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SEDIMENTARY ENVIRONMENTS AND DIAGENESIS OF PURBECK
STRATA (UPPER JURASSIC - LOWER CRETACEOUS) OF DORSET, U.K.

by Ian Michael West

Twelve papers, notes and a contribution to a book, all either published or
accepted for publication, constitute this thesis. All parts of the classic,
shallow-water, schizohaline Purbeck Formation of the type area are discussed
but emphasis is on Lower Purbeck evaporites.

Diagenesis of these involved much conversion of initial small lenticular
crystals of gypsum to anhydrite with net-texture. The anhydrite was
extensively replaced by calcite and celestite in the Broken Beds, a tectonic
evaporite breccia at the base of the Purbecks. Evaporites were almost
completely lost in solution from this breccia leaving characteristic relics
of "vanished evaporites". Elsewhere, in more argillaceous parts of the
formation the sulphate remains, mainly as porphyroblastic secondary gypsum.
Nodules and enterolithic veins are abundant in both the calcium sulphate and
in the replacements. The similarity to those in Holocene sabkhas of the
Trucial Coast (Shearman, 1966) suggested an origin on supratidal sabkhas,
but there is a lack of desert sediments and instead the evaporites are
interbedded with forest soils. Analogous Carboniferous evaporites,
described here, similarly show evidence of sabkha origins but no sign of
desert conditions. New evidence has come from sabkhas in.northern Egypt
where gypsum nodules develop in partly-vegetated environments, dry, but not
excessively so, and supports other evidence for a semi-arid origin for the
Lower Purbeck evaporites.

The relatively dry climate was temporary and facies of higher parts of the
Purbecks seem to result from sub-humid conditions. Throughout the formation
lagoonal, "intertidal" and supratidal deposits can be recognised but in the
Middle and Upper Purbecks the lagoonal sediments have abundant brackish
shelly faunas and, there, "tidal-flat" debosits consist of shell-sand with
dinosaur footprints but usually without evaporites. Progressively the
proportion of land-derived c¢lastics such as kaolinite and quartz sand
increases as the continental Wealden is approached and the final Purbeck
sediments contain debris eroded from the underlying Portland Stone Formation,

then uplifted at the western margin of the basin.
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PREFACE 1 - STATEMENT

Nature of Publications submitted

This thesis comprises copies of ninepapers and short notes already
published, two papers in press and one typescript awaiting publication.
They are in chronological order. None of these has already been
submitted for a higher degree and papers on carbonate petrography
resulting'from previous work for an M.Sc. degree (Liverpool University)
are excluded. The submitted work represents in concise form a
continuing study of Purbeck sediments and of ancient and modern analogues;
papers on other topics are not included. All the work was undertaken
while the candidate was employed at the Department of Geology, the
University of Southampton.

Four papers with co-authors are included, all of which were written
by the candidate but for which substantial work was contributed by the co-
authors. For thé short Salter and West (1965) paper the XRD work was by
Saltgr, petrography staining and establishment of diagenetic sequence by
the candidate. With regard to West, Brandon and Smith (1968), the
evaporites were first identified by the candidate. Extensive field
mapping for other purposes which had already been undertaken by Brandon
and Smith under the supervision of Professor Hodson, facilitated a short
period of fieldwork by all three authors to locate the exposed evaporites.
Petrography, most of the XRD work and the interpretation was by the
candidate, while the co-authors, particularly Brandon, pursued field
studies and limited laboratory work. The West and_Hooper (1969) results
from a field discovery by Hooper. Laboratory work and interpretation is

by West.

The paper by West, Ali and Hilmy on a Recent analogue of Purbeck
evaporites gives the first results of a project initiated by Professor
F. Hodson. Field work in Egypt organised by Professor M. E. Hilmy was
planned in detail and undertaken by West and Ali. Subsequent XRD and
geochemistry was by Ali while petrography and organisation and preparation
of the first paper was mainly by West (Ali continues to pursue this work

at Southampton as a visiting scientist from Ain Shams University, Cairo).




The contribution to the book - "A Field Guide to Dorset Mesozoic
Environment" is included because it incorporates the results of new
field and laboratory investigations and, particularly, gives the writer's
conclusions regarding the Purbeck environments. This contribution and
each of the papers submitted is a condensed version of more extensive

unpublished data.

PREFACE 2 - CONTRIBUTIONS OF THE PAPERS TO PURBECK SEDIMENTOLOGY

1. Introduction
The Purbeck Formation of Dorset is exciting because its interpretation
provides an image of shallow lagoonal, shoreline and land environments of
Mesozoic Britain that cannot be obtained by studying the marine Jurassic
beneath. It is a formation that is particularly interesting,
easily accessible, near large centres of population ,
and long investigated. As a consequence it has become something
of a classic lithological unit ,described in textbooks (e.g. Till, 1978).
It is sometimes, however, rather difficult to inferpret because the rocks
seem to present excessive information but in an obscure manner. The variety
is because it is a shallow water deposit; sedimentation near sea-level
is most sensitive to small fluctuations in water-level and to small
climatic changes. Thus the lithology and fauna vary rapidly in a vertical
section mostly on a scale of about half a metre but frequently within a
few centimetres or even millimetres. Thus there are numerous thin beds,
usually with considerable lateral continuity. Because of this systematic
sedimentological studies on a bed-by-bed basis are slow . (eg. West,
1975),and because of initially greater value several papers {eg West,1964;
1965) are concerned with the decoding of certain specific features.
The emphasis is on Lower Purbeck evaporites (West, 1960; 1961;

1964; 1965; Salter and West, 1965; West, 1973; 1975; in press) but

all parts of the Purbeck Formation are dealt with to some extent (West and
Hooper, 1969; West, awaiting publication). The Lower Purbeck evaporites
have been more investigated by the candidate because (1) new discoveries
regarding them were made accidently (2) 1ittle work had been done on them
(3) they could be studied with very limited equipment (necessary at the

beginning). The ultimate objective of the continuing Purbeck study, of




which this represents only a part is the understanding of the ancient
environments (West, awaiting publication). This is more important than
the mechanics of the chemical and mineralogical changes)the study of
which is (an interesting) means to an end.

The Purbeck Formation has traditionally been divided into Lower,
Middle and Upper. The writer prefers to use these terms, bearing in
mind the recommendations for retaining old well-established traditional
names expressed by Hedberg (1976) and Holland et al. (1978). The
division of the Purbeck into "Durlston Beds" above and "Lulworth Beds"
below by Casey (1963) is based largely on tentative correlation of
the Cinder Bed with a horizon (the mid-Spilsby nodule bed) regarded as
the Jurassic-Cretaceous boundary. The boundary has not, ,however, been
internationally defined and there are problems  of ” ’
correlating the Boreal and Tethyan marine sequences. The lithostrat-
igraphical division of the Purbeck Formation should not in any case be
govefned by chronostratigraphical markers and the writer sees no reason
for changing the long-established terminology.

The study commenced when a tabular mineral which was discovered by
the writer in the Broken Beds at Durlston Head proved to be celestite
(West, 1960). This was the first definite evidence for evaporites at
this horizon in Dorset but, at that time unaware of the abundant other
evidence for evaporites in the basal Purbecks, the writer commenced
research on the pebbles of the Great Dirt Bed. Petrographic evidence
showed derivation from the underlying Purbeck limestone and not, as had
been suggested (Arkell, 1947), the Portland strata; the ﬁisleading black
colour of many having been acquired at the margins of hypersaline lakes,
as discussed in West (1975). In certain pebbles from Lulworth small
lenticular objects were found and then, similar lenses were noticed in

the basal Purbeck cherts. These proved to be pseudomorphs after gypsum.

2. Vanished Evaporites

The Broken Beds, the carbonate breccia at the base of the Dorset
Purbeck Formation has been ascribed to various regions and the theories
can be considered in two major groups (i) collapse theories and (ii) tectonic
theories. Arkell (1938) summarised these and showed that the balance of

evidence favoured a tectonic origin. Hollingworth (1938) then suggested
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that evaporites were formerly present at this horizon but did not provide
specific evidence from Dorset. ‘

The first paper (West, 1960) provided the first mineralogical
evidence for former evaporites in the Broken Beds buc at this initial
stage, however, the extensive calcitisation of anhydrite was not
recognised and most of what were considered to be calcite replacements
of celestite crystals later proved to be calcite pseudomorphs after
anhydrite (West, 1964). It was noted (p. 399) that the celestite
occurs as small lenticular concretions and that therefore "a replacement
origin for the celestite in the lower bed is élearly impossible unless
the original material was itself in the form of a concretion". It was
not realised that calcium sulphate wagﬁggesent in major quantities here
and this indeed . had been in the form of concretions which were, of
course, nodules.

The nodular‘character of the Durlston Head celestite and its origin
by replacement of anhydrite is sh?ggoin the later paper (West, 196%
pl. 3, fig. 10). Nevertheless thglpaper suggests local abundance of
calcium sulphate deposits adjacent to the celestite. It was appreciated
that reaction between strontium-bearing water and calcium sulphate was
involved in the formation of the deposit but in this first paper an
unlikely theory of strontium-bearing water derived from Triassic
celestite depositswas put forward. A more prohable explanation is that
strontium-rich groundwaters mainly derived from the underlying Portland

Stone has flowed up the fault plane and reacted with anhydrite,

This was followed by the discovery of lenticular cryétals of gypsum
replaced by chalcedony beneath the Broken Beds at Portesham, at Stair
Hole, Lulworth and later at many other localities (West, 1961; 1964)
beneath and within the Broken Beds. As in the Portland Formation
(West and Hooper, 1969), the chert is not only replacive but is
also of early origin and preserves the initial stages of diagenesis.
Other indicators of the former presence of evaporites such as net-texture
and lutecite (West, in press) were found in basal Purbeck strata. The
distribution of the evaporites using such criteria was found to bear a
close relationship to the distribution of the Broken Beds and it was
shown that replaced evaporites form the lower part of the breccia and
the immediately underlying beds (West, 1975).

The criteria for vanished evaporites have been put to the test

successfully in West, Brandon and Smith (1968). It is important, however,
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to stress that recognition of the former presence of evaporites on the
basis of a single criterion is not a satisfactory procedure, a view

expressed in West (1973).

3. Diagenesis
The basic scheme of Purbeck evaporite diagenesis excluding that

of nodular structure was given in West (1964). Lenticular crystals

of gypsum formed the initial deposits of calcium sulphate which on
burial changed to gypsum with "net-texture" which was then in turn
converted to anhydrite undér further burial. Much later, on exhumation,
this was hydrated usually via a porphyroblastic (porphyrotopic) stage.

In a second paper on diagenesis (West, 1965) gypsum with nodular
structure was investigated and thiswsstermed "macrocell structure", the
name having been applied to distinguish it from the finer-grained net~
texture (this thé writer had intended to call "cell texture" but proved
to have been already named "net texture" by Brown in 1931). The name
"macrocell structure" has not been adopted and nodular or chicken~wire
are the terms usually applied. In this paper it was suggested that
nodular anhydrite developed from nodular gypsum and a more ccmplete
diagenetic scheme was developed. later in West (in press) written
before working in Egypt, this view was modified so as to consicer the
possibility of displacive primary anhydrite, the presence of which was
suggested by Shearman (1966) and his co-workers on the Trucial Coast
of the Persian Gulf.

Providing new evidence with regard to the cruciél problems of
primary anhydrite or gypsum is the preliminary paper by West, Ali and
Hilmy (1979). The basic evidence for primary gypsum is put forward
here(ani further evidence has since emerged to support views expressed
in the paper. Discussion of this controversial matter is likely, however,
and further investigation certain.

The fixing of strontium at certain horizons and localities is an
important aspect of Purbeck diagenesis.The strontium-bearing groundwaters
have reacted with calcium sulphate (Salter and West, 1965; West, 1973)
largely during calcitisation of the anhydrite of the Caps and Broken
Beds. The work of Evans and Shearman (1964), however, had shown that some
celestite can develop early to a small extent,and this has been confirmed
by West, Ali and Hilmy (1979). Carbonate replacement of the strontium
sulphate has taken place in one case to produce calciostrontianite

(salter and West, 1965). Analogous large-scale celestite replacement




takes place in the Viséan of Ireland (West, Brandon and Smith, 1966) and
is developed at the top and bottom of the Soft Cockle gypsum of Dorset

and in the basal Purbeck evaporites of the Mountfield Mine, Sussex.

4. Sedimentary Environments

There has been suggestion in the past that much of the Lower Purbeck
Formation originated in freshwater conditions and the stromatolites were
originally described as freshwater "tufas” (Strahan, 1898). The absence
of marine forms was so explained. The abundance of evaporites, the
details of which are discussed in the papers here, though, explains
both both the presence of stromatolites and the abundance of ostracods
which are not of freshwater type (Anderson in Wilson et al, 1958)
Identifiable algae studied by Brown (1963) and Pugh (1969) seem to have
originated in hypersaline water. Thus it became clear that hypersaline
conditions prevailed in Dorset throughout much of the time during which
the Lower Purbecks were deposited (West, 1975).

The salinity problem was investigated in more detail and faunas
and evaporites enabled four major facies to be recognised in the basal
Purbecks (West, 1975). A major problem though is the question of
whether these strata originated in a lagoon qf brine continuously
supplied by seawater or whether they were formed in a saline lake
completely isolated from the sea. Limited fauna of marine affinities argue
for a sea connection. The water in Dorset was not entirely hypersaline,
though, as the discovery reported in West (1975) leads to recognition of
an ephemeral lake in the Portesham area where a rich silicified fauna
has provided many new species of charophytes and land plants described
by Barker, et. al. (1975).

The "cockle beds" which form the upper part of the Lower Purbecks
have interesting associations of euryhaline bivalves with evaporites.

In the Soft Cockle Beds which are predominantly argillaceous, calcium
sulphate is still unreplaced and undissolved (West, 1964; West, 1965)and
with sabkha cycles (West, awaiting publication). Muych of the diagenetic
history of the Purbeck evaporites of West (1964; , 1965) comes from
these deposits which are remarkably similar to the basal Purbeck evaporites
of Sussex. The sediments in which they occur have been studied by

Brown (1965) and are considered briefly by West (awaiting publication).
They are notable for lack of open marine faunas but frequent occurrence

of hypersaline lagoonal and tidal-flat deposits. The association of the

"cockle" (Protocardia) with gypsum nodules and other evaporitic features
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can be matched in the sediments of the former lagoon "Lake Mareotis",
west of Alexandria, Egypt, where modern gypsum nodules occur above
lagoonal sediments of historic date which contain Cardium.

The sabkha origin of much of the Purbeck evaporites was not
recognised in the early work. It was the publication of the classic
work on the Trucial Coast of the Arabian Gulf (e.g. Shearman, 1966;
Butler, 1966) that revealed the importance of the "tidal-flat”
deposition. "Intertidal" deposits are particularly well-developed
(although true semi-diurnal tides probably did not occuz). Nevertheless
the writer could not fully accept the Trucial Coast model for the Purbeck.
The problem that arose is that evidence of truly desert conditions is
limited. With lack of red-bed facies and blown sand but with the
presence of forests (West, 1975; West, awaiting publication) it was
difficult to ascribe to these rocks such an extremely arid environment.

A similar lack of desert features was noticed in another, rather
similar carbonate and evaporite facies that in the Carboniferous of
Ireland (West, Brandon and Smith, 1966). Like the Lower Purbecks this
is grey-bed facies and contains tree remains (although not in place).

The importance of this sequence is that well-defined cycles occur and
applying Walther's Law the facies can be placed in their relative
lateral positions. This leads to the conciusion that the Carboniferous
nodules were developed on sabkhas or tidal flats in spite of the lack

of deserts. Here another semi-arid evaporite sequence throws light

on the origin of the Purbeck evaporites.

This made sabkha interpretation of the Purbeck nodular horizons
more probable in spite of the difficulties. The appropriateness in some
respects of Shearman's (1966) sabkha model for the Purbeck evaporites
was only fully appreciated by the writer, however, when,with Yehia Ali,
he dug into a sabkha in Egypt at a point chosen almost at random and found
gypsum nodules (West, Ali and Hilmy, 1979). Nevertheless, detailed
comparison shows even this area to be too dry (the palmn trees of our Fig.l
exist mainly because of local low salinity water.)

The gypsum or anhydrite origin for the evaporites is an important
problem. The argument is put forward in this paper for a primary gypsum
origin. Since the paper was written similar but smaller nodules have been
found in the second depression which was until recent historic times
under the water of a large lagoon.

The environments of depcsition of the subdivisions of the Middle and
Upper Purbecks are discussed in the contribution to the book on Dorset

Mesozoic Environments (West, awaiting publication). El-Shahat (1978)
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has classified individual beds of the Middle Purbeck into early-cemented
and late-cemented types. The early-cemented limestones have been
cemented subaerially probably in high intertidal to supratidal environ-
ments. In the less arid climate that characterised the time of
deposition of the Middle Purbeck strata, these early-cemented shell-hash
deposits are the equivalents of the supratidal sabkhas of the Lower
Purbecks.

As the climate changed gradually to wetter conditions the clay
mineral kaolinite characteristic of more acid soil conditions began to
be deposited in the sediments above the Cinder Bed (unpublished work by
T. Clayton and the writer). This was followed by increased influx of
quartz sand and organic matter. The clastic influx culminates with tke
introduction of debris from Jurassic stirata at the western margin of the
basin (West and Hooper, 1969). This probably resulted from uplift which
raised the source areas for the coarse Wealden fluviatile and shallow

deltaic sediments in Dorset.

Conclusions

Conclusions regarding Purbeck evaporite diagenesis are given in the
review of West (in press) and those regarding sedimentary environments
in the contribution to the book on Dorset Meéozoic Environments (West,
awaiting publication). The large Purbeck lagoon was subjected to a
Mediterranean climate, initially, semi-arid, with evaporation exceeding
precipitation plus runoff, but later subhumid with precipitation plus
runoff exceeding evaporation. Sedimentation took place near mean sea-
level and was therefore extremely sensitive to even smal; environmental

changes.

This work represents only a stage in Purbeck investigations and

it is hoped that scon a really satisfactory analogue of the Purbeck fossil

forests and sabkhas will be found in the Middle East.
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REVIEW OF EVAPORITE DIAGENES!S [N THE PURBECK FORMATION OF
SOUTHERN ENGLAND

by lan West

ABSTRACT - Evaporites and remains of 'vanished evaporites' are widely
distributed in the Purbeck Formation of southern Engiand. Associated sediments
show that these were formed in semi-arid conditions on the extensive tidal-flats
of a2 shallow hypersaline gulf. The primary sulphate was predominantly gypsum &s
tenticular crystals. Fabrics developed indicate five major stages of diagenesis.

There was early recrystallisation of the initial gypsum mush (stage 1) to an

1

anhedral fabric with the small-scale "net-texture' (stage [!). Nodular structure

¢

and enterolithic veins developed as the sulphate was converted to anhydrite

{stage 111), a process which commenced penecontemporaneously and was completed
before deep burial. The anhydrite was recrystallised, so that several anhydrite
fabrics now exist., Hydration, a relatively recent process resulting from contact
with meteoric water near the surface, usually proceeded via a stage (IV) of annydrite
with gypsum porphyroblasts. The existing porphyroblastic gypsum represent the final
stage (V). Concurrent with sulphate diagenesis there was replacement of the
evaporites on an appreciable scale, particularly where they were not enclosed in
impermeable clays. Calcitisation has produced peculiar limestones and breccias.
Associated replacement products, including celestite, calciostrontianite, lutecite,
guartzine and gquartz, suggest an inorganic mechanism for the calcitisation. Criteria

are listed that may be used for the recognition of similar replaced evaporites

elsewhere.

in the "'Symposium on Jurassic Sedimentation in Western Europe'l,

Association des Sedimentologistes Francais (1978).

(Erratum - Omit ''large'’ from tib of Fig. 2 and line 1| of p.6.

See West, Ali and Hilmy, 1979).

! Department of Geology, University, Southampton, U.K.
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§. INTRODUCTION

The Purbeck Formation underlies much of southern and southeastern England {sec Howity,
1564, for isopachyte maps) and part of the Channel (Larsonneur et af/.,, 1974). [t consists mainly
of limestones and clays that originated in shallow waters of various salinities ranging from fresh to
hypersaiine. These sediments are the products of a widespread regression at the end of the Jurassic
Period. Evaporites are common in the lower part of the formation, but, for palaeoclimatic reasons,
there are only traces in the middle Purbeck {(El-Shahat, 1977} and none in the upper.

The evaporites, attaining about 12m in thickness in some areas, occur most widely at the
base of the formation. Anhydrite found in boreholes is associated with pelletal and algal limestones and
oceasionally dolomite (see Howitt, 1964; Shearman, 1966, Taitt and Kent, 1858; Holliday and
Shephard-Thorn, 1974,

in the shallow subsurface at the Mountfieid and Brightling gypsum mines in Sussex four
“searns’’ or beds of gypsum occur, the evaporite facies commencing almost exactly at the base of
the Purbecks. Some chert and some celestite {James /in Howitt, 1964} is present. When these
basai evaporitic beds are exposed at the surface in Dorset they are extensively calcitised and
brecciated (Hollingworth, 1838; Brown, 1964; West, 1964). The main evaporite facies is here
interbedded with strata that originated in less hypersaline, mte'trda! conditions (West, 1975},
Algal limestones are common (Brown, 1963; Pugh, 1968).

At higher horizons in Dorset, in the Soft Cockle Beds, there are evaporites consist-
ing of secondary gypsum. Occurring in a more argillaceous sequence (see Clements, 1969, for
details of the succession at Durlston Bay) they are mostly unreplaced. On the Isle of Portiand,
however, there are celestite, quartz and chalcedony replacements.

2. GENERAL ENVIRONMENT AND CLIMATE

The British Purbeck evaporites have been formed in and around a very large, very shaliow,
lagoon with extensive tidal-flats. Size and hypersalinity accounts for lack of biociastic debris.

An important feature of the evaporites is the evidence of semi-arid conditions (West, 1975).
They are associated with remains of trees, perhaps of a rather southern (35°N?) type of forest-
steppe (Walter, 1873}, and with thin, black carbonate-rich soils, once compared to chernozems
{Damon, 1884), but probably rendzinas. Occasionally there are thin freshwater beds. There are
no blown sands, red beds or beds of halite which could have originated in desert conditions. The
‘evaporites consist predominantly of calcium sulphate and its repiacements and occur in a grey
mudstone and limestone sequence. They thus resemble other ancient evaporites of semi-arid
origin such as the famous Palaeogene gypsum of Paris.

3. SABKHA CYCLES OF SEMI-ARID TYPE

Cycles of sedimentation were reported in the basai Purbecks in the east 3t walineaam by
Shearman {1566) and later at Fairlight and Brightiing by Holliday and Shephard-Thorn (1974).
These authors compared the cycles to modern sabkha cycles of sedimentation and diagenesis
formed by alternating transgression and progradation on coastal fiats bordering deserts. [t must
be stressed, however, that the semi-arid nature of the Purbeck environment has resulted in some
special features,

It is in the basal Purbecks of the Dorset marginal area that cycles with evaporites have, at the
top, soils with trees {(West, 1975). Such soils would presumably be absent in typical desert sabkha
cycles. These cycles and the sabkha ¢ycles of the region to the east are compared in Fig. 1.

Each cycle results from a rapid transgression which submerged a forest. {t was followed by

a long phase of sedimentation during which evaporites were formed. The soils are best developed
where the proportion of carbonates to evaporites in the underlying rock is high and where local

2




TRANSGRESS | ON

REGRESS I ON

TRANSGRESS I ON

Fig. 1

DORSET BASAL
PURBECK CYCLES

2. Stromatolitic limestone

SURREY AND
SUSSEX PURBECK
SABKHA CYCLES

I5l5. 1 5 T
TiSSF— I e | o e
= — e e | e |
G beosoiT T — e ] 6] e
i {incorforating beach pebbles)t—Jo% [ o 1@
~Erosion surface >
L4 > s >
>
> ‘ >
) > >
> > >
3. Evaporites
and limestone _ > >
(intertidal - supratidal) > S s

s
.ﬁ‘

2. Stromatolitic
limestone with

v N
A, Soil (rendzina)

Probable relationship of Dorset basal Purbeck cycles to sabkha ¢
1874). The Dorset sequence is that of the margins of the basin.

algal heads —
(intertidal) /// ® | | o
- -.__.L_._Lo -
g é
-
—

Stromatolitic limestone

. Pelletoid limestone

and shale (lagoonal)
- Erosion surface
(with intraformational
conglomerate above)

80°F

Evaporites
(intertidal - supratidal)

. Stromatolitic limestone

with algal mats
(intertidal)

. Pelletoid limestone
and shale (lagoonal)

ycles in Surrey and Sussex {Shearman, 1366; Holliday:and Shephard-Thorn,



109

hid. ] Ya Xe ¥b . B
Equigranuior Forphyoblastic  Satin Porphyroblastic -
gypsum gypsum spar nodular gypsum B
b I e v ‘ : ’
:  pEEm [REmy (T R ,
2< IS UYL clebastrine
§3 T 6 t’ centre
ey X
:#% S A
L4 “ )‘
LR : ol &
¥a Y Iy . z 8
Gypsum porphyroblastst Gypsum porpiyroblasts Al W
inyonhydme g % lr? nodular anhydrite < &
P4 D s 4 & : g o
O ] 1) o O]+
- v 2 w
3 S % = &
5 o o z|
§ : L’ O | ™
(] ° ol a
aQ o . a)
g < Lst. with Chert with 5 ,
Ila i pseud's citer  pseud's atter xl @
Anhydrite § anhydrite anhydr te wl 3
] N N B3I e 8 J
w 3 4 W - N Yy
= % &, A oAy N J
- 3 (4] b 4 galas
o g - T 4 bv:(;y'\‘,- S8 S
Cl& o o o ol B DRSS
3 e X Xf: ‘ér';.:ﬁ‘ Ar
3z N e e
, :
£
W)
[ e <
td
& w
m% Wl o
< x O
o s o
528 A > 2
SOE Oe S -
e Anhedral B e W
G m r4 o
ypsy I aJ @
b3 =
} ] o <
) v o W
. ] w o
5.2 5 3 =
i } w ° 3
WwZe { T =
I f l Chert with R
: . %4
Lenticular crystaig lp prEut's GTEeF 8]
of gypsum (semall) |9 gypsum: u
¢ A : =
= - :
2 SN2 I3 ;
<> L7
NS ; IE
x> Ie
-9 &

Fig. 2 A general diagenetic classification of British Purbeck calcium sulphate rocks. Comparison
with Recent sabkhas suggests that the nodular anhydrite (i11 b) was formed earlier than
the anhydrite with net-texture (i1l a}, although both persisted under conditions of burial.
Details of the stages are discussed in the text.
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Fig. 3 The conversion of a sediment of lenticular crystals of gypsum (A) into calcium sulphate
rock with net-texture (B), shown schematically. Diagram B is based on a photomicro-
graph of secondary gypsum from Durlston Bay.

uplift has produced well-drained areas favouring growth of numerous conifers and scattered cyca-
dophytes.

4. THE DIAGENETIC HISTORY

Pseudomorphs, ghosts and the present sulphate textures have erabled the general diagenesis of

Purbeck evaporites to be establisned (West, 1964; 1965). A broadly similar scheme, but with
some changes, particularly subdivision of the anhydrite stage, has been put forward by Holliday
and Shephard-Thorn (1974) for the Fairlight Borehoie. Shown diagrammatically here (Fig. 2) is
a modified, updated, scheme of West (1965). Descriptions of the diagenetic stages follow.

Stage |

Chert in evaporitic rocks of the Purbecks usually contains numerous minute (about 2mm or
less) pseudomorphs of chalcedonic silica (usually lutecite) after lens-shaped crystals of gypsum.
Sometimes these are quite separate and can be studied in three dimersions. [t can then be seen
that these crystals had the lenticular habit well-known from the Paris Palaeogene gypsum (Lacroix,
1897). Even more abundant throughout most of the basin, but less perfectly preserved are calcite -
and secondary gypsum pseudomorphs after early gypsum crystais of this type (West, 1964;
Shearman, 1966; Holliday and Shephard-Thorn, 1974).

The modern environments in which mushes of such minute lenticular gypsum crystals are
found are those of arid or semi-arid tidal-flats. Exampies have been described from the Trucial
Coast (Shearman, 1966), Texas (Masson, 1955) and elsewhere.

Stage lla — Net-texture
Frequently visible in thin-sections of the evaporitic rocks is a smali-scale (2mm) network of

impurities such as calcite, clay, quartz and celestite (Fig. 3B). A very similar texture in anhydrite
ot salt-dome cap-rock was named by Brown (1931, Fig. 22) “net-texture”. This microscopic

8




1114

mrf ed with the large-scale chicken-wire or noduiar structure discussed
(Ex I found in Purbeck anhydrite and in secondary gypsum. it is common in
-‘fpiacemmzs and occurs in some early chert replacements of evaporites; all this suggests
v OFrigin.

MNet-texture was probably fixed in position during the compaction and crystal growth of the
tial sediment of smali lenticular crystals of gypsum (Fig. 3). This seems to have been converted
0 %ﬂhedn;% aypsum with reduced porosity; the carbonate and clay films between the crystals
f rm the net-texture. Sometimes it is particularly conspicuous because calcitisation has been
initiated on the network of carbonate nuclel.

E“s
oz

Stage 11b — Early Nodular Structure

Some nodular structuree rmay have developed from large gypsum crystals, the growth of which
preceded conversion to anhydrite (Fig. 2). It is more appropriate to discuss rodular and entero-
Litnic structures in relation 1o anhydrite. See stage 11ib, below,

Stage 111 — Anhydrite — General

Annydrite is the predominant evaporite in deep boreholes through the Purbeck Formation.
2 can also be found with gypsum in the Sussex mines. There and in Dorset minute relics of
nhydrite are preserved in secondary gypsum; gypsum and calcite pseudomorphs after anhydrite
re common (Brown, 1964}, The origin of much of the anhydrite rock as gypsum is demonstrated
by chert nodules with pseudomorphs after gypsum occurring within anhydrite.

{U ﬁJ <

Microscopically, the anhydrite from the Fairiight Borehole was found by Holliday {1873, /in
Holliday and Shephard-Thorn, 1974} to occur as three main fabrics. He suggested that aphanitic
anbiydrite has given rise to anhydrite with felted-lath or fibroradiate texture by local recrystailisa-
tion, Lath-shaped anhydrite with cross-cutting relations to earlier fabrics was considered to be the
latest fabric.

Q@r;féic’?fm} evidence, however, for the texture of the earliest anhydrite comes from Dorset.
e, chert nodules, presumably eariy since Purbeck chert predates compaction and tectonic
iwing, contain ghosts or pseudomorphs after ;sbzorad:atmg or lath-shaped anhydrite {West,

The texture of this early anhvdrite is remarkably similar to that of the Recent anhydrite
Trucial Coast {cornpare plate 36, fig. 3 of West, 1964, with plate 3, fig. 1 of Shearman and
1969}, Aphanitic anhydrite rather than being the earliest variety, may be, instead, a
‘racrystallisation product of a coarser-grained “anhydrite”, now mostly fost.

ca.h
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Stage 111b — Nodular and Enterolithic Anhydrite

Where net-texture is absent in anhydrite or later replacements,nodular structure (“macrocel!
structure’” of West, 19858) or chicken-wire structure is usually developed. The nodules consist, or
sonsisted of, nearly pure calcium sulphate with displaced sediment occurring as stringers between

shemn. They are often found as anhydrite in boreholes {Shearman, 1566; Holliday and Shephard-
Thorn, 1974) or as secondary gypsum at the surface.

Closely associated with nodular structure are enterolithic veins., The most common type
saows small, tightly-closed, folds each of which consists of miniature domes and basins, swollen
a1 crests and troughs. In a?geitacecus {imestones there are some non-transgressive gypsum veins
with eylindrical folds. A third type of vein is transgressive, cutting the other veins and, therefore,
somewhat later {West, 1955},

The nodules of sulphate have displaced the carbonate and clay as they enlarged. The closely
retated enterolithic veins provide evidence of expansion since the dome and basin structure can
only have originated by such means. Crystal growth was presumably the mechanism, although
whether initially as anhydrite — (11 b) or as gypsum (i1 b}, is a problem that is discussed below.
The transgressive veins have been compared {6 ptygmatic structures formed by buckling as veins .. ,ﬁ,{ Y N
inject plastic country rock (West, 1865}, .
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Early origin of the nodules and veins s snown by their occurrence in anhydrite and by
vidence of piastic deformation of the containing sediment {West, 1935). Shearman {1866}, ina
i paper, pointed out the remarkable similarity of the Purbeck nodular anhydrite to the Recent
ular anhydrite which he described from the sabkhas of the Trucial Coast. Shearman argued
convingingly that the Purbeck nodular evaporites developed penencontemparaneously by crystal
growih within the sediments of tidal fiats.

A further implication was that the Purbeck nodular anhydrite was of primary origin (Shearman,
1968}, Evidence has already been put forward, though, for the initia' sediment having consisted of
gypsum (West, 1864, 1965) and that the nodules developed from this by the growth of gypsum

srystals displacing impurities. This view was later to some extent supported by the discovery that
the Trucial Coast nodular anhydrite had often developed from gypsum crystals (Kinsman, 1869;
Butler, 1870). Nevertheless, Shearman has shown that the Recent ncduies and veins have expanded
as anhydrite and the increment, at least, is "primary anhydrite’’. There is no reason to doubt that
the Purbeck nodules have also expanded as anhydrite, and, indeed, Holliday and Shephard-Thorn
{1974} reported “primary’ interstitial anhydrite from the Fairlight Borehole.

[t is, however, surprising that in this relatively northern semi-arid environment early anhydrite
was deveioped. The climate was marked by great seasonal changes (West, 1875) and, perhaps, the
summers were very hot and dry {Holliday, personal communication, 1877).

Stage llla — Anhydrite with Net-Texture

iry parts of the anhydrite rock, and in later replacements, nodular or enterolithic structures
are predominant and these, then, represent the earliest development of anhydrite. The remainder
of the evaporites show traces only of net-texture. Thus, after development of anhydrite nodules
and veins there was conversion of the original gypsum mush through anhedral gypsum to anhydrite.
This was presumably a consequence of both burial and time, since gyasurm is rarely found at great
depih {below 700m)} in boreholes, and since primary gypsum is common in Cainczoic strata but
rarely seems 1o survive in that of Mesozoic age.

Stage IV — Anhydrite with Gypsum Porphyroblasts

Anhydrite with porphyroblasts {‘porphyrotopes” of Friedman, 1965) of gypsum occurs in
the Sussex mines and elsewhere. The hydration of the anhydrite usually commenced with the
rowih of such crystals, hence their abundance in the secondary gypsum rock. Both nodular types
\ 23} and types with net-texture (1Va) have been developed. The date at which hydration com-
menced at particular localities depended upon extent of erosion and access of meteoric water.

Stage V — Secondary Gypsum

Four main varieties exisy:
nyroblastic with net-texture (Va) — This type of gypsum rock formed from the anhydrite
sut nodularstructure {(stage (Va). The relict net-texture is seen as a network of smail carbonate

clay particies.

”*r@f;h wvroblastic with nodular structure (Vb)) — This variety, of course, results from complete
fnydration of n odu lar (or enterolithic) anhydrite with gypsum porphyrobiasts {stage [Vb). The
porphyroblasts have usually developed centripetally from the films of clays and carbonate around
tne nodules. The central area of ecch rnodule is now occcupied by alakastrine secondary gypsum
Hoiliday, 1970), consisting of small nearly equant gypsum crystals with interlocking boundaries.
This is the consequence of the final, probably rapid, hydration.

Equigranular with net-texture {(Vd) — Occasionally found is gypsurm with relict net-texture but
which is non-porphyroblastic. This was presumably formed by the direct hydration of stage 11ia
anhydrite.

Satir spar {VC) o 5(:.3’2'3?’0&} gy psum is agWays extreme:y pure aﬂd iac%ng refict textures, differs from
the other types of gypsum by not being a replacement product. instead it seems to show evidence
of displacement; small fragments of limestone and shale have been lifted by the fibrous crystals.
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it cuts, and therefore postdates, the enterolithic veins., Bven where the strata dip steeply as
esuit of Tertiary folding the fibres are consistently of vertical orientation suggesting that the
formation of satin-spar postdated folding. Although therefore a fairly late sulphate development,
satin-spar occurs in anhydrite rock buried to depths of about 400m (Holliday and Shephard-Thorn,
’sg 4). It must represent some of the earliest gypsum formed when enhydrite rock was beginning
to undergo hydration,

f;

An origin during hydraulic-jacking was suggested by Shearman et a/ (1972}, Evidence against
this, however, is firstly the late development of satin-spar in folded strata not far beneath a plane
of unconformity, and, secondly, strontium contents for satin-spar {average for 6 sampies — 288
p.p.m.} much lower than adjacent gypsum (average for 7 samples — 1158 p.p.m.). This suggests an
apern system with regard to water during its formation. Furthermore it does not possess the usual
calumnar impingement texture of open veins (Spry, 1969). If crysta: growth alone caused the
displacement, much of the overail expansion of the bed of suiphate that results from hydration
may be represented by this new pressure-resistant, non-porous fabric of vertically orientated fibres
{West, 1965). The evidence above seems to support this origin.

5. CALCITISATION

Extensively developed at the base of the formation in Dorset are peculiar limestones resuiting
from calcitisation of evaporites {(West, 1875). Criteris used for recognising such formerly evaporitic
rocks are given below. It is particularly pseudomorphs which demonstrate the origins of these
rocks. Some are soft white porous limestones, crumbling like weakly-cemented sandstone; others
are hard, laminated and coarsely crystalline; all are completely unfossiliferous.

Calcitisation is often atiributed to bacterial action {Molliday and Shephard-Thorn, 18974).
t.ack of suiphur in the basal Purbecks, however, and the presence of much celestite (Saiter and
West, 1966, West, 1973} suggests that in this case inorganic calcitisation by bicarbonate-bearing
groundwater was responsible. This explains why calcitisation is best developed in the basal beds,
where the evaporites were almost in contact with the underlying Portland limestones.

Calcitisation took place both before and after the tectonic brecciation that resulted in the
formation of the Broken Beds. Calcitised evaporites occur both as blocks in the breccia and as
matrix. Remaining gypsum was removed in solution.

6. SILICIFICATION

Chert s preferentiatly developed in the evaporitic beds as nodules or as thin beds. it replaces
only stages |, i1 and 11, Certain early Purbeck environments prabably resembled in water condi-
tions some mw‘em ephemeral lakes in Australia. These display great seasonal fluctuations of
salinity and pH causing precipitation of gelatinous silica, a precursor of chert {Peterson and von
der Barch, 1865). The selective replacement of Purbeck gypsum is probably conseguent on
locally lower pH values around the suiphate, when in contact with alkaline water with silica in
solution. Photosynthesis by the Purbeck algae was probably a factor in the production of lagoon
water of high pr.

7. EVIDENCE FOR FORMER EVAPORITES

Finally, criteria for detection of “vanished evaporites’”” of semi-arid type in the Purbeck
Formation are summarised (West, 1964, West ef o/., 1868; Folk and Fittman, 1871} since these
may be of value in the study of similar facies. Although single criteria are sometimes used else-
where, this is not a reliable procedure and an association of several pcints of evidence should be
sought. The criteria found useful are listed below:

1. Pseudomorphs of calcite, chalcedony or quartz (or rmoulds or casts) after gypsum, after
anhydrite or after halite,
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Length-slow chalcedony {quartzine).

Spherulites of the lutecite variety of chalcedony.

Euhedral crystals of authigenic quartz.

Celestite, sometlimes with calciostrontianite {occasionally barytes)

Net-texture, a small-scale relic of early gypsum, in limestone.

Chicken-wire, nodular structure or spherical vugs in limestone or dolomite.

Coarsely crystalline limestones without skeletal debris {possible calcitised evaporities).
Small contortions that are not obviously of subaqueous slumping or other non-evaporitic
origin,

Minute rectangular relics of anhydrite in quartz or other minerals.

Otigomict limestone breccia with a carbonate matrix (possible calcitised evaporite breccial.

=0 CWNOUH N
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Such evidence is likely to be found in other formations without normal marine faunas but
with features such as algal-mats, algal stromatolite heads, caliches, abundant hypersaiine ostracods
oi peculiar breccias. Obviously red-bed evaporites of more arid origin can provide additional
criteria resulting from desert environments.
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ABSTRACT

Nodules of anhydrite in Holocene sabkhas of the Arabian Guif
and Baja California have been used as analogues to interpret calcium
suifate nodules in ancient rocks as of sabkha origins. Nodules and
incipient enterolithic veins of gypsum occur in a modern sabkha gbout halfway
betweerljklfxandggéaEl Alamein, in a depression between a modern and a
Pleistocene beach ridge. The displacive gypsum is apparently being
precipitated from hypersaline calcium sulfate saturated interstitial
water which increases in salinity as it rises by capillarity from the
water~table to the surface. Calcium and suifate ions seem to be derived
mainly from dissolution of pre-existing lagoonal gypsum beneath the water
table. The nodules occur within a supratidal sand unit of a sabkha sequence
capped by a gray, saline soil on which‘grow clumps of halophytes, separated
by salt-encrusted flats. This discovery shows that calcium sulfate nodules can
develop (1) within sediments of a region where the climate is almost semi-arid
rather than very arid and (2) as primary gypsum rather than as anhydrite and
(3) as a consequence of redistribution of calcium sulfate.
INTRODUCTION

Evaporite structures which provide evidence of sabkha environments are
of particular importance to the understanding of ancient sediments, including

those from deep sea basins. A much used and well-known characteristic is
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nodular structure in calcium sulfate usually in the form of anhydrite. The use
of this structure follows mainly from the description of nodules in Holocene
desert deposits of two isolated areas, the Trucial Coast of the Arabian Gulf
(Curtis and others, 1963; Shearman, 1966; Butler, 1969) and Baja California
(Kinsman, 1966}§. Supporting the sabkha theory is the discovery by D ronkert (1978)
of gypsum nodules and enterolithic veins in near-surface sediments of an artificial
salt pan in southern Spain.

it is surprising, however, that many more examples of c¢alcium sulfate
nodules have not been found in modern sabkhas and, indeed, the sabkha implication
as a necessary condition for the formation of nodular anhydrite has recently been
questioned (Dean and others, 1975). It was suggested that nodules are diagenetic
alteration products that may deveiop in calcium sulfate deposits of various
origins including those formed in deep water. Nodules from northern Egypt
described here, however, provide new evidence for the sabkha theory from a
natural environment and they throw light on the mechanism of formation.

The médern anhydrite nodules of sabkhas have been regarded as primary anhydrite
(Shearman, 1966). In contrast, however, several authors (e.g. Kerr and Thomson, 1963;
Murray, 1964) have regarded ancient anhydrite nodules as replacements of early
gypsum either in the form of large crystals or as displacive gypsum nodules
{(West, 1965). Development of anhydrite by replacement of gypsum crystals has also
been suggested for Arabian Gulf sabkhas (Butler, 1969; and other authors). The
Egyptian evaporites show that nodules of fine-grained gypsum

ed, e  the initial displacive forms of calcium sulfate.

can,inde

o

THE SABKHA AND ITS SEDIMENTS
The modern nodular gypsum is present in the Mediterranean coastal

zone near E! Hammam about halfway between Alexandria and El Alamein (Figs.1 3JL)
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Here the coast consists of a series of ridges of carbonate beach and dune sands,
all but the seaward of which are cemented into hard limestone, and between which
are long depressions floored by sandy sabkhas. We found the nodules in the
carbonate-rich clastic sabkha of the first and seaward depression, by means of
pits and shallow cores on three measured traverses, one example of which is shown
in Fig. 1. Landwards, to the south, beyond the Abu Sir limestone ridge (Pleistocene)
is the large second depression with halite-encrusted lakes, fringed by algal-mats
and with sabkhas with gypsum, as lenticular crystals and, sometimes, as small
nodules.

Climatically this area, at BEON, lies near the northern limit of the
"northern hemisphere arid zone. Although dry and fairly hot in summer with
maximum monthly average air temperature of 300C (Trucial Coast maximum is
iﬁoi)§ the annual rainfall is about 18cm (Trucial Coast has about 5§ cm) so
this area is almost semi-arid rather than typically arid. In ancient historic
times conditions were even less arid and there was much more vegetation. Until
the 12th century a branch of a Nile Delta lagoon, Lake Mareotis occupied much
of the second depression. The sabkha evaporites discussed here presumably
postdate the fall In the water-table consequent upon its desiccation, and are
apparently still forming.

The floor of the first depression sabkha is at orly about one to two meters
above means sea-level and is almost flat except for numerous mounds of blown sand
and gypsum around small halophytic shrubs (Fig. 1). The northern, seaward boundary
of this depression is the modern Coastal Ridge of white oolitic sand. Beneath this
there remains, even in summer, a lens of low salinity water which supports a single
line of date palms at its foot (Fig. 1). Forming the southern boundary of the

depression are alluvial fans of loam with land-snails that flank the Abu Sir Ridge.
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he sabkha sediments consist mostly of brown, laminated, very fine quartz
and carbonate sand both of windbiown and flood origin, with various quantities
of gypsum. There are scattered unoxidised glauconite grains but ocoids like those
of the Coastal Ridge are generally absent, probably partly because this ridge
has only recently moved landwards to its present position and partly because

the grains are too coarse to be easily blown across the sheltered depression,
Detrital corroded dolomite rhombs and some fine-grained calcite is present.

Gypsum, as the usual small lenticular crystals, was the only calcium sulfate
mineral found, but celestite also occurs as small elongate crystals occurring
around gypsum c¢rystals in the beds with nodules. The strontium sulfate
presumably forms by the reaction of gypsum with strontium-rich groundwaters,
derived from local strontium=rich carbonates (e.g. 7656 p.p.m. Sr in the
Coastal Ridge).

The sediments beneath the sabkha can be divided intoc a number of lithological
units, mostly without sharp boundaries but with either particular evaporites or
hypersaline groundwater. The lowest unit which has only been encountered in a
core}(zone I of Ffé. 1) is gray sand with fragments of limestone and algal-bored
bivalves and with glauconite grains. Echinoid remains suggest an origin in near-
marine water and this unit was presumably formed before the
depression was completely separated from the sea by the Coastal Ridge.

There follow sands without shelly debris (zone Il). They mosﬁ?y lack
evaporites, but on one of the traverses small lenticular crystals of gypsum were
found in this unit and these resemble both in size and in morphology gypsum of
intertidal origin from the Arabian Gulf (Shearman, 1966). Occurring between
tagoonal or marine and supratidal sabkha sediments an "intertidal'' or lagoon
shoreline origin seems most probable for zone 1I. Water from these sands (collected
in July) ranges in salinity from 31% to 61%0 and although with refatively low
chloride is saturated for calcium sulfate (according to the solubility curve of

Kinsman, 1974, fig. 3).
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Zone 1I1 is a thick unit of brown sand with gypsum nodules consisting of
coarse crystals of gypsum overlain by a thin bed, a few centimeters thick, of
brown sand (zone [V) which contains nodules of very fine-grained crystals of
gypsum. A laminated bed of gray, often reduced, sand (zone V) forms a sabkha
soil or solonchak, with plant roots. This bed differs from those below in
containing some halite. It has a firm brown oxidised surface with, in places,

a thin crust of halite and gypsum. Coccoliths in this layer have probably
been introduced in sea-~spray.
SABKHA SEQUENCE

The sabkha sequence of zones (Fig.5) is comparable in many respects to
the classic sabkha sequence of the Arabian Gulf described by Shearman (1966)
and to the ancient sabkha cycles. Zone 1 probably represents the shelly
lagoonal facies with which such cycles usually commence. Zone 11, laminated,
unfossiiiferous and with small gypsum crystals, is probably, as discussed above,
of Yintertidal' facies while zones TIJ and IV correspond to the '‘supratidal®
sabkha facies of the Arabian Gulf and possess the nodules of strikingly similar
morphology. The soil (zone V) can be matched in ancient sabkha cycles (in the
Jurassic of Dorset, U.K.).

GYPSUM NODULES AND BANDS

The nodules are roughly spherical or elliptical, mostly between | and 4 cm
in length and consist of pure gypsum (Figs. 2 and 3). They are very similar in
appearance to Holocene anhydrite nodules from the Trucial Coast. The sediment
iaminae that have been pushed aside clearly show that, like ancient examples
which they resemble (Fig. 4), the nodules are displacive. Sometimes they form
upward-bulging, almost diapiric, structures (Fig. 2) which seem to be incipient
enterolithic veins., The displacement by the gypsum crystals suggests slow
crystal growth (Kastner, 1970).

The most conspicuous nodules are those that are white, soft and friable.
These nodules are confined to zone IV (Fig.2). They are composed of minute {usually

less than 50u) lenticular crystals of gypsum and the white appearance results from

the small size of individual crystals and the lack of impurities.
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Nodutes in zone 1] beneath the zone of white nodules consist of aggregates
of cemented crystals about | or 2 mm in length (Fig. 2). The larger size of
these crystals and relatively large pore spaces causes these to appear a darker,
buff color and they are less obvious. The closely packed crystals sometimes lose

their lenticular shapes and become subhedral to anhedral and rather blocky.

Ruckled bands of coarse gypsunm crystals, each band Dbeing
about % cm thick and about 2 cm apart ( Fig.2) are associated
with the nodules in zone III. Individual crystals gre between 1
and 3 mm 1in length , sometimes with vlsnes of flattening vertical
(i.e. " on edge") and are lenticular to anhedral depending upon
the amount of contact. Although sometimes incorporating some
guartz and carbonate sand grains they usually displace the
enclosing sediments.

ORIGIN OF THE NODULES - GYPSUM OR ANHYDRITE
In view of the Arabian Gulf investigations referred to above’the possibiiity
of an anhydrite origin has to be considered. Growth of early fine-grained

gypsum, displacing sediments has not been previously observed and, indeed,

growth of nodules is usually attributed to the growth of constituent anhydrite

crystals (Shearman, 1966). Thus the Egyptian gypsum noduies might have formed

by hydration of anhydrite nodules,a process recognised in the Arabian

Gulf sabkhas (Butler, 1969). The following however, suggests that they are primary

nodules of gypsum and that they are forming at present, and are not

secondary replacements of older anhydrite?

[ No trace of anhydrite was found in the area, in spite of a search at
almost the hottest and driest time of the year (July) and after a
winter with slightly less rainfall than usual. Even within gypsum

crystals no minute relics of anhydrite were detected .
2. Thne uppermost gypsum nodules are soft and very friable

and uncemented by dilagenesis; all nodules have high porosities.

3. There is some relationship between crystal size and distance
from the nodern sabkha surface , a relationship unlikely to
result from hydration of anhydrite . Nodules of small
crystals overlie nodules of coarser crystals .
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4 The nodules regularly terminate upwards at the base of the halite
zone and yet this halite is presumably seasonal and washed out
by the winter rains.
5 No large toothlike gypsum crystals or disturbance of the sabkha surface,

features of hydrated anhydrite nodules in the Arabian Gulf (Butler, 1969)

were found.
MECHANISM OF NODULE FORMATION

A mechanism is proposed which accounts not only for the position,
purity and morphology of the nodules but alsc for the relative proportions
of evaporites in the various zone of the sabkha sediment profile.

Firstly the origin of the groundwater must be considered. There are
no channels through the Coastal Ridge to allow seawater to enter directly and
the brine is, in any case, not simplyof seawater derivation because, although the
Na/Mg ratios are close to those of seawater, it is saturated for calcium sulfate
yet remaining relatively low in chloride. Winter rain and sea-spray are
undoubted?contributors, but whether sea-water is also supplied through the
sands under the Coastal Ridge is not yet known. As the second depression
groundwaters are very different in composition (with high sodium and chloride)
it is unlikely that water comes from that source. The high proportfon of calcium
sul fate argues for dissolution of gypsum, a theory supported by its relative
rarity below the water table. The most likely gypsum source is the
unfossiliferous zone [l. The special groundwater composition together with
the flushing of the sabkha by winter rains explains the low ratio of halite
to gypsum in the sabkha sediménts°

Halite occurs above the water-table but only in the uppermost zone(V).

Salinity obviously increases upwards to the warm surface where evaporation
results in a salt crust (Fig. 5). This presumably results in upward
movement of water by capillarity through the permeable sands, the oxidizing

water causing oxidation beneath the gray reduced surface layer. The
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significant thickness of the halite zone is probably due to some downward
seepage of heavy brine (Fig., 5) particularly at night when there can be
heavy dew.

The position of the gypsum nodules between the water-table and
the halite zone (V) is the consequence of the increase in salinity as
waters already saturated for calcium sulfate move upwards (Fig. 5). The
small size of the crystals in zone 1V suggests that these are the
most recently formed, and presumably this zone of fine-grained gypsum
precipitation rises as the surface of the sabkha rises with clastic
sedimentation. The coarser-grained gypsum nodules beneath in zone Il] probably
represent similar gypsum which has been enlarged by crystal growth,

The bands or laminae of relatively large gypsum crystals in zone 1[I
also apparently result from crystal growth within the sediments. The
evidence is (1) they are large, (2) they poikilotopically incorporate
sand grains and (3) they often show preferentially vertical orientation.
These rather hummocky laminae resemble the thin horizontal ruckled
gypsum layers or bands commonly found in ancient sabkha sequences and which
when very contorted Form non-transgressive enterolithic veins (West,1965).
Such contortions would be the consequence of continued crystal growth.
CONCLUSIONS AND iMPLICATIONS

The existence of these modern gypsum nodules in a supratidal sabkha
on the coast of the Mediterranean Sea, provides new evidence supporting
theories of supratidal sabkha origins for similar nodules in ancient
rocks, such as for example, those in the Miocene beneath the adjacent

Mediterranean (Garrison and others, 1978).
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The mechanism of nodule formation in northern Egypt is mainly one of
sulfate redistribution. Gypsum, probably originally of lagoonal origin is
dissoived and transported from a position below the water-table to one above
by capillary water, and is there precipitated as nodules which displace the
sediment.

The Egyptian nodules demonstrate that extremely arid desert conditioné are
not essential for the formation of calcium sulfate nodules. Association of nodules
in sabkha sequences with halophytic plants and even trees may explain the proximity
of evaporite nodules to petrified forests in ancient strata (West, 1975).

The continuing growth and survival of the nodules as gypsum may be because
this area, partly vegetated and within a few hundred meters of the Mediterranean
Sea, is neither sufficiently arid nor sufficiently hot for development of
anhydrite near the surface.

After deep burial the primary gypsum would presumably change to anhydrite.
The change, however, may take place near the surface. The sabkha west of
Alexandria lies betwéen two of a series of barrier beaches progressively
building seaward. {f such progradation continues the nodules will eventually
be situated inland from the mild coastal fringe and experience the harsh aridity
of the Western Desert. High temperatures and high interstitial water salinities
could then convert these nodules into anhydrite nodules rasembling those of the
Arabian Gulf. Preservation of sulfate nodules 1ike those in northern Egypt,
whether as gypsum or as anhyd;ite, inevitably depends on burial under impermeable
sediment.
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CAPTIONS

Figure 1 = Above =~ Location of the cross~section, shown below, and the general

Figure 2

“igure 3

“igure &4

“igure 5

Below =

geology of the area (locality B is 2.4 km E.N E of the

E1 Hammam road junction).

One cross~section of the first depression based on measured

pits and cores. Zone I - glauconitic shelly sand; Il - brown
sand without shells, but with gypsum crystals in a nearby traverse.
III and IV -~ brown sand with nodules and bands of gypsum; V - gray,
often reduced, sand with some dispersed halite. Alluvial fans of
toam with land-snails border the Abu Sir Ridge. Groundwater
sé1inities are given,

Nodules and incipient enterolithic veins of gypsum displacing
brown sand (box sample from pit AD 2). Zone III contains light-
coloured nodules and ruckled bands of gypsum, not well-defined
because they consist of coarse crystals. In Zone IV are nodules
that are conspicuously white because of the small size of the
crystals. Zone V has some dispersed halite and gypsum.

Horizontal section through gypsum nodules forming mosaic structure
and incipient enterolithic veins. Zone IV, pit AD2,

Comparable ancient nodules of gypsum from the Lower Purbeck
Formation, Upper Jurassic, Dorset. U.K.

Typical vertical section through the sediments of the first
depression idealized from several pits and boreholes. Salinity (in
summer) increases upwards from moderately hypersaline (31%. ~ 61%
measured) beneath the water-table to the zone of halite
precipitation (presumed to be greater than 300%.) in the uppermost
sediments. Note that the water is saturated for sulfate, even

beneath the water-table.
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PURBECK FORMATION - DESCRIPTIONS AND INTERPRETATIONS OF MEMBERS

(1) Introduction

Deposition of the unusual Purbeck strata came at the end
of the long Jurassic phase of marine sedimentation. These
limestones and clays have revealed an exciting variety of
fossil remains including mammals, insects, dinosaurs, Ccroco-
diles and trees. They are well—ekposed in many fine cliff
exposures between the Isle of Portland and Swanage and in
inland quarries (Fig. 6.01).

These thin-bedded, varied and frequently ostracod-rich
strata (Fig. 6.02) originated in a very large, out very
shallow gulf or interior sea which from time to time partly
dried up. There are no ammonites or brachiopods because the
water was usually either of higher or lower salinity than
normal seawater. Detailed studies of the ostracod faunas
have revealed many short-term fluctuations in salinity (eg.
Anderson and Bazley, 1971). Nevertheless, typical salini-
ties for each of the main subdivisions of the Purbecks can be
estimated; the evidence is the assemblages of molluscs,
charophytes, ostracods and other fossils (Fig. 6.03) and the
mineralogical and petrographic characters of the sediments.

The Purbeck Formation is traditionally divided into lower,
middle and upper parts (Fig. 6.02), a well-established classi-
fication which the author prefers to retain, at least as
informal terms. Division into "Durlston Beds", from the base
of the Cinder Bed wupwards, and "Lulworth Beds" for the strata
beneath was proposed by Casey (1963), even though the Cinder
Bed does not mark a major lithological change (beds of "Cherty
Freshwater" facies occur immediately above). The proposal
was made because the Cinder Bed, an oyster limestone, was
believed to correspond to the Jurassic-Cretaceous boundary.
According to modern codes of stratigraphical nomenclature such
correlation should not affect the lithostratigraphical termin-
ology. In any case the position of the boundary has not been
internationally fixed at the time of writing with regard to
marine sequences of the world and if recent French proposals
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are accepted (Anon, 1975) most of the Purbeck Formation may
be included in the Cretaceous.

The Purbeck is also split into smaller units probably
of member status such as the Intermarine Beds and the Corbula
Beds. The general features of the subdivisions are summar—
ised diagrammatically in Fig. 6.02. A description is given
for each, followed by an interpretation of the environment.
The basal Purbeck is discussed in more detail because it has

been more studied in relation to environments.
(ii)  Occurrence

The basal part of the Purbeck (Caps, Broken Beds and
"Cypris" Freestones) is, perhaps, best seen east of ILulworth
Cove at the ‘Fossil Forest ledge (SY 832796). Although
within a military firing range it is frequently open at week-
erids and for longer periods at certain times of the year.

When closed, Potter's Hole (SY 828797), a small ledge just
west of the boundary fence, can be substituted. Although the
graphic log (Fig. 6.04) and the descriptions refer specifically
to the Fossil Porest they can be used in general for other
sections near Lulworth (Durdle Door, Dungy Head, Stair Hole,
Lulworth Cove and Bacon Hole).

Details of other exposures of these beds which show
lateral facies changes have been given by West (1975). At
Worbarrow Bay there is brecciation of the Great Dirt Bed;
further east as at Worth Quarry (SY 969784) and at the
tectonically and mineralogically interesting section at Durlston
Head (SY 035773) breccia (and evaporitic strata) commence near
the base of the Purbecks,. West of Durdle Door the Broken
Beds are thin at Holworth House, Ringstead (SY 762815) and
Upwey (SY 671851) and are absent at Portesham where freshwater

Footnote: With regard to these descriptions it should be
noted that Folk's terms "biosparrudite'" and
"pbiomicrudite'" are often used here to describe
shell-debris limestones of the Purbecks and they
refer to the coarse-grained equivalents of bio-
sparites and biomicrites in which the grains are
larger than tmm (Folk, 1959). Some coarse-grained
limestones have been incorrectly described in pre-
vious literature as biosparites and biomicrites
(eg. Clements, 1969).
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faunas and floras are associated with evaporites (West, 1975;
Barker et al., 1975). On the Isle of Portland although
there are no true Broken Beds, there are numerous good expo-
sures of the Caps with dirt beds, in the quarries. Although
a few specimens survive on the mainland, the "island" is by
far the best place to see silicified trees.

The sequence from the "Cypris" Freestones to almost the
top of the Purbecks (Fig. 6.02) is described with particular
reference to the type-section at Durlston Bay, Swanage
(sZ 035780) but it can be applied in general to other expo-
sures such as those around ILulworth. Certain features,
such as the gypsum in the Soft Cockle Beds, are better exposed
in the thinner but otherwise similar section at Worbarrow
Tout (SY 869795)-

At Durlston Bay the sequence is most easily studied by
deécending the zigzag path in the centre of the bay and

walking northwards. The main subdivisions are easily recog-
nised, the bluish-grey oyster limestone, the Cinder Bed,
providing a conspicuous datum (Fig. 6.02). For detailed

information on the lithology and fauna of 235 beds at Durlston
Bay the excellent graphic log of Clements (1969) should be
consulted. Petrographic and geochemical data on each bed
of the Middle Purbecks have been given by El-Shahat (1977).

(iii) The Basal Purbecks, (with particular reference
to the Fossil Forest exposure)

The Hard Cap and Dirt Beds (Facies A & B) — Description. The
lowest bed at the Fossil Forest exposure (Fig. 6.03) and at
most other localities which is of Purbeck facies is a thin
laminated limestone without any of the large Portland molluscs
but sometimes with moulds of Hydrobia and Valvata and small
bivalves. It is followed by algal-stromatolitic limestone,
easily recognised by its coarse vuggy appearance. A thin
bed of carbonaceous marl which overlies it is the Lower Dirt
Bed, a remarkable stratum in which at several localities

remains of trees are common.
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The unfossiliferous limestones between the Lower and
the Great Dirt Bed contain large ovoid stromatolites or
mounds of algal limestone with a characteristic wvuggy or
fenestrate fabric and often a pustular surface (Brown, 1963;
Pugh, 1969). They are enclosed in pelsparite and very fine-
grained oosparite. The generally laminated appearance of
these finely granular limestone results from small-scale
cross—-laminations formed by ripple-marks, including inter-
ference types. In the upper part of these limestones, just
beneath the Great Dirt Bed, there are bedding planes on which
the remains of algal-mats show large—-scale polygonal ruckles
(Pugh, 1969, plate 14a) beneath which there are cracks con-
taining caliche-type pisolites. Locally,carbonate mud-flakes
occur at this horizon.

The Great Dirt Bed is a dark carbonaceous marl (bed 9
of Fig. 6.04) lying on an erosion surface. There are num-—
‘erous pebbles within it consisting of Purbeck limestone like
that beneath (not of Portland Stone as stated by Perkins,
1977). A large proportion are quite different in appearance
because they have been blackened penecontemporaneously.

The famous trees of the Fossil Forest and of the Isle of
Portland, were mostly rooted in the Great Dirt Bed. Some
were silicified so perfectly as to preserve annual rings and
cellular structure while others rotted 1eaving only hollow
moulds in limestone. No silicified specimens have been
visible in the main Fossil Forest exposure since before 1880
(Damon, 1884) but silicified wood is common in the quarry
spoil of Portland and specimens in situ can still be seen at
Kingbarrow and Inmosthay Quarries (please do not damage them!).
Good specimens are on display in the grounds of the Portland
Heights Hotel. Broken prostrate trunks between 10m and 13m
long have been found (Mantell, 1854) and show some limited
compaction prior to silification. Between them grew occasio-
nal beehive-shaped cycad-like trees (cycadophytes) up to a

metre in diameter (mainly on Portland).
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Mounds of algal stromatolitic limestone developed around
and over the tree-stumps. These form the lower part of the
Soft Cap and were formed by blue-green (spongiostromata)
algae which, as in the case of some Holocene stromatolites,
did not usually leave very well-~defined tubules (Pugh, 1969).
A remarkable stromatolite 4.6m long seems to have coated a
standing tree-trunk and is still visible in Portesham Quarry
(SY 609858) even though it was figured as long ago as 1898
by Strahan (fig. 130). Limestone with continuous crenulate
algal-mat lamination occurs in the Soft Cap sometimes with
calcite pseudomorphs and moulds of lenticular gypsum crystal

"on edge" (with c-axes horizontal).

Hard Cap and Dirt Beds (Facies A & B) - Interpretation. The
lower part of the Hard Cap lies between marine and evaporitic
strata and contains a limited fauna of foraminifera and
ostracods with the algae Girvanella and Ortonella (Brown,
1963; West 1975). Moderately hypersaline conditions, with
salinities of about 50%eto 70% are suggested by comparison
with lagoon sediments of the Persian Gulf and of Shark Bay,
Western Australia (Logan and Cebulski, 1970; Hughes-Clarke
and Keij, 1973; West, 1975).

The Lower Dirt Bed is a thin but very widespread calcar-
eous forest soill. While the forest was growing there was
rapid tfansgression which at Portesham attained a depth of
about 3 or 4 metres so as to form the long stromatolite (West,
1975). The tree stumps provided attachment for blue-green
algal filaments and initiated the development of the stroma-
tolitic mounds, These resemble modern pustular or mammilated
algal-stromatolites of the intertidal zone of a Shark Bay
lagoon (Hoffman, 1976; Playford and Cockbain, 1976). In
the ancient, as in the comparable modern semi-arid environ-
ment, relatively high salinities kept away browsing molluscs
which would otherwise have destroyed these algal-bound
hummocks of lime-sand (Garrett, 1970).

The pellets and unusually small ooids of the Hard Cap

resemble those of modern hypersaline lagoons bordering the
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Persian Gulf (Evans and Bush, 1969; Loreau and Purser, 1973).
The shallow floor and beaches were ripple-marked by wave
action. Comparison with modern algal mats suggests that the
algal mats with small gypsum crystals, at the top of the Hard
Cap originated on high "intertidal"1flats bordering the hyper-
saline lagoon. The megapolygons are not simply'<nukswruckles
in the mats as in many Recent examples (Rusnak, 1960;
Shearman, 1966; Pugh, 1969; von der Borch et al., 1977) but
also involve cracking of the early lithified limestone beneath
during development of a limited caliche soil profile.

The Great Dirt Bed above is similar to the Lower Dirt Bed,
a thin forest soil of black calcareous clay and, since it
overlaid newly-formed limestone, is probably a type of rend-
zina. Leadhing within the soil was limited, removing
aragonitic but not calcitic debris. Its pebbles show that
the limestones beneath had already been lithified. They are
probably lagoon storm beach pebbles resulting from wave—erosion
during emergence prior to the formation of the soil (Fig.
6.06). The blackening of some pebbles probably took place in
the marginal hypersaline water, an environment where sulphate-
reducing bacteria undoubtedly thrived (cf. Ward, Folk and
Wilson, 1970).

The forest apparently developed on a peninsula or island
extendihg from Lulworth to Portland (Fig. 6.06). The only
identified cones and twig fragments from the dirt beds
(Mantell, 1854; Barker et al., 1975) seem to indicate the
presence of Araucaria trees related to the Norfolk Island Pine
and the Chile Pine ("Monkey Puzzle"). The silicified trees,
however, lack the regular pattern of knots of these strikingly
symmetrical conifers and sometimes fork at the top of a long
straight trunk (see Fitton, 1836). Purthermore, in micro-
scopic structure they resemble wood not of the Araucaraceae

Footnote 1: Because of the large size and shallowness of the
lagoon it is unlikely that true semi-diurnal
tides were of significance, but wind-driven
floods were likely.




144 12

but instead of the Cupressaceae family (J. Francis - personal
communication 1979).

In spite of the aridity suggested by the proximity of
evaporites the large conifer trees were not obviously stunted
or shrub-like. The close-spacing of the annual rings,
though, indicate that they were slow-growing and this may be
the result of aridity (P. Edwards .~ personal communication
1978). The cycadophytes of this area seem to have been
short and stumpy like modern cycads, even though tall species
were in existence long before and common in the, perhaps less
arid, Middle Jurassics environments of Yorkshire.

In present—-day Florida, tall conifers together with
cycads grow on sandy calcareous soll at about 5m above sea-
level (0ldham, 1976). The Purbeck forests were like these
"pine flatwoods" but with a rather drier climate. The
gfowth of the forests in a semi-arid environment is an
important problem that is discussed below. The dryness of
the forest made it occasionally prone to forest fires the
relics of which are fragments of fusain (fossil charcoal) in
the Portesham Cmrophyte Chert (Barker et al., 1975; Harris,
1958).

The mounds of stromatolitic limestone above the trees
probably originated mainly in "intertidal" conditions. As
in the case of the stromatolites above the Lower Dirt Bed the
water was probably too hypersaline for gastropods which would

have destroyed the algae.
Sabkha Cycles

The basal Purbeck sequence at the Lulworth Fossil Forest
can be interpreted in terms of "sabkha cycles” or sedimentary
cycles with evaporites (Fig. 6.05). The best-developed
cycle commenced with the limestone overlying the Lower Dirt
Bed and ends with the Great Dirt Bed. These cycles are
related to cycles of limestones and evaporites first described
in a classic paper by Shearman (1966) from a borehole through
the Purbecks af Warlingham, Surrey. He compared them to
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sabkha cycles of sedimentation and diagenesis in Recent
sediments of the Trucial coast of the Arabian Gulf.

The cycles in the basal Purbecks of Dorset contain
ancient soils (PFig. 6.05) and in this respect differ from
those in the gypsum and anhydrite of the basal beds of south-
east England and those in the Soft Cockle Beds of Dorset.

The normal Purbeck sabkha cycles without soils commence with
(1) a lagoonal unit sometimes with Protocardia which is
followed by (2) a unit with algal mats and this in turn by

(3) nodular gypsum or anhydrite. Shearman (1966) has recog-
nised an erosion surface at the top of such cycles and there,
in addition  some plant debris is sometimes present (Fig. 6.05).
Cycles of this type closely resemble those of the Trucial
Coast and examples can be seen in the gypsum of the Soft
Cockle Beds at Worbarrow Tout, discussed below.

' The cycles with soils (Fig. 6.05) possess stromatolitic
mounds rather than algal mats, probably as a result of higher
energy conditions,and have calcium sulphate present as a minor
constituent (since calcitised) ratler than as the main sediment.
Shearman (1966) has shown how cycles can develop by prograd-
ation of sabkha sediments over "intertidal" algal mats; a
similar mechanism is suggested for the development of the
Purbeck sabkha cycles with soils, the soils representing the
environment landwards of the sabkha or salt—flats. Modern
soil-capped sabkha sequences exist in the northern Egypt
coastal zone and show some similar features (Fig. 6.05). The
Purbeck climate was less arid, however, and with better-
developed soils and forests on the hinterland. Nevertheless,
the presence of well-vegetated ground landward of a sabkha
with gypsum is a common feature of semi-arid regions and occurs
not only in Egypt but also adjacent to a coastal lagoon, the
Laguna Madre,of the Gulf of Mexico (Kerr and Thomson, 1963,
fig. 7) and elsewhere. Essential for good soil development
is good drainage and lack of this may be the reason for lack
of soils above the sabkha cycles of southeast England and of

Dorset
theASoft Cockle Beds. The gypsum in these cases occurs in
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argillaceous sequences whereas the limestone with gypsum
under the Dorset soils is very permeable. The Purbeck
cycles are products of an environment like that of the Tru-
cial Coast sabkhas but muoh.less arid, A good modern

analogue has yet to be found.
Upper Soft Cap and Lower Broken Beds (Facies C) - Description.

Stromatolitic limestone which forms the lower part of
the Soft Cap has been discussed. The upper part consists of
peculiar soft and very porous limestones of special interest,
similar to those in the lower part of the Broken Beds. There
are rare pseudomorphs after halite in the Soft Cap.

The Broken Beds 1s the conspicuous limestone breccia which
lies above. . Theories of the origin which have been proposed
include collapse after washing out of underliying clay,

(Webster in Englefield, 1816), collapse after dissolution of
underlying limestone or collapse after’ decomposition of accum-
ulated vegetable debris, (see Arkell, 1938; 1947). There

is very little evidence in favour of these.

The breccia can be divided into two distinct parts. The
lower portion comprises blocks of very porous limestone in a
soft matrix often of sandy appearance but which in fact con-
sists almost entirely of calcite. It contains fragmented
chert. - The upper portion consists mainly of joint-bounded
blocks of laminated, ostracod-bearing limestone without matrix.

Substantial evidence for the origin comes from the lime-
stone blocks and limestone matrix of the lower part. Both
are completely unfossiliferous, coarsely crystalline, saccha-
roidal and very porous. They are usually laminated and the
matrix sometimes shows evidence of plastic flow, When certain
of the limestones, or almost any of the chert (preferably
etched with hydrofluoric acid), is examined in thin-section
numerous lanceolate shapes become visible (Plate 6.01). They
can sometimes be seen with a hand lens in whitish parts of the
chert, particularly that at the base of the Broken Beds.

These are pseudomorphs after lenticular crystals of gypsum
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(cf. Masson, 1955) or "seed gypsum" (Von der Borch,vgz_gl.,.
1977). At the western end of the Fossil Forest exposure
there 1s an interesting algal-laminated limestone within the
Soft Cap which contains pseudomorphs and moulds after lenti-
cular crystals of gypsum large enough (several millimetres)
to be easily seen in the field. The crystal moulds are
orientated "on edge" or with planes of flattening nearly
vertical. Pseudomorphs after anhydrite also occur in this
part of the Purbecks particularly in the Swanage district but
they are entirely microscopic.

Nodules originally of calcium sulphate, but now partly
replaced by calcite from the periphery and dissolved away in
the centre, are features of a conspicuously porous bed of
saccharoidal calcitised anhydrite beneath the Broken Beds at
Worbarrow Tout (warning - it is unwise to approach the bed
ciosely because of overhanging rock; Jloose blocks of the
bed, however, can sometimes be found on the beach).

At Durlston Head (SZ 035773) the Broken Beds are thicker
than at Iulworth and show a close relationship to a major
fault (West, 1960). Celestite and calciostrontianite are
present ,occurring in an interesting sequence of saccharoidal
calcitised anhydrite beds (Salter and West, 1965).

Upper Soft Cap and Lower Broken Beds (Facies C) - Environ-

mental Interpretation.

The peculiar porous limestones of the Soft Cap and of
the breccia can be shown by petrographic evidence, particu-
larly of pseudomorphs of relict minerals and distinctive
varieties of chalcedony, to be calcium carbonate replacements
of calcium sulphate evaporites (West, 1964). The crumbly
porous character results from incomplete replacement. Plas-
tic flow structures and relict sulphate such as celestite
(strontium sulphate) are most obvious at Durlston Head, where
calcitised evaporites are best developed, (West, 1960, 1975)
but can be seen in the Lulworth area.
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The chert, which like most such forms of silica is of
early (precompaction) origin, reveals by its ghost fabrics
that lenticular crystals of gypsum formed the primary sul-
phate. These resemble the small gypsum crystals of the
intertidal zones of hypersaline lagoons of the Persian Gulf
(Shearman, 1966) and Texas coastal lagoons (Masson, 1955)
and marginal sand-flats of salt lakes in northern Egypt and
like these modern examples, are associated with algal mats.
Euryhaline gastropods in the chert bed at the base of the
sequence record a brief seasonal phase of lower salinity.
These herbivores may have lived on aquatic vegetation which
by photosynthesis abstracted CO, and raised the pH of the
water to a level (> 9.4) at which silica is easily mobilised
(see West, 1975 regarding the Portesham Charophyte Chert).

The temporary aquatic phase was followed by desiccation
during which the gypsum crystals of this chert were formed.
The thin bed with pseudomorphs oriented "on edge" originated
on a sabkha like those of the Persian Gulf (Shearman, 1966).
The main basal Purbeck phase of evaporite deposition followed.
Lack of skeletal debris in these strata suggest that the lagoon
waters which periodically flooded the tidal flats and brought
fresh supplies of calcium sulphate were mostly too hypersaline
for molluscan or ostracod life. The presence of algal mats
makes sulphate supply entirely by groundwater unlikely.
Nevertheless where there were nodules developed,as in the Soft
Cap at Worbarrow Tout, and particularly in Sussex, upward
capillary movement of sulphate-supersaturated water probably
took place within the sediments with precipitation above the
water-table (cf. West, Ali and Hilmy, in press).

Upper Broken Beds and "Cypris" Freestones (Facies D) -

Description.

The blocks of laminated limestone which form the upper
part of the breccia are similar to the "Cypris" Freestones
above. These are brittle pelsparites, intrasparites and bio-
sparites with numerous ostracods (visible with a lens). Casts
of bivalves are common near the top of these limestones and
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the gastropod Hydrobia and Valvata}the isopod Archaeoniscus;
and fish have been found.

Ripple-marks are abundant in this division and include
symmetrical and interfering types. Occasionally symmetrical
current ripples are visible. At the Fossil Forest ripple
marks are mostly seen in vertical section as small scale
cross—lamination. On the east side of the Durdle Door
promontory (SY 807802), however, they are very clearly seen
on the surfaces of nearly vertical slabs of "Cypris" Free-
stones. Natural casts of concave-faced halite crystals can
be found in these beds. Only small gquantities of gypsum
replaced by calcite are found in this facies, but these in-
clude gypsum sand crystals. Some small cavities probably
result from the dissolution of anhydrite nodules. Large
algal stromatolites are not developed in these beds but onco-
lifes, with the alga Girvanella, can be found (Brown, 1964).

Small folds are visible at the top of the Broken Beds.
Striations or slickensides can sometimes be seen on the lime-
stone blocks in this part of the Broken Beds at the Fossil

Forest.

Upper Broken Beds and "Cypris" Freestones (Facies D) -

Interpretation.

Ostracods usually thrive in very shallow water. This 1is
compatible with the evidence of the ripple-marks, salt-cubes,
gypsum sand crystals and dinosaur footprints. Tidal-flats of

carbonate silt and fine sand which sometimes dried out as
supratidal flats are implied. Lack of algal-mats, the abun-
dance of ripple-marks and small-scale cross-bedding and the
occurrence of oncolites suggests that wave and current-action
was more vigorous than during the formation of the underlying
beds.

Comparison of the faunas and sediments with those of
modern lagoons (e.g. Logan and Cebulski, 1970) suggests
moderate hypersalinity. The absence of normal marine faunas,
the abundance of ostracods and the presence of only limited
quantities of evaporites indicate that the salinity often lay
in the range 50-70%..
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Origin of the Broken Beds - Interpretation.

Clearly the association of brecciation and calcitised
evaporites throughout east Dorset is not a coincidence
(West, 1975). The former presence of evaporites in the
Broken Beds seems to suggest that the brecciation is mainly
due to collapse. The upper part of the breccia and the
overlying limestones can be seen, however, to be folded with
axes trending east-west, almost parallel to the cliffs at the
Fossil Porest (Arkell, 1938; 1947). At Durlston Head the
northward squeezing of the brecciated strata is particularly
obvious (West, 1960). Furthermore there is the appreciable
fragmentation of chert nodules in the Broken Beds at most
exposures and there are the striations on the limestone blocks.
All this shows that brecciation was due to tectonic action and
the folds suggest northward movement of the overlying strata.
Petrographic evidence reveals that it took place when this was
a structurally weak bed of anhydrite before calcitisation was
completed. This explains the evidence of plastic flow.
Thus, the evaporites provided a plane of weakness at which
movement occurred and the overlying brittle limestones also

became involved in the brecciation.

(iv) The Main Part of the Purbeck Formation
(with particular reference to Durlston. Bay)

The succession now described continues ubwards»with the
Hard Cockle Beds seen just north of the foot of the zigzag

path, If the sequence is instead examined at Iulworth then
the thicknesses will be found to be less than shown in Fig.
6.02. Attention is drawn below, to some differences between

the Tulworth and Durlston sections.

Hard Cockle Beds - Description.

These relatively hard limestones and marls with the
"cockle" Protocardia purbeckensis are easily recognised by
their position beneath the soft marls with gypsum of the Soft
Cockle Beds. At Durlston Bay they consist of calcareous
clays and argillaceous micrites and pelmicrites, Westwards,




153 21

in the Lulworth area they are conspicuous yellowish»weathering
limestones, mainly biosparrudites and biomicrites (or bio-
micrudites). Mud~flakes are frequently present particularly
at Worbarrow Tout. The skeletal material consists of bi-
valves and ostracods with some gastropods and serpulids.

Ripple-marks and small-scale cross-bedding, sometimes
bipolar,is common. Casts of halite crystals filled with
sediment project downwards and sometimes upwards. Examples
can be seen at Worbarrow Tout and at the Fossil Forest, where
the bed is 8m above the top of the Broken Beds (House, 1966).
Numerous small spherical cavities in a limestone at Durlston
Bay probably result from dissolution of gypsum nodules.

Hard Cockle Beds — Interpretation.

The low diversity faunas which lack most normal marine
molluscs and most freshwater molluscs suggest either brackish
water or hypersaline water. Halite crystals point to high
rather than low salinities. The increase in shelly material
in these beds towards the west is puzzling because that was
apparently the direction of the land. In that region even
higher salinities and consequently less fauna would have been
expected but the shelly debris may represent lagoon beach
sediments.

Ripple—marks, mud-flakes and the moulds of halite crystals
suggest that the sediment was sometimes exposéd as carbonate
sand-flats. Lithification of the marl matrix and the disso-
Jution of halite crystals developed within it probably toock
place during exposure. The gypsum nodules certainly suggest
by comparison with modern nodules that the water-table was below
the sediment surface at times (Shearman, 1966; West, Ali

and Hilmy, in press).

Soft Cockle Beds — Description.

This is a sequence of marls and mudstones with beds of
gypsum and pseudomorphs after halite. Protocardia purbeck-
ensis is gquite common, sometimes associated with algae and

serpulids.
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Large masses of gypsum with both nodular structure and
veins of satin-spar can be seen in the c¢liff and fallen
blocks on the beach in Durlston Bay. At Worbarrow Bay the
gypsum also contains superb examples of enterolithic veins
(West, 1965) and, as mentioned above, splendid examples of
sabkha'cycles. Displaced sediment around the nodules shows
that they have developed at an early date before the carbonate-
rich matrix was fully lithified.

Near the top of the Soft Cockle Beds some beds of white
argillaceous dolomitic micrite (beds 59, 64, 66 and 68 of
Clements' 1969 Durlston Bay log) contain hollow cubes that
were once halite crystals. Thin barytes crystals can be
found within them. Elytra of small beetles and wings of
various flies, are also found in these "upper insect beds".
Dolomite is relatively uncommon elsewhere 1n the Dorset

Purbeck strata.

Soft Cockle Beds — Interpretation.

The presence of evaporites at certain levels and the very
limited nature of the faunas throughout indicate that the Soft
Cockle Beds were formed in hypersaline conditions. Well-
developed isolated pustular stromatolites at Perfyfield Quarry
and other localities on the Isle of Portland and on the main-
land (Hduse, 1968) and the association of serpulids with the
algal structures suggest comparison with modern hypersaline
shallow and tidal~flat enviromments (Playford and Cdckbain,
1976). The cockle Protocardia purbeckensis probably lived

in hypersaline water just as modern cockles (Cardium edule)
can tolerate up to 60%e salinity in some French lagoons
(Dr. A.P. Lockwood, personal communication, 1978). West of

Alexandria, Egypt, gypsum is currently being deposited on beds
of Cardium shells in a desiccated coastal lagoon.

The nodular structure of the secondary gypsum (a replace-
ment of anhydrite which had originally replaced primary gypsum)
closely resembles nodular structure found in early anhydrite
of the Arabian Gulf sabkhas (Shearman, 1966) and primary nodule of
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gypsum in supratidal sabkhas of the Mediterranean coast of L
Egypt (West, Ali and Hilmy, 1979). A tidal-flat origin for
the evaporites is thus indicated and is confirmed by the
occurrence of algal lamination like that of Arabian Gulf
tidal-flats.

The insect remains in the upper part of these beds were
probably washed into a shallow saltlake on the shores of
which the halite crystals forms as the lake dried out in the
summer. Insect remains are numerous in modern salt lake
sediments in northern Egypt. The dolomite is attributed to
a high Mg/Ca ratio following precipitation of calcium carbon-

ate and gypsum from the lake waters.

Marly Freshwater Beds - Description.

This is a sequence of argillaceous micrites and calc-
areous clays containing gastropods which include Hydrobia,
Valvata, Physa and Planorbis. The ostracods Cypridea and
Darwinula are present and evidence of water-weeds is shown
by the stems and oogonia of charophytes ("stoneworts").

Within this sequence in Durlston Bay is the celebrated
Mammal Bed, a thin bed of dark grey carbonaceous marl lying
on an eroded surface of limestone. Although freshwater
gastropod shells are common and crocodile bones can be found,

the mammal remains are extremely rare, and consist mainly of
isolated jaws and teeth. Most were discoveréd during the
last century in a fossiliferous 'pocket' in Beckle's Mammal
Pit ,once the world's largest scientific excavation, at the top
of the cliff near the zigzag path (Kingsley, 1857).

The Marly Freshwater Beds - Interpretation.

These fine-grained sediments were deposited in quiet
lake environments which the gastropods show to be usually of
very low salinity. The Physa and Planorbis are part of the
first known abundant fauna of air-breathing pondsnails. As
yet, however, no land snails had evolved to climb the trees
of the surrounding land. The charophytes necessarily grew
in the photic zone of the lake which was therefore fairly shallow.
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The abundant Hydrobia probably browsed, as they do today, on
algal-covered shallows and mud-flats.

The Mammal Bed is the most important stratum within this
unit. O0f the mammals some were probably insectivorous,
whilst others with rodent-like adaptions perhaps fed on the
fruit and bark of cycadophytes and conifers and had skele-
tal structures indicating arboreal habits. The mammals, all
small and most only about the size of a mole or a squirrel
may have avoided direct competition with the dinosaurs by
nocturnal habits (Savage, 1977).

The Mammal Bed superficially resembles the basal Purbeck
dirt beds in being a thin carbonaceous marl lying on an
eroded surface of limestone, Obvious differences, however,
are the remains of the pondsnails and the crocodiles (of
marsh-dwelling types) and absence of pebbles and of tree
remains. The environment was probably a waterlogged marsh
or swamp with freshwater pools here and there. There is no
evidence that the margin of the mammal bed swamp was within
many kilometres of Swanage. It is puzzling that the mammal
remains are found so far from the forests which undoubtedly
covered the well-drained ground. They might have been
carried eastwards by a flood, or even by crocodiles (see Owen,
1879). Another possibility is that the creatures perished
after héving travelled to a water-hole dufing drought.

Cherty Freshwater Beds - Description.

These are white, rather argillaceous limestones with
chert, particularly in the "Flint Bed". The pondsnails
Planorbis, Physa and Ptychostylus are common in these beds
but are not easgsily recognised except where the rock is suit-
ably weathered. Cypridea is numerous. Particularly abun-
dant are charophytes and something of their calcitic struc-
tures (Plate 6.02) can sometimes be seen in the field with a

lens (particularly in Stair Hole, Lulworth).

Fish remains and fragments of turtle carapace are
occasionally found and equally interesting are bones of dino-
saurs, turtles and crocodiles including the unusually small
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short-snouted crocodiles Nannosuchus and Theriosuchus. It
is the Peather Bed and Under Feather Bed in which many of

the vertebrate remains have been found (Owen, 1871; 1872-
1889), although in some cases (Owen, 1879; Mansel-Pleydell,
1888) the Mammal Bed seems to have been wrongly referred to
as the "Feather Bed". Surprising, considering the faunas,
is the occurrence of scattered chalcedony pseudomorphs after
halite in the Cherty Freshwater Beds. These increase in
gsize from Durlston Bay to the Fossil Forest where they are
conspicuous in fallen blocks of material from this bed, lying

on the ledge.

Cherty Freshwater Beds -~ Interpretation.

The faunas and floras of at least the lower beds testify
to waters of low salinities (Fig. 6.08). Conditions need
not necessarily have been completely freshwater, however
(Fig. 6.07). Even charophytes commonly flourish at the
present day at up to. about 11%e salinity and exceptionally at
higher values. The pseudomorphs after halite show that
occasionally some salt remgined in the sediments and was con-
centrated when they dried during subaerial exposure.

The low salinity lake was extensive as is shown by the
distribution of these beds over southeast England and their
occurrence in the English Channel. The charophytes, like
those at present, probably flourished in warm, shallow,
carbonate-rich, slightly brackish, water and the associated
gastropods probably lived on the rich aquatic vegetation.

In contrast the bivalve biosparrudites were probably formed
when conditions were rather more saline (compare faunas in Fig.
6.07 with ranges in Fig. 6.03), when wave action was greater
and the environment less suitable for aquatic vegetation. The
lake margin was probably some distance from the margin of the
basin ("non-coincident lake margin' in the terminology of
Tucker, 1978) so that the mud-flats were wide and coarse non-
carbonate clastics are absent even when shoreline sediments

such as mud-flake conglomerates occur.
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The white limestones with chert nodules are much more
congpicuous than the calcareous shales in this unit. The
limestones of the upper part are mainly shell-debris beds
or biosparrudites while the lower beds are mainly biomicrites,
originally carbonate muds with shells (Fig. 6.06). Desi-
ccation cracks occur and there are two beds of micrite mud-
flake and algal-flake conglomerate in the Lulworth area
(Brown, 1964).

The dinosaur remains were probably washed from the
nearby land. Iguanodon was herbivorous, living in herds,
while Nuthetes destructor was a small vicious carnivore.
"Dwarf" crogodiles present fascinating problems. Owen (1879)
suggested that these really are dwarf species bot recently
it has been suggested (Joffe, 1967) that Nannosuchus was a
juvenile of the large rather alligator-like Goniopholis.
Theriosuchus, though, seems to have been a genus of unusually
small crocodiles. Owen (1879) suggested that the crocodiles’
food was the contemporary small mammals. At the present day,
however, young crocodiles eat mostly fish and invertebrates
and an exclusively mammal diet for these small forms seems
unlikely (Joffe, 1967; Freeman, 1975). In the Wealden
deposits jevidence of relative abundance of remains has sugges-
ted that they were at the head of a food-chain. Predatory
fish fed on the mollusc—-eating fish and these in turn were
probably devoured by crocodiles (Freeman, 1975). Birds have
more recently taken over much of the role of the crocodiles.

To produce the lower salinities the ratio of inflowing
freshwater to seawater must have been fairly high. Since
there is little coarse clastic material it is more likely that
the influx of seawater was low rather than that the influx of
freshwater was high. Faulting on the south side of the
English Channel may have closed the southern connection to the
sea at this time (Fig. 6.08C). '
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Plate 6.01. Calcite pseudomorphs after lenticular crystals
of gypsum. These are abundant in the basal
Purbeck Beds of Dorset. L.P. 351, Portesham.

Plate 6.02. Silicified charophyte stems from the Cherty
Freshwater Beds of the Middle Purbecks (bed D.B.89)

From El1-Shahat, 1977.
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Dinosaur footprints in the Intermarine Beds at Worbarrow Bay.
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Cinder Beds - Description.

These oyster limestones are coloured bluish-grey by the
small separated valves of Liostrea distorta. Because of

the presence of fairly fine-grained matrices they are classi-
fied as biomicrudites. Other bivalves are numerous but most
are less obvious because of diagenetic changes. Tubes of
the worm Serpula coacervata are, however, conspicuous.

In the middle of the unit spines, and occasionally tests,
of the echinoid Hemicidaris purbeckensis can be found. With

them are bivalves of genera which usually occur in marine
strata. Strata apparently the lateral equivalent of this
horizon contain mollusca of increasingly marine aspect as they
are traced northward into Buckinghamshire (Casey, 1971).

Cinder Beds -~ Interpretation.

The disarticulated oyster valves -form a death assemblage,
a thanatocoenose. Nevertheless, as the shells are not
greatly damaged they'have not been transported far and probably
reflect local conditions. '

Since echinoids cannot tolerate low salinities, seawater
approaching normal marine salinity must have covered the area
for part of the time during which Liostrea distorta flourished.
Much of the seawater probably came from the north as suggested
by Casey (1971 and earlier papers) (Fig. 6.08D). In the
overlying limestones, however, Liostrea 1is acéompanied by
brackish-water faunas. Being euryhaline 1t probably occupied
the ecological niche of the modern oyster Crassostrea which
thrives in brackish lagoons in salinities as low as 17.5%o
(Hudson and Palmer, 1975). Parts of the Cinder Beds without
stenohaline organisms are therefore likely to have originated
in brackish rather than marine water.

Intermarine and Scallop Beds — Description.

These thin-bedded shelly limestones constitute the Upper
Building Stones which are extensively worked in the quarries
near Swanage. The Intermarine Beds (Fig. 6.06) form the great-
er part of these strata. The Scallop Beds are thin sandy
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limestones at the top.

Much of the Intermarine Beds is biosparrudite (Plate
6.03) largely consisting of the shells of Neomiodon usually
referred to in early publications as Cyrena or Cyclas (e.g.
Fisher, 1856). Some of the beds contain scattered dark-

coloured Liostrea shells.

The finer grained limestones are mainly biomicrites with
ostracods. In these and in the shales and marls there are
often gastropods such as Viviparus, Physa and Hydrobia
(Clements, 1969) and sometimes charophytes (El-Shahat, 1977).

Near the base of the Intermarine Beds fragments of turtle
carapace occur and crocodile and pterodactyl remains have been
found (Bristow and Forbes, in Damon, 1884). Good fish remains
have also been obtained, particularly from the "Downs Vein" in
the quarries (Fisher, 1856). Fish remains and turtle bones
are common near the top of the Intermarine Beds. In the Upper
and Lower Building Stones at least twenty-four species of fish
have been encountered, these being mainly holostean types with
thick rhombic scales. Sometimes scales, teeth, vertebrae,
fin spines ("ichthyodorulites") can be seen in the blocks on
the shore. Some of the Intermarine Beds contain plant debris
and the isopod Archaeoniscus occurs in the "Underpicking", a
softer stratum in the middle of the Intermarine Beds (probably

Clements' bed 128).
Footprints of dinosaurs, often in parallel tracks made

by several animals, are commonly found on the beds of shelly
limestone, particularly the Roach Bed, in quarries west of
Swanage (Delair and Lander, 1973). The discovery of long
tracks, extending for up to 140 metres, has caused much
excitement in the local region (e.g. Evening Echo, Bournemouth,
June 25, 1963). A series of footprints has been cut out and
are on display at the British Museum (Natural History). On
the coast good examples (Fig./6.08) can be seen at about the
Roach horizon at Worbarrow Bay (not in the Cypris Freestones
as stated by Delair and Brown, 1975). Please avoid damaging

these fine specimens.
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Plate 6.03.

A middle Purbeck biosparrudite of early-cemented type,
consisting of partly rounded bivalve fragments with

gastropods, Bed D.B.186, (from E1-Shahat, 1977).
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The Scallop Beds are inconspicuous sandy limestones and
shales, about 1.5m thick, at about 15m above the top of the
Cinder Bed at Durlston Bay (see Clements, 1969). They lie
between a conspicuous massive biosparrudite, (the Laneing
Vein) about 1.25m thick and the more argillaceous Corbula
Beds. Their identity can be confirmed by the shells of the
scallop "Chlamys". Other bivalves include Liostrea and
Modiolus.

Intermarine and Scallop Beds — Interpretation.

The Intermarine Beds are appropriately named because of
their strange mixture of near-marine and of low-salinity
faunas and are obviously mainly of brackish water origin.

Near the base, however, beds with charophytes originated in
water of low-salinity, (Fig. 6.03) and indicates a return to
Chérty Freshwater Beds conditions. The crocodiles and
turtles lived in the lake and surrounding marshes.

The origins of the Neomiodontid debris beds above is an
interesting problem. Neomiodontids occur with various brack-
ish faunal and flora elements from charophytes (of low-
salinity origins) to Liostrea (of higher-salinity origins).
Studies of similar facies in the Middle Jurassic (Hudson,
1963) has suggested that Neomiodon was euryhaline and dominant
at salinities of about 5%e to 9%e (Fig. 6.07). Eomiodon
seems to have lived in brackish water of salinities above about
16%¢ (Casey, 1971; Hallam, 1976). Perhaps its occurrence
in the Portland Upper Building Stones of the Vale of Wardour
(Casey, 1971), strata which contain stromatolites (Wimbledon,
1976), suggests tolerance of some hypersalinity (cf. Ager,
1976). The disarticulated and often broken valves suggests
the effects of wave action. Perhaps the debris was concen-
trated in this western marginal area of the Purbeck sea (Fig.
6.09) by easterly winds (cf. southeasterly Wealden winds of
Allen, 1976).

The footprints, mainly of Iguanodon and Megalosaurus,
are, of course, records of subaerial exposure. The shell-
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hash which was to form the Roach behaved like snow,,absorbing
the load by the crushing of the shells. The footprints show
that the dinosaurs walked in a "pigeon-toed" manner with a
stride of rather more than a metre and mainly travelled para-
llel to the distant margins of the basin, either southwest or
northeast (Walkden and Oppé, 1969). Why though, did herds
of dinosaurs, such as the herbivorous Iguanodon, wander over
the carbonate sand flats? Perhaps they were searching for
water during a temporary drought. An unusually hot dry
summer would explain the desiccation cracks and the red,
early-lithified, crust of the Roach Bed (El-Shahat, 1977).
Important, although relatively short-lived changes in
the environment are shown by the Scallop Beds. The faunal
evidence (Fig. 6.07) shows that nearly normal marine (euhaline)
salinities existed. The inflow of seawater brought in quartz
sénd, perhaps transported to the area by longshore drift.
Probably scallops are common because they were tolerant of a

mobile sand substrate.

The Corbula Beds — Description.

Although the limestones in this unit are conspicuous they
are thin, and the percentage of clay is fairly high. The
limestones are mostly sandy biosparrudites with the small bi-
valve Corbula conspicuous. Hemicorbicula and other bivalves
are present (Casey, 1955) and are accompanied- by gastropods
such as Hydrobia, Procerithium and Promathilda. Dinosaur
footprints have been found (Mansel-Pleydell, 1896).

Corbula Beds - Interpretation.

The faunas suggest that the beds originated in more
saline waters than those of the Intermarine Beds, though still
much less saline than normal seawater. At the present day
Corbula occurs in the restricted Sea of Azov, as well as many
other places, at salinities of about 11%ws where the water is
shallow and it is also associated with Hydrobia. A slightly
sandy estuarine environment is implied for the Purbeck analogue.
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Chief Beef Beds — Description.

Shales, sometimes richly organic are the predominant rock
types but thin beds of Neomiodontid biosparrudite occur at
intervals. A common feature of other units, but best devel-
oped here, is the preservation of layers of shells as

aragonite, in chalky condition. They have been referred to
in previous literature as "perished bivalves" or "rotten
lamellibranchs® (Pisher, 1856). Associated with these is

the "beef", fibrous calcite,which has developed by diagenesis
during or after compaction. Viviparus and even Planorbis
have been found in these beds and species of the ostracod genus

Cypridea are common (Clements, 1969).
Chief Beef Beds - Interpretation.

_ These shales, like most strata which contain beef, seem
to have relatively high organic contents which accounts for
the preservation of the aragonitic bivalve shells. The organic
content seems to result from more humid climatic conditions
as Wealden times approached; more luxuriant land vegetation
contributed more vegetable detritus by rivers. Large quan-
tities of bedload clastics, however, had yet to arrive.

The gastropod faunas suggest fairly low salinities (see

Pig. 6.07) perhaps less than about 5%e (oligohaline) and the
greater influx of river water probably acéounts for this.

Broken Shell Limestone — Description.

This is a thick biosparrudite probably made up of frag-
mented Neomiodontid shells but also containing remains of
Unio, Viviparus, fish and turtles. Unexplained circular

depressions occur on its upper surface.

Broken Shell Limestone — Interpretation.

The fauna and lack of oysters again indicates low-salinity
origins, usually below about 8%o. Like the biosparrudites
of the Intermarine Beds this mass of shell fragments raises
the problem of how it was concentrated. Wave action on ex-
tensive gently shelving, intertidal flats of the brackish gulf
or lake would account for breakage and sorting, and this bed

al
may:ﬁave been accumulated by easterly winds.
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Unio Beds - Description.

These are shales and limestones, mainly biosparrudites
which are more sandy in the west and everywhere contain the
large freshwater mussel Unio and the pondsnail Viviparus.
Plant debris and crocodile and turtle bones occur and the
teeth and scales of fish are numerous. Pyrite and siderite
are present but the abundant glauconite, much of it clearly
authigenicin these apparently non-marine beds is puzzling.

Unio Beds — Interpretation.

The faunas show that the beds originated in very low-
salinity, probably oligohaline, conditions (Fig. 6.07). At
the present day Unio inhabits rivers and lakes, the larval
form being pérasitic on fish, and it is interesting to note
the evidence of such hosts in the Unio Beds.

" The lateral extent of these beds and lack of obvious

channels suggests deposition in a lagoon or lake rather than

a river. Shallow, almost fresh, water and probably plenty of
food, meant that this lake swarmed with pond-turtles and croco-
diles. Increase in Upper Purbeck clastics westwards suggests
that rivers were not very far away and these presumably brought
in the iron for the formation of much siderite and pyrite and,
perhaps, for the iron-bearing clay glauconite. Undoubtedly
more humid climatic conditions leading up to the even wetter
Wealden environments, favoured chemical weathering in the well-

vegetated upland areas.

Upper "Cypris" Clays and Shales - Description.

These shales with numerous ngridea contain three beds
of "Purbeck Marble" (Viviparus biomicrudites). They are
coloured either green by disseminated glauconite or are red-
dish where this mineral has been oxidised.

Unio is also common, being most abundant in a thin sandy
limestone rich in glauconite, both at Durlston and in the TLul-
worth area. North of Weymouth, at Friar Waddon (SY 644857)
there is a very interesting "Unio Bed" equivalent either of
this stratum or of some part of the underlying Unio Beds. It
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is important because, in addition to many teeth of sharks
such as Hybodus it contains pebbles of Portland chert and
limestone and derived phosphatic ammonites, probably from
the Kimmeridge Clay (West and Hooper, 1969).

Upper "Cypris" Clays and Shales - Interpretation.

These clearly originated in lacustrine conditions much
like those in which the underlying strata formed. Ostracod,
gastropod and bivalve faunas again suggest oligohaline con-
ditions (Fig. 6.03); the sharks were of genera (Hybodus,
Lonchidion) that, surprisingly, had taken over almost fresh-
water habitats (Patterson, 1966). The Viviparus limestones
have obviously been formed from the remains of numerous pond-
snails; these animals probably thrived on luxuriant aquatic
vegetation which has completely disappeared.

The Friar Waddon "Unio Bed" is significant because it
provides evidence about the adjacent 1énd bordering the basin.
The clastics show that by late Purbeck times erosion of much
of the Upper Jurassic had taken place in the west and uplift
was taking place of the western areas that were soon to pro-

vide the Wealden clastics.
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CONCLUSIONS-DEPOSITIONAL ENVIRONMENTS OF THE PURBECK FORMATION

The Dorset strata originated in the western part of a
very shallow, large lagoon and its bordering sand and mud-
flats, covering most of the present site of southwest England
and the English Channel. At first salinities were above that
of normal seawater; later they fluctuated between marine and
freshwater.

The relative aridity of the early Purbeck climate was a
change from previous Jurassic conditions. Apart from traces
in the Middle Jurassic,evaporites are not known in other
British Jurassic strata. The cycadophytes, modern relatives
of which grow in relatively warm environments, appear in the
dirt beds as a result of the first northward migration in the
late Mesozoic (Ager, 1975). Tree rings and evidence of sea-
sohal lakes show the climate was not only warmer and drier
than previously but was characterised by well-defined seasons
(West, 1975). I+t must be emphasised, however, that desert
conditions did not exist in Dorset. The evaporites and
assocliated sediments, which lack red-beds or blown-sands, and
the character of the faunas and the presence of forests sug-
gests merely a semi-arid climate (West,‘1975).

In size and shape the lagoon may have resembled the
famous Kara Bogaz gulf, a barred basin of hypersaline water
with a continuous inflow from the Caspian Sea. The stromato-
lites were like those today in shallow and intertidal hyper-
saline water at Shark Bay, the calcium sulphate evaporites like
those developed in lagoons and sabkhas which border them as in
the Trucial Coast of the Arabian Gulf and more particularly
like those of the Mediterranean coastal zone of Egypt (West
et al., in press). Sediment associated with the Purbeck eva-
porites conspicuously lacks blown quartz sand and oxidised
iron, but instead contains the well-developed carbonaceous
soils. This points to environments appreciably less arid
than those of the Trucial Coast and rather less arid than
northern Egypt. ?n ideal modern analogue would lie further

north but no largé iaégbn of Purbeck size lies near the western
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margin of a continent (as did the Purbeck lagoon) at the
right latitude at the present day.

The ancient forest seems to have flourished adjacent to
the huge Purbeck lagoon and its extensive "tidal" flats and
presumably received sufficient rain. At the present day
most major forests seem to require an annual rainfall of at
least 400mm per annum. Nevertheless the climate had to be
dry enough for evaporites and warm enough and sufficiently
free from winter frosts for cycadophytes, crocodiles and
turtles. Regions near the southern limit of temperate for-
ests and the northern limit of evaporites are parts of Syria,
Lebanon or Israel and Jordan which agrees Surprisingly1 well
with the palaeolatitude of about 37°N (Smith and Briden, 1977).
It is of interest that a good analogue of the salt-pickled
trees of the Fossil Forest is that of a submerged forest in
a salt-lake of that region, the Dead Sea (Neev and Emery, 1966).

On the low flat land around the Purbeck lagoon were the
broad calcareous sabkhas and ephemeral lakes and behind them
the dark green, conifer-scented forests which with occasional
herds of herbivorous dinosaurs and the small inconspicuous
nocturnal mammals. Peculiar in comparison with modern lagoons
would have been the absence or rarity of water-fowl on the(kwﬁaﬂb)
pinkish algal-rich, very saline waters.

Without human interference, without competition from
grass (Walter, 1973) and without large browsing mammals,
climatic regions like those today that are occupied by semi~
arid steppe or grassland were then probably forested. This
explains why it is difficult to find a modern analogue for
coniferous forests existing in proximity to major sites of

evaporite deposition.

Footnote 1: surprising since there are polar icecaps at
present but no evidence that such existed in
Purbeck times. ‘
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The Middle Purbeck lagoon with brackish faunas and no
evaporites but with some kaolinite and more quartz sand
indicates wetter conditions. It can be compared to some-
where just north of the northern hemisphere arid zone such as
parts of Turkey or Spain. In size, in invertebrate faunas,
lack of evaporites and proximity to forests (forest-steppes)
it resembled the modern Sea of Azov but the Purbeck crocodile-
infested region was obviously warmer, at least in winter.

The low-salinity Caspian Sea is similar in some respects but
suffers too continental a climate. If a very large shallow
lagoon existed in northern Syria it might provide an effec-

tive model.

Thus the major trend of Purbeck sedimentation was a
progressive'change from deposition of evaporites at the base
to deposition of brackish and freshwater beds in the middle
and upper parts (Fig. 6.09 A-F). Lake deposits at the top
were formed near the mouth of a river and are almost fluvia-
tile (Fig. 6.09 F). = With evidence of salinity changes there
is an increase upwards in quantity of coarse clastics and of
plant debris, A trend towards progressively more humid con-
ditions explains this. Thus it would seem that the boundary
between the northern arid zone and the northern temperate
humid zone moved southwards away from southern England during
later Purbeck times 5 Perhaps<i&e to thevprogressive develop-
ment of the North Atlantic Ocean, : '
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