudson 1990; 

Heckel 1992). In particular, the bivalve Venericor sp. has many extant modern 

relatives of the Carditidae that are found in marine environments today (OBIS 

website 2004). The gastropod Tarebia acuta (Paul 1989) and the cirripede 

Balanus sp. (Parker 1959) are indicators of brackish or tidally influenced waters, 
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whilst the gastropod Viviparus lentus, is restricted to freshwater, as it is a 
prosobranch snail, i. e. it has gills (Paul 1989). The gastropod Lymnaea 
longiscata is a particularly useful index, as it occupies a specific niche. Its 

modern relative Lymnaea truncatula is secondary host to the liver fluke, a cattle 
parasite, and as such has been studied in detail. This pulmonate genus 

represents freshwater conditions (Baker 1911), but is able to survive periods of 
desiccation and drought for more than a year under laboratory conditions 
(Kendall 1949). It is suited to marshy conditions (McGraw 1961) and has also 
been found in seasonal ponds and residual puddles (Peters 1938). 

Venericor Balanus Tarebia Viviparus 

Decreasing Salinity 

Open Brackish, Tidal 
Marine 

Moving 
Freshwater 

Lymnaea 

Ephemeral 
Pond 

Dweller 

Figure 69. Salinity indicators from the Solent Group (after Gale et al. 2006). 

Whilst care must be taken to avoid being misled by reworked assemblages of 

molluscs, there is limited risk of this in the Solent Group, as fossils often occur in 

a specific context. For example, barely damaged Viviparus lentus shells 
indicating fresh water, are usually found in clay-rich sediments, indicating limited 

energy and transport; the conditions to be expected in quiet fluvial settings. 
Where Viviparus lentus is found broken and mixed with other taxa such as 

Tarebia acuta, it can be assumed to be transported as it cannot survive in any 

conditions other than freshwater, whereas Tarebia acuta is a brackish indicator. 

Tarebia acuta can often be found crushed and comminuted in thin silty/sandy 

bands, indicating a degree of transport. However, the increased grain size itself 

is an indicator of a higher energy regime such as that found in an estuary, so the 
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Tarebia acuta are likely to be giving a correct indication of an estuarine 
palaeoenvironment. 

Clay mineralogy can also be used as a palaeoenvironmental indicator and has 
been used widely in marine sequences (e. g. Thiry 2000). It is less widely used in 

continental deposits, as diagenesis can spoil or even destroy any meaningful 
information (Singer 1984). 

It has been demonstrated that smectite-rich illite-smectite is converted to illite- 

rich illite-smectite by repeated wetting and drying at surface temperatures and 

pressures and in the presence of free potassium and iron (Srodon & Eberl 1984, 

Ebert at a/. 1986). This process has taken place in the palaeosols of the Solent 

Group, the free potassium and iron being available from reworked glaucony 
(Huggett & Gale 1997; Huggett et al. 2001). It is unaffected by burial diagenesis, 

as the sediments of Whitecliff Bay have never been subjected to burial depths 

greater than 500 metres (Gale et al. 1999). Huggett & Cuadros (2005) showed 
that iron reduction was the particular driving force in the illitization process in the 

Solent Group sediments, which in turn was controlled by climate sensitive 
bacteria. These bacteria were active during waterlogged periods and inactive 

during periods when the soil was dry. Repeated wetting and drying is indicative 

of high seasonal contrast, with wet winters and dry summers. Therefore high 

illite/illite-rich illite-smectite values (above 80% of the total clays) are indicative of 
high seasonality. 

The marine indicator mineral glauconite is common throughout the Palaeogene 

sequence in Whitecliff Bay (Huggett & Gale 1997), however its occurrence is 

restricted to a relatively small part of the Solent Group. Gypsum is preserved as 

calcite pseudomorphs in the Solent Group (Figure 70). Daley (1967) records 

gypsum pseudomorphs in the Bembridge Marls Member and Armenteros et al. 
(1997) identified them in the Bembridge Limestone Formation. They also occur 

at particular horizons within the Headon Hill Formation. 

Sedimentary structures are less widespread in the Solent Group than might be 

expected of such a diverse sequence. This is because the succession is 

generally very fine-grained, consisting predominantly of muds which are 
deposited in relatively quiet conditions. Nevertheless, sedimentary structures do 
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occur and are useful in identifying different facies. They include flat and wavy 
laminations, flaser bedding and ripples. 
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Figure 70. Gypsum Pseudomorphs from -91.10 metres in the cliff section, field 

of view 250pm (modified from Huggett et al. 2001). 

3.4 Facies Groups in the Solent Group 

The facies groups described here are loosely based on the scheme devised by 

Plint (1983) for the Bracklesham Formation which underlies the Solent Group. 

The Solent Group in Whitecliff Bay can be divided into three main facies groups; 

marine (M), estuarine (E) and floodplain (F), each with subdivisions, which are 
determined by their sedimentological, palaeontological and mineralogical 

content (Figure 71). The Solent Group is not closely comparable to traditional 

coastal models due to the general fineness of the sequence, itself a result of the 

low-gradient, enclosed nature of the depositional setting. 

Figure 71 shows a theoretical map of the Isle of Wight as though all the 

environments found in the Solent Group existed at once. Whilst this is unlikely 
due to the climatic variability that the environments represent, it is nonetheless 

possible to show how facies could coexist laterally within a relatively small area. 
For example, it is possible towards the bottom of the diagram to see how F5 and 
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F6 facies are closely associated spatially, being paludal and lacustrine muddy 

carbonates respectively. It is therefore unsurprising that they are associated with 

each other vertically in the sequence. Similarly, the close association of M1, M2 

and E2 facies in the lower part of the Headon Hill Formation can be seen 

spatially on the diagram, representing marine and marine-dominated estuarine 

environments. 

Floodplain Lakes & 
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Figure 71. Palaeoenvironmental setting of the Solent Group. 

3.4.1 Marine Facies 

Two different marine facies have been identified in the Solent Group. Whilst they 

are not widespread within the sequence, they represent important environments 

which preserve vital biostratigraphic information. 

M1 - Glauconitic sandy conglomerate 

Olive green to green, glauconitic, massive, fossiliferous silty sand, with a basal 

conglomerate of well-rounded, chatter-marked black flint pebbles and locally- 

derived rip-up clasts of clay. This sits on a burrowed, erosional surface. The 

coarse, permeable nature of this sediment makes it prone to decalcification, and 
in weathered exposures fossils are very rare. In fresh sections, this facies is 

Chalk 
Hills 

Ports 
acwn 

Anticline 

F4 

Proto-So%'7t 
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highly fossiliferous. Taxa include the marine bivalve Venericor sp., marine 
gastropods such as Clavilithes sp. and Turritella sp, echinoids, corals, sharks' 
teeth, whale remains, crabs, bryozoans, foraminiferans, calcareous 

nannoplankton and starfish ossicles (described further in section 1.2.13). 

Occurrence 

This facies is limited to one level in the sequence, at the base of the Colwell Bay 

Member, where it forms the base of a unit known as the Brockenhurst Bed. It 

extends from 6.50 to -8.50 metres in the cliff section (Figure 18) and from 6.35 

to -8 metres in the beach section (Figure 20). 

Interpretation 

This facies can be interpreted as a shallow (up to -10 metres deep), fully 

marine, sub-littoral environment such as a that found just outside the estuarine 

zone of the Dalrymple et a/. (1992) estuary model (Figure 68). This is 

demonstrated by the presence of many fully marine taxa and glauconite (Gall 

1983). In a palaeogeographic context, these deposits probably represent the 

seaward side of barrier bars which extend across the front of the estuarine 

openings (Figure 71). 

M2 - Glauconitic sand and mud 

Decimetre to metre-bedded, green to greenish-brown, glauconitic, massive silty 

sand and sandy silt with occasional marine bivalves in bands and concretions. 

Occurrence 

This is also a limited facies in Whitecliff Bay. It makes up the rest of the 

Brockenhurst Bed sensu lato in the Colwell Bay Member (see section 1.2.13), 

extending from -8.5 to 19.65 metres in the cliff section (Figures 18,22 & 23) and 
from -8 to 17.65 metres in the beach section (Figures 20,29 & 30). 

Interpretation 

This facies is interpreted as representing restricted marine conditions. Two 

horizons, approximately 13 and 17 metres above the base of the Colwell Bay 

Member respectively, contain the foraminiferan Quinqueloculina semilunum 
(Murray & Wright 1974), a normal marine indicator found around reefs in modern 
day Bermuda (Javaux & Scott 2003). Intervening horizons contain faunas 
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indicative of hyposaline lagoons (Murray & Wright 1974). The environment was 

almost certainly restricted part of the time, perhaps by an offshore bar of barrier, 

however, it displays fully marine faunas for enough of its duration to be classified 

as a marine facies. It may represent an area between sea-facing barrier bars 

and estuarine openings (Figure 71). In reality it probably straddles the divide 

between the non-estuarine "marine" and "marine-dominated" outer estuarine 

zones of the Dalrymple et al. (1992) model (Figure 68). 

3.4.2 Estuarine Facies 

Three estuarine facies have been identified, however, as the boundaries 

between different degrees of salinity and the relative dominance of marine and 

river processes are gradual ones, there is occasionally a degree of ambiguity as 

to which facies a particular deposit should belong to. In this case, the dominant 

character of the strata and the context within which they are found has to be 

taken into account. 

E1 -Clean sands and silts 
Decimetre to metre-bedded clean sands and silts, generally with low clay 

content. The muds are limited to occasional fine-grained ripples, wavy 

laminations and cross-beds, e. g. from 20 to 24 metres in the cliff section (Figure 

23). Occasionally these relatively coarse units have a thin basal conglomerate of 

well-rounded black flint pebbles, e. g. -41.20 metres in the cliff section (Figure 

26) and 101.05 metres in the cliff section (Figure 57). The latter example is from 

a horizon known as the Bembridge Oyster Bed and here it contains a relatively 

high salinity brackish fauna, including the bivalves Nucula sp. and Ostrea sp., as 

well as barnacles e. g. Balanus sp. Foraminifera from the bed indicate a 

hyposaline lagoon or estuary (Murray & Wright 1974), whilst Liengjaren et a/. 

(1980) describe it as estuarine with occasional connection to the open sea on 

the basis of dinoflagellate cysts found in the Venus Bed of the Colwell Bay 

Member. 

Occurrence 
This facies occurs several times in the sequence, twice in the Colwell Bay 

Member. First, from 19.65 to 24.75 metres in the cliff section (Figures 23 & 24) 

and 17.65 to'-19.40 metres in the beach section (Figure 30). Secondly, from 
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40.95 to 42.85 metres in the cliff section (Figures 26 & 27) and from 40.40 to 
42.50 metres in the beach section (Figure 34). It also occurs near the base of 
the Bembridge Marls Member in a thin layer from 101.05 to 101.40 metres 
(Figure 57). 

Interpretation 
The presence of coarse, massive deposits, requiring relatively high energy 
suggests that this facies formed initially under the action of marine waves. The 

occurrence of fine-grained ripples and cross-beds and the development of 
channels suggests an estuarine context (Gall 1983) (Figure 71), perhaps even 
the tidal gullies that are commonly found in tidal flats (Dalrymple 1992). This 
facies represents the outer, "marine process-dominated" zone of the Dalrymple 

et al. (1992) estuary model (Figure 68). 

E2 - Mixed salinity interbedded muds and sands 
Grey-green to brown muds, silts and sands, generally interbedded on the 

centimetre to decimetre scale, occasionally thicker, sometimes with undulose- 
basal contacts. The sandy beds may contain comminuted shell debris, including 

remains of the brackish water gastropod Tarebia acuta, e. g. at -67 metres in the 

cliff section (Figure 45). The finer-grained beds tend to be dominated by the 
freshwater gastropod Viviparus lentus, e. g. -65.8 metres in the cliff section 
(Figure 41). Shell bands, ripples, laminations and centimetre to decimetre-scale 

channels are common, e. g. between 25 and 26 metres in the cliff section (Figure 

24). 

Occurrence 

This facies occurs several times. First in the Colwell Bay Member, from 24.75 to 
29.50 metres in the cliff section (Figure 24) and from -19.40 to 28.25 metres in 

the beach section (Figures 30,31 & 32). This section of the Colwell Bay Member 

includes the Venus Bed at -26 metres in the cliff section (Figure 24), which 

contains the bivalve Venericor sp. This suggests marine affinities; however, 

dinoflagellate studies suggested it had only brackish to lagoonal salinity 
(Liengjaren et al. 1980), so it is included within the estuarine facies. The lower 

part of the Cliff End Member is also made up of this facies, running from 42.85 

to 45.30 metres in the cliff section (Figure 27) and from 42.50 to 44.75 metres 
in the beach section (Figure 34). Much of the Fishbourne Member is also 
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composed of facies E2. Here it extends from 65.40 to 69.25 metres in the cliff 

section (Figures 41 & 45) and from 65.15 to 69.35 metres in the beach section 
(Figures 43 & 47). Near Fishbourne, on the north coast of the Isle of Wight, the 

equivalent section to this section contains shrimps (Woodward 1903) and 
brackish water fish (Newton 1889; 1899). This facies also occurs in the 

Bembridge Limestone Formation, from 95.40 to 96.85 metres (Figures 54 & 57). 

Further E2 deposits occur in the Bembridge Marls Member, between 113.80 and 

-116.50 metres (Figures 61 & 62). 

Interpretation 

These mixed deposits can be interpreted as being from the central mixed- 

energy zone of the estuary sensu Dalrymple et al. (1992) (Figure 68). The 

interplay of coarse sediments with Tarebia acuta and fine sediments with 
Viviparus lentus represents the interaction between dominantly fluvial and 
dominantly marine deposition in a low salinity environment (Paul 1989, Gall 

1983) (Figure 71). This is also shown by the wavy-bedding, sandy ripples and 

small channels which can be found within it (Wells 1995). 

E3 - Upper estuarine deposits 

These comprise sand, silt and clay, from centimetre to metre-bedded, often 

wavy-bedded, e. g. -31.80 metres in the cliff section (Figure 25). Small-scale 

channels, cross-stratification and ripples also occur, especially in the thinner- 

bedded units, e. g. 45.50 to 48 metres in the cliff section (Figure 27). Where 

fossils occur, they are dominated by the freshwater gastropod Viviparus lentus, 

e. g. -74 metres in the cliff section (Figure 46) and Tarebia acuta is rare. They 

are often pedogenically altered, especially towards the top, e. g. -52 metres in 

the cliff section (Figure 36). 

Occurrence 

E3 deposits occur at a number of levels. They are present in the Totland Bay 

Member from 2.10 to 2.90 metres in the cliff section (Figure 17), and from -0.70 
to 0.35 metres and 3.95 to 4.60 metres in the beach section (Figures 19 & 20). 

In the Colwell Bay Member they occur between 29.50 and 31.85 metres in the 

cliff section (Figures 24 & 25) and between 28.25 and 31.85 metres in the beach 

section (Figure 32). They also occur in the Cliff End Member from -45.30 to 

52.45 metres in the cliff section (Figures 27 & 36), and from 44.75 to 51.90 
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metres in the beach section (Figures 34,38 & 39). Facies E3 is also present in 

the Fishbourne Member, where it extends from 69.25 to 74.80 metres in the cliff 

section (Figures 45 & 46) and from 69.35 to 72.20 metres in the beach section 
(Figure 47). Further E3 deposits occur at the base of the Seagrove Bay 

Member, from 85.15 to 87.25 metres in the cliff section (Figure 50). E3 deposits 

are also found at three levels in the Bembridge Marls Member. The first is from 

102.80 to 105.40 (Figure 60), the second from -116.5 to 121.35 metres (Figures 

62 & 63) and the third is from 131.45 to 136.30 metres (Figures 64 & 65). 

Interpretation 

This facies is interpreted as corresponding to the inner, river-dominated part of 
the estuary sensu Dalrymple et al. (1992) (Figure 68) (Figure 71). In the same 

way as there is ambiguity between fully marine deposits and those at the outer 

edge of the marine-dominated part of the estuary, there is also an overlap 
between the inner, river-dominated area of the estuary and the floodplain facies. 

This is because some are clearly deposited in an estuarine environment and 
have the palaeontological and sedimentological indicators to prove this (Gall 

1983), but also have been subject to subsequent pedogenic alteration in 

floodplain conditions (Retallack 2001). The distinction is drawn between those 

thought to have originated in estuarine conditions before being altered, in which 

case they are included in this facies and those which have not been subject to 

significant estuarine influence, in which case they are included in one of the 

Floodplain facies. 

3.4.3 Floodplain Facies 

Fl - Lignite 

Centimetre to decimetre-bedded black organic clay. 

Occurrence 

There are two occurrences of lignite in the Solent Group at Whitecliff Bay. The 

first is in the Totland Bay Member, from 2 to 2.10,3 to 3.15 and at -3.50 metres 

in the cliff section (Figure 17) and from -2.35 to -1.85 and 0.40 to 0.50 metres in 

the beach section (Figure 19). The second is at the top of the Seagrove Bay 

Member, immediately below the Bembridge Limestone Formation, from 91.90 to 

92 metres (Figure 54). 
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Interpretation 

Lignite is interpreted as representing stagnant swamp conditions which have 

developed in floodplain ponds, backswamps or abandoned river channels (Miall 

1992) (Figure 71). 

F2 - Clays and silts 
Green, olive green, brown, grey, structureless, decimetre to metre-bedded clays 

and silty clays, occasionally with fine sand. These beds are mostly 

unfossiliferous, but where they do contain fossils, they are limited to the 

freshwater gastropod Viviparus lentus, e. g. 83 metres in the cliff section (Figure 

49). 

Occurrence 

These deposits are widespread in the Solent Group. They occur in the Totland 

Bay Member from 0.65 to 3 metres and again from 4 to -6.50 metres (Figures 

17 & 18) in the cliff section (Figure 17). In the beach section of the Totland Bay 

Member, they extend from -3 to -2.35 metres, -1.85 to -0.70 metres, 0.50 to 1.10 

metres and 1.30 to 3.35 metres (Figures 19 & 20). In the Colwell Bay Member, 

F2 deposits are found from 38.20 to 39.40 metres, 39.65 to 40 metres and 40.13 

to 40.85 metres in the cliff section (Figure 26). They also occur from 37.35 to 37. 

65 metres (Figure 33), 39 to 39.35 metres and 39.55 to 40.40 metres in the 

beach section (Figure 34). Facies F2 next occurs in the Osborne Marls Member, 

between 80.95 to 82.30 metres and from 82.90 to 83.15 metres in the cliff 

section (Figure 49). The beach section of the Osborne Marls Member contains 

F2 deposits from 77.10 to 77.55 metres, 78.05 to 78.20 metres, 78.30 to 78.45 

metres, 78.55 to 79.05 metres, 79.43 to 79.53 metres and 80.85 to 81 metres 

(Figure 51). In the Seagrove Bay Member, F2 deposits are found from 90.85 to 

91.90 metres (Figure 54). F2 facies occur at several levels within the Bembridge 

Marls Member; from 99.90 to 101.05 metres (Figure 57), 101.80 to 102.15 

metres (Figures 57 & 60), 124.25 to 125.35 metres (Figure 63), 126.05 to 

126.65 metres (Figure 64) and 127.45 to 129.05 metres (Figure 64). 
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Interpretation 

These sediments are thought to represent aggradational floodplain deposition 

caused by overbank flooding (Bridge 2003). They are closely associated with 

the palaeosol deposits of facies F4, which develop just above many of the F2 

deposits (Figure 71). 

F3 - Sand sheets 
Centimetre to decimetre-bedded sands, sandy silts and silts, occasionally with 

erosional bases, e. g. 1.10 metres in the beach section (Figure 19). They may 

contain fragments of the freshwater gastropod Viviparus lentus, e. g. -39.5 

metres in the beach section (Figure 34). A slightly more enigmatic version of the 

F3 facies occurs in the Colwell Bay Member from 33.45 to 36 metres in the cliff 

section (Figure 25) and from 32.60 to 35.25 metres in the beach section 

(Figures 32 & 33). Here it has an erosional base overlain by wavy bedded 

sands, but also preserved are extremely thin palaeosols and thin clay layers. 

This short sequence coarsens up again and is capped by a coarse grit, itself 

pedogenised. This portion of the sequence seems to have preserved many 

short-term events within the overall context of a relatively coarse deposit. Whilst 

it contains small elements of other facies, this package of sediments is 

categorised as F3, due to it's overall coarseness. 

Occurrence 

F3 occurs at several levels throughout the sequence at Whitecliff Bay. In the 

Totland Bay Member it is found at 1.10 to 1.30 metres in the beach section 

(Figure 19), which may correlate with the coarse horizon at 3.70 to 4 metres in 

the cliff section (Figure 17). It occurs twice in the Colwell Bay Member, first from 

33.45 to 36 metres in the cliff section (Figure 25) and from 32.60 to 35.25 

metres in the beach section (Figures 32 & 33). Secondly from 40 to 40.13 

metres in the cliff section (Figure 26) and 39.55 to -39.75 metres in the beach 

section (Figure 34). Further F3 deposits are found from 55.25 to 55.55 metres in 

the cliff section (Figure 37) and from 54.60 to 54.75 metres in the beach section 

(Figure 39). 
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Interpretation 

These deposits are interpreted as being essentially fluvial in origin, as shown by 
the presence of Viviparus sp. (Paul 1989), although there are two ways in which 
they may form. Some may be formed in the same way as facies F7, as small 
down-cutting channels during times of base level fall, whilst others probably 
represent crevasse splays (Miall 1992), formed when rivers in flood burst 
through their banks and deposit coarse material onto the floodplain (Figure 71). 
They have very similar sedimentary features, and in the absence of extensive 
exposures, which would identify the edges and morphology of channels, they 

are most easily differentiated by their context, of which more in the next chapter. 

F4 - Palaeosols 

There are two main categories of palaeosol in the Solent Group. 

F4a 
The first are centimetre to metre-bedded grey/green/blue clays and silty clays 
with purple, red, orange, brown and yellow mottling. In some places these have 

extensive slickenside development, although it is not very widespread. Rootlet 

traces are commonly visible. 

F4b 

The second type are bright green clay palaeosols without conspicuous mottling, 
but with a distinctive angular blocky ped structure and heavily slickensided 

surfaces. These surfaces appear highly polished in hand specimen and are the 

result of ped movement during repeated wetting and drying. They also have 

ubiquitously high levels of illitic clay (more than 80% of the total clays), although 
this phenomenon is not restricted to palaeosols of this facies. 

Occurrence 

The occurrence of the palaeosol facies is widespread within the Solent Group. In 

the Totland Bay Member, the facies is found from 0 to 0.65 metres and 3.15 to 

3.45 metres in the cliff section (Figure 17); and from 3.35 to 3.95 metres and 
4.60 to 6.35 metres in the beach section (Figure 20). They also occur in the 

Colwell Bay Member from 31.85 to 33.45 metres, 36 to 38.20 metres, 39.40 to 

36.65 metres and 40.85 to 40.95 metres in the cliff section (Figures 25 & 26). 

The beach section of the Colwell Bay Member contains F4 deposits from 31.85 
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to 32.60 metres, 35.25 to 37.40 metres and 37.65 to 39 metres (Figures 32 & 

33). The upper part of the Cliff End Member is also dominated by F4 sediments, 

which are found from 52.45 to 55.25 metres and 55.55 to 57.85 metres in the 

cliff section (Figures 36 & 37); and from 51.90 to 54.60 metres, 54.75 to 56.90 

metres in the beach section (Figure 39). Palaeosols occur throughout the 
Lacey's Farm Limestone Member, being found from 57.85 to 60.40 metres, 
60.55 to 61.50 metres, 61.60 to 62.10 metres, 62.50 to 63 metres and 63.20 to 
65.40 metres in the cliff section (Figures 37 & 41). The beach section of the 
Lacey's Farm Limestone Member contains F4 facies from 56.90 to 59.45 

metres, 59.85 to 60.70 metres, 60.90 to 61.35 metres, 61.85 to 62.35 and 62.60 

to 65.15 metres (Figures 39,42 & 43). The Osborne Marls Member is dominated 

by palaeosols, which run from 74.80 to 80.95 metres, 82.30 to 82.90 metres and 
83.15 to 85.14 metres in the cliff section (Figures 46,49 & 50), and from 72.20 

to 77.10 metres, 77.55 to 78.05 metres, 78.20 to 78.30 metres, 78.45 to 78.55 

metres, 79.05 to 79.43 metres, 79.55 to 79.85 metres, 79.90 to 80.25 metres, 
80.35 to 80.85 metres and from 81 metres to the top in the beach section 
(Figures 47 & 51). Facies F4 also occurs in the Seagrove Bay Member from 

87.25 to 90.85 metres in the cliff section (Figures 50 & 54). In the Bembridge 

Marls Member, F4 deposits extend from 102.15 to 102.80 metres (Figure 60), 

105.40 to 113.80 metres (Figures 60 & 61), 121.35 to 124.25 metres (Figure 

63), 125.35 to 126.05 metres (Figures 63 & 64), 126.65 to 127.45 metres 
(Figure 64) and 129.05 to 131.45 metres (Figure 64). 

Interpretation 

F4a are interpreted as being gleys and pseudogleys (Retallack 2001). Gleys 

develop in very wet and waterlogged sediments when groundwater levels are 
high and the water-table is close to the surface. In these settings, anaerobic 

conditions prevail. They are generally less intensely mottled, with orange and 
brown mottling, whereas the pseudogleys are more intensely mottled with purple 

and red mottling, which develop in oxidative conditions when the water table is 

seasonally lowered, although the surface may still be wet (Retallack 2001). 

F4b are also thought to represent gleys (Retallack 2001), however the process 
has been more intense, producing angular blocky peds with slickensides. These 

surfaces appear highly polished in hand specimen and are the result of ped 

movement during repeated wetting and drying. The intense green colour is the 
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result of the illitization of smectitic clays, which also takes place during periods 

of increased seasonality (Huggett & Cuadros 2005). 

F5 - Green limestone 

Decimetre-bedded green, silty to fine sandy limestones with the pond/marsh- 
dwelling gastropod Lymnaea longiscata and rootlet traces on some surfaces e. g. 

-62.5 metres in the cliff section (Figure 41). There are also occasional gypsum 

pseudomorphs (Gale et al. 2006). 

Occurrence 

These limestones only occur in the Lacey's Farm Limestone Member, from 

60.40 to 60.55 metres, 61.50 to 61.60 metres, 62.10 to 62.50 metres and 63 to 

63.20 metres in the cliff section (Figure 41) and from 59.45 to 59.85 metres, 

60.70 to 60.90 metres, 61.35 to 61.85 metres and 62.35 to 62.60 metres in the 

beach section (Figure 42). In the beach section, there are also calcified patches 
from 56.90 to 59.45 metres (Figure 42). 

Interpretation 

These limestones are thought to have formed in very shallow paludal (marshy) 

environments (Platt & Wright 1992) (Figure 71). This is partly suggested by the 

high levels of illitic clay that they contain (Huggett & Cuadros 2005) and also by 

the rootlets and the air-breathing snail Lymnaea longiscata, which thrives in 

ephemeral ponds and marshy conditions (McGraw 1961; Peters 1968). They are 

closely associated with the bright green illitised soils of facies F4b and are 

interpreted to represent the wetter phases of the high seasonality climate. 

F6 - Massive pedogenised limestone 

Metre-bedded buff to brown clayey to fine sandy limestone with voids of 

Lymnaea longiscata and reworked pedogenised (soil-affected) caps, 

occasionally with rootlets and land molluscs (Pain & Preece 1968; Preece 

1976). Often nodular in appearance, the limestones contain numerous 

intraformational conglomeratic layers. It has been suggested that these have 

been formed by the expansion and contraction of the lakes during wetting and 

drying periods, with the conglomeratic horizons being formed during wetter 

"transgressive" phases and palaeosol development during drier periods 

(Armenteros et al. 1997; Armenteros & Daley 1998). 
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Occurrence 
In Whitecliff Bay, these limestones occur only in the Bembridge Limestone 

Formation, although they can be found at other levels elsewhere on the Isle of 
Wight. In the Whitecliff Bay sequence, they extend from 92 to 95.40 metres 
(Figure 54) and from 96.85 to 99.90 metres (Figure 57). 

Interpretation 

F6 deposits are interpreted as being lacustrine limestones, deposited in 

extensive carbonate lakes with little clastic input, indicating that the lakes may 
have been detached from the main drainage system (Armenteros et a/. 1997). 

That these lakes were closely associated with the green limestones of F5 is 

supported by the occurrence of Lymnaea longiscata, and land snails (Pain & 

Preece 1968; Preece 1976). 

F7 - Coarse subangular gravel 
Coarse sand with a gravel lag of subangular flint pebbles, intraclasts and bone 

fragments. Occupies distinctive erosive channels. 

Occurrence 
Only occurs at one level, in the Seagrove Bay Member. It extends from 88 to 89 

metres in the cliff section as a channel that extends for a few metres across 
width of the section, but is 1 metre deep (Figure 50). 

Interpretation 

This facies is thought to represent fluvial channels (Figure 71). The subangular 

nature of the flints indicates limited transport, suggesting that these channels 

were cut and filled quickly during flood events. It is likely that these channels 
have been cut down into the surrounding floodplain during low times of base- 

level fall (Gale et al. 2006). 

3.5 Facies Synopsis 

The establishment of rigorously defined facies is an important part of creating a 

reliable sequence stratigraphy. They will form the basic building blocks around 
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which sequences can be defined in terms of the position of different systems 
tracts. Together with key horizons such as sequence boundaries and 
transgressive surfaces, facies units indicate the nature and direction of relative 

sea level change. 
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4 Sequence Stratigraphy of the Solent Group 

This chapter aims to use the evidence presented in previous chapters to 

construct a sequence stratigraphic framework for the Solent Group. 

4.1 Principles of Sequence Stratigraphy 

Sequence stratigraphy is defined as being: 

"The study of rock relationships within a chronostratigraphic framework of 
repetitive, genetically related strata, bounded by surfaces of erosion or non- 
deposition, or their correlative conformities', (Van Wagoner et al. 1998). 

Sequence stratigraphy emerged as a discipline in the 1970s, initially as a tool for 

the hydrocarbon exploration industry (e. g. Payton 1977). More recently, it has 

been adopted by academic sedimentologists seeking to increase understanding 

of sedimentary systems. Brief histories can be found in Reading & Levell (1996) 

and Miall (2000). 

The concepts that define sequence stratigraphy were laid down in the early 

stages of its development (Mitchum et al. 1977; Mitchum 1977), when the 

discipline was still known as seismic stratigraphy. This reflected the technical 

origins of the subject, using seismic reflection with well logs, core analysis and 
outcrop geology. 

Sequence stratigraphy relies on the identification of packages of sediments and 
the boundaries which define them. Rather than correlating similar lithologies, 

which may be diachronous, packages of sediment belonging to the same cycle 

of relative sea-level change are matched, allowing sediments from a wide range 

of facies to be grouped together. 

Relative sea-level change is determined by tectonic and climatic factors. The 

size of oceanic basins varies over long timescales according to the length and 

rate of spreading along constructive margins. Regional tectonic factors such as 
basin subsidence due to sediment loading and continental uplift combine with 
local isostatic movements due to glacial loading and unloading. Climatic change 
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affects sea-level by changing the volume of ice caps: This is known as glaclo- 
eustasy. 

The components that contribute to relative sea-level change are all in constant 

operation, but the rate at which they operate varies, creating different orders of 
sea-level change. First order cycles are -50 to -200 million years long, second 

order cycles are -5 to 50 million years in duration. Third order cycles are -0.2 to 

-5 million years in length and are the fundamental cycle of sea-level change, 

representing one rise and fall. Fourth order cycles (100 to 200 ka) and fifth order 

cycles (10 to 100 ka) are the shorter-term cycles which often control the 

deposition of parasequences, which are relatively small-scale depositional units 

resulting from short-term sea-level oscillations (Coe 2003). 

4.2 Sequence Stratigraphic Terminolo 

Sequence stratigraphy (sensu Van Wagoner et al. 1998) uses a series of closely 
defined concepts and terms to divide stratigraphic sections into isochronous 

sequences and their component parts. The terms listed below are key to the 

description of sequences. 

Sequence Boundary: Defines the base of a sequence. Occurs at the point in 

the sea-level cycle when sea-level starts to fall. This drop in sea-level (and by 

association the base-level of fluvial systems), can lead to erosion and 
downcutting, with valleys incising into the coastal plain and shelf. Incision is 

increased if sea-level drops below the shelf edge, which can lead to a 
fundamental reorganisation of fluvial systems and the bypassing of the shelf by 

sediment supply, which instead is delivered straight to deeper settings (Figure 

72). 

Sequences can be divided into Systems Tracts, which represent different 

states of relative sea-level change within a cycle of sea-level rise and fall. They 

are defined according to their position within the sequence and can be identified 

by palaeontological, mineralogical and sedimentological characteristics, which 

vary according to position within the basin. 
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Lowstand Systems Tract (LST): Deposited when relative sea-level is at its 
lowest and continues whilst accommodation space is being neither created nor 
destroyed (Figure 72). The LST is over when the amount of accommodation 
space begins to increase rapidly, often due to a transgressive event. 
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Figure 72. Characteristic sequence architectures for different systems tracts in 

clastic and carbonate settings (from James & Kendall 1992). 

Transgressive Surface: Created when sea-level rise occurs at a rate which is 

significantly greater than the rate of sediment supply. This can be an erosional 

surface itself, depending on the magnitude and rate of the transgression. It 

represents a deepening of water wherever it occurs and marks the end of the 

Iowstand systems tract. 

Transgressive Systems Tract (TST): Deposited during the phase when 

accommodation space is created at a greater rate than sediment supply (Figure 

72). 

158 



Maximum Flooding Surface (MFS): Represents the maximum landward extent 

of the transgression. At this point, distal areas may be experiencing sediment 

starvation as the focus for sediment deposition has moved landward. In terms of 

accommodation space, the rate of sediment supply has caught up with the rate 
that accommodation space is created and is about to overtake it. Maximum 

flooding surfaces mark the boundary between transgressive systems tracts and 
highstand systems tracts. 

Highstand Systems Tract (HST): Deposited between the maximum flooding 

surface and the sequence boundary of the overlying sequence, when the rate of 

sediment supply is equal to, or greater than the rate of sea-level rise (Figure 72). 

Results in the deposition of aggradational and progradational facies. 

Aggradation: When the creation of accommodation space is equal to the rate of 

sediment supply, facies tend to stack vertically (aggradation). During a 
transgression when accommodation space is being created at a faster rate than 

sediment supply, the facies move in a landward (retrogradational) direction. 

During lowstands when the rate of sediment supply outstrips the rate of 

accommodation space creation, facies move in a basinward (progradational) 

direction. 

Base Level: The continental equivalent to sea-level, above which erosion tends 

to dominate and below which deposition tends to dominate. It is the level at 

which lakes will frequently develop and that rivers will cut down to. 

4.3 Sequence Strati-graphic Analogues for the Solent Group 

The majority of sequence stratigraphic analyses have been carried out on 

marine clastic and carbonate sequences, as these are of greatest interest to 

hydrocarbon exploration. Coastal plain and estuarine sediments are much less 

well understood in a sequence stratigraphic context, as they are less common in 

the geological record (Dyer 1995). Palaeosols in particular were overlooked 

during initial attempts to apply sequence stratigraphy to non-marine deposits; 

although they have received more attention recently (McCarthy & Plint 1998; 

Skipper 1999; McCarthy 2003). 
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4.3.1 Lowstand Systems Tracts 

Lowstand deposits in estuarine channels are often poorly preserved and may be 

missing altogether, as is the case in the Holocene of Louisiana (Nichol et al. 
1996). In this case, a deeply incised valley was created during base-level fall 

and most Iowstand sediments bypassed the coastal plain. During the 

subsequent transgression, the steepness of the gradient caused any lowstand 

deposits to be reworked into the transgressive systems tract. In lower-gradient 

systems, there is a greater chance of any lowstand deposits being preserved. 

The Palaeocene Fort Union Formation is thought to represent a low-gradient 

coastal plain. The transgressive Tongue River Member (see below) fills a 
palaeovalley that has been incised into mature palaeosols, with rootlets and 
silcretes, which indicate lowstand conditions (Belt et al. 2005). 

Well-developed palaeosols with silcretes, calcretes and ferricretes are also 
features of landward lowstand conditions in the Palaeocene Reading Formation 

of the Lambeth Group in south-east England (Skipper 1999). Similarly, the 

lowstand interfiuvial deposits of the Upper Carboniferous fluvio-deltaic strata in 

the UK are pedogenically altered (Hampson et al. 1997). 

4.3.2 Transgressive Systems Tracts 

Transgressive systems tracts in coastal plain areas are commonly represented 
by marine sediments, such as those of the Bracklesham Formation (Plint 1983), 

where they are characterised by cross-bedded, glauconitic sands with pebble 
lags and marine trace fossils such as Ophiomorpha. Similar deposits represent 
the first transgression within the Lambeth Group of South-east England, 

represented by the Upnor Formation (Skipper 1999). 

In the Tongue River Member of the Palaeocene Fort Union Formation of the 

USA, marine ichnofossil and brackish fossil assemblages in thin (2-4 metres 
thick) sandstones represent estuarine incursions of varying salinity (Belt et al. 
2005). 
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These examples are distinctly transgressive; however, in settings not inundated 

by the sea during transgression, the changes recorded in the sedimentary 

record may be more subtle. For example, inland areas may experience a rise in 

base level or become brackish where previously they were fresh (Dalrymple et 

a/. 1992). 

Lignites found in the Miocene of Western Cape Province, South Africa are 

considered to have been formed inland during transgressive phases which 

caused a rise in base level, creating accommodation space in backswamp areas 
(Cole & Roberts 2000). Miocene lignitic coals in eastern Germany are also 
thought to have been formed during transgressive phases (Standke et al. 2002). 

4.3.3 Highstand Systems Tracts 

Highstand systems tracts in the Cenomanian Dunvegan Formation of Alberta 

are characterised by palaeosol development (Plint et al. 2001). Specifically, dark 

grey to grey-green silty-clay palaeosols are thought to have developed during 

slow aggradation of the flood plain and on sediment-starved interfluves. There is 

evidence of wetting and drying in the form of siderite. Plant debris and roots are 

also common, indicating that the flood plain was vegetated. 

Most of the Dunvegan Formation represents deltaic conditions, as the unit was 
formed by sediment eroded from the Western Cordillera of the USA that was 
destined for the Western Interior Seaway. 

4.4 Characteristics of Sequences in the Solent Group 

The Solent Group sediments were deposited in a coastal plain/estuarine setting 
in an embayment representing the proto-Solent channel (Keen 1977; Daley 

1999 & Gale et al. 2006). The setting has a low gradient, which leads to a 

general paucity of coarser clastic material. This is compounded by the fact that 

the surrounding hills were composed mostly of chalk, which provides relatively 
little in terms of silty and sandy clastic sediment supply. As such, the Solent 

Group sediments are a great deal finer and restricted in range of grain size than 

those from a setting with either a greater slope gradient or a hinterland of clastic 

sedimentary, metamorphic or igneous rock would be. 
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Incision events are particularly hard to identify in the limited exposures on the 
Isle of Wight as the contrast between grain sizes during down-cutting periods 
(when sediments are reworked), is limited in most cases; however, large-scale 

incision events are still easily identified. 

Using the facies and palaeoenvironmental indicators described in the previous 
chapter; the following systems tracts in the Solent Group sequences may be 

proposed. 
Facies 
Code 

Environment Facies Group Systems Tract 
Association 

F7 Coarse subangular gravel Floodplain Facies Lowstand 
F6 Massive pedogenised 

limestone 
Lowstand 

F5 Green limestone Lowstand 
F4a Palaeosols (4a type) Hi hstand 
F4b Palaeosols (4b type) Lowstand 
F3 Sand sheets Lowstand/ 

Highstand 
F2 Clays & silts Lowstand/ 

Highstand 
F1 Li nite Trans ressive 
E3 Upper estuarine deposits Estuarine Facies Transgressive/ 

Highstand 
E2 Mixed salinity interbedded 

muds and sands 
Transgressive/ 
Highstand 

El Clean sands and silts Transgressive 
M2 Glauconitic sand and muds Marine Facies Transgressive/ 

Highstand 
M1 Glauconitic sandy 

conglomerate 
Transgressive 

Figure 73. Summary of Solent Group facies groups and their systems tract 

associations. 

Figure 74 shows a sequence stratigraphic model for the Solent Group. It shows 
different facies side by side as they would be if there were more exposure. In 

particular it shows that the Iowstand systems tract is generally represented by 

palaeosols and freshwater/paludal limestones, all high in illite. The overlying 

transgression may be fully marine, estuarine, fluvial or entirely sub aerial, 
depending on the distance inland of the site in question and the degree of 
relative sea level rise. More seaward sites are more likely to involve erosion of 
the underlying lowstand and the deposition of a lag. The model (Figure 74) then 

shows how during the highstand, when the shoreline begins prograding again, 
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there is a gradual change vertically to more landward facies and eventually soil 
development in all areas. 
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Figure 74. A sequence stratigraphic model for the Solent Group. The facies that 

make up sequence five are highlighted in yellow. 
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4.4.1 Lowstand Systems Tracts and Sequence Boundaries in the Solent Group 

Sequence Boundaries within the Solent Group are often marked by incision 

(Figure 74). Incision can be difficult to recognize in Whitecliff Bay, but further 

north, nearer the main proto-Solent Channel, early lowstand deposits include 

fluvial gravels and sands of the F7 type, occupying channels that have been 

incised into the highstand deposits below. This type of sequence boundary is 

particularly well represented in sequence five at Whitecliff Bay, Brading and 

Horestone Point (Figure 75). 

ABC 

Wh*. ar 
BAY 

Figure 75. Early lowstand deposits at the base of sequence five (after Gale et al. 
2006). 

Late lowstand deposits in the Headon Hill and Bembridge Limestone Formations 

at Whitecliff Bay largely comprise lacustrine and palustrine (marshy) deposits, 

represented by facies F4b, F5 and F6. 

Freshwater limestones of the F6 type (e. g. the Bembridge Limestone) are 
dominated by the air-breathing snail Lymnaea longiscata. These are 
interbedded with highly illitic slickensided palaeosols of the F4b type. Together, 

they indicate disengagement from the major drainage system. Gypsum 
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pseudomorphs, indicating high aridity; and high illite values, indicating repeated 
wetting and drying are both found in lowstand systems tracts. Occasionally the 
freshwater limestones are not fully developed and instead become highly illitic 

pedogenised green limestones of the F5 type (e. g. the Lacey's Farm 
Limestone). 

4.4.2 Transgressive Systems Tracts in the Solent Group 

Transgressive sediments often lie above sharp erosive contacts with the 
lowstand below, especially in shallow marine and terrestrial settings. 
Occasionally, the amount of erosion is significant enough to remove the 
lowstand systems tract and incise into the highstand systems tract of the 

sequence below, as is the case with sequence two (Figure 79). Well-rounded 

black chalk flints with extensive lunate percussion marks (chatter-marks) are 
often present at these surfaces, within sands and silts; for example, sequence 
three (Figure 78). These pebbles are likely to be reworked from the pebble beds 

which occur within earlier Eocene strata (Gale et al. 1999). 

Solent Group transgressive deposits are largely of M1, M2, El & E2 type, 

except for in Sequences 1 and 7 (Figure 76). In Sequence 1 the transgression is 

more subtly marked by lignites and in Sequence 7 by a sparse layer of flint 

pebbles and a lack of palaeosol development. Both of these changes suggest a 

rise in base level associated with transgression. The varying nature of 
transgressive deposits is a function of varying location within the basin, in terms 

of proximity to the land-ocean contact: Figure 74 shows this phenomenon well. 

Transgressive deposits in seaward locations tend to be marine; whereas further 
landward, they tend to be estuarine or fluvial in nature. In areas furthest 

landward, the rise in base level associated with transgression may simply result 
in the development of lignites in localised lakes and the aggradation of 
floodplains with reduced amounts of pedogenic activity (Miall 2000). 

Palaeontologically, transgressive deposits are dominated by faunas which 

correspond to the depositional environment in which the were laid down. For 

example; where the transgression is marine, Venericor sp., Turritella sp., 

echinoids, shark teeth and corals are common. Estuarine transgressive deposits 
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contain the gastropod Tarebia acuta, and the barnacle Balanus sp. where they 

are brackish (El to E2) and the freshwater gastropod Viviparus lentus, where 
they are fluvially dominated (E2 to E3). 

4.4.3 Hiqhstand Systems Tracts in the Solent Group 

In the Solent Group, the transitions from transgressive systems tracts to 
highstand systems tracts are characterised by a general fining in grain size and 
a reduction in salinity indicated by the incumbent fossils. Palaeosols of the F4a 

type are also widespread. 

The particular expression of this transition will depend on proximity to the sea 
itself (Figure 74). For example, where the transgressive systems tract is 

represented by estuarine sediments of the E2 type, they commonly give way to 

E3, F2 and F3 sediments, with F4a palaeosols. This represents a change in 

dominance from the mixed zone of an estuary to the fluvial dominated zone 

sensu Dalrymple et al. (1992) and then to an aggrading vegetated floodplain 

with migrating fluvial channels and occasional crevasse splays. The 

corresponding changes in fauna corroborate the sedimentological indicators. 

The most revealing indicator is the dominant gastropod, Viviparus lentus, which 
indicates moving freshwater. Mixed salinity indicators such as Tarebia acuta, 
become rare or are absent. 

4.5 Sequences in the Solent Group in Whitecliff Bay 

The Solent Group in Whitecliff Bay contains seven discernable sequences, five 

of which can be traced to other localities on the island (Figure 76). Full-sized 

logs of the Solent Group sequences in Whitecliff Bay can be found in Appendix 

Two. 
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Sequence 5- 
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  Tolland Bay 
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Figure 76. Correlation of sequences in the Solent Group, Isle of Wight, using 

measurements obtained during this study and secondary data from Insole & 

Daley, 1985. 

4.5.1 Sequence One 

Sequence One in Whitecliff Bay consists of the entire Totland Bay Member 

(Figure 77). The overlying Brockenhurst Bed of the Colwell Bay Member sits 

above an erosional surface which represents the removal of a significant 
thickness of sediment. This significant hiatus is revealed by a gap in the 

biostratigraphy; causing the entire vectensis-nanus mammal zone to be missing 
(Hooker 1992). Correlative horizons between the cliff and beach sections of the 

Totland Bay Member in Whitecliff Bay are rare (Figure 77), which makes 

confident assignation of systems tracts more difficult than for most of the Solent 

Group sequences. 

Sequence one can be correlated laterally to the lower part of the Totland Bay 

Member at Headon Hill in the west of the Isle of Wight (Figure 76), where it 

contains the Warden Ledge Limestone near its base and the How Ledge 

Limestone at its top (Insole & Daley 1985). The How Ledge Limestone is 
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considered to be part of the lowstand of the overlying Sequence Two, any 

vestige of which has been removed at Whitecliff Bay before and during the 

deposition of the transgressive systems tract of Sequence Two in the shape of 
the Brockenhurst Bed. 
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Figure 77. Sequence One in Whitecliff Bay (scale in metres). 
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The Iowstand systems tract of Sequence One consists of a thin series of highly 

illitic F4b palaeosols and silts, which are marly in places. The sequence 
boundary and indeed the base of the Solent Group are obscured in both the 

beach and cliff sections by a concrete ramp. The lowstand deposits run from 0 

to 2 metres in the diff section, where they comprise a highly illitic green 

palaeosol with weak brown mottling (Figure 77). This gives way to grey-green- 
brown silty clay and a thin (25 centimetre) light green marl, which may be 
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laterally equivalent to the Warden Ledge Limestone at Headon Hill (Figure 76). 

In the beach section, the lowstand runs from -3 to -2.35 metres and consists of a 

series of thin dark green-grey clays (Figure 77). 

These sediments can be assigned to the lowstand by the presence of marly 
limestones higher up in the lowstand and because their high illite levels are an 
indicator of wetting and drying during high seasonality (See section 3.3 for a full 

explanation). They represent a relatively landward floodplain position in the 

depositional system, with occasional marshy conditions caused by detachment 

from the main drainage system. This is supported by the occurrence of snake, 
bird, frog, salamander, lizard, and pond turtle remains in the same deposits at 
Hordle Cliff (see section 1.2.12). 

The switch to the transgressive systems tract is indicated by the first occurrence 

of black lignitic clays. These are commonly found in the transgressive deposits 

of continental systems (see section 4.3.2) and develop when base level rise 

creates ponds in inland areas. These tend to act as sinks for organic material 

which builds up over time and develops into lignite. There is no distinct erosional 
transgressive surface, suggesting that the rate of transgression was not 

particularly great. 

The transgression in the cliff section runs from 2 to 3.15 metres (Figure 77). It 

comprises lignites and E3 type fluvial deposits with abundant Viviparus lentus 

remains, indicating moving freshwater. In the beach section, the transgression 

stretches from -2.35 to 0.50 metres (Figure 77), where it has a similar sequence 

of lignites sandwiching a series of grey silts, including some E3 deposits, with 
Viviparus lentus. The lignites and fluvial deposits represent a raising of base 

level in a landward area, caused by a relative sea level rise. 

The highstand systems tract of Sequence One comprises a series of grey-green 
floodplain silts and clays, often pedogenised, with red, brown and yellow 

mottling. These palaeosols are more obvious in the beach section than the cliff 

section, where there is less chance of modern weathering processes destroying 

the mottling. 
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The highstand in the cliff section runs from 3.15 to 6.5 metres and mostly 

comprises green and grey-green muds and sandy muds, some with palaeosol 
development, representing aggradation of the floodplain. There is also a coarse 

orange sand of F3 type from 3.7 to 4 metres; probably the product of a crevasse 

splay, where meandering floodplain rivers burst through their banks during 

exceptional floods (Figure 77). 

The highstand in the beach section runs from 0.50 to 6.35 metres, and also 

contains the crevasse splay sand. The beach section contains more palaeosols 

of the 4a type, with red and yellow mottling, in a series of grey-green clays and 

muds. There are also remains of Viviparus lentus, indicating that moving 
freshwater conditions continued to prevail. 

Interestingly, the uppermost part of the beach section of the Totland Bay 

Member, from 5.15 to 6.35 metres, contains Lymnaea longiscata and has high 

illite levels, which are associated more with lowstand deposits. It is possible that 

this uppermost section represents the beginning of the lowstand systems tract of 

a subsequent sequence. However, given that there is a well-known hiatus at this 

point (Hooker 1992), it would be unwise to try and associate this thin layer with 

any particular sequence. 

4.5.2 Sequence Two 

Sequence Two makes up the lower part of the Colwell Bay (Figure 78). In 

Whitecliff Bay, the transgressive systems tract, represented by the Brockenhurst 

Bed, has eroded any lowstand deposits. The lowstand is present at Headon Hill 

(where the erosive Brockenhurst Bed is missing), in the form of the How Ledge 

Limestone (Figure 76), a freshwater limestone of F6 type, up to 1.5 metres thick 

(Daley 1999). 

In both the cliff and beach sections, the transgressive systems tract comprises 

green-brown glauconitic sands and silts of the M1 & M2 type (Figure 78), with 

abundant marine fossils such as the molluscs Venericor sp. & Tumtella sp.; as 

well as shark teeth, crabs, foraminifera, bryozoans, corals and echinoids near 

the base. It runs from 6.5 to 19.65 metres in the cliff section and from 6.35 to 

17.65 metres in the beach section (Figure 78). 
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In both the sections, the sequence boundary is also the transgressive surface 

and is marked by the erosive, burrowed contact at the base of the Colwell Bay 

Member, which is overlain by the transgressive lag of the Brockenhurst Bed 

(Figure 78). 

These deposits are the most marine in the entire Whitecliff Bay Solent Group 

and represent the most seaward depositional setting (Figure 74). 

The maximum flooding surface, which marks the transition from the 

transgressive systems tract to the highstand systems tract is placed at 19.65 

metres in the cliff section and at 17.65 metres in the beach section (Figure 78). It 

is marked by a channel and a switch to less marine sediments of the El and E2 

type. 

The highstand extends from 19.65 to 33.45 metres in the cliff section and from 

17.65 to 32.60 metres in the beach section. The lower part, up to 29.50 metres 
in the cliff section and 28.25 metres in the beach section, is dominated by El 

and E2 type estuarine deposition, with the brackish gastropod Tarebia acuta 

widespread. This part of the section still has a marine influence, indicated by the 

occurrence of marine macrofossils (Venericor sp. ) and microfossils 
(Quinqueloculina semilunum) in discreet layers; including the Venus Bed of 

previous authors (Murray & Wright 1974), which is found at -25.80 metres in the 

cliff section at Whitecliff Bay (Figure 65). The dominant signature, however, is 

estuarine, as indicated by the presence of Tarebia acuta and thin wavy-bedded 

strata. 

The second part of the highstand consists of palaeosols of F4a type, from 29.50 

metres in the cliff section and 28.25 metres in the beach section (Figure 78). 

The thick sand at the base of the pedogenised section is only weakly mottled, 

suggesting that pedogenesis took place after fluvial deposition of the E3 type in 

the upper part of the estuarine system. 

4.5.3 Sequence Three 

Sequence Three comprises the upper part of the Colwell Bay Member and the 

majority of the Cliff End Member (Figure 79). 
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The lowstand systems tract extends from 33.45 to 41.20 metes in the cliff 

section and from 32.60 to 40.40 metres in the beach. The sequence boundary is 

undulating and erosive, the result of incision into the floodplain during sea level 

fall. 

The first part of the lowstand of Sequence Three comprises a complex coarse 

sediment lag, which belongs to facies F3. This runs from -33.45 metres to 36 

metres in the cliff section and from -32.60 metres to 35.25 metres in the beach 

section (Figure 79). The sediments within it include rippled fine sands and silts 

and thin coarse sands. There is occasional palaeosol development, including 

two thin palaeosols developed within a coarse gritty layer that caps the complex 
in the beach section (Figures 32 & 33). Lymnaea longiscata remains are 

associated with this horizon, whilst the complex has been found to contain 
Ostrea sp. in the foreshore, approximately 60 metres from the base of the cliff (A 

S Gale, pers. comm. ). 

Such an complex combination on such a small scale is likely to represent the 

competing conditions within a lowstand channel, in which the features most 

readily preserved are those deposited in the immediate aftermath of high energy 

events. This accounts for the overall coarseness of the sediments, the finer 

grains having been winnowed out and deposited elsewhere. The juxtaposition of 

palaeosols and coarse beds suggests that the channel was alternately 

abandoned and refreshed. The occurrence of Ostrea sp. suggests that some of 

this refreshment may have been from the seaward end of the channel during 

storm surges. 

The upper part of the lowstand consists of metre-scale green-grey silty clay F4a 

palaeosols with weak orange-brown mottling. There is a thin coarse bed at -40 

metres in the cliff section (Figure 26), which is of F3 type and probably 

represents a sand sheet or crevasse splay deposit, laid down during an extreme 
fluvial flood event. This channel contains broken remains of Viviparus lentus, the 

freshwater gastropod, which supports the idea of fluvial flood events during the 

lowstand. The entire upper section of the lowstand has high illite levels, which 

occur commonly in lowstand systems tracts throughout the Solent Group. 
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The lowstand can be compared to that of Sequence Three at Headon Hill 

(Figure 77), where it includes the Hatherwood Limestone Member, an F6 

deposit which is up to 9 metres thick in the west of the island (Insole & Daley 
1985). 

The beginning of the transgressive systems tract in Sequence Three is indicated 

by a sparse conglomerate of small (<1 centimetre diameter), well-rounded, 

percussion-marked flint pebbles. This is followed in the cliff section by 1.9 

metres of wavy-bedded sand of El facies (Figures 26 & 27). The top of this bed 

contains rare de-silicified chalk flints up to 14 centimetres in diameter. This sand 
is 2.10 metres thick in the beach section (Figure 34). 

The maximum flooding surface and the beginning of the highstand systems tract 

is indicated by a change to finer-grained sands and muds with Balanus sp. and 
Tarebia acuta. This occurs at 42.90 metres in the cliff section and at 40.40 

metres in the beach section. The dominant salinity indicator switches from 

Tarebia acuta to Viviparus lentus a few metres above the maximum flooding 

surface and the average grain size fines to a silty clay. The upper few metres of 

the highstand is pedogenised, with F4a palaeosols, indicating that floodplain 

conditions are prograding seaward as accommodation space is filled up. 

4.5.4 Sequence Four 

Sequence Four comprises the upper part of the Cliff End Member, the Lacey's 

Farm Limestone Member, the Fishbourne Member, the Osborne Marls Member 

and the lower part of the Seagrove Bay Member and as such, it dominates the 

Headon Hill Formation in Whitecliff Bay (Figure 80). 

The sequence boundary is wavy and erosional, indicating incision during sea 

level fall. It is followed by a thin sand of F3 facies, at 54.6 metres in the beach 

section (Figure 39). This thin erosional sand represents the edge of an incised 

channel, which is much more impressive at Seagrove Bay (Figure 7), where it 

consists of -6 metres of fluviatile sands, with worn bone fragments, intraclasts 

and angular flint pebbles (Figure 76). This deposit is known as the Nettlestone 

Grits of Forbes (1856, p7). 
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In Whitecliff Bay, the thin Nettlestone Grits horizon is followed by silty clay 

palaeosols of F4a type, which extend for the remainder of the Cliff End Member 

to 57.85 metres (Figure 37). Together these deposits are thought to represent 
the early part of the lowstand, with incision followed by abandonment, allowing 

palaeosol development. 

The upper part of the lowstand of Sequence Four is represented by the Lacey's 

Farm Limestone Member, which has uniformly high illite values and also 

contains gypsum pseudomorphs at some horizons (Figure 80). The Lacey's 

Farm Limestone Member is made up of bright green clayey palaeosols of Fob 

type, with three distinct pale green limestone beds of F5 facies, which weather 
to a yellow colour and which can be easily identified in the succession (Figure 

81). 

g. 

Figure 81. The Lacey's Farm Limestone Member on the beach in Whitecliff Bay 

(main yellow bed is -50cm thick). 
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The Lacey's Farm Limestone Member represents paludal (marshy) conditions. 
It's palaeosols are highly slickensided, suggesting the repeated seasonal 

wetting and drying which creates the high illite values. The limestones represent 
lacustrine conditions, which develop during wetter phases. The only mollusc 
found in these deposits is Lymnaea longiscata, which is adapted to survive in 

ephemeral pools and marshy conditions. The Lacey's Farm Limestone probably 

represent areas which are marginal to the floodplain lakes that produce 

freshwater carbonates of the F6 type, which are common in the lowstands of 

other Solent Group sequences. 

The transgressive systems tract of Sequence Four comprises most of the 

Fishbourne Member. The transgressive surface at 65.40 metres in the cliff 

section (Figure 41) is erosional and is followed by several metres of E2 mixed 

salinity deposits, with alternating coarser beds with Tarebia acuta and finer beds 

with Viviparus lentus, representing the interplay of brackish and freshwater 

estuarine conditions respectively. The base of the transgression contains rare 

flint pebbles (Figure 80). The remainder of the transgressive systems tract is 

made up of E3 facies. These deposits fall into the transgressive phase as they 

continue to contain Tarebia acuta, but have been subsequently pedogenised, 

into F4a type palaeosols (Figure 80). 

The maximum flooding surface between the transgressive and highstand 

systems tracts is placed at 70.85 metres in the cliff section and at 69.30 metres 
in the beach section (Figure 80). This horizon has been chosen as it is where 

the first widespread palaeosols occur and above which the freshwater indicator 

Viviparus lentus dominates the brackish water form; Tarebia acuta. This division 

is hard to place as there is lithological variation between the cliff and beach 

sections (Figure 80). 

The highstand systems tract comprises the upper Fishbourne Member, all of the 

Osborne Marls Member and the lower part of the Seagrove Bay Member (Figure 

80), nearly 17 metres in all. This is dominated by palaeosols of the F4a type, 

with brown, red and purple mottles; punctuated by decimetre-scale F2 clays and 

silts with occasional Viviparus lentus. These represent the aggradation of the 

floodplain. The upper part of the highstand systems tract in sequence four 

comprises E3 deposits of the lower Seagrove Bay Member. These are coarser 
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and include wavy bedded silts and sands, as well as clay palaeosols of the F4a 

type. These deposits are likely to represent the lateral migration of the shallow 
fluvial part of the estuarine channels across the floodplain. In these deposits, the 

F4a palaeosols have the high illite levels normally associated with Fob soils, but 

possess the structure and bright mottling of F4a soils. It is possible that these 

few metres of sediment from 85.15 metres upwards in the cliff section (Figure 

50) should be included in lowstand of Sequence Five, and the sand at the base 

of the Seagrove Bay Member be used to indicate the sequence boundary; 

however, the feature which has been chosen to mark the sequence boundary of 
Sequence Five represents a much more obvious downcutting event. 

4.5.5 Sequence Five 

Sequence Five is made up of the upper part of the Seagrove Bay Member, the 

entire Bembridge Limestone Formation and the lowest few metres of the 
Bembridge Marls Member of the Bouldnor Formation (Figure 83). A sequence 

pathway for this sequence, showing the varying locations of the facies within the 

overall depositional setting of the Solent Group is shown in Figure 74. 

The lowstand systems tract of Sequence Five is the most incised of all the 

sequence boundaries. The lowstand at Whitecliff Bay starts with a1 metre 

incised channel fill with a lag of flint pebbles up to 25 millimetres in diameter 

(Figure 50). The rest of the channel is filled with fine to coarse sand, with 

granule-sized intraclasts of limestone, bone fragments and angular flints. This 

places the deposit comfortably within F7 type sedimentation. 

At Horestone Point (SZ 634 907), at the south end of Seagrove Bay (Figure 7), a 
flint conglomerate -1 metre thick is found directly beneath the Bembridge 

Limestone Formation (Figure 74). At Cliff Close (SZ 609 873), in Brading (Figure 

7), an exposure reported by White (1921) as being part of Forbes' St Helen's 

Sands (Forbes 1856) has been rediscovered by Prof AS Gale, preserved as a 

cliff in a back garden. It comprises -3 metres of conglomeratic sands, with 

numerous sub-rounded, pedogenised flint pebbles up to 10 centimetres in 

diameter (Figure 82). 
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The thickness of the lowstand sediments increases to the north, closer to the 

position of the main proto-Solent channel and clearly represents a major incision 

event in the Solent Group. These deposits are completely absent in the west of 

the Isle of Wight (Figure 76). 

Above the channel deposit in Whitecliff Bay, three metres of silty clay and clay 

palaeosols make up the rest of the Seagrove Bay Member. These are bright 

green, with high illite values throughout and calcite pseudomorphs after gypsum 

present at -91 metres (Figure 83). These palaeosols are predominantly of the 

F4b type, although they have some bright mottling of the F4a type. 

The incision and subsequent palaeosols probably represent a fluvial channel 

which cut into the surrounding floodplain following base level fall and was 

subsequently filled; first with fluvial sediments and subsequently with floodplain 

deposits, which became soil-affected. The lignite is likely to represent the onset 

of lacustrine conditions, characterised by the overlying Bembridge Limestone 

Formation. 

The upper part of the Iowstand is represented by the Bembridge Limestone 

Formation (Figure 83). This is characterised by metre-scale buff limestones of 
F6 type, with widespread Lymnaea longiscata voids. High illite values are also 

found in the lowest few metres of the Bembridge Limestone Formation (Figure 

83). 
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Figure 82. Sequence five lowstand gravel deposits at Cliff Close, Brading. 
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The thick limestones are exposed as benches in Whitecliff Bay and show cycles 

of palaeosol development and intraclastic conglomerates caused by the 

expansion and contraction of the lakes in which the limestones were deposited, 

for example between 97 and 99 metres (Figure 57). This suggests that climatic 

cycles controlled the development of these lakes. The F6 limestones represent 
floodplain lakes which are largely detached from the main drainage system, 

hence the overall lack of a clastic component. 

Between 95.55 and 96.85 metres (Figures 46 & 49), a series of clays and silty 

clays are found sandwiching 35 centimetres of sand with Tarebia acuta These 

sediments are distinctly of E2 type, which is unexpected in a lowstand situation. 

The presence of these sediments suggests that the Bembridge Limestone 

Formation was deposited very close to sea level and could be reconnected to 

the main drainage system during shorter-term sea level variations. 

The transgressive systems tract in Sequence Five is thin, but well-developed, 

running from 101.05 to 102.15 metres (Figure 83). It is represented by the 

Bembridge Oyster Bed (Figure 84), which occurs -1 metre above the base of 

the Bembridge Marls Member of the Bouldnor Formation (Figure 57). The 

Bembridge Oyster Bed is erosive and contains the well-rounded flint pebbles 

which are common in the basal beds of Solent Group transgressions. It is 

packed with shell material, including Ostrea sp., Sinodia sp. & Tarebia acuta. 

Barnacles and foraminifera have also been recovered, which suggest that the 

deposit is of E1 facies from the marine influenced outer zone of an estuary 

sensu Dalrymple et al. (1992) (Figure 60). There is -1 metre of silty clay with 

Tarebia acuta above the Bembridge Oyster Bed, which is part of the 

transgressive systems tract. 
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Figure 84. The Bembridge Oyster Bed forming a ledge in Whitecliff Bay, with the 

Insect Limestone forming a white band in the cliff. 

The maximum flooding surface is inserted immediately below the Insect 

Limestone (102.15 metres), which was deposited in a hypersaline lagoon (Gale 

& Self 2005) and represents the beginning of the highstand systems tract. In 

Whitecliff Bay, the Insect Limestone is only -25 centimetres thick (Figure 83) 

and does not contain insects. This may be due to the development of a 

palaeosol within the limestone. 

The highstand systems tract in Sequence Five extends for -3 metres from the 

top of the Insect Limestone to 105.40 metres in the cliff section (Figure 60). It 

consists of clays and silty clays of the E3 type, which contain Viviparus lentus in 

places. This represents the fluvial part of the estuarine system, and it is 

pedogenised in places. 
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4.5.6 Sequence Six 

Above the Bembridge Limestone Formation, changes in the Solent Group 

become more subtle and harder to identify and correlation to other parts of the 

island is much harder, as the Bouldnor section on the north of the island (Figure 

7) is full of slips and not fully understood. There is an overall reduction in the 

contrast between the facies that represent different systems tracts, which may 

suggest that the amplitude of sea-level change was less in the Bouldnor 

Formation than in the Headon Hill Formation. 

Sequence Six is entirely contained within the Bembridge Marls Member of the 

Bouldnor Formation (Figure 85). The Iowstand systems tract begins at 105.40 

metres in the cliff section (Figure 60) and comprises several metres of F4a 

palaeosols, which are grey-green with brown and red mottling, as befits F4a 

palaeosols (Figure 61). These palaeosols extend up to 113.80 metres and the 

uppermost few metres display the high illite levels generally associated with F4b 

palaeosols and common in lowstand deposits of Solent Group sequences. 

The transgressive systems tract is quite thin, -2.6 metres (Figure 85). It has 

sparse flint pebbles at its base and contains Tarebia acuta and silty ripples, 
indicating E2 conditions (Figures 61 & 62). In contrast to the Bembridge Oyster 

Bed, these estuarine deposits represent the central to inner zones of an estuary 

sensu Dalrymple et al. (1992) (Figure 68). 
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The highstand systems tract of Sequence Six stretches from -116.5 metres to 
131.45 metres in the cliff section (Figures 62,63 & 64). Its onset is indicated by 
the occurrence of E3 deposits with Viviparus lentus and F4a type palaeosol 
development at -116.50 metres in the cliff section (Figure 62). These deposits 

represent the fluvial part of an estuarine complex that has been subsequently 
subjected to soil-forming processes. E3 sedimentation continues until 121.35 

metres (Figure 85), where it is superceded by floodplain palaeosols of the F4a 

type which have not formed by the alteration of estuarine deposits, but are 
instead the product of floodplain aggradation. This is suggested by the lack of 
Viviparus lentus. These deposits continue upwards, although they are 

occasionally interrupted by siltier F2-type beds which have little or no palaeosol 
development and are the product of overbank flooding and similar aggradational 

processes. These coarser beds may indicate base level fluctuations linked to 

shorter-scale sea-level changes, or they may simply represent the meandering 

movement of the main channel towards and away from the site of deposition. 

4.5.7 Sequence Seven 

Sequence Seven is composed of the uppermost part of the Whitecliff Bay 

section of the Bembridge Marls Member, running from 131.45 to 136.30 meters 
in the cliff section (Figure 86). 

The sequence is incomplete, with only the transgressive systems tract being 

preserved. No lowstand systems tract is identifiable, which suggests that the 

amplitude of sea level change is so limited that incision is virtually absent and 
the characteristics of Solent Group lowstand conditions are unable to develop. 

The transgression comprises E3 sediments and is distinguished from the 

previous highstand by a thin layer of small, well-rounded flint pebbles. 
Palaeosols are absent, and the reappearance of Viviparus lentus suggests a 

rise in base level. Altogether, these deposits are likely to represent the inner 

zone of an estuary sensu Dalrymple of al. (1992) (Figure 68). 
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4.6 Summary 

Sequences can be readily ascertained from the Solent Group strata by using 

various palaeontological, sedimentological and mineralogical characteristics 
(Figure 87). Seven sequences can be identified in Whitecliff Bay, five of which 

correlate directly to the Solent Group in the west of the island (Figure 76). 

Whilst these sequences clearly represent rapid and frequent changes in sea 
level, the driving force behind these changes is uncertain. To understand these 

changes, doubts about the age of the Solent Group will need to be addressed 

and an investigation into the cause of sea level fluctuation in the Solent Group is 

required. The following chapters aim both to accurately tie the Solent Group to 

the geological timescale, and to discover the driving force of sea level change in 

the Solent Group. 
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Figure 87. Sequences in the Solent Group at Whitecliff Bay. L= Lowstand 

Systems Tract, T= Transgressive Systems Tract, H= Highstand Systems Tract. 
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5 Magnetostratigraphy of the Solent Group 

This chapter explains how magnetostratigraphic correlation was used to apply a 

global stratigraphic standard to the Solent Group in Whitecliff Bay. 

Magnetostratigraphic analysis allows successive normal and reversed polarity 
intervals (magnetochrons) to be identified with respect to the available 

stratigraphy. 

These magnetochrons are the result of natural variations in the polarity of the 

Earth's magnetic field, which are preserved in sediments by susceptible 

particles, for example magnetite grains, which settle out in a preferred 

orientation that reflects the prevailing magnetic field. Once identified, the 

positions of individual magnetochron boundaries can be used to provide 

accurate numerical dates for the section (Hailwood 1989). 

The paucity of widely correlatable events in the Solent Group has been the 

cause of much of the uncertainty in establishing its position in the geological 

record (see Daley 1999 for a review of previous suggestions). The 

magnetostratigraphy previously applied to the Solent Group by Hooker et al. 

(2004) was based on one shown in a review paper by Curry (1992) that does not 

identify individual magnetochrons and is itself based on unpublished data, which 

renders it unreliable. 

5.1 Magnetostratigraphy Method 

Sampling for these analyses was carried out by myself in conjunction with Prof 

A. S. Gale. Subsequent analyses were carried out by E. A. Hailwood of Core 

Magnetics Ltd. I am grateful for his assistance, which added great value to this 

project. 

Samples for palaeomagnetic analyses were taken throughout the section using 

the copper tube method described by Townsend & Hailwood (1985). The 

average sample spacing was 1.5 metres in the upper two thirds of the section 

and 3 metres in the lower third. 
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Copper tubes with a diameter of 25 millimetres and a wall-thickness of 0.7 

millimetres were carefully hammered into fresh sections, using a wooden block 

to prevent damage to the tubes. Any flashing around the ends of the tubes was 

also filed off to prevent any disruption to the samples. Once in place, a specially 

adapted compass-clinometer assembly was attached to the tubes so that their 

orientation and dip could be recorded. The tubes were then marked and 

carefully extracted from the section. They were subsequently wrapped in 

cellophane to prevent desiccation or contamination. 

Standard 25 millimetre right-cylindrical sub-samples were cut from the extruded 

material. These were then subjected to incremental thermal demagnetisation 

analysis in order to remove false components of magnetisation related to 

sampling, handling or laboratory storage, and to isolate the different geologically 

significant components. 

Polarity measurements were made on an Agico high-sensitivity automated 

spinner magnetometer and demagnetisation was performed using a Magnetic 

Measurements MMTD18 thermal demagnetiser. Temperature increments 

between 25°C and 75°C were used, up to a maximum of 550°C, at which point 
the magnetic intensity had been reduced to <5% of the initial values and the 

directions of the magnetisation were beginning to vary erratically. The 

magnetometer had an effective noise level of 0.002 milliAmperes per metre 
(mAm"1) and the directions of magnetisation had typical precision of -1-3 
degrees. 

The polarity determination of each sample was allocated to one of four 

categories, indicating the degree of accuracy with which the direction of 

magnetisation can be calculated. Categories one to three indicate polarities for 

which the maximum angular deviation (MAD) values lie within the ranges <50,5- 
15° and >15° respectively. Category zero applies to samples where the polarity 

was determined using analyses of directional trends. 

Principal component analysis (PCA) of the demagnetisation data was carried out 
to identify how many components made up the signal in the samples (Kirschvink 

1980). This revealed two significant components of magnetization. One revealed 

at low temperature (below 300°C), which corresponds with the present day 
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Bruhnes normal polarity magnetochron. The second significant component was 

revealed at high temperature, between 320 and 5500C. A magnetic fold test was 

applied (McElhinny 1964), which proved that the data predated any structural 

tilting of the section. Isothermal Remanent Magnetization (IRM) analyses were 

carried out according to the method of Lowrie (1990). These showed that the 

primary carrier of remanent magnetization was detrital magnetite (Hailwood 

pers. comm.; Gale et al. 2006). 

5.2 Magnetostratigraphy Results 

The data, shown in appendix three, reveal a sequence of normal and reversed 

magnetozones. The upper two thirds of the section, from the Cliff End Member 

upwards is characterised by reversed magnetic polarity. However, this interval 

contains one well-defined normal polarity zone which extends from 97.7 metres 
in the upper part of the Bembridge Limestone Formation to 104.35 metres in the 

lower part of the Bembridge Marls Member, a thickness of -6.45 metres. This 

zone has been accurately delineated using a closely spaced high quality sample 

set (Figure 88). 

There are two further short normal polarity intervals in the upper two thirds of the 

section. However, these are both represented by single samples, of relatively 

low quality (category two or three). It is possible that these represent very short 

normal polarity intervals, or cryptochrons, such as those postulated by Cande & 

Kent (1992; 1995) and recovered from zone C13r in the Massignano section by 

Bice & Montanari (1988). However, without independent confirmation from a 

second sample set of a higher resolution, their reliability is questionable. 

The lower third of the section is predominantly normal, from 9.65 to 49.52 

metres. Sample spacing is wider in this zone, but is closer at the upper and 

lower limits of the zone, enabling their positions to be defined to within -1 metre. 

Magnetic polarity timescales for the Cenozoic (e. g. Berggren et al 1985; 1995) 

show that geomagnetic Chron C15n lies within nannofossil zone NP19/20 and 
Chron C13n lies in the central part of NP21. The Brockenhurst Bed at the base 

of the Colwell Bay Member has been assigned to NP19/20 by Martini (1970b), 

which was confirmed by Professor Jan Backman who found the diagnostic forms 
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Discoaster saipanensis and Isthmolithus recurvus in samples collected as part 
of this study. This means that the lower normal polarity interval in the Solent 

Group at Whitecliff Bay, which encompasses the Brockenhurst Bed, is Chron 

C15n. 

The mammal zone MP21 (Hooker 1987; 1992, Hooker et a/. 2004) has been 

found in the Hamstead Member of the Bouldnor Formation at Bouldnor on the 

northwest coast of the Isle of Wight (Figure 7). The Hamstead Member 

succeeds the Bembridge Marls Member and sits immediately above the 

sequence found at Whitecliff Bay. 

The Hamstead Member contains numerous widely correlatable horizons, 

including the Nematura Bed, which occurs near it's base. The Nematura Bed 

has been correlated with the Argiles Vertes de Romainville in the Paris Basin 

using dinoflagellate cysts (Liengjaren et al. 1980). The Argiles Vertes de 

Romainville contains nannofossils which indicate a NP22 age (Aubry 1985) and 

they are laterally equivalent to the Calcaire de Brie, which contains mammal 

remains diagnostic of MP21 (Hooker et al. 2004). Therefore, the Nematura Bed 

near the base of the Hamstead Member is somewhere in NP22 and MP21. The 

upper normal polarity interval which ends in the lower Bembridge Marls Member, 

below the Hamstead Member, must be Chron C13n, as Chron C1 3n is entirely 

contained within NP21 (Figure 88). 

Whilst C13n appears short for it's published duration (Figure 88), this can be 

explained by two depositional factors. Firstly, C13n spans an erosional event 

marked by the Bembridge Oyster Bed at the beginning of the Bembridge Marls 

Member, which has an erosive base and contains well-rounded flint pebbles, 

this would make the zone thinner than its time equivalent. Secondly, C13n is 

largely contained within lowstand deposits of the Bembridge Limestone 

Formation. These subaerial, lacustrine and palustrine deposits are likely to have 

a much lower accumulation rate than equivalent lowstand deposits offshore or 

subaerial deposits during transgressive or highstand systems tracts. 
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Figure 88. Magnetostratigraphy of the Solent Group, Whitecliff Bay. 
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6 Clay Mineralogy and Colour Analysis of the Solent Group 

This chapter shows how long time series data were obtained from the Solent 
Group in Whitecliff Bay, using X-ray diffraction of clay minerals and colour 

analysis. 

6.1 Clay Mineralogy 

Clay mineralogy studies on the Solent Group in Whitecliff Bay include the limited 

overviews of Tertiary clay mineralogy by Gilkes (1968; 1978) and the more 

detailed work of Huggett et al. (2001) and Huggett and Cuadros (2005), which 

demonstrate that illite levels in the Solent Group at Whitecliff Bay are enhanced 

by illitization, a process caused by repeated wetting and drying; indicating high 

seasonality. 

6.1.2 Clay Mineralogy Method 

A total of 810 samples from the Solent Group in Whitecliff Bay were collected for 

clay mineralogical investigation, 740 of which were presented in Gale et al. 

(2006). The remaining 70 samples are from the Totland Bay Member, fitting 

directly below the data presented in Gale et al. (2006). 

There are many methods for the preparation of clay minerals for analysis (Moore 

& Reynolds 1997), but this enquiry used the clay tile method (Figure 89), which 

has been used successfully in looking at Tertiary clay mineralogy in the past 

(Huggett et al. 2001; Huggett & Cuadros 2005). Approximately 3 cm"3 of each 

sample was placed in a 250mm'3 bottle of distilled water in an ultrasonic bath for 

-30 minutes or until sufficient clay had been released. Limestone samples were 

first crushed and mixed with excess 30% acetic acid until all CaCO3 was 
dissolved. They were washed to remove excess acid. 
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the clay tile method. 

Left: The clay slurry is pipetted onto 
unglazed ceramic tiles placed on a hotplate. 

using distilled water to ensure that the 
centrifuge is balanced. 

Lett: Samples are decanted into 
centrifuge bottles to be spun. 

Samples were processed in batches of four; the capacity of the centrifuge. The 

clay-rich suspension was poured into a centrifuge bottle and topped up with 
distilled water to an equal mass as the other centrifuge bottles in the batch to 

ensure that the centrifuge was balanced. The samples were then centrifuged for 

2 minutes at 1000 rpm (revolutions per minute), leaving only the <2pm fraction 

in suspension. The suspension was decanted into another centrifuge bottle and 

centrifuged for 15 minutes at 3000 rpm to remove all the material from 

suspension. 

The water was then poured off, leaving just a few drops, with which a slurry was 

made by shaking the bottle and mobilising the sample with a pipette. Using a 

pipette, the slurry was then introduced onto unglazed ceramic tiles which were 
heated on a hotplate on a low setting (Figure 89). 
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The samples were then analysed on a Philips 1820 automated X-ray 

diffractometer with Cu Ka radiation. Samples were scanned at a rate of 5 

seconds per 0.02° step width using 0.3mm slits from 2° to 40° 20. Samples 

were rescanned from 2° to 26° after spraying with glycol and again after heating 

at 400°C for 4 hours, and after heating at 550°C for 4 hours. 

The output diffractograms (graphs) were converted to semi-quantitative clay 

mineral percentages using reference intensity factors, derived from 

measurement of the heights of one key reflection for clays in known mixtures. 
These known mixtures were prepared using Clay Minerals Society clay 

standards, scanned on the same diffractometer under identical conditions. 

6.1.3 Clay Mineralogy Results 

The clay mineralogy of the Solent Group reveals interesting patterns which 

reflect the variation in depositional environments and climate under which the 

strata were deposited (Figure 90). The results are semi-quantitative, with a 

relatively low accuracy (+/- 20%). There is a high degree of precision in the 

method, tested by analysing some samples more than once. There was never 

more than a 2% difference between repeat samples, which could be due to 

intra-sample variation. Data were collected from peaks at key indicator spacings 

and multiplied by intensity factors to ensure that the output data was a true 

measure of the composition of the sample. Reflection intensity factors were 

used to generate the semi-quantitative percentages. These were determined by 

using known mixtures of standard clays, and are the same as were used in 

studies of similar Tertiary clays, carried out on the same X-ray Diffractometer 

(e. g. Huggett et al. 2001; Huggett & Cuadros 2005). Figures for Illite and Illite- 

rich Illite-Smectite did not require altering. The Smectite-rich Illite-Smectite figure 

was multiplied by 0.5, the Chlorite figure by 0.66 and the Kaolinite figure by 0.33. 

Whilst not fully quantitative, the results do show the relative intensity of events in 

the Solent Group. A table of the clay mineralogy data is presented in appendix 

four, but the results are best seen graphically (Figure 90). 

Clay minerals belong to the group known as phyllosilicates, or sheet silicates. 

Each sheet comprises linked ring of tetrahedral or octahedral, which are 
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commonly constructed from oxides of silicon or aluminium. These sheets are 

stacked in layers, which give clay minerals their distinctive platy habit. Two types 

of layer ordering are found, 1: 1 layering, where one tetrahedral sheet is bonded 

to one octahedral sheet; and 2: 1 layering, where one octahedral layer is bonded 

to tetrahedral sheets on either side. Chlorite 

((Mg, Fe)3(Si, AI)401o(OH)2"(Mg, Fe)3(OH)6) has a 2: 1: 1 structure, where there is 

an extra octahedral sheet (Meunier 2005). 

The 1: 1 type clays, such as Kaolinite (Si4O10Al4(OH)8), have no interlayer sheet, 
whereas the 2: 1 type clays such as Smectite ((Ca, Na, H)(AI, Mg, Fe, Zn)2(Si, 
AI)401o(OH)2 - H2O) and Illite ((K, H30)(AI, Mg, Fe)2(Si, AI)4010[(OH)2, (H20)]) do 

have an interlayer sheet. 

These sheets host ions in their interlayer sites (e. g. potassium in Illite), which 

alter the composition and properties of the clays, including the spacing between 

layers, which can be measured using X-ray diffraction and used to diagnose clay 
type (Meunier 2005). 

The clay mineral assemblage of the Solent Group is dominated by two mixed 
layer illite-smectite clays. The first is illite-rich illite-smectite with 80% illite and 
20% smectite layers (henceforth termed illite). The second is more expandable 
illite smectite clay (termed smectite). Kaolinite is present in smaller amounts, as 
is chlorite (Figure 90). 
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Figure 90. The Clay mineralogy of the Solent Group. 

a, 
0 

cn t 
U 
aR 

0 

0 

d C 

0 

0 
cU 

E 

oý 

0 

V 
N 
to 

ig 
d a 

o 
I' 

Whilst analyses have shown that the illite-rich and smectite-rich clays actually 

include a wide range of illite-smectite compositions (Huggett & Cuadros 2005), it 

is acceptable for the purpose of this investigation to categorise them as illite (i. e. 

illite and illite-rich illite-smectite) and smectite in order to identify trends. 
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Figure 91. Variation in illite values in the Solent Group at Whitecliff Bay. 

The amount of Illite varies from 20% to 100%, making it the dominant clay 

mineral in the Solent Group, with an average value of 57%. It displays 

conspicuous cycles on a metre to decametre scale (Figure 91). Particularly high 

illite values are found at the following levels: 

" The base and top of the Totland Bay Member. 

" The top of the Colwell Bay Member. 

" The base of the Cliff End Member. 

" Throughout the Lacey's Farm Limestone Member. 

" Throughout the Seagrove Bay Member, 

The lower part of the Bembridge Limestone Formation. 

Various points in the lower part of the Bembridge Marls Member. 

200 



ö 130 
E m D 

ö 

LL m 120 

O y c 
v_ ä 

O 110 
m m 

m 

CL 

0 
I- 

C 

Ö 
(f) 

, a0 
f 
.. 

Bem (Ige Lrmsmene 
Formsem 

" Sesprur< 
: 

Bay 
90 

Merrdn 

Osborne 
Marts 80 

Member 

Fi9tourne 
Merrt 70 

lamer. F- 

60 

v 
Ö y 50 
(0 um 
Ö 

li 40 

E' 
3O t 

.... 
N 
S 

20 

10 

Tdland 
'. 

- 
Bay 

0 Member 

. 10 cs fmc 

Figure 92. Variation in smectite values in the Solent Group at Whitecliff Bay. 

Smectite levels vary from 0 to 67%, with an average of 27% (Figure 92). The 

points at which smectite levels are zero correspond exactly with high illite values 
in each case (Figures 91 & 92). This supports the theory advanced by Huggett 

et al. (2001) that smectite is converted to illite, as smectite values are directly 

inversely proportional to illite values. Part of this inverse relationship may be 

attributable to the normalisation of the data, but the main trends can be shown to 

match with other supporting evidence that suggests that they are real (see 

sections 7& 8). 

The amount of kaolinite varies from 0 to 34%, with an average of 13% (Figure 

93). 
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Figure 93. Variation in kaolinite values in the Solent Group at Whitecliff Bay. 

Kaolinite values are largely in the 10% to 20% range (Figure 93). Very low 

values are again associated with the highest illite values, reflecting the 

dominance of smectite and illite in the Solent Group clays (Figure 90). Higher 

values are found in the upper part of the Bembridge Marls Member, averaging 
20% to 30% (Figure 93). This might indicate that there is a change in the climate 

or provenance controlling the clay assemblage, as the chlorite levels are also 

slightly higher than they are for most of the Headon Hill Formation (Figure 94). 

Further work would be required to substantiate this, as the sampling density in 

that part of the sequence is lower than for the rest of the Whitecliff Bay 

succession. 

Chlorite Is present in minor amounts from 0 to 13%, but the average value is 

only 2% (Figure 94). Where chlorite is present, it commonly makes up between 
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2% and 6% of the clay assemblage. The average is skewed to the low end 

because there are many samples in which chlorite is missing altogether (Figure 

94). 
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Figure 94. Variation in chlorite values in the Solent Group at Whitecliff Bay. 

The clay mineralogy of the Solent Group is partly a function of the geology of the 

rocks being eroded (Gilkes 1968; 1978, Huggett & Knox 2006). But erosion 

alone cannot explain the cyclic signature seen in the Solent Group clays (Gale 

et al. 1999; Huggett et al. 2001). 

It has been suggested that illitization of smectitic clays has taken place in the 

Solent Group (Huggett et al. 2001; Huggett & Cuadros 2005). This process is 

thought to have taken place during periods of increased seasonality (wetter 

winters and drier summers), when wetting and drying of gley soils is intensified 
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(Huggett et al. 2001). Under these conditions, potassium is irreversibly fixed into 
the structure of smectite, converting it to illite-smectite and eventually illite. 

These processes operate at surface temperatures and pressures (Deconinck et 

a/. 1988) and have been proven experimentally (Srodor & Eberl 1984; Eberl et 

a/. 1986). In the case of the Solent Group, this process is driven by the reduction 

of Fe 2+ to Fe 3+ during periods of waterlogging. The resulting change in layer 

charge caused the fixation of potassium (K+) at interlayer sites, leading to a 

change in mineral structure (Huggett & Cuadros 2005). The limiting element, 

potassium, can be replenished by the breakdown of potassium feldspars and by 

salt water during storms. 

6.2 Colour Analysis 

Colour analysis evolved from the photographing of cores during ocean drilling 

cruises. It is becoming increasingly popular, as it provides a quick an cheap way 

of characterising sediment cores (Mix et al. 1992). Colour has been used as a 

proxy for a number of factors. These include: Estimating lithology (Mix et al. 

1995), elucidating Milankovitch cycles from the Pliocene-Pleistocene of offshore 
Oman (Busch 1991), identifying short-term climatic cycles from the Quaternary 

of the Santa Barbara Basin off California (Schaaf & Thurow 1995), measuring 
ice-rafting events in the Quaternary of the North Atlantic (Helmke et al. 2002), 

and even for creating a record of varves from Saanich Inlet, British Columbia 

(Nederbragt & Thurow 2001). Whilst most colour analyses are carried out on 
fresh samples, often by scanning cores, which are not available for the Solent 

Group. Instead, the samples were dried and crushed to provide an even output 
from these often variegated sediments. 

6.2.1 Colour Analysis Method 

Colour analysis was performed on a limited suite of samples from Whitecliff Bay, 

which had already been analysed for their clay mineralogy. The aim was to 

assess the validity of colour analysis as a cheap and fast proxy for identifying 

clay mineralogical changes. 
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Colour measurements were carried out using a Minolta 2022 

Spectrophotometer, housed at the Godwin Laboratory for Quaternary Research, 

University of Cambridge. 

10 grams of 142 samples were dried overnight at 50°C and then gently crushed 
to a fine powder, using a pestle and mortar. The powder was then loosely 

wrapped in PVC-free cellophane. The colour and reflectance of each sample 

was analysed five times and an average taken. The spectrophotometer was 

calibrated using a white target, which was measured after each set of sample 

measurements to prevent drift in the results. 

6.2.2 Colour Analysis Results 

Colour data can be used to show specific wavelengths of light, which show the 

intensity of a particular spectrum of colour (e. g. Schneider et al. 1995). 

Alternatively, the data can be used to describe the lightness (L*) of a material 

and it's colour in terms of two variables: a*, which represents the colour in terms 

of it's position on the red-green chromaticity scale and b*, which represents the 

blue-yellow chromaticity scale. These are the variables commonly used in colour 

analysis as they cover the full range of possible colours (Nederbragt et al. 2000). 

A table of the data from the colour analysis is shown in appendix five. 

The results are compared to illite values, as this is the dominant clay mineral 

and the aim of this part of the investigation is to assess colour analysis as a 

proxy for clay mineralogy (Figure 95). To provide a proper comparison, only the 

illite values from samples also tested for colour are shown on the graphs, 
however, the skeleton of the cyclic illite signal is still visible (Figure 95). 

Three colour variables are compared to the illite signal, these are lightness (L*), 

red-green chromaticity (a*) and the green spectrum (540nm), shown together in 

Figure 95 and subsequently compared to the illite curve individually in Figures 

96,97 and 98. 

The lightness (L*) curve shows a close resemblance to the illite output. The 

main peaks in the lightness graph; in the Lacey's Farm Limestone Member and 
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the Bembridge Limestone Formation, coincide with major peaks in the illite 

values (Figure 96). 

The lightness peak for the Bembridge Limestone Formation is much broader 

than the corresponding illite peak, which may be due to the overall light colour 
(cream to buff brown) of the Bembridge Limestone Formation (see section 2.2 

for further details). Whilst the lightness curve reflects the major cycles in illite, 

they are less distinct, due to the peaky nature of the lightness curve (Figure 96). 

That lightness should reflect illite values at all is probably due to the link 

between high illite levels and palaeosols, which tend to be greener and lighter 

the more illite they contain; rather than darker greys and reds, which are 

associated with lower illite levels. In the Solent Group example, reflectance 

provides a good first approximation of illite levels. 

Red-green chromaticity (a*) defines the colour of a sediment on a red to green 

scale (Helmke et al. 2002). In the Solent Group, all the main peaks in a* 

correspond to high illite levels, for example the Lacey's Farm Limestone 

Member and the upper Seagrove Bay Member (Figure 97). 

The a* record of colour corresponds much less obviously with the illite curve 

than the lightness (L*) record does (Figure 95). There are two main reasons for 

this. Firstly, the a* record is a measure of the position of a colour between red 

and green, rather than a direct record of the colour of a sediment, so it may 

underestimate how green a sample is. Also, many quite green samples have 

red, orange or purple mottling, even where illite levels are high, for example the 

lower Seagrove Bay Member (Figure 97). Overall, a* is not a good proxy for illite 

values in the Solent Group. 

The green spectrum is measured at 540nm, which lies in the middle of the green 

range of the visible light spectrum. The intensity of the green spectra 

corresponds very closely with the illite curve for the Solent Group (Figure 98). 

The two biggest green peaks, in the Lacey's Farm Limestone Member and the 

Bembridge Limestone Formation, correlate very well with the two main peaks in 

the illite record. A further strong illite peak that spans the top of the Colwell Bay 
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Member and the base of the Cliff End Member is also picked up in the green 
record. Also, a peak in illite at -110 metres in the Bembridge Marls Member is 

replicated in the green record (figure 98). 

Overall, the green spectra reflects the illite record very well and might be used 

as a first approximation for illite, however, there is insufficient colour data to test 
for Milankovitch cyclicity in the signal in this study. 

There are other possibilities for the origin of the green colouration, including the 

formation of akageneite, a green rust, which can occur in the illite rich beds (J. 

Huggett pers, comm. ). This unstable mineral results in fresh green samples 

becoming orange in the space of a few weeks. Smectite is also commonly 

green, whereas illite is generally greener with increasing iron content (Huggett & 

Cuadros 2005). This raises doubts over the origin of the green signal in the 

Solent Group, however, there is sufficient correlation between high illite and high 

green values to warrant further investigation. 
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Figure 95. A comparison of clay mineralogy and colour in the Solent Group, 
Whitecliff Bay. 

208 



8 

ZB 

Cl) 
r Cl) 

C 

J 

B 

S 

x R 

Q) 

E 

ýjj 
jeqwe" SpeW eBpi. jQwag .. Wan , ce iww. 0 PU3 043 

uogewJoj Jouppog uogewJoj IPH uope9H 

dnoiE) jualog 

Figure 96. A comparison of Illite values and Reflectance (L*) from the Solent 
Group, Whitecliff Bay. 
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Figure 97. A comparison of Illite values and Red-Green (a*) from the Solent 

Group, Whitecliff Bay. 
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Figure 98. A comparison of Illite values and Green intensity (540nm) from the 

Solent Group, Whitecliff Bay. 
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7 Cyclostratigraphy of the Solent Group 

Cyclostratigraphy is: The study of stratigraphic records of environmental cycles 
(Fischer et al. 1990). This chapter aims to identify the nature and cause of the 

cycles seen in the Solent Group sequence in Whitecliff Bay (Figure 90). 

7.1 Cyclostratigraphy and Milankovitch Cycles 

A brief historical overview of the identification of astronomical forcing cycles and 
their use in geology is given in section 1.2.1, but it is appropriate to expound 
further on this important and relatively new field of Geology. 

A good overview of cyclostratigraphy can be found in Gale (1998), whilst 

Weedon (2003) provides a practical guide to the various techniques which 

cyclostratigraphers can employ to analyse time series data. Cutting edge 

techniques for elucidating astronomical cycles from pre-Quaternary strata can 

be found in Pälike (2001). 

Rocks may preserve cycles from several orders of time, ranging from diurnal 

changes to fluctuations on the millions of years scale (House 1995). However, 

those which occupy the 10ka to 500ka window, known as Milankovitch cycles, 

are of most interest in the Solent Group. 

The theory which bears the name of Milutin Milankovitch (1941) describes the 

way in which quasi-periodic variations in the Earth's orbital parameters, under 

the gravitational control of other planets, affect climate by altering the amount of 

solar radiation received at different points on the Earth's surface. 

Milankovitch (1941) argued that astronomical forcing altered the Earth's orbital 

parameters, thus controlling the distribution of incoming solar radiation (known 

as insolation) at the Earth's surface. He argued that this controlled the 

Pleistocene ice ages by varying the insolation received during the northern 

hemisphere summer over time. This, he stated, dictated whether or not the snow 

from the previous winter melted, and therefore whether ice sheets grew or 

shrank. 
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7.2 Astronomical Forcing 

The Earth orbits the Sun on a plane known as the ecliptic. The Earth's climate 

undergoes seasonal variation due to the tilt of it's axis at -23 degrees to the 

ecliptic. The result is that the northern hemisphere receives higher insolation 

levels during northern hemisphere summer and the southern hemisphere 

receives more during northern hemisphere winter. Were it not for this tilt, there 

would be no seasons (Imbrie & Imbrie 1986). 

If all the factors which influence seasonal insolation receipt were constant over 
time, then the average annual climate would also be constant. They are not. The 

elliptical orbit varies over time, as does the degree of inclination of the Earth's 

axis. Compounding this, the Earth's axis also describes a complex cone-shaped 

orbit. These factors, known as eccentricity, obliquity and precession 

respectively, are quasi-periodic and are controlled by the gravitational effect of 

the Moon and other planets (e. g. Berger et a/. 1992). 

7.2.1 Eccentricity 

Eccentricity is a measure of the extent to which the elliptical orbit of the Earth 

varies from a circle (Figure 99). Eccentricity varies at periods of -100ka and 

-400ka (Weedon 2003). Further, low-amplitude, low frequency variations in 

eccentricity may exist, including one at 2.4ma (Hilgen et al. 1995; Olsen & Kent 

1999). 

ý Sun 

Earth 

&' 

rß-1 

Eccentricity Law Eccentricity High 

Figure 99. Variation in the eccentricity of the orbit of the Earth (from Weedon 

2003). 
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Eccentricity is the only Milankovitch variable that alters the total amount of 
insolation received at the Earth's surface. Eccentricity values in the past have 

varied from ~0 (no variation from a circle) to -0.06, which varies the amount of 
insolation by -0.2% (Berger 1988). Whilst this amount seems negligible, 

eccentricity cycles are commonly identified in the geological record (due to their 

tendency to modulate precession cycles) and seem to become the dominant 

driver of climate in the mid-Pleistocene; an event known as the Mid-Pleistocene 

Revolution (Imbrie et al. 1993). 

7.2.2 Obliquity 

Obliquity, or tilt, is the angle of the Earth's axis to the ecliptic (Figure 100). This 

can vary from about 22 to 24.5 degrees. This variation is within a relatively 

narrow range compared with those of nearby planets, due to the stabilising 

effect of the Moon (Weedon 2003). 

Earth 
Sun 

Low Obliquity 

i 

High Obliquity 

Figure 100. Variation in the obliquity of the Earth's axis (from Weedon 2003). 

Obliquity has the effect of varying the intensity of seasonal contrast and 

operates on a dominant frequency of -41 ka, although it also has a 1.25ma 

frequency (Shackleton et a/. 1999). Seasonal contrast increases with greater tilt 

away from the normal to the ecliptic and is most easily identified in higher 

latitudes, where the effects of seasonality are greatest. 

7.2.3 Precession 

Precession is an effect similar to that of a spinning top and has a general period 

of 26ka. Rather than remaining fixed, the spin axis of the Earth wobbles (Figure 

101). This alters the timing of perihelion (the closest approach of the Sun) 
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relative to the seasons, so that the northern and southern hemispheres 

alternately experience summer during perihelion (Weedon 2003). 
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Figure 101. Variation in the precession of the Earth's rotation (from Weedon 

2003). 
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The spinning top effect of precession is combined with a second factor, namely 
the rotation of the long axis of the orbit within the orbital plane (Figure 101). This 

rotation is not steady and tends to lurch between period of -19ka, 22ka and 
24ka (Pälike 2001). 

7.3 Insolation and Orbital Solutions 

The components which contribute to Milankovitch cycles combine to affect the 

amount and distribution of insolation across the Earth's surface; however, it is 

normal to compute insolation curves (known as target curves) for 65° North, as 
this is a latitude which is deemed to be more important for glacial cycles. 

The orbital solution of Laskar et al. (1993), known as La93, allows a target curve 
to be plotted for the past twenty million years. This has allowed individual cycles 
in the geological record to be compared directly with the target curve and 

matched to it. This has been achieved in the Quaternary, where high resolution 

records, with accurate dating have been routinely obtained by the Ocean Drilling 

Program and similar deep sea drilling ventures (Zahn 2002). 

The La93 solution has it's limitations due to the chaotic nature of the solar 

system (Laskar 1990; Laskar 1999). The gravitational effects of some planets 

are not well-enough constrained to allow the La93 solution to be extrapolated 
back further than 20ma. This means that accurate target curves cannot be 

constructed, and any Milankovitch record extracted from rocks beyond this age 

must float in time without being directly attributable to predicted changes in 

insolation. 

A newer solution which uses more accurate measurements, particularly of the 

Earth-Moon system (Laskar et al. 2004). The Laskar et al. (2004) work extends 
the orbital solution back to -50ma. Unfortunately, this solution had not been 

incorporated into the time series analysis software by the time that the analyses 
for this study had taken place. 

Importantly, the long eccentricity cycle has been confirmed as being the most 

stable Milankovitch frequency over longer geological time periods and provides 
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the backbone for work carried out in the Palaeogene (Laskar 1999; Laskar et al. 
2004). 

7.4 Time Series Analysis of the Solent Group 

This section shows the steps taken in order to create a cyclostratigraphic record 
for the Solent Group at Whitecliff Bay. The analyses were carried out under the 

supervision of Dr Heiko Pälike, now of the National Oceanographic Centre, 

Southampton, whose expertise and help is hereby acknowledged. 

The percentage of illite in the clay fraction is used for the cyclostratigraphic 

analysis (Figure 102), as it is closely linked to variation in seasonal contrast (see 

section 3.3; Huggett et al. 2001; Huggett & Cuadros 2005). 

The chaotic nature of the solar system (Laskar 1999; Pälike & Shackleton 2000) 

means that the position of individual orbital cycles is uncertain in the 

Palaeogene. It has been found, however, that the -400ka eccentricity cycle is 

more stable over geological time than other cycles (Laskar 1999) and that these 

can be used to construct floating timescales far back into the geological past. 

The Whitecliff Bay Solent Group sequence is thought to represent approximately 
2.5 million years of time, according to the timescale of Berggren et al. (1995), 

which. It would therefore be logical to assume that the large illite peaks 

associated with sequences one to six are caused by the -400ka Milankovitch 

cyclicity (Figure 102), and it is this hypothesis that will be tested in section 7.4.1 

using cyclostratigraphic techniques. 
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Figure 102. A comparison between illite values and sequence stratigraphy for 

the Solent Group in Whitecliff Bay. 

7.4.1 Spectral Analysis of the Solent Group in the Depth Domain 

As there is no target curve for records of Solent Group age, it is necessary to 

first analyse the data as it is, in the depth domain. This is an important step as it 
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reveals whether the cycles present in a record are actually Milankovitch cycles, 

or whether they are the result of other factors. 

This process was done using the computer program, Redfit 3.5 (Schultz & 

Mudelsee 2002). Redfit 3.5 removes red noise (a phenomenon whereby spectral 

power decreases as frequency increases) from unevenly spaced time series 

data. It uses Monte Carlo analysis to identify statistically significant peaks 

(Weedon 2003). 

If the major peaks are genuine 400ka cycles, then the Redfit spectral analysis 

should also reveal power spectra at 100ka and 40ka. 

Five sampling Welch windows were used to perform the spectral analysis. This 

configuration was chosen as a compromise that avoids the problem of 

identifying inconsequential background peaks as significant peaks (caused by 

using too few sampling windows), but preserves the main peaks without losing 

their definition (a problem caused by having too many sampling windows). 

Cycles per metre 

1 

0.1 

Spectral 
Power 

0.01 

0.001 
23ky 21ky l9ky 

Figure 103. Spectral analysis of depth domain illite data from the Solent Group 

in Whitecliff Bay. 

The spectral analysis of the depth domain data clearly demonstrates that the 

cycles present in the Solent Group are Milankovitch cycles (Figure 103). The 

first major peak is at -0.045 cycles per metre, or 1 cycle every -22 metres. This 
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is postulated to be the 400ka eccentricity cycle that is driving the formation of 

each of the six sequences associated with major illite peaks in the Solent Group 

at Whitecliff Bay (Figure 102). This fits closely with the overall thickness of the 

Solent Group at Whitecliff Bay, which is -140 metres (see section 2 for details). 

That each sequences is not of equal thickness is a product of varying 

sedimentation rates, caused by changes in depositional environment, seasonal 
intensity and depth of accommodation space for deposition. 

If the main cyclicity is the 400ka Milankovitch cycle, then other significant power 
spectra identified by the Redfit analysis should be attributable to higher 

frequency Milankovitch variables, namely the 100ka eccentricity cycle, obliquity 

and precession. 

Further significant peaks are found between 0.19 and 0.25 cycles per metre, or 

one cycle per 4 to 5.3 metres (Figure 103). These represent the -100ka year 

eccentricity cycle, as they are one quarter the duration of the long eccentricity 

cycle and are approximately one quarter the thickness of the long eccentricity 

cycle in the Whitecliff Bay sequence. 

A further peak at -0.47 cycles per metre, or one cycle per -2.1 metres 

represents the -40ka obliquity cycle (Figure 103). This frequency carries slightly 
less power in the spectra, but it's position is clear. Each obliquity cycle is 

approximately one tenth the duration of a long eccentricity cycle and this is 

replicated in the thickness of each obliquity cycle, which is -2.1 metres, 
compared to an average long eccentricity cycle thickness of -22 metres. 

A cluster of peaks are found between -0.7 and -0.88 cycles per metre, or I 

cycle per -1.1 to 1.4 metres (figure 103) These are likely to represent the 

precession frequencies which operate at 23ka, 21 ka and 19 ka. They are 

between approximately one fifth and one quarter the duration of a -100ka 

eccentricity cycle and this is replicated by their thickness, which is between 

approximately one fifth and one quarter the thickness of a -100ka cycle (4 to 

5.3m) in the Solent Group. 

No other significant peaks were found, and the valid identification of each 

significant cycle in the depth domain as being attributable to Milankovitch forcing 
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permits further techniques to be employed to use these cycles as stratigraphic 
markers in the Solent Group. 

7.4.2 Denth to Aae Conversion 

Depth to age conversion is done using a computer package called AnalySeries 

(Paillard et al. 1996). In this case the data were tuned to the 400ka long 

eccentricity cycle, which is thought to be the most stable of all the Milankovitch 

variables (Laskar 1999). 

As the sedimentation rate in the Solent Group is variable, it was necessary to 

slightly adjust the positions of some of the prominent illite peaks. This is done by 

adding tie points between the extracted record and the target curve where there 

are obvious matches. These compress or stretch the data slightly so that it fits 

the target curve more closely. This process is essentially a compromise between 

demonstrating the presence of orbital cycles by adding new tie points, and being 

able to study the exact phase relationship between different cycles. 

High illite values in the Solent Group are associated with increased intra-annual 

seasonality (Huggett et al. 2001). Maximum seasonal contrast is achieved when 

eccentricity and obliquity are high, therefore high illite values were tuned to be in 

phase with eccentricity maxima. Filters of the tuned dataset recovered good 

400ka and 100ka records, though precession cycles are not strongly 

represented in the succession (Figure 104). 

Sedimentation rates average 6-7 cm ka-1, with a range generally of 5-10 cm ka 1 

(Figure 104). It was not necessary to invoke unrealistic, large or rapid changes 

in sedimentation rate to arrive at this tuned record. 

221 



U, 
mo 
io 

'V to 

Cö ý 

YO 
Ö= 

,e`4 

xO 

8 

8 
ö8 

0 a 

R 

magnetic polarity C13n Cl 5n 

sedimentation rate 

str. eccentricity 

400ky eccentricity filter mmym mvi 
Cd V! 

m 
C6 Vj NN F- ch 

ýFF 

100ky eccentricity filter 

Clay mineralogy 

-0.5 0 0.5 
relative Age (Myr) 

1.5 

Figure 104. Tuned illite data from the Solent Group in Whitecliff Bay (after Gale 

et al. 2006). T. S. = Transgressive surface; S. B. = Sequence boundary. 

7.4.3 Age Model 

An age model for the Solent Group was developed, based on the assumption 
that the normal magnetic polarity zone which spans the upper Bembridge 

Limestone Formation and the lower Bembridge Marls Member is C13n (see 

section 5.1.2 for justification of this assumption). 

It is possible that there is a hiatus somewhere within the proposed C13n 

magnetochron at Whitecliff Bay, as its duration (-200ka), is shorter than that 

found in marine sediments, where it is 300-400ka long (Cande & Kent 1995). 

This could be because of a hiatus formed by the erosive nature of the 

Bembridge Oyster Bed, which forms the transgressive surface of sequence six 
(Figure 86). Further support to this theory is provided by the presence of an 
incomplete illite cycle at the base of sequence six, in the lower Bembridge Marls 

Member (Figure 104). 
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The floating cyclostratigraphy for the Solent Group was anchored using the 

400ka cycle that is closest to the published ages for the start of C13n. This gives 

a date for the base of C13n of 33.66ma (Gale et al. 2006), which is older than 

the 33.545ma given by Cande & Kent (1995), but less than the revised estimate 

of 33.812ma calculated by Wei (1995). 

7.4.4 Spectral Analysis of the cycles in the Solent Group 

Spectral analysis of the tuned dataset was performed using AnalySeries 

(Paillard et al. 1996). The purpose is to show the frequencies which are 
important in driving cycles in the Solent Group, when analysed in the time 

domain. 

The 90,95 and 99% significance levels were computed from a red noise 

estimate using the SSA-Toolkit software (Ghil et al. 2002). The Multitaper 

Method of Thompson (1982), was employed, using five tapers and a taper x 

bandwidth product of three (Figure 105). 

Multitaper method (MTM) spectral analysis of clay data (5 tapers) 
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Figure 105. Spectral analysis of the tuned Solent Group illite dataset from 

Whitecliff Bay (from Gale et al. 2006). 
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The spectral analysis shows a strong peak at -400ka, as well as a convincing 
peak at -100ka, representing the short eccentricity cycle. A further strong peak 
is present at -40ka (Figure 105), but only weak power at the precession 
frequencies. These spectra support the hypothesis that major changes in clay 
mineralogy are linked to eccentricity and obliquity cycles. The data is not of 
sufficient length or quality to permit further statistical investigation. 
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8 Discussion & Conclusions 

The Solent Group allows correlation between a revealing sea-level record and a 

well-developed cyclostratigraphy from the same site; a phenomenon rarely 
found in the geological record. 

8.1 Magnitude of Sea Level Change in the Solent Group 

Incision in the Solent Group can be estimated by measuring the thickness of the 

Iowstand systems tract deposits above each sequence boundary in Whitecliff 

Bay. This provides a minimum measure of sea level fall (Figure 106). This 

technique has been developed during research to correlate global records of 
Cenomanian sea level (Gale et al. 2002). The weakness of the material being 

incised, combined with the rapid rate of sea level fall and the proximity of the 
depositional setting to sea level increase the likelihood that these figures are 

accurate measures of eustatic sea level fall (Schumm 1993). 

Sequence Number Incision at Whiteclff Bay (m) Incision at Headon Hill (m) 
(after Gale et al. 2006) 

7 0 
6 8.4 
5 13 10+ 
4 10.15 7 
3 7.75 6 
2 0 3 
1 >0.75 1 

Figure 106. Incision associated with sequence boundaries in the Solent Group. 

The amount of incision in the Solent Group (Figure 106), represents change on 

a scale and at a rate which is too great to be explained by any factor other than 

glacioeustasy. 

Whilst local tectonic factors, particularly the inversion of the Sandown Pericline 

played a role in sedimentation earlier in the Tertiary (Gale et al. 1999), there is 

no evidence in the Solent Group for tectonism on the same scale. For example, 

Gale et al. (1999) found London Clay fossils reworked in the Barton Clay, 

showing that a large degree of uplift had taken place. Reworking in the Solent 

Group appears to be limited to rip-up clasts of local material and chalk flints, 

which are more likely to have been reworked from nearby strata during 
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downcutting events caused by glacio-eustatic sea level fall. Any variation in the 

rate of subsidence of the Hampshire Basin would be a factor in deciding the 

thickness of individual sea level cycles and this may be a reason why sequence 

six has an thick highstand and sequence seven has no high energy event 

associated with it. These Bouldnor Formation sequences indicate much quieter, 
landward facies, whereas the sequences in the underlying Headon Hill 

Formation show much more variability. There could have been a reduction in 

subsidence rate that prevents the Bouldnor Formation from being subject to 

marine processes in the same way that the Headon Hill Formation was. 

The incision data shows a gradual increase in the degree of change from -1 

metre in sequence one, to a peak of 13 metres in sequence five. The amount of 
incision falls back rapidly in sequences six and seven in the overlying 
Bembridge Marls Member (Figure 106). These falls in sea level do not match the 

level of 30 to 90 metres predicted by Miller et al. (1991), or the 40 to 50 metres 

predicted by De Conto & Pollard (2003). 

This may be because the amount of incision can be suppressed dramatically by 

high subsidence rates. An example of this is found in the Carboniferous Joggins 

Formation of Nova Scotia, Canada, which was deposited on a coastal plain in a 

rapidly subsiding basin, a similar situation to that of the Solent Group (Davies & 

Gibling 2003). They found that the rapid subsidence rate inhibited progradation 

of facies during lowstand systems tracts and reduced the effect of fluvial incision 

by suppressing base-level fall. This could explain the disparity between the 

levels of incision seen in the Solent Group and those predicted for the same 

event by modelling and isotopic records. 

It is of course possible that the models and isotope records have over-estimated 

the extent of sea level fall associated with the Eocene-Oligocene boundary. An 

attempt to calibrate the amount of sea level change indicated by oxygen isotope 

records and observed stratigraphic records suggest that the Pleistocene 

calibration of 0.11%o increase per 10 metres of sea level fall, are inaccurate 

(Pekar et al. 2002). They suggest that in the Oligocene, isotopic variations of 

between 0.16%o and 0.22%o per 10 metres of sea level fall are found, depending 

on the ocean studied. This means that some isotopic assessments of sea level 

fall at the Eocene-Oligocene boundary may be overstated. 
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The sequence boundary of Sequence Five is represents a major sea-level fall, 

resulting into -13 metres of incision into the proto-Solent floodplain (Figure 106). 

This was by far the biggest sea level fall in the Solent Group succession and 

was the only event which was great enough to erode and transport significant 

quantities of flint pebbles from the Chalk into the proto-Solent channel (Figures 

75 & 82). 

8.2 Global Late Eocene-Early Oliqocene Events and the Solent Group Record 

There are a number of interesting and important events across the Late Eocene 

to Early Oligocene interval (see sections 1.2.2 & 1.2.3 for details). Foremost 

amongst these is the Oi-1 5180 event (Miller et al. 1991; Zachos at al. 1996). 

This event is recorded as a 1.5°ßo excursion which started -200ka before the 

beginning of C13n and had a duration of -400ka (Zachos at a/. 1996). The 

maximum excursion coincides with the start of C13n, which is -100ka after the 

Eocene-Oligocene boundary as defined by the extinction of Hantkenina, a 

planktic foraminiferan (Berggren et al. 1995). The Oi-1 event records rapid 

cooling of oceanic bottom waters in association with the growth of Antarctic ice 

sheets (Zachos et al. 1996). In high resolution records, the Oi-1 event can be 

split into Okla and Oi-1 b events, which are deemed to be 100ka cycles within 

the overall Oi-1 event (Zachos at al. 1996). 

It is thought that the Oi-1 glaciation was caused by decreasing atmospheric C02 

levels below a critical threshold, coupled with the opening of the Drake Passage, 

allowing the Antarctic Circumpolar Current to form (De Conto & Pollard 2003). 

The relative contributions of temperature and ice volume to the Oi-1 6180 

excursion are uncertain, but Miller et al. (1991) predict a 30-90 metre drop in 

global sea level associated with the build up of glaciers. The Oi-1 event has 

been correlated with a major unconformity on the west African continental 

margin, dated to the NP21-22 nannoplankton zone (Seranne 1999). More 

recently, De Conto & Pollard (2003) have modelled a sea level fall of 40-50 

metres associated with theOi-1 event. More recently, sea level falls of 100-125 

metres have been suggested through the Eocene-Oligocene transition (Tripati et 

a/. 2005). 
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In northern Europe, Vandenberghe et al. (2003), correlated two sequence 
boundaries to the Okla and Oi-lb events. They refer to them as Pr3 

(Priabonian) and Rut (Rupelian) respectively, showing that they embrace the 

Eocene-Oligocene boundary. Subsequently, De Man et al. (2004) suggested 
that a preliminary record of the Oi-1 event derived from oxygen isotopes in the 

southern North Sea showed that the Oi-1 event should be placed well within the 

Oligocene, on the basis of correlation between the southern North Sea 

sequence and the GSSP at Massignano. There is, however, a lack of 

calcareous index fossils in the southern North Sea, and the correlation with 
Massignano has been made on the basis of organic-walled dinoflagellate cysts, 

which may be problematic (De Man et a/. 2004). 

8.3 Astronomical Forcing of sea level in the Solent Group 

Sequences in the Solent Group have been identified using sedimentological and 
faunal characteristics (see section 4.5). These correspond precisely with the 

400ka eccentricity cycles identified in the illite clay data (Figure 104). 

Periods of high 400ka eccentricity coincide with low sea level, greater sea level 

fluctuation and an increase in seasonal contrast (Figure 104). 

Long (400ka) eccentricity cycles correspond with brackish/marine transgressive 

events. Sequence boundaries are commonly found coincident with the 

maximum rate of rise in 400ka eccentricity (including the proposed Oi-1 incision 

surface at the base of Sequence 5), whilst transgressive surfaces correspond 

with the maximum rate of 400ka eccentricity fall (Figure 104). It can therefore be 

proposed that the Oi-1 glaciation was at least partly related to high eccentricity. 

The sea level curve for the Solent Group shows that the 400ka eccentricity cycle 

controls sequence formation (Figure 107). The curve shows that there was a 

progressive increase in the magnitude of sea level change accompanying each 

400ka cycle in the run up to the Eocene-Oligocene boundary, reaching a peak in 

Sequence 5. After the Eocene-Oligocene boundary, in Sequences 6&7, the 

amount of sea-level change associated with each sequence falls again (Figures 

106 & 107). 
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In the Solent Group, lowstand systems tracts correspond to high eccentricity 
(Figure 104). The same situation has been found in a 400ka-controlled sea-level 
record from the Cretaceous (Gale et al. 2002) and from the Jurassic of the Jura 

mountains (Strasser et al. 2000). This is in marked contrast with the Quaternary, 

when lowstands correspond with low eccentricity (Pillans et al. 1998). This 

seems to suggest that fundamental controls on sea-level were different in the 

Palaeogene and Mesozoic than the were during the Quaternary and that a 
fundamental change in the relationship between eccentricity and sea level 

variation occurred at some point after the Eocene-Oligocene boundary. 
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Figure 107. Relative sea level curve for the Solent Group at Whitecliff Bay (after 

Gale et al. 2006), showing that the magnitude of sea level change increases 

with each cycle up to the Eocene-Oligocene boundary and decreases thereafter. 

The pattern of sea level change in the Solent Group matches that found in the 

models of De Conto & Pollard (2003). They created a model of Antarctic ice 

sheet development, which included the effects of sub-glacial processes. They 

predicted that orbitally-driven sea level fluctuations increased from 5 to 30+ 

metres in the million years before the Oi-1 event, and by a fall in sea level 

variability after the Oi-1 event. This model compares favourably with the pattern 

of sea-level change found in Whitecliff Bay (Figure 108), but with around twice 

the value of sea-level change. 
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Confirmation that late Eocene sea level was under Milankovitch control is found 

in recent core records from the Pacific and South Atlantic (Tripati et al. 2005). 

They generated an oxygen isotope curve and compared it the magnesium to 

calcium (Mg/Ca) ratios for the same samples, which helps distinguish between 

the part of the oxygen isotope ratio that is temperature controlled, and the part 

which is a function of ice volume. Large variations in the oxygen isotope record 

of up to 1.5%o through the late Eocene, suggest that major ice sheets developed 

in the Arctic as well as on Antarctica, to the extent that sea levels would have 

fluctuated by as much as 100 to 125 metres. 

The work of Tripati et al. (2005) has been corroborated by new records from the 

Kerguelen Plateau (Florindo et al. 2006), which also show that the Oi-1 event 

was predated by several distinct late Eocene warming and cooling phases. The 

same record also contains evidence of pulses of terrigenous dust flux from East 

Antarctica. They interpret the record as providing strong evidence of significant 
Antarctic climatic variation in the late Eocene, including several glacial episodes 

prior to the major glaciation of Antarctica at the beginning of the Oligocene 

(Florindo et al. 2006). 

Short (100ka) eccentricity cycles and obliquity cycles have been identified in the 

spectral analysis of the illite data from Whitecliff Bay (Figure 105), suggesting 
that minor fluctuations in sea level were controlled by obliquity. 

8.4 The Position of the Eocene-Oligocene Boundary in the Solent Grou 

The Position of the Eocene-Oligocene boundary in the Solent Group has been a 

contentious issue for as long as the strata have been studied (see section 1.2.26 

for further details). The identification of the base of the C13n magnetochron 

within the Bembridge Limestone Formation, confirms that the boundary must be 

below this point, and not in the Bouldnor Formation and promulgated in recent 

work by Hooker et al. (2004). 

The Eocene-Oligocene boundary, as defined by the extinction of the planktonic 
foraminiferan Hantkenina, is 100ka before the base of C13n (Berggren et al. 
1995). By counting back obliquity cycles in the illite data, the boundary can be 
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placed with confidence near the top of the Seagrove Bay Member in Whitecliff 

Bay (Figure 108). The inferred boundary is placed at 91.20 metres in the cliff 

section, at the top of a slump bed. Given that the date for the base of C13n 

calculated during this study is 33.66ma, this would give an approximate date of 
33.76ma for the Eocene-Oligocene boundary. This date is very close to recent 

estimates of 33.7ma and 33.9ma for the Eocene-Oligocene boundary published 

recently (see section 1.2.4 for further details on the evolution of the date of the 

Eocene-Oligocene boundary). 

The positioning of the Eocene-Oligocene boundary close to the top of the 

Seagrove Bay Member in Whitecliff Bay is supported by recent research into 

charophyte oogonia (Sille et al. 2004). The oogonia (seeds) of the charophyte 
Harrisichara doubled in volume between the upper Osborne Marls Member and 
the lower Bembridge Limestone Formation (Sille et al. 2004). This was the 

largest change in size observed in the Solent Group and may have been due to 

decreasing temperatures. 

Further evidence comes from freshwater ö180 values, which record a 2%o heavy 

shift between the Osborne Marls Member and the Bembridge Limestone 

Formation, again the largest event of its kind in the succession (Grimes et al. 
2005). 
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8.5 Conclusions 

This study sheds light on many aspects of the formation of the Solent Group and 
the events which characterised Solent Group times. The following conclusions 

are made. 

" The complex sediments of the Solent Group preserve a detailed record of 

environmental change, which can be derived from sedimentological, 

mineralogical and palaeontological features. 

" These features can be used to construct facies groupings and 

sequences, which demonstrate the extent of sea level variation 

throughout the strata. 

" The clay mineralogical signal preserved in the Solent Group is 

responding to climate and can be used to define the cyclic nature of 

climatic change that was occurring during Solent Group times. 

" Statistical analysis proves that these cycles are Milankovitch cycles. 

" Large scale sea-level change in the Eocene/Oligocene Solent Group was 

controlled by -400ka Milankovitch cycles, probably by varying the extent 

of glaciation on Antarctica, and possibly in the Arctic as well. 

" The 100ka eccentricity and 40ka obliquity cycles may have had a 

subordinate role in sea level variation. 

" Coastal plain successions can provide excellent records of climatic time 

series data and of sea-level change. In the past, successions of this type 

are often ignored in favour of deep-sea records, which in themselves 

cannot always provide an accurate record of sea level variation. 

"A new magnetostratigraphy combined with cyclostratigraphy has allowed 

the Whitecliff Bay succession to be placed in its appropriate 

geochronologic context for the first time. 

" The Eocene-Oligocene boundary in the Hampshire Basin succession is 

located close to the top of the Seagrove Bay Member in the Headon Hill 

Formation. 

8.6 Suggestions for Further Work 

Whilst this study has revealed much about the nature of the Solent Group and 

the time period it represents, it has also opened several doors and allows more 
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pertinent questions to be asked. The following ideas would improve our 

understanding of the Solent Group and similar successions still further. 

A cored borehole of the entire Solent Group would be very useful. It could be 

used to create an ODP-style record for the Solent Group using scanning XRF, 

magnetic and other physical property tools. It would also provide a firm 

foundation against which the variation in other Solent Group sequences could 
be compared. 

A continuous scan of the colour of the fresh core could also be used to derive a 

method of using colour as a general proxy for clay mineralogy. This would allow 

the usefulness of colour as a proxy for clay mineralogy to be tested properly. If 

colour could be used as a proxy for clay mineralogy, it would provide a much 

faster and cheaper method than the traditional methods of clay mineral analysis 

currently employed. 

Decayed chalk flints occur in the Solent Group and elsewhere in the Tertiary of 

southern England (Curry 1964). Whilst foraminiferans have been recovered from 

them before (Curry 1986), silicified calcareous nannofossils have been 
discovered for the first time in samples retrieved during this study. Further 

analysis of these and other biota preserved in the flints may provide further 

insights into the mode of formation of flints and the processes which control their 

decay. 

The Upper Bembridge Marls Member and the rest of the Solent Group 

(Hamstead Member and Cranmore Member) at Bouldnor should be investigated 

further, to discover whether or not the Solent Group clay cycles are continued. 

This is particularly interesting as the amount of kaolinite increases towards the 

top of the Bembridge Marls Member in Whitecliff Bay, which might indicate a 

change in the dynamics of the clay mineralogy system (Figure 93). 

The recovery of meaningful Eocene-Oligocene records from Antarctica by ODP, 

IODP and other drilling ventures such as Cape Roberts Project has been limited. 

However, the successor project ANDRILL, may have more success in revealing 
the history of Antarctica during this critical period. The results should be 

compared to the Solent Group record to try and establish a correlation. 
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The Solent Group should also be correlated with records from the southern 
North Sea sequence. De Man et al. (2004), displayed a record of the Oi-1 

transition, but were unable to fully reveal the Eocene-Oligocene boundary in the 

southern North Sea due to the lack of suitable surface exposures of the late 

Eocene. Future work hopes to reveal the late Eocene in boreholes, which should 

provide an excellent companion with which the Solent Group can be compared. 
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Appendix I- Logs of the Members of the Solent Group in Whitecliff Bay 
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Appendix 2- Logs of the sequences of the Solent Group in Whitecliff Bay 



öpy, 
, 

LR 
ýý 
, 

rn_V 
SI 

ä 
7Dä 

Cýa 
E 

m 
R 
c 

3 
CC 

y 

0LL 

" 
o 

0 

U 

LL 
h 
U 

N 
N 

i a) 
oE 

(D LO llýr MN 

JagwaV ice8 Puallol 

UO! Tewaod IINH UOPe9H 

ISH iSl IS-1 

aup aauanbaS 

ý 
ro 

LML ILL 
ALLE Cl) 

LL IL 
LL 

L LL LL IL 

V 

c? 

(0 IC) MN 



gym- c7äE 
Z7 

vv cý 
Em ýý 

C LL 
", 

t 
Co 

      

  

U 

XG 
C0j 

a0 

Qt 

C 

/D cy) Ü 
Q 
C: m 

D 
N ]C 

N U) m 

  

  

N 
ý^"I( 'i' YI 

'f 
_ o 'V SýSJ . 

'ýý er{° 
Q( 'ý )171 " 't 

fýddý, 

mr. 
ýýý ^r. 

O ý"ýc 
". 

( 

1; 7. ý11lý1 4. 

1 
.. ü 1"i., uT 

f TT'ýi; ; '-'lj'-' ý1- --, '-Yý-rrz `i 
ý; 

(` 

'Y t' t' 't ý"� '0' 
i'I . 

i. 
ý" aýýc , ýýý 

' 

ý 

co ' r ý' m yý_ý 
1, ý,. ý 

ý! U ý. 4ýt IU t 
. ýý 1'ýýý 

i 
r, a. 1. t. "v 

"' I^ ý I" 
1 If ý ýýt) I" 

.ý , _ _. . . 

"- 
1r1r. -T r `I i, ý. v rE` qý 

;I 
. 
Jti r" LI r.. ., I 

vi 

:1r , ...... , TTY -ý -. T. --i Z__ JA - ! 7--r 

... .".. " 

Cl) 
CD cli Cl) 

a) co 
N NN N M NO 01 co t 

cli N NNr O r . - ýrm co r 

iagwe deb IlaMlo3 

ISH 

uogewod II! H uopeaH 

Isl 

oMl enuenb@S 

a ro Mw LL wwwwwww ui 
2z2mzi 

.3 



Cl) --, Cf) j c co Q 
tC 0: 3' 

rtn 0 

E bi 
ýDa \ 

4vC 

     

  mü- 

gym- - _---- -- -- -- __ __ __ aý " 

I 

, 
m 

N 

r 
r 

r 
r 

i 
t` 
i 
I 

irr 
rrr 

rrr 
rrr 

MM 

r, 
r, 

p 
, rI 

J. I, ý C ýýI ýýý 
" tý 

IU 
J'e 4 

d1l 
4 

tii 

rrr 
r, r 

rrr 
rrr 

(ý 
t 

ý 
I iI jý xI 4 N" ý ý: T " i,,, Itýp , I. I` i '1 Y'ýýl'ý 'ý 

ý 

, . . .1 . . _ _. - ý 

In VMN t7% ä CD Lr) V7 M 
f`ý') (nr) 

fý 
fNr) M 

ME 

nn to 

jagwan pu3 plo aagwaW Aee 119mloo 

Uolall IIIH uopeaH 

ISH IS1 1Si 

amyl aouanbeS 

ä co 
co MM f'') co NNNN 

li 
m 

-T 
Nf1M 

LL U. LL WWWWWWWWWW LL LL LL LL U. LL LL LL 



cn 0 
2D (1) 0 

2LLuo cn COm 

ö y 

, 
E , 

ýp 
d 

hi 't 
I `ý'ýh 

f lid '^ Iiýiil ' " Yý 
+TY 1 M4 XI +J f .fI, I 7R `4 

Iý.., 
. "4 -R- 

.... '. 
ý-w'ß`: 

1 , a'`. 
"; Iii1. Ký y 

r fLý6 
ý. 

.ýL t- 
yr ý'4.1 

. 
1ý', (ý ý, ý'Y 11ýlJ 

. 

iy 
ýiý 

1'Iý 
S 

I1 Fi 

'r' 
h. 

iýý r Yl" 

f 

I..:. .... 
ii. M Ký 

h1 i-! " ý4 yyr 

ý� 

-Sall 'ý ý 
m .. _ýt -, , - y ýý ý 

,. ý,. . r-r f: 

`. 

! tf 

: F/. 
ý. 
ýk; yý,. ý" -ý,, ""r'. ýý"U ". 'ii ý: ý, 

ýi 1---ý`"-i-:.. u. .ý 

'i-'-i . f" :,:. 'Y , 'i a 
41, '-7 . ý. --. ý. i 'S? a: i "F 

" 

ýý- 'i'ý ýA 
r 'ýýI ý,. ' ' 

ýi 
'1' ý' 

tiý ý7, k 
,. 

iý; 
4 

ýýý ý 1_,; y'ý, -. --, y 
Y ,I +I _ 

-7+"ý 
, Iý., t, -ý7ý 

ý, { 

.1ý, 
ýI' "ýr7r ý, 

i '. t, , "h r, ýýý+ý' ýý I. ̀: 
`-ý 

r'ýs ' ý ' ý , , _ ýr. * , , ý. ý-rr"fir, ?ý.: 1.. 
1 

,,,, . r Li _ e ý , 7, ý ýý . . .. 
_" ", _ .. " 1 _. . ý ý 

mmm m 
00 

ý W 
n 

hNN 

^ n 

O tit n 
nn n N rt W ms to 

I 
ID 

N t0 h 
N) 

O 
N 

iagwaW Aeg anw6eeg )agwaw speyy awogso )egweV4 ewnogysIj iaqu ,j1",. A s/axq 'a4u, ovi 3 WI3 

UO'leu Od III{ uopsGH 

15H ! sl 151 
-' 

mo3 euuanöag 
- -- -- --- 

uwwý LL LL u LL ýý LL üwwwww 'ý "ý "m ý$üüßü8ý ý' 



VT 

oý` V 

Eäm 
ýaä 
avö 

c7ä E_ 

Na 
7J 

n U 

ti 

m 
DC 

ý 
LL 

, 

Fý Fý Fý 
C/) Cl) U) 
Z 

ýýa, 

l 

in 
=c0 C3) c (6 

Q) -0 
ID (1) 0 2 FL CO ý- (f) 

0j3 

U) m 

.. 
n lEli) (.. i Ib CL y-� ný 

Jk 

4. I ml II Ilr 
4- II; IY IIY 

Ui I®I ®I. 7 ýx 

II !I Ill }lid' 
IIII 

!I ýI 1ý. 

ý. 

'' 

ýI f 
I. Cv 

'lý], t 

df'y 

ý! 

rl 

.I I've 

zý" 
r 

I. 

ý.. 

r 

ýj 

r 

ýI" 

Iý 
ra.. 

II '. G"'ý. 8 
iý, 

Lý 
{ 

t L1 

(D ýt OOO 
MNO a) 
OO0O 0) N I- (0 LO 

pý OO Ol 

jagwej spej e6pugwa8 
-ý - 

uoijewJod auo2sawi-1 a6piJgwag 
uoiTewJod aouplno8 

1SH 1S1 1ST 

aAI j aauenbeS 

WW lL Wj 
CM Co 

LL U- u 
C\i LL 

Nom. ý 

rn m rn 0) 00 CC) co 

jagwa deg eAOJ6eeS 

uo! E! WJO IPH UOP GH 

L. L 
N 

LL LL LL 



U) 
CD 

co a 

I ýIiU) ýU 

` 

¢PQ 
i7 

aE 

LL of C 

0 

C 

cr :3 
(D 0 

U) m 

       

U " U   

  

-rT 
_ýe 

ßh. 
1 '. 

ýTI ý ýýIII 
I -I_ýi-: (' . ýI- _I-ýII II ý 

-., ý.... I L" 
IV 

-ICI 
ýd I( 1f 

Wlýf`)'. 

Ile'. ýw I-ý.,. 
-ý, _. 

( 

ý`Yý-n 

1 
" 

a'1.. 
'rt-ýI Yý, -r-! 

' 
ý. 

l 

Ji. 

ý4TIr, 

J 

" 
. 

ý_ýT 

Il ýk"ý"I; 

- 
rl 

l: 
II 

I I` I 
X11 r1, I 

V 
.II, IJý. 

l 

! . I_ 
I I ' � I 

ýýL 
ý " ti' Iill 

f ' 
y " I' 

"'YI. 
( 

' 
'la 'i ý '. ýl 

. .Ic" 
(q ý 

~ 

lf 

. 
ýI 

1 1ýIý 

ly 
1I, 

Iti '` 
Fýh' 

! 
II 

ý 
llý"lt'`Lil 

;'` ,'', 

, 
I `I; Iý l .o Iý 

.w 
ýý 

Il 
l 

ý '. 
1.1 I '"I°i 

ll 
"IýýLi. l 

. 
'll 

l _ 
T_, ` Y I\ ,, 

1 
. 

I, -. . 
Iý If ., I ý l r _ 

o 0) co n NM o In ao n co Q ö m co 
rr r rr N rr rN 

.-r r r r .-r 

iagwo spe" af)pijqwaS 

uogewio j Joupinog 

1SH 1S1 �Si 

xIS aouanbaS 

ä 
LL a LL LL aä LL LL av LL LL aä LL W 

aM co co LL WWWW cL nL LL LL LL e 
pppV 

LL U. 

V 

IýI1ý 

ýýýi 



L «- N 
°' = CJ 

E in r 
a CL 

-oö 
E 
cn aý m 

Co >, 

m 

ti 

N 

m 
ß 
C- 

o LL 
ry 

ez- 
C. 

lýý 

L-. :3 (D 

- 
E- 

-- ------ -- 
Cn 

-- - 
Cý 

- 

Ael, 
l 

ix 
IxI 

}Ixx1 

_%ý 
KýX I� 

IIC. Iý xl KI 
I'ým 

IIIII Iý wI 
IxI 

vý 
II 

II xx x< xl 
I I I K 

I a1' 
Iý 

k 
1 1 

ýx xX 
m1I 

, 
/i 

xK ýJ Il. I I Ix I 
X a0 I IKK 

"I Iý 
II l 

I 
K% 

  
Iw 

Ixý 
l i yl 

I®I X ®ý I®I ýýKIIII, IýJ.. 
KK N 

ý I ti I 

vy   ýýIIýII ICI x 
xýl 

I 

y®IýIý 

(ý CD lf7 ct C) 
MMMN co co 

r- ý-- e- 
co 

iegwe slieW ebpugwa8 

uoirewao j aouplno8 

isl 

uanas aouenbas 

co M co CO 
wwWW 

L- 

0 

W 

U 

_U, 

Q' 

E 



Appendix 3- Magnetostratigraphic Data 



Height m 
117.16 

NRM Intensity 
0359 

Declination 
1664 

Inclination 

-598 

Cato o Notaa 

117.16 0297 1988 -843 11718 0442 2124 -429 
1133 0 057 180 -90 0 Trend to R 
1133 0072 1408 -694 3 
11206 0 376 152 -289 3 
11206 0.343 2184 -734 
11206 . 0068 1312 -72 11206 006 164 -713 
11065 0 171 1787 -396 2 
10936 0 095 1006 -737 3 
10936 0 131 1074 -666 
10936 0.102 1922 -287 3 
10936 0 142 180 -90 0 Trend to R 
10845 0388 1985 -629 
10647 1.039 1711 1 -141 
10647 0 02 1748 1 -476 
10647 002 1359 -335 3 
10647 0381 1368 -497 
105 46 0 393 192 7 -55 5 

E 

105 48 0 324 198 -65 1 
105 48 
10435 

0362 
0244 

167 
2988 

-57 9 
316 

104.35 
104 35 

0289 
0 266 

3186 
352 

366 
31 3 

10435 
1024 
9982 
979 
975 

024 
0 277 
0 235 
0 264 
0 374 

3508 
3481 
3307 
3583 
180 

676 
582 
61 5 
635 

-90 0 Trend to R 
97 0 048 1684 -832 
97 0 035 1525 -814 3 
966 0 337 2276 -19 3 
966 0 128 881 1 -778 959 0 227 180 -90 0 Trend to R 
959 0 31 209 1 -309 

7- - 

959 0 259 2478 1 -558 - 
955 0 257 231 1 -458 
94 0 116 1752 1 -693 
93 0 31 1983 -52 1 
91.1 0 087 1673 1 -652 
91 0215 1311 -452 3 
904 0 321 1512 1 -538 2 
902 0 126 1775 1-631 
89,1 0092 1675 -181 
891 0 08 239 -534 
88 0 482 1808 -501 
88 0 949 1753 -849 
88 1 661 208 -844 0 Trend to R 
86 45 0 266 1331 -679 
86 45 0 251 180 -90 0 Trend to R 
8645 178 21 3 -455 
88 45 0 172 1467 1-527 
8605 0 135 1583 1-589 
837 0 12 1495 1-601 
825 0 152 2025 1-192 
81.3 0654 1557 -76 2 
796 1608 1215 -49 
798 
749 

0 884 
0347 

1161 
282 

1-104 
748 3 

734 047 1439 -562 2 
71 1 0 288 194 -267 
672 0 12 1487 -248 3 
672 0 142 1503 -298 2 
613 0 142 2077 -24 3 
6025 
588 
58 

0 087 
0202 
0 247 

1266 
3204 
2254 

-361 
639 

-488 

2 
3 

58 0204 2389 -65 6 
57.58 0241 1508 -406 
55 75 0 192 1552 1-248 2 
55 75 0 132 1577 -301 
53 82 0 256 1257 -251 3 
51 77 0 435 1751 -56 2 
5177 
49 52 
49 52 
49 52 

0264 
0 686 
0 57 
0 212 

1694 
347,7 
3338 
3101 

-334 
354 
416 
579 

47,9 
36 91 

0456 
0 189 

3452 
321 11 

598 
284 3 

3643 
36 43 

0547 
0 803 

3233 
327 

406 
572 

3205 
3205 
30 34 
2944 

0256 
0238 
0 333 
0 383 

3556 
313 
3538 
3009 

559 
99 
15 
10 

3 
1 
1 

22 25 
it9 

0 431 
3369 

339 1 
3403 

184 
283 

1 
1 

119 
9 65 
9 65 

. 3379 
11,501 
10 865 

3384 
3472 
3414 

269 
184 
21 

1 
1 
1 

84 1914 153 14 1 
84 

- 
0 059 939 -29 1 

T9 0144 1582 -429 1 
59 0215 1441 -734 1 
59 0115 207 3 -452 1 
59 0 058 280 9 -45 4 1 

Cat 1- Mean angular deviation MAD 0-5 de s 
Cat 2 5.10 de s Z g 
Cat 3'15 a s 



Appendix 4- Clay Mineralogy Data 



Appendix 4: Clay Mineralo Data 
Height in cliff I 
section (metres) I 

llite and Illite-rich 
llite-Smectite 

Kaolinite Chlorite Smectite 

135.27 29% 23% 7% 41% 
134.37 31% 34% 0% 35% 
133.37 30% 24% 4% 42% 
132.67 51% 23% 6% 20% 
131.87 29% 19% 6% 46% 
131.02 31% 28% 10% 31% 
129.37 44% 26% 6% 24% 
128.67 36% 19% 7% 38% 
127.77 34% 20% 7% 39% 
126.47 41% 25% 2% 32% 
125.57 45% 22% 0% 33% 
124.97 46% 24% 7% 23% 
124.27 43% 22% 8% 27% 
123.77 35% 21% 6% 38% 
122.77 44% 25% 0% 31% 
121.67 40% 22% 0% 38% 
120.52 41% 26% 0% 33% 
119.49 50% 25% 0% 35% 
119.46 40% 17% 0% 33% 
119.34 42% 11% 0% 46% 
119.20 39% 12% 0% 49% 
119.05 41% 18% 0% 41% 
118.90 41% 12% 0% 47% 
118.75 33% 13% 1% 53% 
118.60 39% 15% 0% 46% 
118.46 38% 18% 0% 44% 
118.31 42% 14% 1% 43% 
118.16 49% 12% 2% 37% 
118.01 35% 13% 2% 51% 
117.86 45% 16% 2% 38% 
117.72 42% 12% 2% 43% 
117.57 52% 13% 1% 34% 
117.42 54% 14% 1% 31% 
117.27 51% 15% 1% 33% 
117.12 53% 17% 1% 30% 
116.98 43% 16% 1% 41% 
116.83 50% 13% 3% 34% 
116.68 47% 12% 2% 40% 
116.53 44% 13% 2% 41% 
116.38 47% 14% 3% 36% 
116.24 48% 12% 2% 38% 
116.09 42% 17% 2% 40% 
115.94 46% 17% 1% 36% 
115.79 36% 13% 1% 51% 
115.64 44% 13% 1% 41% 
115.50 42% 11% 2% 45% 
115.35 53% 14% 2% 131% 



115.20 56% 13% 3% 28% 
115.05 65% 12% 3% 20% 
114.90 62% 13% 3% 23% 
114.76 63% 11% 5% 21% 
114.61 50% 12% 3% 35% 
114.46 55% 14% 5% 27% 
114.31 58% 12% 5% 25% 
114.16 63% 16% 4% 17% 
114.02 46% 10% 3% 42% 
113.87 44% 0% 6% 50% 
113.72 43% 14% 3% 39% 
113.57 37% 13% 4% 46% 
113.42 39% 16% 1% 44% 
113.28 39% 16% 3% 43% 
113.13 45% 15% 4% 37% 
112.98 56% 18% 0% 27% 
112.83 67% 16% 0% 17% 
112.68 64% 19% 0% 18% 
112.54 72% 15% 0% 12% 
112.39 90% 10% 0% 0% 
112.24 91% 9% 0% 0% 
112.09 93% 7% 0% 0% 
111.94 93% 7% 0% 0% 
111.80 90% 10% 0% 0% 
111.65 91% 9% 0% 0% 
111.50 90% 10% 0% 0% 
111.35 93% 7% 0% 0% 
111.20 92% 8% 0% 0% 
111.06 91% 9% 0% 0% 
110.91 91% 9% 0% 0% 
110.76 91% 9% 0% 0% 
110.61 95% 0% 5% 0% 
110.46 83% 8% 9% 0% 
110.32 91% 7% 3% 0% 
110.17 89% 7% 4% 0% 
110.02 72% 19% 0% 9% 
109.87 67% 19% 0% 14% 
109.72 63% 20% 0% 17% 
109.58 66% 19% 0% 16% 
109.43 71% 19% 0% 10% 
109.28 67% 19% 0% 13% 
109.13 73% 16% 0% 11 % 
108.98 72% 17% 0% 11 % 
108.84 70% 16% 0% 14% 
108.69 61% 17% 0% 22% 
108.54 64% 11 % 0% 25% 
108.39 64% 9% 0% 27% 
108.24 52% 16% 0% 32% 
108.10 52% 16% 0% 32% 
107.95 54% 21% 0% 24% 
107.80 57% 17% 0% 26% 
107.65 54% 1 9% 4% 23% 



107.50 57% 22% 4% 17% 
107.36 59% 19% 4% 18% 
107.21 90% 10% 0% 0% 
107.06 90% 10% 0% 0% 
106.91 83% 13% 4% 0% 
106.76 87% 13% 0% 0% 
106.62 88% 12% 0% 0% 
106.47 84% 12% 0% 4% 
106.32 85% 12% 0% 3% 
106.17 67% 20% 0% 14% 
106.02 59% 22% 0% 19% 
105.88 61% 22% 0% 17% 
105.73 49% 22% 7% 23% 
105.58 44% 23% 4% 29% 
105.43 55% 20% 0% 25% 
105.28 78% 10% 3% 10% 

105.24 81% 10% 0% 10% 
105.09 83% 11 % 0% 7% 
104.94 82% 15% 0% 4% 
104.79 79% 10% 0% 10% 
104.64 82% 10% 0% 8% 
104.50 78% 10% 0% 12% 
104.35 79% 11 % 0% 10% 
104.20 83% 9% 0% 8% 
104.05 83% 10% 0% 7% 
103.90 88% 10% 0% 2% 
103.60 83% 10% 0% 7% 
4 A, 12 r% 770ß 11 %, noire 12% 
1 vv. vv 

103.10 76% 12% 0% 12% 
102.55 78% 11 % 0% 11 % 

102.40 65% 15% 0% 20% 
102.25 70% 14% 0% 16% 
102.10 87% 13% 0% 0% 
101.90 80% 16% 0% 5% 
101.75 78% 15% 0% 7% 
101.60 77% 13% 0% 10% 
101.45 78% 16% 0% 6% 
101.35 70% 16% 0% 14% 
101.25 74% 15% 0% 11 % 
101.10 76% 13% 0% 11% 
100.95 74% 14% 0% 13% 
100.75 76% 13% 0% 11 % 
100.60 59% 17% 0% 24% 
100.40 58% 16% 0% 26% 

100.20 57% 16% 0% 27% 
100.05 61% 19% 0% 19% 
99.85 59% 18% 0% 23% 
99.60 59% 20% 0% 21% 
99.40 50% 21% 0% 29% 
99.20 55% 18% 27% 
98.75 75% 0% 

j b 
21% 

98.30 76% 0% 24% 



98.00 67% 9% 0% 24% 
97.80 77% 0% 0% 23% 
97.50 58% 6% 0% 36% 
97.30 63% 12% 0% 25% 
97.00 60% 12% 0% 28% 
96.80 39% 9% 6% 45% 
96.50 58% 2% 3% 37% 
96.20 37% 6% 3% 54% 
96.00 49% 6% 0% 45% 
95.75 55% 7% 0% 38% 
95.50 65% 12% 0% 23% 
95.20 85% 0% 0% 15% 
94.85 67% 0% 0% 33% 
94.45 77% 23% 0% 0% 
94.10 97% 3% 0% 0% 
93.95 84% 0% 0% 16% 
93.80 93% 6% 0% 0% 
93.64 75% 0% 0% 25% 
93.46 74% 0% 0% 26% 
93.28 32% 0% 0% 68% 
93.10 91% 0% 0% 9% 
92.80 93% 0% 0% 14% 
92.65 70% 7% 0% 23% 
92.50 73% 8% 0% 20% 
92.35 74% 0% 0% 26% 
92.20 58% 15% 0% 27% 
91.95 54% 0% 0% 34% 
91.70 100% 0% 0% 0% 
91.30 98% 0% 0% 2% 
91.15 100% 0% 0% 0% 
90.90 53% 21% 0% 26% 
90.80 97% 3% 0% 0% 
90.75 100% 0% 0% 0% 
90.70 100% 0% 0% 0% 
90.60 92% 0% 0% 8% 
90.57 97% 3% 0% 0% 
90.53 100% 0% 0% 0% 
90.41 100% 0% 0% 0% 
90.28 100% 0% 0% 0% 
90.15 74% 0% 0% 26% 
90.10 96% 4% 0% 0% 
90.00 86% 0% 0% 14% 
89.80 93% 5% 1% 0% 
89.70 92% 6% 2% 0% 
89.60 90% 7% No 0% 
89.50 92% 4% 4% 0% 
89.42 91% 6% 3% 0% 
89.34 93% 7% 1% 0% 
89.26 90% 7% 4% 0% 
89.18 91% 9% 0% 0% 
89.10 95% 5% 0% 1% 
89.00 94% 6% 0% 0% 



88.85 93% 7% 0% 0 % 
88.70 90% 7% 4% 0% 
88.55 94% 6% 0% 0% 
88.40 89% 11 % 0% 0% 
88.25 66% 4% 5% 25% 
88.10 55% 18% 8% 19% 
87.95 58% 18% 0% 24% 
87.65 92% 8% 0% 0% 
87.55 51% 29% 8% 12% 
87.40 92% 8% 0% 0% 
87.05 93% 7% 0% 0% 
86.75 94% 6% 0% 0% 
86.55 94% 5% l% 0% 
86.35 94% 6% 0% 0% 
86.15 95% 5% 0% 0% 
85.85 92% 4% 4% 0% 
85.50 95% 5% 0% 0% 
85.00 40% 11 % 0% 49% 
84.50 63% 7% 0% 30% 
84.00 43% 14% 0% 44% 
83.40 45% 14% 0% 41% 
83.00 49% 15% 0% 36% 
82.80 31% 17% 0% 52% 
82.40 35% 19% 2% 44% 
82.10 42% 23% 8% 27% 
81.10 34% 24% 7% 35% 
80.30 30% 22% 5% 43% 
79.40 46% 18% 0% 36% 
78.50 26% 21% 5% 48% 
77.80 40% 17% 4% 39% 
77.10 46% 15% 0% 39% 
76.30 40% 17% 4% 39% 
75.80 31% 23% 0% 46% 
75.50 46% 23% 0% 31% 
75.00 20% 13% 0% 67% 
74.90 31% 14% 4% 51% 
74.30 45% 20% 8% 27% 
73.20 39% 13% 0% 48% 
72.40 59% 15% 0% 26% 
71.60 53% 16% 3% 28% 
71.40 51% 18% 0% 31% 
70.90 50% 16% 0% 34% 
70.40 36% 15% 3% 46% 
70.10 38% 13% 0% 49% 
69.90 45% 18% 0% 37% 
69.75 47% 17% 0% 36% 
69.10 38% 14% 6% 42% 
68.50 49% 15% 0% 35% 
67.90 37% 13% 0% 50% 
67.20 50% 14% 0% 36% 

66.80 33% 15% 3% 49% 
66.40 39% 13% 5% 43% 



65.90 45% 13% 0% 42% 
65.75 46% 25% 0% 29% 
65.50 43% 14% 0% 43% 
65.10 93% 7% 0% 0% 
64.75 89% 11 % 0% 0% 
64.30 94% 6% 0% 0% 
63.85 72% 3% 0% 25% 
63.40 77% 4% 6% 14% 
63.10 83% 4% 0% 13% 
62.85 53% 3% 0% 44% 
62.40 72% 4% 0% 24% 
61.85 50% 6% 0% 44% 
61.75 96% 4% 0% 0% 
61.55 61% 7% 0% 32% 
61.30 88% 4% 0% 9% 
60.95 56% 4% 0% 40% 
60.75 81 % 5% 0% 14% 
60.65 90% 3% 0% 7% 
60.50 75% 2% 0% 23% 
60.25 93% 1% 0% 6% 
59.25 96% 4% 0% 0% 
59.20 96% 4% 0% 0% 
59.05 96% 4% 0% 0% 
58.95 96% 4% 0% 0% 
58.50 65% 18% 3% 14% 
58.40 62% 21% 3% 14% 
58.30 90% 9% 1% 0% 
58.20 91% 8% 1% 0% 
58.10 91% 8% 1% 0% 
58.00 91% 8% 1% 0% 
57.90 90% 9% 1% 0% 
57.85 90% 9% 1% 0% 
57.79 84% 10% 1% 5% 
57.69 82% 12% 1% 5% 
57.58 53% 18% 1% 27% 
57.47 69% 12% 2% 17% 
57.36 88% 11% 1% 0% 
57.26 75% 17% 1% 7% 
57.15 74% 14% 2% 10% 
57.04 70% 14% 3% 14% 
56.93 72% 15% 2% 10% 
56.83 53% 18% 2% 27% 
56.72 46% 16% 3% 35% 
56.61 49% 18% 4% 29% 

56.50 43% 17% 4% 35% 
56.40 42% 22% 6% 30% 

56.29 41% 23% 6% 30% 
56.18 39% 21% 4% 36% 
56.07 45% 20% 5% 30% 
55.97 

- 
L41% 18% 5% 36% 

55.86 44% 17% 5% 35% 
55.75 40% 20% 5% 36% 



55.64 37% 18% 4% 40% 
55.54 42% 17% 4% 38% 
55.43 41% 20% 5% 34% 
55.32 47% 18% 6% 29% 
55.21 40% 12% 2% 45% 
55.11 45% 21% 5% 29% 
55.00 39% 15% 5% 41% 
54.89 49% 15% 3% 34% 
54.78 42% 17% 4% 37% 
54.68 42% 19% 4% 34% 
54.57 42% 17% 5% 37% 
54.46 37% 18% 5% 39% 
54.35 36% 15% 5% 43% 
54.25 38% 16% 4% 42% 
54.14 37% 15% 4% 45% 
54.03 40% 12% 3% 45% 
53.92 37% 14% 3% 46% 
53.82 32% 18% 4% 46% 
53.71 33% 17% 4% 46% 
53.60 41% 19% 5% 35% 
53.49 50% 14% 3% 32% 
53.39 50% 18% 4% 28% 
53.28 49% 18% 4% 30% 
53.17 49% 22% 3% 26% 
53.06 43% 22% 4% 31% 
52.96 44% 25% 3% 28% 
52.85 48% 21% 3% 28% 
52.74 39% 20% 3% 37% 
52.63 56% 14% 3% 27% 

1 

r1l) All 470% 11 9% 3% 31% 
52.42 42% 21% 4% 33% 
52.31 47% 17% 3% 33% 
52.20 43% 17% 4% 36% 
52.10 41% 20% 4% 35% 
51.99 48% 19% 3% 30% 
51.88 45% 21% 4% 30% 
51.77 37% 16% 0% 47% 
51.67 43% 16% 3% 37% 
51.56 43% 18% 2% 36% 
51.45 45% 19% 5% 32% 
51.34 45% 17% 4% 33% 
51.24 46% 18% 4% 31% 
51.13 44% 20% 4% 31% 
51.02 46% 21% 5% 28% 

50.91 46% 21% 5% 28% 
50.81 40% 20% 6% 34% 
50.70 43% 21% 4% 32% 

50.59 32% 18% 5% 45% 
50.48 38% 27% 6% 29% 
50.38 37% 23% 6% 34% 

50.27 32% 24% 5% 39% 
50.16 33% 19% 5% 43% 



50.05 36% 23% 6% 35% 
49.95 44% 17% 3% 36% 
49.84 36% 17% 6% 41% 
49.73 45% 19% 4% 32% 
49.62 46% 19% 4% 31 % 
49.52 39% 19% 5% 37% 
49.41 39% 18% 4% 39% 
49.30 38% 19% 5% 38% 
49.19 47% 18% 4% 310/o 
49.09 38% 18% 4% 40% 
48.98 39% 19% 4% 38% 
48.87 39% 21% 5% 35% 
48.76 48% 20% 5% 

1 
28% 

48.66 42% 20% 5% 33% 
48.55 46% 19% 4% 31% 
48.44 46% 18% 5% 31% 
48.33 43% 20% 5% 32% 
48.23 47% 18% 4% 31% 
48.12 43% 20% 5% 32% 
48.01 39% 25% 6% 30% 
47.90 44% 19% 4% 33% 
47.80 44% 18% 3% 35% 
47.69 46% 21% 4% 29% 
47.47 47% 16% 1% 35% 
47.37 80% 11% 1% 9% 
47.26 90% 9% 0% 1% 
47.15 85% 10% 0% 5% 
47.04 89% 8% 0% 3% 
46.94 89% 8% 0% 2% 

46.83 93% 7% 0% 0% 
46.72 91% 9% 0% 0% 

46.61 92% 8% 0% 0% 

46.51 93% 7% 0% 0% 
46.40 92% 8% 0% 0% 
46.29 91 % 9% 0% 0% 
46.18 87% 9% 0% 3% 
46.08 91% 9% 0% 0% 
45.97 75% 12% 4% 9% 
45.86 42% 13% 4% 41% 
45.75 45% 17% 5% 32% 

45.65 49% 18% 5% 29% 

45.54 45% 17% 5% 32% 
45.43 53% 13% 3% 31% 

45.32 51% 17% 5% 26% 

45.22 48% 17% 5% 30% 
45.11 36% 19% 4% 41% 

45.00 25% 16% 3% 56% 

44.89 38% 17% 3% 410/o 
44.79 44% 17% 4% 35% 
44.68 49% 17% 6% 28% 
44.57 57% 16% 4% 22% 
44.46 151% 17% 5% 27% 



44.36 52% 1 5% 9% 24% 
44.25 57% 1 4% 6% 23% 
44.14 68% 1 5% 0% 17% 
44.03 52% 2 0% 4% 23% 
43.93 62% 1 6% 3% 19% 
43.82 50% 16% 2% 31% 
43.71 52% 18% 0% 30% 
43.60 47% 20% 3% 29% 
43.50 48% 17% 4% 32% 
43.39 80% 12% 4% 3% 
43.28 83% 11 % 3% 3% 
43.17 62% 13% 4% 21% 
43.07 63% 16% 6% 16% 
42.96 63% 16% 5% 16% 
42.85 43% 14% 7% 35% 
42.75 60% 20% 7% 12% 
42.64 69% 18% 0% 12% 
42.52 89% 9% 0% 2% 
42.37 88% 10% 0% 2% 
42.23 82% 14% 0% 5% 
42.09 78% 13% 4% 5% 
41.96 72% 20% 0% 8% 
41.83 53% 19% 5% 23% 
41.70 60% 18% 4% 19% 
41.67 61% 19% 5% 15% 
41.54 50% 17% 5% 28% 
41.41 48% 18% 5% 29% 
41.28 52% 15% 4% 29% 
41.15 49% 19% 5% 28% 
41.04 44% 20% 5% 30% 
40.92 46% 19% 6% 29% 
40.80 45% 17% 5% 34% 
40.68 50% 18% 6% 26% 
40.56 52% 18% 5% 25% 
40.44 55% 19% 5% 21% 
40.32 64% 17% 5% 15% 
40.20 89% 11 % 0% 0% 
40.04 86% 12% 0% 2% 
39.94 91% 8% 0% 1% 
39.85 86% 11 % 0% 3% 
39.75 79% 12% 4% 5% 
39.66 81% 10% 3% 6% 
39.56 83% 110/0 4% 3% 
39.47 82% 15% 0% 4% 
39.37 83% 110/0 4% 3% 
39.28 89% 11% 0% 0% 
39.18 90% 10% 0% 0% 
39.09 91% 9% 0% 0% 
38.99 93% 7% 0% 0% 
38.90 93% 7% 0% 0% 
38.80 94% 6% 0% 0% 
38.71 94% 6% 0% 0% 



38.61 92% 5% 3% 0% 
38.52 95% 5% 0% 0% 
38.42 95% 5% 0% 0% 
38.33 94% 6% 0% 0% 
38.23 92% 8% 0% 0% 
38.14 93% 7% 0% 0% 
38.04 94% 6% 0% 0% 
37.95 93% 6% 2% 0% 
37.85 88% 7% 2% 2% 
37.76 87% 11 % 2% l% 
37.66 85% 10% 0% 4% 
37.57 82% 9% 4% 5% 
37.47 87% 9% 0% 4% 
37.38 87% 11 % 0% 2% 
37.28 90% 10% 0% 0% 
37.19 71 % 12% 3% 14% 
37.09 77% 13% 0% 10% 
37.00 72% 19% 0% 10% 
36.90 59% 17% 3% 210/o 
36.81 54% 18% 0% 28% 
36.71 62% 16% 0% 21% 
36.62 56% 13% 4% 27% 
36.52 61% 12% 3% 23% 
36.43 60% 14% 0% 26% 
36.33 67% 14% 0% 19% 
36.24 63% 15% 0% 22% 
36.14 66% 13% 0% 20% 
36.05 71% 11% 6% 12% 
35.95 66% 12% 4% 18% 
35.85 65% 14% 0% 22% 
35.75 60% 13% 0% 26% 
35.65 80% 11 % 0% 9% 
35.55 91% 9% 0% 0% 
35.45 94% 6% 0% 0% 
35.35 96% 4% 0% 0% 
35.25 94% 6% 0% 0% 
35.15 92% 5% 3% 0% 
35.05 94% 6% 0% 0% 
34.95 92% 8% 0% 0% 
34.85 92% 8% 0% 0% 
34.75 90% 10'/o u"/o u ro 
34.65 90% 10% 0% 0% 
34.55 81 % 10% 0% 9% 
34.45 81% 11% 0% 8% 
34.35 68% 14% 0% 17% 
34.25 69% 13% 0% 18% 
34.15 70% 15% 0% 15% 
34.05 73% 16% 0% 12% 
33.95 65% 14% 13% 9% 
33.85 67% 14% 11 % 8% 
33.75 66% 16% 0% 18% 
33.65 51% 16% 12% 22% 



33.55 52% 16% 1 1% 21% 
33.45 46% 12% 1 1% 31% 
33.36 46% 10% 0% 43% 
33.26 39% 14% 0% 46% 
33.16 41% 13% 0% 46% 
33.05 38% 14% 0% 48% 
32.95 43% 15% 0% 43% 
32.86 47% 9% 0% 44% 
32.77 50% 10% 0% 40% 
32.68 53% 15% 0% 32% 
32.59 43% 19% 0% 38% 
32.50 41% 18% 0% 41% 
32.41 42% 15% 0% 43% 
32.32 53% 16% 0% 30% 
32.23 45% 15% 0% 40% 
32.14 54% 15% 0% 30% 
32.05 45% 16% 0% 40% 
31.96 55% 14% 0% 31% 
31.87 58% 16% 0% 25% 
31.78 58% 16% 0% 26% 
31.69 50% 16% 5% 29% 
31.60 56% 15% 5% 24% 
31.51 56% 16% 5% 23% 
31.42 62% 16% 2% 19% 

31.33 53% 18% 2% 27% 
31.24 55% 16% 2% 26% 
31.15 52% 19% 4% 26% 
31.06 50% 17% 5% 28% 

30.97 55% 16% 2% 27% 

30.88 57% 18% 2% 23% 

30.79 57% 17% 3% 22% 

30.70 59% 17% 2% 22% 
30.61 56% 16% 2% 26% 
30.52 56% 14% 2% 27% 
30.43 48% 15% 3% 35% 
30.34 50% 17% 5% 29% 
30.25 48% 17% 2% 33% 
30.16 46% 16% 2% 36% 
30.07 43% 14% 3% 39% 
29.98 48% 11 % 3% 38% 
29.89 45% 13% 3% 39% 
29.80 58% 11 % 3% 29% 
29.71 47% 15% 4% 34% 

29.62 48% 14% 3% 35% 

29.53 50% 15% 3% 32% 
29.44 56% 13% 3% 28% 

29.35 52% 15% 3% 121% 

29.25 41% 13% 4% 42% 
29.07 50% 14% 3% 32% 
28.93 53% 16% 4% 27% 
28.80 55% 17% 4% 25% 
28.67 55% 18% 3% 24% 



28.54 54% 16% 3% 28% 
28.41 53% 18% 3% 27% 
28.28 53% 17% 3% 27% 
28.15 51% 17% 5% 26% 
27.90 52% 19% 4% 25% 
27.67 54% 16% 5% 25% 
27.44 48% 15% 5% 32% 
27.21 49% 15% 5% 1 31% 
26.98 44% 13% 5% 37% 
26.75 46% 15% 3% 36% 
26.65 48% 16% 2% 34% 
26.55 44% 15% 4% 37% 
26.45 49% 16% 2% 33% 
26.35 44% 15% 4% 37% 
26.25 44% 15% 4% 37% 
26.15 42% 18% 4% 37% 
26.05 42% 13% 0% 44% 
25.95 25% 12% 0% 63% 
25.85 30% 110/0 0% 59% 

25.70 31% 11 % 0% 59% 
25.55 29% 11 % 0% 60% 
25.40 38% 10% 0% 53% 
25.25 28% 12% 0% 61% 
25.10 31% 11% 4% 53% 
24.95 32% 12% 0% 57% 
24.80 38% 13% 4% 45% 

A ar, ij; oi 11 % 6% 47% LT. VV 

24.50 27% 12% 4% 57% 
24.35 33% 10% 5% 51 % 

24.20 28% 11% 4% 57% 
24.05 32% 10% 6% 52% 
23.90 28% 10% 4% 59% 
23.75 29% 11% 5% 55% 
23.60 36% 9% 0% 55% 
23.45 28% 11% 0% Q% 
23.30 31% 11% 0% 58% 
23.15 19% 11% 0% 70% 
23.00 27% 13% 0% 60% 
22.85 23% 9% 4% 63% 
22.70 25% 12% 1% 62% 
22.55 21% 9% 3% 67% 
22.40 22% 11% 3% 64% 
22.25 31% 13% 1% 54% 
22.10 33% 14% 3% 51% 

21.95 30% 13% 3% 53% 
21.80 31% 10% 3% 55% 
21.65 25% 13% 4% 58% 

21.50 28% 14% 3% 56% 
21.35 46% 17% 4% 33% 
21.20 40% 22% 4% 34% 
21.05 42% 15% 2% 141% 
20.90 44% 13% 6% 37% 



20.75 38% 15% 5% 4 1% 
20.60 40% 15% 4% 4 

1 
1% 

20.45 44% 12% 4% 4 1% 
20.30 39% 15% 5% 4 1% 
20.15 41% 13% 4% 4 1% 
20.00 37% 20% 6% 3 7% 
19.85 40% 16% 4% 4 1% 
19.70 33% 15% 4% 48% 
19.55 30% 13% 3% 54% 
19.40 34% 14% 3% 49% 
19.25 40% 16% 2% 41% 
19.10 39% 13% 2% 46% 
18.95 37% 12% 3% 47% 
18.80 36% 15% 4% 45% 
18.65 35% 13% 0% 51% 
18.50 39% 13% 4% 44% 
18.35 33% 13% 6% 47% 
18.20 36% 15% 4% 45% 
18.05 34% 12% 5% 49% 
17.90 32% 11 % 5% 52% 
17.75 28% 12% 5% 55% 
17.60 29% 12% 3% 57% 
17.45 27% 13% 3% 57% 
17.30 27% 12% 3% 58% 
17.15 31% 12% 2% 55% 
17.00 29% 12% 3% 56% 
16.85 32% 11 % 3% 53% 
16.70 29% 12% 3% 57% 
16.55 32% 13% 2% 53% 
16.40 32% 16% 5% 48% 
16.25 28% 14% 3% 55% 

16.10 28% 13% 2% 56% 
15.95 26% 15% 3% 57% 
15.80 24% 110/0 2% 64% 
15.65 30% 14% 2% 54% 
15.50 27% 11 % 2% 60% 
15.35 31% 12% 2% 56% 
15.20 35% 13% 3% 49% 
15.05 30% 13% 0% 57% 
14.90 30% 14% 3% 53% 
14.75 29% 14% 0% 58% 
14.60 34% 11 % 0% 55% 
14.45 31% 10% 0% 59% 
14.30 27% 11 % 3% 59% 

14.15 29% 13% 2% 56% 
14.00 26% 15% 4%o 55% 

13.85 30% 12% 4% 54% 
13.70 25% 13% 4% 57% 
13.55 29% 15% 5% 52% 
13.40 30% 10% 2% 57% 
13.25 32% 15% 4% 49% 
13.10 40% 14% 2% 44% 



12.95 37% 14% 4% 45% 
12.80 25% 13% 4% 58% 
12.65 26% 13% 5% 56% 
12.50 29% 12% 4% 55% 
12.35 30% 13% 2% 55% 
12.20 29% 13% 2% 57% 
12.05 34% 14% 5% 48% 
11.90 37% 11 % 2% 50% 
11.75 32% 14% 3% 51'/o 
11.60 39% 14% 4% 42% 
11.45 39% 15% 4% 43% 
11.30 46% 18% 5% 31% 
11.15 42% 15% 4% 39% 
11.00 41% 16% 5% 39% 
10.85 47% 16% 2% 35% 
10.70 43% 16% 3% 39% 
10.55 45% 15% 3% 38% 
10.40 43% 15% 4% 37% 
10.25 48% 19% 5% 28% 
10.10 47% 16% 5% 33% 
9.95 43% 16% 4% 37% 
9.80 45% 16% 3% 35% 
9.65 45% 14% 4% 37% 
9.50 43% 18% 4% 35% 
9.35 47% 16% 3% 34% 

9.20 44% 18% 4% 33% 
9.05 46% 17% 5% 32% 

8.90 47% 17% 4% 31% 

8.75 49% 16% 4% 32% 

8.60 50% 18% 3% 29% 

8.45 50% 19% 4% 27% 

8.30 49% 18% 5% 28% 

8.15 47% 18% 5% 29% 
8.00 51% 19% 3% 28% 
7.85 46% 16% 3% 34% 
7.70 43% 19% 4% 33% 
7.55 47% 17% 5% 31% 
7.40 42% 17% 4% 36% 
7.25 42% 18% 5% 35% 

7.10 45% 20% 2% 32% 

6.95 43% 19% 2% 36% 
6.80 46% 21% 5% 28% 

6.65 50% 21% 1% 27% 

6.50 61% 10% 0% 30% 

6.40 56% 9% 3% 32% 
6.30 67% 10% 4% 20% 
6.20 58% 10% 4% 28% 

6.10 68% 9% 4% 20% 
6.00 55% 8% 4% 34% 
5.90 62% 8% 3% 27% 
5.80 58% 12% 5% 

1 

- 
1 26% 

5.70 70% 11% 5% 15% 



5.60 70% 14% 0% 16% 

5.50 85% 15% 0% 0% 

5.40 84% 16% 0% 0% 

5.30 85% 15% 0% 0% 

5.20 86% 14% 0% 0% 

5.10 91 % 9% 0% 0% 
5.00 91% 9% 0% 0% 
4.90 82% 12% 6% 0% 

4.80 83% 17% 0% 0% 

4.70 78% 10% 0% 12% 

4.60 72% 15% 0% 13% 

4.50 87% 13% 0% 0% 

4.40 70% 16% 0% 14% 

4.30 67% 11 % 3% 18% 

4.20 67% 13% 4% 16% 

4.10 59% 12% 4% 26% 

4.00 43% 9% 2% 46% 

3.90 42% 12% 0% 46% 

3.80 39% 10% 3% 47% 

3.70 49% 11 % 3% 36% 

3.60 49% 14% 4% 33% 

3.50 49% 13% 4% 35% 

3.40 56% 14% 3% 27% 

3.30 68% 26% 6% 0% 

3.20 58% 14% 3% 25% 

3.10 52% 11 % 3% 34% 

3.00 54% 14% 3% 28% 

2.90 59% 13% 3% 25% 

2.80 54% 13% 3% 30% 

2.70 56% 11 % 4% 29% 

2.60 48% 11% 3% 38% 

2.50 54% 10% 4% 32% 

2.40 55% 23% 0% 22% 

2.30 51% 21% 0% 28% 

2.20 49% 14% 3% 33% 

2.10 45% 14% 3% 38% 

2.00 51'/o 16% 3% 29% 

1.90 47% 13% 3% 37% 

1.80 48% 13% 3% 36% 

1.70 49% 17% 0% 34% 

1.60 48% 15% 3% 35% 

1.50 49% 13% 4% 341/o 

1.40 54% 16% 3% 27% 

1.30 49% 13% 0% 38% 
1.20 60% 15% 0% 25% 
1.10 50% 13% 3% 33% 

1.00 42% 14% 0% 43% 

0.90 52% 15% 3% 31% 

0.80 54% 13% 3% 30% 

0.70 53% 15% 3% 29% 

0.60 51'/o 13% 0% 36% 
0.50 46% 14% 0% 40% 



0.40 7 0% 10% 0% 21% 

0.30 6 2% 9% 0% 29% 

0.20 63% 11 % 0% 26% 

0.10 53% 10% 0% 36% 
0.00 58% 8% 3% 30% 

-0.10 56% 11 % 0% 33% 

-0.20 69% 12% 0% 19% 

-0.30 56% 8% 3% 33% 

-0.40 53% 10% 0% 38% 

-0.50 53% 110/0 3% 33% 

-0.60 52% 10% 0% 38% 

-0.70 53% 8% 3% 36% 

-0.80 43% 10% 4% 43% 

-0.90 48% 9% 0% 43% 

-1.00 49% 9% 0% 42% 

-1.10 64% 10% 0% 26% 

-1.20 52% 8% 4% 36% 

-1.30 46% 11 % 4% 39% 

-1.40 44% 9% 3% 44% 

-1.50 41% 8% 4% 46% 

-1.60 49% 9% 3% 39% 

-1.70 49% 8% 4% 40% 

-1.80 52% 9% 4% 36% 

-1.90 49% 12% 6% 32% 

-2.00 51% 10% 8% 30% 

-2.10 66% 11 % 5% 18% 

-2.20 66% 7% 0% 27% 

-2.30 58% 7% 3% 32% 

-2.40 54% 7% 4% 35% 

-2.50 50% 7% 3% 40% 

-2.60 86% 5% 1% 8% 

-2.70 94% 6% 0% 0% 

-2.80 80% 6% 3% 11 % 

-2.90 67% 4% 0% 29% 

-3.00 57% 2% 3% 39% 



Appendix 5- Colour Data 



Appendix 5: Colour Data 
Height in cliff L* a* b* 540nm 
(metres) 

135.27 76.88 0.39 9.84 48.69 
134.37 72.22 1.60 12.64 40.40 
133.37 71.02 1.17 11.59 39.20 
132.67 65.64 0.51 9.80 32.83 
131.87 79.46 -0.65 9.99 53.37 
131.02 72.62 0.02 12.20 41.68 
129.37 71.10 4.13 21.81 35.10 
128.67 79.67 -0.39 11.52 53.08 
127.77 78.04 -0.03 17.21 48.41 
126.47 74.27 1.16 18.50 41.67 
125.57 76.24 1.33 21.03 43.71 
124.97 72.65 1.19 17.03 39.87 
124.27 72.90 0.58 13.87 41.42 
123.77 71.10 6.21 17.88 35.29 
122.77 74.32 1.31 20.98 40.94 
121.67 75.63 1.39 19.56 43.18 
120.52 77.63 1.59 20.91 45.81 
119.46 74.05 0.62 19.15 41.28 
118.31 74.52 0.50 10.49 44.79 
117.57 77.67 0.02 9.25 50.20 
116.68 76.00 0.53 11.48 46.48 
115.79 77.90 -0.50 9.43 50.76 
114.90 70.62 -1.35 12.21 39.13 
114.02 81.82 -0.41 14.10 55.69 
112.98 81.96 -2.07 6.43 59.34 
112.39 72.97 4.17 8.83 40.84 
111.80 77.85 -0.75 11.73 49.97 
111.06 73.31 -0.13 17.96 40.59 
110.17 74.95 0.09 18.59 42.85 
109.13 72.05 2.15 13.67 39.19 
107.95 70.90 4.01 12.61 37.19 
107.21 73.15 0.35 13.05 41.59 
106.62 75.01 -1.98 13.43 45.42 
106.02 74.69 1.07 18.39 42.27 
105.58 72.01 0.56 9.49 41.35 
104.79 69.74 -0.01 8.00 38.71 
103.90 72.10 0.05 8.32 41.86 
102.55 78.84 -1.19 6.04 53.44 
101.90 75.94 -1.31 7.88 48.24 
101.45 80.04 -0.85 9.44 54.34 
100.75 82.15 -1.95 8.03 59.05 
100.05 77.17 -0.76 10.40 49.02 
99.40 88.23 0.19 6.13 70.33 
97.80 81.04 1.36 10.14 55.07 
96.50 84.47 -0.63 7.60 62.66 
94.10 83.02 1.39 8.64 59.15 
93.80 81.68 1.36 8.73 56.59 
93.28 85.68 -0.15 8.30 64.85 



92.80 84.76 0.15 6.66 63.44 
92.35 81.52 1.69 9.28 55.96 
92.20 80.10 1.54 10.30 53.34 
91.95 73.84 -0.17 12.06 43.20 
91.30 68.92 -3.45 14.98 36.43 
90.10 78.63 -1.51 14.42 50.27 
89.60 77.31 -1.60 12.61 48.81 
88.85 76.26 -0.96 10.20 47.74 
88.10 73.63 5.88 13.66 40.22 
87.55 69.61 6.18 12.85 34.63 
86.55 75.76 -1.10 14.48 45.81 
85.00 69.75 -0.45 8.23 38.56 
84.50 65.38 -0.33 7.92 33.01 
84.00 72.91 5.28 23.01 36.57 
83.00 73.54 1.05 16.41 40.93 
82.40 72.16 7.63 15.58 36.63 
82.10 80.24 -0.56 11.18 54.29 
77.80 70.85 3.08 24.62 34.20 
76.30 78.27 0.67 17.27 48.38 
74.90 72.79 1.69 14.49 40.60 
73.20 72.43 2.29 16.37 39.44 
71.60 75.62 -1.75 8.42 47.93 
70.40 73.02 0.58 10.68 42.30 
69.90 71.39 -0.50 7.17 41.35 
69.10 76.48 -0.91 7.56 49.23 
68.50 75.37 -0.99 7.38 47.40 
67.90 71.78 -1.07 8.15 41.90 
67.20 76.74 0.88 6.87 49.74 
66.80 74.81 -0.85 8.87 46.19 
66.40 73.05 -0.92 6.88 44.06 
65.90 70.52 -0.53 8.05 39.92 
65.75 67.30 -0.21 8.21 35.57 
65.50 62.85 0.18 6.34 30.25 
65.10 71.46 -3.98 5.52 43.04 
64.75 77.64 -3.33 7.12 52.25 
64.30 73.66 -2.64 5.33 45.89 
63.85 88.15 -1.25 6.30 71.08 
63.40 87.09 -1.39 5.86 69.03 
63.10 78.97 -1.60 9.14 52.96 
62.85 80.66 -1.82 8.11 56.37 
62.40 87.05 -0.33 17.32 64.33 
61.85 73.43 -2.36 13.48 43.05 
61.75 76.51 -3.22 9.88 49.36 
61.55 86.29 -1.21 9.67 66.12 
61.30 77.04 -3.07 7.06 50.90 
60.95 75.65 -0.78 8.17 47.46 
60.75 81.28 -1.20 12.06 55.93 
60.65 85.75 -2.02 6.35 66.47 
60.50 89.45 -1.66 5.90 74.08 
60.25 83.78 -1.80 6.60 62.51 
59.25 79.72 -3.56 8.28 55.43 
58.95 78.20 -2.90 8.74 52.27 



58.50 74.58 -1.96 14.08 44.21 
58.20 66.74 -0.29 9.67 34.14 
57.26 69.56 4.15 16.69 34.23 
55.86 74.53 0.10 8.55 45.47 
55.32 67.16 -0.21 18.10 32.50 
54.25 78.21 -0.68 10.44 51.06 
48.87 69.48 0.15 8.58 38.30 
48.23 73.67 1.73 16.30 41.49 
47.80 77.49 -0.04 7.80 50.17 
47.26 76.09 -2.37 7.10 49.07 
46.94 74.58 -1.69 7.53 46.30 
46.61 75.45 3.07 14.96 43.83 
46.29 74.32 -0.94 8.22 45.61 
45.86 75.17 1.37 18.48 43.05 
45.22 72.24 7.12 25.74 33.97 
44.79 74.07 -3.35 8.34 46.19 
44.46 73.87 -2.76 9.91 45.18 
44.14 81.08 0.36 8.87 56.22 
43.39 77.90 -0.93 11.32 50.42 
42.85 77.91 -0.25 10.23 50.46 
41.96 71.37 -0.90 9.78 40.68 
41.70 76.85 -0.78 9.38 49.27 
41.28 74.95 -2.55 10.24 46.65 
40.92 74.89 -0.55 11.82 45.28 
40.44 68.88 1.25 19.08 33.57 
40.04 77.22 -2.31 8.82 50.68 
39.75 73.90 -2.30 13.61 43.56 
39.47 75.42 0.44 19.36 42.74 
39.28 73.35 2.11 18.93 39.74 
38.90 74.81 -0.90 16.15 43.71 
38.14 72.29 0.92 15.17 39.79 
37.47 72.83 1.83 13.88 40.51 
32.68 66.57 -0.33 7.53 34.74 
31.69 64.62 -0.05 6.69 32.44 
30.79 65.64 -1.12 6.81 34.11 
30.52 68.54 -0.26 9.53 36.97 
23.45 72.23 1.18 18.22 38.83 
21.95 66.40 0.31 11.88 33.37 
17.45 70.63 1.99 15.96 37.21 
16.10 67.37 0.85 11.96 34.29 
11.60 66.87 1.91 12.40 33.13 
7.55 63.74 1.44 9.63 48.16 




