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Abstract  
 

Quantifying the geometries of evaporite deposits at a <1 km scale is critical in our 

understanding of similar ancient depositional systems, but is challenging given 

evaporite mineral dissolution at surface conditions. Two high-resolution stratigraphic 

studies in mines provide insight into the geometries, dimensions, and spatial 

distributions of sedimentary bodies in 3-D at a <1-km scale in evaporites. A field 

mapping study was conducted in Brightling (Purbeck Group) and Boulby (Zechstein 

Group) mines, in southeast and northeast England, respectively. This is integrated 

with XRD, petrography, and δ13C and δ18O isotope analyses. The evolution and 

conditions of sedimentation during the Tithonian in the Weald Basin is also evaluated. 

A newly defined megasequence boundary at the base of the Purbeck Group is 

suggested to mark the onset of rifting of the Bay of Biscay and to the north of the 

Charlie-Gibbs Fracture Zone, which implies an earlier rifting phase than previously 

proposed. Basal Purbeck lateral facies changes are influenced by the position in the 

Weald Basin, normal fault systems, and relative sea level changes. In Brightling 

Mine, the basal Purbeck exhibits carbonate-evaporite shoaling upward cycles, likely 

controlled by localized high-frequency relative sea level changes and/or sabkha 

hydrology. The dynamic process of evaporite deposition led to subtle stratigraphic 

heterogeneities and changes in bed thicknesses, but largely continuous lateral 

bedding. Boulby Mine offers a unique opportunity to study early deformation 

structures in ancient polyhalite that formed in playa conditions. The controlling 

mechanism that formed these syndepositional polyhalite tepees is attributed to soft 

sediment deformation via polyhalite dewatering coupled with penecontemporaneous 

precipitation of halite during fluid escape. This study offers new insight into the types 

of heterogeneity observed in ancient evaporites formed in marginal playa and sabkha 

environments at a <1 km-scale, which can include a variety of compositions and 

morphologies at a range of scales.  
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1 Introduction 
 

Understanding the sedimentology of evaporites can provide significant insight into 

processes related to climate, sea level, and environmental changes. Evaporites 

comprise a variety of chemical constituents, which precipitate at or near the Earth’s 

surface within concentrated brines in a range of complex environments (Schreiber & 

El Tabakh 2000). Evaporites such as anhydrite, gypsum, halite, and potassium-

bearing minerals have a large economic significance as they provide major natural 

resources of raw materials, such as salt, potash, and cement. These materials are 

widely used in construction, chemical, and agricultural industries (Kyle 1991). 

Interest in many evaporite systems has emerged from their applications to 

hydrocarbon exploration; they form important seals for hydrocarbon reservoirs 

(Taylor 1998).  

 

This PhD project is part of a larger effort aiming to facilitate carbon capture and 

storage (CCS) and enhanced oil recovery (EOR) operations in Qatar. The prospective 

CO2 storage site has an overlying anhydrite seal, the Hith Formation (Powers et al. 

1966), which is a regional top seal that caps some of the world’s most prolific 

hydrocarbon reservoirs in the Arabian Basin (Alsharhan & Nairn 1997). In this thesis, 

the selection of outcrops was guided by investigations of evaporite seals that are 

similar to the Hith Formation, which comprises two evaporite facies 

(massive/laminated and nodular anhydrite) and associated depositional environments 

(playa, sabkha; Alsharhan & Kendall 1994).    

The dynamic process of evaporite deposition could conceivably generate a variety 

of heterogeneities. Characterizing and quantifying such heterogeneities in evaporites 

are important for seal characterization, especially within the context of CCS and EOR 

studies. Variability in facies and lateral continuity could alter seal quality, thereby 

reducing CO2 storage efficiency. Thus, the success of these operations partly depends 

upon the quality of evaporite seal models, which in turn rely on the knowledge of the 

associated heterogeneities.  

 

Lateral variations within evaporite seals, such as the Hith Formation, are known on 

a regional scale (e.g., Alsharhan & Kendall 1994), but the existing literature does not 
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include heterogeneities in evaporite seals at a mesoscale (e.g., from one centimeter up 

to one kilometer). Attributes of mesoscale heterogeneity are probably the most 

challenging to resolve, as data must be extrapolated between sparsely sampled or non-

sampled regions. But this scale is important because it corresponds to the spacing 

between industry wells (i.e., inter-well scale) and it is generally below the resolution 

capabilities of conventional tools, such as seismic and well log data. Large parts of 

evaporite sequences are buried and it is very difficult to assess their internal facies 

relationships. And constraining lateral stratigraphic heterogeneities is challenging in 

ancient evaporites, such as anhydrite, as evaporites are susceptible to dissolution at 

Earth’s surface conditions, thus continuous outcrops are lacking. In less well-exposed 

regions, or in one-dimension (i.e., wells), it may not be possible to distinguish inter-

well scale lithological variability and/or lateral continuity, thus it would be difficult to 

understand two- or three-dimensional heterogeneities.  

 

The overarching goal of this thesis is to thus provide a better understanding of the 

sedimentological lateral continuity, 3-D geometries, and spatial distributions of 

heterogeneities in evaporite seals at a <1 km-scale. I have documented the detailed 

stratigraphic architectures, created robust depositional models, and obtained 

quantitative data of the dimensions and distributions of heterogeneities within 

evaporite sequences. The geological processes that generated this heterogeneity were 

also constrained, which enabled the data to be converted into conceptual models. 

Another main objective of this thesis is to put the small-scale heterogeneities in the 

wider tectono-stratigraphic context of deposition, in this case notably by reevaluating 

the tectono-stratigraphic evolution of the Weald Basin in southern England, 

specifically during Tithonian times, thereby extending the work of Hawkes et al. 

(1998). The Portland Sandstone Group forms an important reservoir in the Weald 

Basin and is the producing horizon at Brockham and Godley Bridge (Hawkes et al. 

1998), where the basal anhydrite of the Purbeck Group forms an excellent seal (Butler 

& Pullan 1990). The controls on evaporite deposition in the Weald Basin at a regional 

extent were also constrained. 

 

The four specific objectives of this thesis are: (1) determine the facies and/or 

structural variability at a <1 km-scale in ancient evaporite deposits formed in 

marginal sabkha and playa settings, (2) obtain the spatial and quantitative information 
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of depositional geobodies in three dimensions (3-D) in evaporites, (3) determine the 

main driving mechanisms responsible for generating the observed heterogeneity in 

evaporites, and (4) re-evaluate the presence of a potential sequence boundary at the 

base of the Purbeck Group limestone/evaporite in the Weald Basin and understand its 

significance. An initial fundamental question would be to ascertain whether or not 

evaporites are laterally continuous at a <1 km-scale. If this is the case, did the 

observed heterogeneity develop at an early or a late stage?  

 

The best approach to constrain such heterogeneities within ancient evaporite 

deposits is to choose a well-exposed outcrop that is laterally continuous over an area 

<1 km. Over the course of my PhD work, I have studied mine outcrops or ‘subcrops,’ 

of which provided a 3-D horizontally leveled Cartesian grid system. This provided a 

natural laboratory uniquely opportune for the study of lateral variations in evaporites. 

In the search for a subcrop, additional factors were taken into account, which included 

deposits that exhibited primary features (i.e., they were not tectonically deformed) 

and those that were formed in marginal evaporite depositional environments. 

This thesis focuses on two high-resolution case studies of laterally continuous 

subcrops of anhydrite and polyhalite that exhibit <1 km-scale heterogeneities. The 

first includes a high-resolution stratigraphical and sedimentological study of the basal 

Purbeck Group in Brightling Mine, southeast England. This provides insight into the 

three-dimensional architecture, lateral continuity, vertical heterogeneity, and 

quantification of the geometries of sabkha deposits within an anhydrite seal at a <1 

km-scale. The second includes a detailed sedimentological study of polyhalite in 

Boulby Mine, offshore northeast England. This polyhalite lies within the Zechstein 

Group, in the Fordon Formation, within an evaporite seal located in the Zechstein 

Basin, which is considered to be one of the world’s saline giants. This can shed light 

on the three-dimensional architecture, lateral heterogeneity, quantitative geometry, 

and structural variability in ancient playa deposits. Specific detailed objectives of the 

studies within this thesis are described below, with regard to their relevant chapters. 

In chapter 2, the field and analytical methods used in this study are described.  
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The study in chapter 3 forms the basis of a manuscript in preparation, which has 

been submitted to the sponsors and will subsequently be submitted to the Journal of 

the Geological Society. The evolution and conditions of sedimentation during the 

Tithonian in the Weald Basin, southern England, is investigated. This study emplaces 

the detailed study of the basal Purbeck Beds (presented in chapter 4) within the 

context of a regional framework. I describe the geological setting of the Weald Basin 

in this chapter. I interpret regional data in a sequence-stratigraphic context. Specific 

objectives of this chapter include: (1) investigate potential key surfaces (e.g., 

unconformities and maximum flooding surfaces) in the Tithonian strata of the Weald 

Basin, (2) understand the significance of any potential sequence boundaries, and (3) 

re-interpret sediment deposition in the Weald Basin in a sequence stratigraphical 

framework. 

 

Subsequent to the regional work, a detailed, small-scale study is presented in 

chapter 4, which was published in Marine and Petroleum Geology (S.S. Abbott et al. 

2016). The paper is based solely on my own work from this project. In chapter 4, I 

characterize carbonate-anhydrite cycle boundaries and spatial facies variation in 

Brightling Mine. The basal anhydrite in the Purbeck Group of the Upper Jurassic 

(Tithonian stage, 145.0-152.1 Ma) was chosen for this detailed study in Brightling 

Mine, Weald Basin, southern England. The main goals of this chapter include: 1) 

reconstruct the lateral and vertical distribution of facies and stratigraphic surfaces of 

the anhydrite deposits at an inter-well scale, 2) reconstruct the paleo-topography for 

key surfaces in these deposits and, 3) interpret the deposits and surfaces in a process 

sedimentological framework.  

 

Chapter 5 outlines the regional-scale work previously conducted on the Zechstein 

Basin. This chapter is a literature review that serves to emplace the inter-well scale 

study of the Fordon Formation (presented in chapter 6) within the context of a 

regional framework. I describe the geological setting of the Zechstein Basin in this 

chapter, with emphasis on the area of northeast England. This chapter will conclude 

with a summary of previous sequence stratigraphic interpretations. This allows for a 

framework to emplace the detailed study of Zechstein (Z2) polyhalite deposits, which 

is presented in chapter 6.  
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A manuscript in preparation, to be later submitted to Sedimentology, is presented in 

chapter 6. The main objectives of this chapter include: (1) identify the structural 

heterogeneities within polyhalite, (2) obtain quantitative information of the geometry 

and spatial distribution of these structures, (3) three-dimensional modeling of the 

structures, and (4) constrain the geological processes controlling these <1 km-scale 

heterogeneities. 

 

Chapter 7 presents the thesis conclusions. The results obtained from the two case 

studies and the regional study will be summarized. Potential future work to further 

our understanding of anhydrite deposits are also considered. 
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2 Field approach and analytical methods 
 

This chapter explains the methodology used in this work. A representative flow 

chart, which introduces the field and analytical techniques, is depicted in Figure 2.1. 

This chart shows the generalized sequence in which the methods discussed in this 

chapter were used. This work consists of two detailed subcrop studies and one 

regional study, therefore a variety of field and analytical techniques were conducted.  

 

 
Figure 2.1 Representative flow chart depicting both the field and analytical methods used in this work. (A) 

Examples of general field methods are shown, such as a steel measuring tape used for taking detailed 

measurements, a powered lift used during sample extraction, and a tripod for taking photographs, (B) some 

of the sample analytical techniques are shown, as well as examples of core and wireline logs analyzed in the 

regional study in chapter 3, and (C) illustration of some tools used and the workflow that involved the 

detailed 3-D visualization of key surfaces. 
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2.1 Determining field localities 

 

Quantifying the geometries of evaporite deposits at a <1 km scale is critical in our 

understanding of similar ancient depositional systems, but is challenging given 

evaporite mineral dissolution at surface conditions. For example, anhydrites are very 

susceptible to dissolution at Earth’s surface conditions, and continuous outcrops are 

scant. Thus, finding field localities to constrain lateral stratigraphic heterogeneities in 

ancient evaporites initially involved a worldwide search for subsurface field localities 

(i.e., evaporite mines). Ancient anhydrite is present in several basins (Figure 2.2). 

Numerous mines were investigated that excavated anhydrite. The majority mined for 

gypsum deposits. Mines of interest were contacted to inquire about accessibility for 

field research. For example, the Wieliczka and Bochnia mines in Poland were 

contacted, but had minimal anhydrite and thus were not considered adequate targets. 

In Germany, several mines (e.g., Potash works, Stetton, Heilbronn, Bernburg, Brefeld, 

Westeregeln, and Kochendorf mines) had either minimal anhydrite or diapiric 

structures, which also were inadequate for these studies where depositional 

geometries were key. The majority of mines in the United Kingdom had been 

abandoned or were inaccessible (e.g., Billingham, Fauld, Sandwith, Warren, and 

Knothill, Birks Head, Astonon Trent, Tutbury, Stamp Hill, Acorn Bank, and Long 

Meg mines). Of the four mines visited in the United Kingdom and the one visit to 

Germany, two were found to be opportune field localities. These include Boulby and 

Brightling mines, in northeast and southeast England, respectively (Figure 2.3). 
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Figure 2.2 Worldwide distribution of major evaporite basins. The occurrences of anhydrite is shown (pink 

triangles) (modified after James & Kendall 1992; Warren 2010). 

 

 
Figure 2.3 Location of the subcrops that were studied. Brightling Mine is situated in southeast England, 

near the margin of the Weald Basin, whereas Boulby Mine is located in northeast England, at the western 

margin of the Southern Permian Basin (otherwise referred to as the ‘Zechstein Basin’). 

 

2.2 Field data in mines 

 

The fieldwork in both Brightling and Boulby mines involved determining a 

suitable area for the purposes of these studies and also taking appropriate safety 
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precautions. To study <1 km-scale heterogeneities, laterally continuous subcrops 

between 100 and 1000 meters were found. Both anhydrite in Brightling Mine and 

polyhalite in Boulby Mine are mined using a continuous mining technique in a room 

and pillar system (Figure 2.4B and Figure 2.5A), whereby rooms are cut into the 

evaporite seam, leaving a series of pillars to help support the roof overburden and 

control airflow (Figure 2.1A). This leaves behind freshly exposed surfaces of the rock 

wall, highly opportune for a laterally continuous, pseudo-horizontally leveled three-

dimensional field locality along pillars and/or road cuts (Figure 2.4A). This allows for 

a high-resolution field study of evaporite aimed at constraining the 3-D geometry of 

sedimentary facies and stratigraphic surfaces at a <1 km-scale. For safety reasons, 

access to the study areas in both mines was restricted to a block near the working 

face, around continuous mining operations where the gallery was continuously 

monitored for stability. Evaporite lithofacies were described based on relationships 

between the evaporite and the associated matrix (Maiklem et al. 1969). For carbonate 

lithofacies, the textural classification of Dunham (1964) was used. Samples were 

extracted from the rock face using a powered lift when available, when accessing the 

upper horizon, and a rock hammer and chisel. Bedding classification thicknesses are 

as follows: lamina (<1 cm), band (1 to 10 cm), thin bed (10 to 30 cm) and thick bed 

(>30 cm). 

 

The targeted anhydrite in Brightling Mine is located in the section exposed within 

the basal seam of the mine (termed the No. 4 seam according to mining practice), 

reaching a depth of ~283 m below the mine entrance (Figure 2.4C). The faces of 

pillars (approximately ≥6 m wide and 4.2 m in height each) were washed to remove 

dust and reveal detailed sedimentologic features. Photographs and thirty-seven logs 

taken from pillar faces, with a ~40 m lateral spacing, were used to constrain the lateral 

stratigraphic architecture of the horizon. Stratigraphic beds are labeled from 0 to 10 in 

stratigraphic order. The stratigraphic height of key surfaces was measured relative to a 

fixed ‘datum’, which was chosen as the base of bed 7 (i.e., surface 7, described in the 

results), because this apparent flooding surface was the flattest and most continuous 

of all surfaces. The surfaces were only traced across an arbitrarily chosen distance (of 

4 m) along each pillar face in a photograph using adobe illustrator (ai), in order to 

avoid distortion effects related to pillar edges (e.g., due to minor collapse of the 

overburden rock and/or from mining extraction). Rock pillars in the field area at 
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Brightling were designated with the label “Br” and a consecutive number to identify 

each pillar (e.g., Br1, Br2, etc.). A total of 261 samples (~10 cm in diameter) of 

anhydrite, microbial laminite, shale, marl, nodular gypsum, and satin spars were 

collected in stratigraphic order at select pillars from Brightling Mine, with a lateral 

sample resolution of ~80 m and a vertical resolution of ~25 cm. The naming 

convention for samples follows the pillar convention, using the pillar name followed 

by a number in descending stratigraphic order along the pillar face (e.g., Br1.1, Br1.2, 

etc.).   

 

 
Figure 2.4 (A) Photograph of a view of pillars in Brightling Mine seam No. 4, (B) partial schematic 

representation of the subsurface in Brightling Mine (a ramp mine), showing a 3-D subcrop illustration of 

the pillars under study in seam No. 4, and (C) base map of pillars in Brightling Mine seam No. 4, with 

mapped pillar profile outlines (shown in red). Pillar numbers indicate the side of the mapped pillar face, 

which will be presented in chapter 4. 
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The polyhalite ‘subcrop’ in Boulby Mine occupies a total pillar wall (or road cut, 

e.g., Figure 2.5B) length of 2100 m. The pillar wall (or road cut) lengths vary in 

between 4 and 128 m (the majority were ~30 m in length). Road cuts are oriented 

approximately north-south and east-west. The field locality is situated at a depth 

between 1170 m and 1230 m below sea level. The coordinates for the central point in 

the study area (defined as the corner of the junction of roads W3 and S4, see Figure 

2.5C) is 54.600238° N, 0.795216° W. Fortunately, I was permitted to wash salt dust 

off some key wall sections. Field mapping was conducted with finite measurements 

taken with a steel measuring tape. The structure geometries were measured in Boulby 

Mine and the geometric data collected from the cross sections were plotted as aspect 

ratios (height to width ratios) following an approach described in Sena & John (2013). 

Photographs were taken throughout the study area. When pillars or roadways were too 

long for one photograph, photographs were taken in a transect at the same distance 

away from the rock wall. A photomosaic was built, using the software PTGui. When a 

photopanel stitching could not be made (e.g., the photograph was not clear in some 

areas), photographs were placed side by side, correspondingly in adobe illustrator (ai). 

Several contiguous architectural panels were made in 3-dimensions by mapping the 

facies and bounding surfaces onto photomosaics of pillars and/or roadways. The pillar 

naming convention is such that pillars are designated as symbols (Figure 2.5C). The 

specific side of pillars is named according to this symbol, followed by the direction of 

that particular pillar wall. For example, the wall on the east side of pillar β (upon 

looking at the pillar in map view) would be named βE, and so forth. A total of 53 

samples were extracted from the rock face in Boulby Mine. Samples of polyhalite and 

halite were collected from tepee structures as well as at a distance away from the 

structures. Samples corresponding to specific pillars are numbered according to pillar 

convention, followed by the direction on the pillar (e.g., ‘N’ for the north side of the 

pillar), followed by the sample number. Domal-shaped structures in the mine seam 

are not at the same stratigraphic level, for example, structures observed along pillar 

wall ψW are ~7 m higher in stratigraphy than the structures observed at the southeast 

corner of pillar µE (for location, see Figure 2.5C).   
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Figure 2.5 (A) Boulby Mine schematic showing the surface of the mine, mine shafts, and subsurface field 

area within the polyhalite seam, (B) road cut within the Billingham Main Anhydrite in Boulby Mine, which 

illustrates the mine roads, and (C) map view of the field area showing pillars and locations of domes and 

breccia. 

 

The Weald Basin regional work made use of core and wireline log data from the 

British Geological Survey (BGS) archive at Keyworth, Nottingham, and 2-D seismic 

lines acquired from the publicly available United Kingdom Onshore Geophysical 

Library (UKOGL; www.ukogl.org.uk). Two cores (Godley Bridge-1 and Normandy-

1, Figure 2.6A) and two sections of borehole samples (Penshurst 1, Figure 2.6C, and 

Winchester 1, Figure 2.6D) were taken from subsurface depths of 289 to 969 m, along 

the northern margin of the Weald. The core sections studied ranged in depth below 

surface from 672 to 684 m (Normandy-1) and 940 to 971 m (Godley Bridge-1), 
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whereas borehole samples studied ranged in depth below surface from 289 to 312 m 

(Penshurst-1) and 576 to 631 m (Winchester-1). A total of forty-two samples of 

different lithologies were extracted at a ~1 to 3 m vertical resolution, with additional 

samples taken near potential stratigraphic surfaces. Sampling was non-equidistant due 

to the availability of material and core recovery. The naming convention for samples 

follows the BGS record number upon sample collection, preceded by the first letter of 

the borehole from which the sample is taken.  

 

 
Figure 2.6 Representative photographs from core and borehole specimens studied at the British Geological 

Survey (BGS) archive in Keyworth, Nottingham. Note that the scale bar on the photographs is shown in 

centimeters. (A) Representative example of a section of core, from Godley Bridge-1, (B) the same section of 

core shown in photograph A, with depths in feet indicated, (C) example of some of the borehole specimens 
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studied from well Penshurst-1, (D) example of some of the borehole specimens studied from well 

Winchester-1. 

 

2.3 Mineralogical and petrographical data 

 

2.3.1 Thin section petrography 

 

For the studies of both Brightling and Boulby mines, field data was combined with 

mineralogical data. For the regional Weald Basin study, lithofacies were determined 

via subcrop, core, and borehole sample observations, supplemented with log motifs. 

Thin section petrography was used to define mineral constituents and provide textural 

descriptions. Conventional petrographic sample preparation methods were used. 

Samples were sawed to produce ~2.5x2.2 cm thin section billets ~5mm in thickness, 

in a lab at Imperial College. The slabs then underwent high-precision trimming and 

polishing and were subsequently impregnated with blue-dyed epoxy and sectioned, at 

MiEKiNiA Lab in Poland. Thin sections 50 µm thick and 26x46 mm in size were 

made for select samples of varying lithologies from distinct pillars and/or roadways 

from the mines and core samples as well. Petrography was performed using a Zeiss 

Axioskop 40 polarization microscope under plane light and crossed polarization 

(Figure 2.1B). One thin section per hand specimen of lithologies from two distinct 

pillars (Br9 and Br21) from Brightling Mine samples was prepared. Ten samples from 

two lithofacies were prepared from Boulby Mine. Eleven thin sections were made 

from representative lithofacies from the core samples from the Weald Basin. 

 

2.3.2 X-ray diffraction 

 

The crystallographic properties of materials are linked with the arrangement of 

atoms within the crystal structure and X-ray diffraction (XRD) is a technique that is 

used to identify a crystalline structure. Atomic planes within a crystal cause an 

incident beam of X-rays, which interfere with one another as they leave the crystal, 

this is called X-ray diffraction (Figure 2.7). Bragg’s law has been used to explain the 

interference pattern of X-rays that are scattered by crystals, but diffraction was 
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developed to study the structure of states of matter using beams that have a 

wavelength similar to the distance between the atomic structures of the material of 

interest.  

 

 
Figure 2.7 Schematic diagram of the technique used to record the diffraction of x-rays from a crystal. XRD 

measures the intensities of a beam of X-rays that are reflected. And an analysis of the pattern of diffraction 

allows for the identification of phases present in the material. 

 

The investigations using XRD were undertaken to measure the mineralogical 

composition of the rocks, and potential lateral and/or vertical variability. A 

magnifying glass was used with an electrical dental drill to powder homogeneous 

(<40 µm particle size) samples. These were split into separate aliquots for XRD, 

Fourier transform infrared spectroscopy (FTIR), and stable isotope analyses. Whole 

rock semi-quantitative XRD measurements were performed using a Thermo Scientific 

ARL X'TRA Powder Diffractometer, at the University of Lausanne, Switzerland. This 

was conducted with CuKα radiation using a 0.02° 2θ step size, and 1.0 2θ min-1 scan 

rate. Analyses were run between 1°-65° 2θ, following procedures described by Adatte 

et al. (1996). Unquantified phases yielded from some analyses were interpreted to be 

phyllosilicates and/or evaporite, where appropriate, and therefore were designated as 

such in their corresponding tables. Nine samples from core and borehole specimens, 

of shale, sandstone, and limestone, were analyzed using XRD for the Weald regional 

samples. Thirty-five XRD analyses were conducted from Brightling Mine samples, 

from pillars Br9, Br21, Br31, and Br37. Eleven samples were analyzed from Boulby 

Mine using XRD. The percentage is approximated for polyhalite from Boulby Mine 

samples, as the lab did not have a polyhalite standard. But these data show the general 

trends. 
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2.3.3 Fourier transform infrared spectroscopy 

 

Fourier transform infrared spectroscopy (FTIR) was used to obtain semi-

quantitative phase information.  FTIR spectroscopy is a very useful tool in the 

molecular identification (i.e., it detects the chemical bond vibration) of inorganic 

species (Reig et al. 2002). The excitation of molecular bonds result in the absorption 

of light. The infrared spectrum of interest for the materials that were used in this study 

is within the mid-infrared (4000-400 cm-1) region. The FTIR analyses in this work 

used protocols described by Reig et al. (2002) and Stuart (2004). 

 

The spectrum was acquired using a Nicolet 5700 FTIR spectrometer (Figure 2.8) 

and the position and uncorrected peak heights were recorded using the Thermo 

ScientificTM OMNICTM software. The absorbance spectrum obtained from the 

instrument shows the wavenumber (cm-1) decreasing from left to right on the plots. 

The minerals are identified based on the position of the corresponding peak(s). 

Uncorrected peak heights are used for the constant ratio method in order to create 

calibration curves, after Reig et al. (2002). From studying the relationship between the 

absorbance of a standard and of an analyte, a parameter system is defined which 

permits quantification of the analyte (Reig et al., 2002). 

 

 
Figure 2.8 Photograph of the Nicolet 5700 FTIR spectrometer used in this work. 

 

Binary (polyhalite/anhydrite, anhydrite/gypsum, and anhydrite/calcite) and tertiary 

(anhydrite/gypsum/calcite) phases were mixed in known proportions in order to 
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develop their corresponding calibration curves. Designated symbols were used in this 

study to represent each phase (Figure 2.9 and Figure 2.10), which are allocated in 

parentheses as follows: anhydrite (A), gypsum (G), calcite (C), polyhalite (P), and 

water (H2O). The peak number, starting from 1 is designated in subscript next to each 

symbol (e.g., P1 indicates the first peak of polyhalite, and etc.). The constant ratio 

method (CRM) is used as an analytical strategy that is independent of the optic 

pathway which allows for the quantification of phases in samples using quantitative 

parameters characteristic of the analyte/standard system (Reig et al., 2002). In order to 

calibrate polyhalite for FTIR use, specific stable peaks were used for the constant 

ratio method. The calculation used with corresponding peaks for the polyhalite two- 

and three-phase system is shown in the corresponding caption in Figure 2.9 and 

Figure 2.10. Polyhalite sample BW1-βN-01 was used for the calibration (86wt% 

polyhalite). A gypsum satin spar, sample Br9.4 (99.12wt% gypsum), was used for the 

calibration. A sample of pure anhydrite and a Carrara Marble standard was also used. 

A polyhalite standard was unavailable for this study (for XRD or FTIR analysis); 

thus, different amounts of binary samples (polyhalite and anhydrite) were weighed 

and used as an approximation for the abundance of each phase for calibration 

purposes. The polyhalite XRD and FTIR analyses therefore show only approximate 

trends in this study. The FTIR measurements of 42 samples were conducted for the 

Weald Basin core and borehole specimens, however, 12 samples were quantified with 

this method. Thirty were not quantified because some of the peaks were not present to 

use the constant ratio method for quantification. For example, sample N-49221 

(limestone) has no evaporite peaks in which to use the three-phase constant ratio 

method. Unquantified phases of the 12 samples are shown as ‘unknown’ in Table 3-3, 

in chapter 3. Forty-three Boulby Mine samples were analyzed to obtain semi-

quantitative phase information.   
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Figure 2.9 ATR-FTIR two phase spectra (after baseline correction) and associated plots of calibration 

curves for evaporites. Note that the plots on the right show the concentration of the evaporite on the x-axis, 

which is determined for unknown samples using the absorbance values for the obtained peaks (from the 

example plots shown on the left) and the constant ratio method. The absorbance on the y-axis of the plots on 

the right is calculated from the constant ratio method (after Reig et al. 2002). (A) FTIR spectra of anhydrite 

and polyhalite, (B) calibration curve of anhydrite, y-axis CRM = A4/(A4+P3), (C) FTIR spectra of polyhalite 

and anhydrite, (D) calibration curve of polyhalite (y-axis CRM = P3/(P3+A4), (E) FTIR spectra of gypsum 

and anhydrite, (F) calibration curve of gypsum, y-axis CRM = G1/(G1+A3). 
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Figure 2.10 ATR-FTIR three phase spectra (after baseline correction) and associated plots of calibration 

curves. Note that the plots on the right show the concentration of the mineral on the x-axis, which is 

determined for unknown samples using the absorbance values for the obtained peaks (from the plots shown 

on the left) and the constant ratio method. The absorbance on the y-axis of the plots on the right is 

calculated from the constant ratio method (after Reig et al. 2002). (A) FTIR spectra of anhydrite, gypsum, 

and calcite, (B) calibration curve of anhydrite, y-axis CRM = A3/(A3+G2+C3), (C) FTIR spectra of 

anhydrite, gypsum, and calcite, (D) calibration curve of calcite, y-axis CRM = C3/(C3+A3+G2). 

 

There are several significant advantages to using FTIR instruments over older 

dispersive instruments (Stuart 2004). First, the signal-to-noise ratio per unit time, 

proportional to the square root of the number of resolution elements being monitored, 

has improved. Second, a large gain in energy at the detector has been made, which 

leads to higher signals and improved signal-to-noise ratios. Lastly, the spectra are 

obtained on a millisecond timescale (i.e., this is a very fast analysis). Essentially, the 

benefits include the small quantity of sample required, quick and easy sample 

preparation, and short analysis time (Reig et al. 2002). 

 

2.3.4 Cathodoluminescence and energy-dispersive X-ray spectroscopy 
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Luminescence techniques are used for the investigation and interpretation of the 

composition and structure of minerals (Götze 2002). The processes of luminescence 

can be described based on a scheme of energy levels in a crystal (Götze 2002). A 

precondition for luminescence is the existence of activators (impurity ions, lattice 

defects) that occupy discrete energy levels in a forbidden zone (a band gap) between 

the valence and conduction bands (Figure 2.11). These luminescence centers in 

minerals are defect centers that can be intrinsic (e.g., electron-hole centers) or 

extrinsic (impurity-related) that are classified according to electronic structure (Götze 

2002). The occurrence of luminescence is related to three processes, which include 

excitation (absorption), emission, and radiationless transitions. 

 

 
Figure 2.11 Diagram illustrating the process of charge transfer and luminescence production in insulator 

crystals (adapted from Götze 2002). (A) Excitation of energy levels by absorption of photons and the 

resulting radiative transitions luminescence emission, (B) excitation of an electron by high-energy particles 

or photons from the valence band to the conduction band and recombining with an activator which results 

in (1) luminescence emission or (2) trapping of the electron, and (C) thermal or optical stimulation of a 

trapped electron to the conduction band and the recombination with an activator. 

 

Cathodoluminescence (CL) is the electron stimulated emission of low energy 

photons from a solid material (i.e., mineral grains; Edwards & Lee 2014). An 

important advantage of CL microscopy compared to the paired SEM-CL 

arrangements is that the real CL color emission can be detected and directly compared 

with transmitted light observations. Upon exciting a crystal with energy, ions with 

unfilled shells pass from the ground state to the excited state, which shows an 
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absorption band in the optical spectrum (excitation/absorption). Ions return from the 

excited state to the ground (or lower energy) state by emissive transitions or through 

radiationless transitions (absorption or emission of lattice vibrations = photons; Götze 

2002). 

 

Cathodoluminescence was conducted on (50 µm thick) thin sections within a 

chamber in a CITL Mk5 optical cathodoluminescence microscope stage, using 

procedures described by Vortisch et al. (2003). The stage was mounted on a Nikon 

Eclipse 50i optical microscope and images were captured with a DS-Fi1c digital 

camera. Concurrent measurements of the same specimen position were obtained with 

these analytical attachments. The cathodoluminescence system was enhanced by 

coupling it with Energy Dispersive X-Ray Spectrometry (EDX) analysis. The CL 

color descriptions are based on unstained thin sections. A counting time of 100s was 

used for each analysis. The instrument has apertures that form three different visible 

(by luminescence) spot sizes (3 mm, 50-70 µm, and 100 µm). The 3 mm spot size was 

used for CL images. The spot size of the electron beam was ~50 µm. The area of 

excitation producing the measured X-ray quanta had a diameter of >100 µm. 

Analytical conditions used in this study were set to a high-vacuum chamber of 0.003 

mbar, an acceleration voltage of 15 keV, and a common current density of 0.315 µA. 

The spectra obtained represent original raw data, which shows real count rates. The 

elemental measurement range is from 11Na to 92U. 

 

An advantage in using CL combined with EDX in this manner enables rapid 

elemental analysis that is cost-effective and takes less time than using a paired SEM-

EDX. In SEM-EDX analysis the sample must be coated with carbon or gold to be 

conductive, whereas in this technique, a polished (thin section) specimen is analyzed. 

Moreover, some analyses (e.g., FTIR) are insufficient if components in a thin section 

need identification with certainty by means of further methods, however, specific µm-

scale areas can be analyzed using EDX (Vortisch et al. 2003). A peltier-cooled silicon 

drift X-ray detector is used to measure the properties of x-rays. An advantage of the 

PIN (Peltier-cooled) detector, when compared to a detector on a scanning electron 

microscope (SEM), is that it does not need liquid nitrogen but still has a good 

resolution (Vortisch et al. 2003). The EDX system sensitivity corresponds to that of a 

SEM.  



	   	   Field approach and analytical methods	  
	  
35	  

 

2.4 Stable isotope data (δ13C and δ18O) 

 

Oxygen (δ18O) and carbon (δ13C) isotope ratios were measured on carbonate 

samples in the Qatar Stable Isotope Laboratory at Imperial College London. The 

calcite (e.g., micritic carbonate) was taken from microbial laminite, marl, and shale 

samples. A total of 21 samples from five pillars from Brightling Mine (Br1, Br9, 

Br13, Br21, and Br35), and 14 samples from the core and borehole specimens from 

the Weald Basin, were analyzed. Between ~80-150 µg of disoriented rock powders 

were inserted into individual glass vials and subsequently reacted with 105% 

orthophosphoric acid at a temperature of 70°C in a Kiel IV carbonate device (Thermo 

Finnigan, Bremen, Germany). The gas was analyzed using a Thermo MAT 253 mass 

spectrometer (Thermo Electron Manufacturing Ltd, Hertfordshire, UK) (Figure 2.12). 

The data are reported in the δ notation, using the reference frame of the Vienna Pee 

Dee Belemnite (VPDB). The δ notation, defined in equations 2.1 and 2.2, reports the 

difference in isotope ratios to a standard per mil (‰) notation. 

 

δ!"𝑂 =
!  !"

!  !" !"#$%&
!  !"

!  !" !"#$%#&%

− 1 ∗ 1000‰                                                                                                                                          (2.1)    

 

δ!"𝐶 =
!  !"

!  !" !"#$%&
!  !"

!  !" !"#$%#&%

− 1 ∗ 1000‰                                                                                                                                            (2.2)    

 

Instrumental drift was corrected by validating calibration data (the slopes and 

intercepts) over time by analyzing an internal laboratory standard, the Imperial 

College Carrara marble (ICCM), multiple times during each run. Analytical 

reproducibility (a precision of one standard deviation, 1σ) for carbonates is better than 

±0.03‰ and ±0.05‰ for δ13C and δ18O, respectively. Sample reproducibility is 

±0.07‰ for δ13C and ±0.08‰ for δ18O. 
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Figure 2.12 Photograph of the stable isotope ratio mass spectrometer (Thermo MAT 253) used in the Qatar 

Stable Isotope Laboratory at Imperial College London. 

 

2.5 3-D surface data 

 

For the inter-well scale Brightling Mine study, a photograph of each pillar was 

traced in adobe illustrator, using field notes and logs as a guide. The traces were then 

exported into an AutoCAD drawing exchange format (dxf) file and imported into 

Rhinoceros, a non-uniform rational Basis spline (NURBS) 3-dimensional modeling 

program developed by Robert McNeel & Associates (v. 5 for Windows, McNeel 

2012). Next, the traces were transformed into Rhinoceros curves. Discreet 

quantitative measurements were obtained at 1cm intervals along each curve, measured 

from the curve to the chosen datum (the stratigraphically flattest surface in Brightling 

Mine) curve. This was done for each pillar using Rhinoceros, which provided a 

detailed quantitative geometric analysis of surfaces. Topographic maps were 

constructed for select surfaces (Figure 2.13A) via Python scripting (van Rossum 

1995). This provided a general trend of the geometric variability at a scale of the field 

area. In order to model surfaces as a continuous field, values of surface measurements 

were interpolated for the intervening space between pillars (~14 m). In order to honor 

surface measurements directly, cubic spline interpolation to show the depositional-

scale trends was used. A cubic spline interpolant is constructed by triangulating space 

between the measured values and constructing a piecewise cubic interpolating Bezier 

polynomial on each triangle (Renka & Cline 1984). Errors are assessed by comparing 

histograms of discreet measurements (Figure 2.13D) with those of continuous 

interpolation (Figure 2.13C). 
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Figure 2.13 (A) Example of an interpolated topographic map of surface 1, based on indicated 1-D log 

locations (triangles) from the pillars in Brightling Mine, which will be presented in chapter 4, (B) histogram 

based on logs, (C) histogram based on interpolation. Note that the x-axis of the histograms indicate the 

offset of surface 1 from the datum (surface 7). Thus the offset is negative, as surface 1 is stratigraphically 

below surface 7. 

 

For the Weald Basin study, information from forty-nine wells across the basin was 

obtained from the BGS. Geophysical calibration using rock data from cores, borehole 

specimens, and subcrop is used for correlation. While 134 wells penetrate Jurassic 

strata in the Weald Basin, forty-nine specific wells, based on available data, were 

selected to provide a relatively equidistant spacing to the control points. In order to 

honor surface measurements directly, a cubic spline interpolation was used to 

illustrate depositional-scale trends. This provides a uniform resolution across the 

three-dimensional (3-D) isopach maps, which shows broad spatial patterns and trends. 

The British National Grid is used as the coordinate reference system in the maps 

herein, thus the full six-figure grid reference number used is accurate to 100 m on the 

ground, and the easterly and northerly directions are allocated in Table 3-6. Well 

Albury 1 has a casing shoe above the Purbeck Anhydrite, thus the depth of the top and 

base of this formation is approximate at that locality on the isopach maps.  Depth 

points were measured discreetly along each selected surface on each log. In order to 
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model the surfaces as a continuous field, values of surface measurements were 

interpolated for the intervening space between boreholes, which ranged between ~6 

and ~23 km. Facies maps were made at isochronous surfaces to reconstruct the 

palaeogeography and show the lateral facies distribution. 

 

For the Boulby Mine study, seventeen domal-shaped structures were documented, 

and two were located directly at pillar corners. Eleven were intersected along north-

south oriented walls (i.e., facing west-east) and four structures were intersected along 

west-east oriented pillar walls (facing north-south). The overall N-S oriented wall 

length in the study area is ~729 m, whereas the overall W-E wall length is ~1262 m. 

The NW-SE oriented diagonal walls are a total of ~109 m in length. Twelve domal-

shaped structures are intersected north of the central point in the study area, whereas 

five are intersected in the southern part of the study area, relatively lower in 

stratigraphy. The domal-shaped structures are aligned through the curves that 

represent the structure intersections observed in Boulby Mine. The curvature 

attributes of a select (approximated) surface was constructed in 3-D to provide a 

general trend of the geometric variability at a field scale, using Rhinoceros (Figure 

2.1C). A qualitative model was initially developed for a geometric comparison to 

structures observed in the study area, in order to provide a conceptual idea of possible 

geometries associated with the observed subcrop structures. Vertical, horizontal, and 

diagonal offsets of the structures were considered in the design of the models. For 

example, the domes and ridges are tilted to represent the skewness as observed in the 

structures. Conceptual simplified dome and ridge shapes of different sizes, 

orientations, and skewness were built (Figure 2.14A and Figure 2.14B). Subsequently, 

a draped NURB surface was created over the objects (domes and ridges, Figure 2.14C 

and Figure 2.14D) to a specific z-plane value that provided the best fit; cut planes 

(blue surfaces that represent pillar walls in Figure 2.14E and Figure 2.14F) were built 

at specified distances of 25 m apart (i.e., to represent a pillar in Boulby mine). Next, 

intersections (white curves in Figure 2.14G and Figure 2.14H) of the surface with the 

cut planes were developed (along the cut planes). This was developed to provide an 

illustrated example of what a cross-section would look like if sliced through 

conceptual surfaces such as these (developed with structures such as ridges and 

domes, Figure 2.14I through Figure 2.14N).   
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Figure 2.14 Perspective views of qualitative 3-D models of dome (left) and ridge (right) structures and 

associated cross sections showing the geometric relationships of the two proposed conceptual structures. 

Vertical, horizontal, and diagonal offsets of the structures must be considered in the design of the models. 

For example, the domes and ridges are tilted to represent the skewness as observed in the structures at 

subcrop. These models were developed according to observations of the structures in the study area in 
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Boulby Mine. (A) Conceptual simplified dome shapes of different sizes and orientations and skewness, (B) 

conceptual simplified ridge shapes of different sizes and skewness. Note that the orientation was developed 

similar to what was observed at subcrop, (C) and (D) a draped NURBS surface was created over the objects 

(domes and ridges, respectively) to a specific z-plane value that provided the best fit. Cut planes (blue 

surfaces representing pillar walls) were built at specified distances of 25 m apart (to represent pillars in 

Boulby mine), the intersections (white curves) were developed along the cut planes, (I) and (J) perspective 

views of cut planes which show the surface intersection of the dome model and ridge model, respectively, 

(K), perspective view of three cut planes of the dome model, (L) (K), perspective view of five cut planes of 

the ridge model, (M), front view of cut planes showing representative geometries of domes intersected by the 

cut planes, and (N) front view of cut planes showing representative geometries of ridges intersected by the 

cut planes. 

 

Subsequent to developing the conceptual models, three-dimensional (3-D) 

geometric models were developed to fit through the data obtained from field 

measurements. In order to model surfaces as a continuous field in 3-D, values of 

surface measurements were interpolated for the intervening space between pillars (~7 

m). Initially, the mine seam base map was imported into rhino. Next, a surface was 

sketched on a photomosaic (of a pillar wall) in adobe illustrator. This was imported 

into Rhinoceros. A rectangle was also made to approximate the pillar wall 

dimensions. This was done for each pillar wall in the field area. The workflow of 

curve-based modeling begins with creating a set of curves. Surfaces are made through 

the curves. The surface is adjusted to obtain the best fit to the geometry of the curves 

from which the surface was made from. When polyhalite was not visible (due to too 

much salt dust), salt-filled fractures were sometimes used as a proxy for the dip of the 

strata. Several different attempts were made to fit a NURBS surface to the 

observation data, which had been turned into rhino curves. Loft and curve network 

surfaces were developed first. These did not work well for the 3-D models because 

the surface either was not smooth (e.g., the surface was blocky or isocurves were 

contorted) or appeared inaccurate according to a fit with the data. For example, a loft 

surface used to create ridges that looked much more like a straight cylinder, very 

dissimilar to the appearance of ridges in natural settings. And a curve network surface 

created a long extension (beyond the curve intersections), which would bend the 

surface so that it did not fit through the curves. A third degree polynomial was also 

made. The degree minus 1 is the maximum number of ‘bends’ one can obtain within 

each span (between the set control points). While a third degree polynomial provided 

a smoother surface, the interpolated surface still did not fit well in between the curves 
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from the observation data. A patch surface worked best to fit the surface through the 

data and control points were used to manipulate the surface to build domes or ridges 

where appropriate. A patch surface was developed from spline curves. The splines are 

oriented in two directions (‘U’ and ‘V’ directions), which form a grid (or mesh). The 

control vertices of the curves form a mesh, which generates the surface patch. The 

control points were then adjusted based on interpretations of the geology. 

 

An a priori geometric stochastic model was also implemented to serve as a 

quantitative geometric comparison to the observed quantitative geometries in the 

subcrop. This was developed by coupling Rhinoceros (v. 5 for Windows McNeel 

2012) and Python scripting (van Rossum 1995), through several phases, which 

include: (1) develop the intersecting cut planes of the model, (2) build the dome/ridge 

geometry structures and generate the objects randomly, (3) simultaneously tilt the 

series of domes/ridges (to account for skewness), (4) cut the bottom half off of the 

structures (to represent structural observations), (5) obtain statistical information of 

the intersecting structures. The models were designed so that they were correctly 

scaled to fit the observational data. This model incorporates a stochastic element 

where structural data is sparse (e.g., 17 domes) in order to provide more insight as to 

how geometries could appear at a larger scale. The stochastic models are shown in 

appendix B. 

 

2.6 Approach to sequence stratigraphy adopted in this thesis 

 

Sequence stratigraphy is “the study of rock relationships within a 

chronostratigraphic framework of repetitive, genetically related strata bounded by 

surfaces of erosion or non-deposition, or their correlative conformities” (Van 

Wagoner et al. 1988b). The sequence stratigraphic method enables an effective, 

systematic approach for the examination of sedimentary successions within a 

chronostratigraphic framework. Sequence stratigraphy enables the depositional origin 

to be interpreted and also enhances the prediction of heterogeneity, extent, and the 

type of lithofacies. The widely used principles underlying current sequence 

stratigraphic studies were developed by the Exxon school (e.g., Vail et al. 1977). 

Their schematic ‘slug’ model has been further developed in several important 
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publications (Mitchum Jr. 1977; Posamentier et al. 1988; Van Wagoner et al. 1988; 

Catuneanu et al. 2011). Deposits that are defined by characteristic stratal stacking 

patterns form the fundamental constituents of any sequence stratigraphic unit, from 

sequence to systems tract and parasequence (Mitchum Jr. 1977; Van Wagoner et al. 

1988a; Catuneanu et al. 2011). The sequence is bounded by unconformities and their 

correlative conformities (Mitchum Jr. 1977; Van Wagoner 1988). These bounding 

unconformities (sequence boundaries) and other key stratigraphic surfaces 

(transgressive surface, maximum flooding surface) are thought to be a result of 

changes in relative sea level. A sequence can be divided into systems tracts, each of 

which represents the deposits of a specific portion of a sea-level cycle. The systems 

tracts are defined by their position within the sequence and by the stacking patterns of 

parasequence sets and parasequences which are bounded by marine flooding surfaces 

(Van Wagoner 1988). One of the key benefits of using the sequence stratigraphic 

method is that it forces one to think in three dimensions, it essentially changes the 

way in which successions are correlated and it is predictive (Ahmadi 1997). The 

benefit of using the sequence stratigraphic approach adopted here is that the method is 

based on erosional surfaces and their correlative conformities that are assumed to 

represent time lines (e.g., unconformities, maximum flooding surfaces). This implies 

that the paleogeographic distribution of lithofacies can be correctly reconstructed, and 

the history of deposition better constrained.  

 

Sequence stratigraphic interpretations of Upper Jurassic strata in southern England 

have been made by Coe (1996), Ahmadi (1997), Hawkes et al. (1998), Taylor et al. 

(2001), and Taylor & Sellwood (2002). However, the Tithonian (between ~152.1±4 

Ma and 145.0±4 Ma) strata have not been studied in detail in the Weald Basin. Most 

of the earlier sequence stratigraphic interpretations were carried out on the basis of 

seismic or outcrop data. The deposits in this study are typically below seismic 

resolution, however, borehole, subcrop, and wireline data are available for sequence 

stratigraphic analysis, which will be presented in chapter 3. Wireline logs provide the 

means to extend sequence stratigraphical interpretation from outcrop/subcrop and to 

link it with seismic data (Ahmadi 1997). The schematic characteristics for the 

sequence stratigraphic interpretation of wireline logs have resulted from two studies 

which integrated biostratigraphic, paleobathymetric, and wireline log data with 

seismic reflection profiles (Vail & Wornardt 1990; Armentrout et al. 1993). These 
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studies showed that key sequence stratigraphic surfaces could be located by 

interpreting trends on wireline logs. A study by Ahmadi (1997) showed that a full 

suite of wireline logs is necessary to successfully interpret the logs using the sequence 

stratigraphical method.  

 

In this study, the cores (Figure 2.1B), borehole specimens, and subcrop studies 

provide a detailed resolution of sedimentary sections, while the wireline log data 

(obtained from the BGS) from forty-nine wells across the Weald Basin, provide the 

regional lateral continuity to the sequence stratigraphic framework. Two key 2-D 

seismic lines were acquired from the publicly available United Kingdom Onshore 

Geophysical Library (UKOGL; www.ukogl.org.uk). Geophysical calibration using 

borehole specimens, core (e.g., Figure 2.15), and subcrop data is used for correlation. 

Wireline logs were compared with sedimentary logs from the closest outcrop/subcrop, 

borehole specimen and/or core samples. This was done in conjunction with 

biostratigraphy, which provided the time constraints. The biostratigraphy used for the 

Portland Group is taken from previous studies of ammonites. The main 

biostratigraphical indices for the Jurassic and Cretaceous are ammonites (Callomon 

1995; Zeiss 2003; Harding et al. 2011). But additional fossil groups such as 

brachiopods, gastropods, bivalves, and microfossils (e.g., ostracods) have had 

considerable and growing significance, especially where ammonites are absent as 

these other fossils are studied for local correlation (Torrens 1980). The Purbeck 

Group in the Weald Basin does not contain ammonites and cannot therefore be well 

dated via ammonite-bearing rock sequences (Cope et al. 1980b). Thus, the Purbeck 

Group has been zoned using ostracods in southern England (Anderson 1940; 

Sylvester-Bradley 1949; Anderson 1958; Anderson 1985; Horne 1995).  
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Figure 2.15 Representative example of a wireline log (far left) used in this study, in chapter 3, which shows 

the general trends. Note that the core studied for this select borehole is indicated. The sonic and gamma ray 

logs show a characteristic signature for anhydrite, which is calibrated using the core data to the right. A 

selected section of a sedimentary log of the Godley Bridge 1 core is shown to the right of the wireline logs, 

which indicates facies that will be presented in chapter 3, and is adjacent to representative photographs. 
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Note that the log shows two thin beds of facies Lf2 (shale), however, anhydrite nodules are also observed but 

to a lesser extent in those two beds.  An increase in the presence of evaporite (Lf1) occurs stratigraphically 

upward, whereas a higher amount of shale (Lf2) is observed near the base. (A) Core photographs of a 

section of the Godley Bridge core. A 1-meter stick is shown for scale. The depth of section is from ~940 m to 

~946 m, shown from left to right. Enlarged pictures are indicated in white rectangles. Sample names and 

locations are shown, which will be presented in chapter 3. The locations of some thin sections made from 

samples are shown with black squares. The depths of this core section (from top to bottom of each box, from 

left to right) range from 940.3 m to 945.8 m, which are shown on this photograph, (B) an ~10 cm thick 

section of massive anhydrite, or a relatively large anhydrite nodule without the spherical edges shown in the 

core, depth of the top and bottom of this section of core shown in the picture is 940.9 m and 941 m, 

respectively, (C) anhydrite nodules in shale matrix, near the upper portion of the middle piece one can 

observe nodular mosaic texture in anhydrite, depth of the top and bottom of this section of core shown in 

the photograph is 944.1 m and 944.3 m, respectively, (D) anhydrite nodules are closely-spaced and 

horizontally elongated, depth of the top and bottom of this section of core shown in the picture is 942.5 m 

and 942.7 m, respectively, (E) closely-spaced anhydrite nodules, the interstitial carbonate mud is very thin, 

depth of the top and bottom of this section of core shown in the picture is 943.2 m and 943.3 m, respectively, 

(F) example of a thin section of anhydrite (facies Lf1), from sample G-49228, the sample location from the 

core is shown in photo A. 

 

Gamma ray and sonic logs were selected for this study because the physical 

phenomena measured is easily comparable, whether the rocks are at the surface or in 

the subsurface (e.g., 1 km). For example, gamma ray tools measure the natural 

radioactivity emanating from rocks, which would be about the same regardless of 

whether the rocks are at the surface or in the subsurface, thus the wireline tool 

response could be reproduced using outcrop/subcrop samples (Ahmadi 1997). Trends 

and prominent peaks, based on matching patterns and recognition of marker beds in 

both sonic and gamma ray logs, were used for basin-scale correlation. The 

identification of marker beds at distinct stratigraphic intervals enabled the basinwide 

correlation of specific surfaces. Trends observed on wireline logs are important 

because they show patterns of progradation, retrogradation, and aggradation, which 

can in turn be related to changes in relative sea level (Ahmadi 1997). 

 

2.6.1 Gamma ray logs 

 

A gamma ray sonde is an instrument that is used to measure the natural 

radioactivity of the rocks in a drill hole. The most common elements in sedimentary 

rocks that spontaneously emit gamma rays are potassium, uranium, and thorium 



	   	   Field approach and analytical methods	  
	  
46	  

(Serra et al. 1980). Gamma ray logs generally reflect the mudstone content in 

sedimentary rocks (Ahmadi 1997). Clean sandstones and carbonates exhibit low 

levels of natural radioactivity. However, clays and other fine-grained particles in 

mudstones can exhibit higher levels of radioactivity, due to the adsorption of the 

elements that emit gamma rays (K, U, and Th) in addition to the potassium content 

within the clay minerals (Ahmadi 1997). Given that natural radioactivity is emitted 

from the clay minerals, these logs have been used to infer changes in grain size 

(Emery & Myers 1996; Rider 1996). For example, a decrease in radioactivity would 

imply an increase in grain size. These logs are commonly used to infer changes in 

depositional energy, for example, an increase in radioactivity would reflect an 

increase in clay content and therefore a decrease in depositional energy (Emery & 

Myers 1996). 

 

A comprehensive scheme for facies identification has been developed using the 

shapes of gamma ray logs (Rider 2000). This scheme is based on the relationship 

between grain size and shale content. Gamma ray log shapes have been used in order 

to identify depositional facies, particularly of sandstones (Emery & Myers 1996; 

Rider 1996). These shapes include the bell shape (upwards increase in gamma ray 

values), funnel shape (upwards decrease in gamma ray values), and the cylindrical or 

blocky shape (stable low values, in between high bounding shoulders) (Emery & 

Myers 1996; Rider 1996) (Figure 2.16). These shapes are related to depositional 

sequences (Rider 1996). For example, the funnel shape has been observed in the 

Portland Sandstone, in the Weald Basin, which indicates a coarsening upwards 

(cleaning upwards) grain trend exhibited by the gradual upward decrease in gamma 

ray values. In the case of a prograding shoreline, such as that observed in the Weald 

Basin (presented in chapter 3), this can be interpreted as upwards shallowing (Emery 

& Myers 1996; Ahmadi 1997). By contrast, a (very thin) bell trend is observed in the 

overlying marly carbonates of the Weald Basin, indicating a retrograding shoreline, 

resulting in upward deepening and a decrease in depositional energy. Evaporites have 

a boxcar response on gamma ray logs (Emery & Myers 1996), which is observed in 

the Weald Basin (discussed in chapter 3). Anhydrite is recognized by a low response 

(down to 10 API) on gamma ray logs. 
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Figure 2.16 Wireline log trends (Rider 1996; Ahmadi 1997), shown using a wireline log from well 

Ashington-1 in the Weald Basin. 

 

2.6.2 Sonic logs 

 

A sonic tool generally comprises a transmitter that emits a sound pulse and two 

receivers that detect and record the sound pulse as it passes each of the receivers 

(Ahmadi 1997). The sonic logs measure the sonic transit time through the rock 

(Emery & Myers 1996). The difference in the arrival times is considered the transit 

time, which is related to porosity and lithology. Sonic logs in this thesis are displayed 

in microseconds per foot (µs/ft.). It has been suggested that high velocities are 

associated with carbonates, middle velocities with sands and shales, and low 

velocities with shales (Rider 2000). Anhydrite is generally recognized by a high 

velocity (50.0 ΔT) on sonic logs (Tixier 1970; Fertl 1979). Some of the minerals in 

this study exhibit expected sonic log responses as follows: gypsum (52.5 ΔT), halite 

(67.0 ΔT), calcite (47.5 ΔT), dolomite (43.5 ΔT), and quartz (51.5 ΔT) (Tixier 1970).  
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3 Tectonostratigraphic evolution of the Late Jurassic 

(Tithonian) section of the Weald Basin, southeast England 
 

3.1 Introduction 

 

The Weald Basin and the adjacent Wessex Basin to the west, southern England, 

offers a natural laboratory to study the regional evolution of a vast west-east ocean 

system with circum-equatorial circulation that transitioned into a major north-south 

oriented (polar circulation) ocean system around the Jurassic-Cretaceous boundary 

(Ziegler 1990). The Purbeck Group represents deposition during the Late Jurassic 

(Figure 3.1) to Early Cretaceous in the Weald Basin (Figure 3.2), during this critical 

time-window in the geologic history of the Tethys and Atlantic oceans. The Purbeck 

Anhydrite constitutes one of the regional evaporite seals that had developed during 

the Late Jurassic. Seals that cap some of the world’s most prolific hydrocarbon 

reservoirs also developed during the Late Jurassic, such as the Hith Anhydrite in the 

Arabian Gulf region (Alsharhan & Kendall 1994; Figure 3.1). Evaporite successions 

also formed in the Gulf of Mexico, North Gulf Coast (Buckner anhydrites; 

Lowenstein 1987) and in Yemen (Sabatayn Formation; Youssef 1998). The 

distribution of some of the important evaporites that had formed during the Late 

Jurassic is shown in Figure 3.1 (allocated as ‘E’ for major evaporites, and ‘e’ for 

minor evaporites). 
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Figure 3.1 The palaeogeographic map of the world as it likely appeared during the Late Jurassic (adapted 

from the palaeogeographic reconstruction of Blakey 2008).  Inset illustrates the modern day location of the 

Weald basin in southern England, showing the location of the Weald Basin and Brightling mine. The 

distribution of some important evaporites during the Late Jurassic are allocated as E = major evaporites, 

and e = minor evaporites (after Hallam 1984). 
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Figure 3.2 Geologic map showing the study area across the Weald Basin, southeast England (see inset), 

modified after the British Geological Survey (2005) Bedrock Geology UK South. The structure was 

compiled from (Hawkes et al. 1998). All subsequent maps in this chapter use the same structural data. The 

boreholes are allocated as numbered. Wireline and lithological correlations from this study are shown in 

color. Previous studies are shown in gray. Two cores (Godley Bridge-1 and Normandy-1) and two sections 

of borehole samples (Penshurst 1 and Winchester 1) were studied along the northern margin of the Weald 

Basin. Core sections ranged in depth below surface from 672 to 684 m (Normandy-1) and from 940 to 971 m 

(Godley Bridge-1). The borehole samples range in depth below surface from 289 to 312 m (Penshurst-1) and 

576 to 631 m (Winchester-1).      

 

The sequence stratigraphy of the Weald Basin has previously been interpreted to 

comprise six large-scale shallowing-upwards depositional sequences (sequences J1 

through J6) deposited in the Jurassic of southern England, defined based on well and 

outcrop data (Hawkes et al. 1998). The Purbeck Group has previously been assigned 

to the uppermost sequence (J6) within the Atlantic plate sequence (Hawkes et al. 

1998), bounded at the top by an unconformity, at the base of the (overlying) Lower 

Cretaceous Wealden Group (Hawkes et al. 1998). The base of this megasequence was 
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placed at a distinctive middle Kimmeridge carbonate and a marked regional 

unconformity that is well developed in the north of the Weald Basin adjacent to the 

London Platform (Hawkes et al. 1998). In the southern part of the Weald Basin 

(Brightling Mine and wells Henfield-1 and Portsdown-1), the contact between the 

Purbeck Group and underlying Portland Group has previously been interpreted as an 

unconformity, based on ammonites and palynological evidence (Taitt & Kent 1958; 

Wimbledon & Hunt 1983).  

 

Although this sizeable unconformity has previously been identified, its 

significance beyond the Weald Basin has not been established. And while regional 

geological work has been carried out in the Weald Basin, a comprehensive and 

detailed tectonostratigraphic analysis of this basin, in the context of the basal Purbeck 

Group unconformity and its implication for the Central Atlantic rifting, has never 

been attempted. Although previous regional studies have significant merits, many 

lack details about the Late Jurassic period (Chadwick 1986; Sellwood et al. 1986; 

Lake & Karner 1987; Hawkes et al. 1998; Underhill & Stoneley 1998). For example, 

Hawkes et al. (1998) was one of the first studies to integrate well and outcrop data 

tied to seismic data, but in a largely regional assessment, as detail from the Late 

Jurassic was limited. Similar limitations in terms of stratigraphic resolution of the 

Late Jurassic applies to previous studies on stratal thickness changes (Howitt 1964; 

Sellwood et al. 1986; Butler & Pullan 1990), subsurface investigations via borehole 

and seismic data (Stoneley 1982; Sellwood et al. 1986; Lake & Karner 1987), as well 

as the general tectonic (Chadwick 1986) and geometrical and dynamical (Mansy et al. 

2003) evolution of the Weald and Wessex basins. 

 

In this chapter, the Late Jurassic succession in the Weald Basin is re-evaluated, 

taking advantage of recent boreholes with a currently dense enough spacing to allow 

the mapping of large-scale facies changes. The basin evolution and conditions of 

sedimentation during this time is investigated, and data are interpreted using 

sequence-stratigraphical methods. This work on the basal Purbeck Group is the first 

detailed study of basin evolution during Tithonian times in the Weald Basin, 

expressed in terms of sediment thickness and sediment spatial distribution patterns. 

Specific objectives of this chapter include: (1) demonstrate the existence of a major 

unconformity at the base of the Purbeck Group in the Weald Basin, (2) understand its 
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significance as a potential sequence boundary in the Weald Basin and beyond, (3) re-

interpret the Tithonian strata in the Weald Basin in terms of deposition in time and 

space. Understanding sequence stratigraphy within evaporite-carbonate systems in 

light of new analytical techniques and concepts can advance knowledge in this basin 

and potentially other analogous basins. Focusing on a limited time interval in the 

Weald Basin may provide new detailed insights into the geometric parameters and 

mechanisms of the development and evolution of the Purbeck Anhydrite in addition 

to regional evaporitic top seals elsewhere.    

 

3.2 Lithostratigraphical framework 
 

The Purbeck Group (previously named Purbeck Beds) has traditionally been 

divided into three lithological units, with informal boundaries: the ‘Lower’, ‘Middle’, 

and ‘Upper’ Purbeck Beds (Howitt 1964). This was later divided into the Lulworth 

and Durlston Beds (Casey 1963) and formalized into formations (Townson 1975), 

which was later grouped into the Purbeck Group now used by the British Geological 

Survey (Table 3-1). While the ‘Middle Purbeck’ designated by Howitt (1964) is not a 

formal division, it is mentioned herein, to indicate the distinct limestone wireline log 

signatures located directly above the Purbeck Anhydrite. The basal Purbeck has 

previously been called the ‘Main Gypsiferous Beds’ by Howitt (1964), but in this 

work the term ‘Purbeck Anhydrite’ is used, after Lake & Karner (1987) and is herein  

suggested to be called the ‘Purbeck Anhydrite Member.’ In the Weald Basin, the 

Purbeck Anhydrite overlies an argillaceous limestone that in turn overlies the Portland 

Sandstone. Herein, this limestone is named the ‘Purbeck Limestone Member’ in the 

Weald Basin. The type locality in the Weald Basin is defined where this limestone is 

thickest, which is located at the Southwater-1 well (British National Grid Reference: 

516736, 125587). This may correlate to the Purbeck Limestone Formation in the 

Wessex Basin, however, detailed biostratigraphical studies would be required to 

confirm this, which is outside the scope of this work. 
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Table 3-1 Divisions of the Purbeck Group in the Wessex and Weald basins, compared to formal divisions 

now used by the British Geological Survey (after Howitt 1964; Coe 1996; Cope 2007)  

Geological 
Survey 

Geological Survey Wessex Basin 
(Durlston Bay) 

Weald Basin (Mountfield 
Mine) 

This study 
(Weald Basin) 

Purbeck 
Group 

Durlston 
Formation 

Upper Cypris Shales 
and Clays 

‘U
pp

er
 P

ur
be

ck
’ 

Greys Lst. 

  

Unio Beds   

Broken Shell 
Limestone   

Chief Beef Beds 

‘M
id

dl
e 

Pu
rb

ec
k’

 

Shales with ‘beef’ 
  

Corbula Beds   

Scallop Beds   

Intermarine Beds 
(Upper Building 
Stones) 

Arenaceous  Beds 

  
Cinder Bed Cinder Bed   

Lulworth 
Formation 

Cherty Freshwater 
Beds (Lower Building 
Stones) 

‘L
ow

er
 P

ur
be

ck
’ 

Plant and Bone Beds   

Marly Freshwater Beds   
Soft Cockle Beds Blues Lst.   

Hard Cockle Beds Rounden Greys Lst.   
Cypris Freestones 

Main Gypsiferous Beds 
Purbeck 
Anhydrite 
Member 

Broken Beds 
Caps and Dirt Beds 

? 

  

? Purbeck 
Limestone 
Member 

Portland 
Group 

Portland Stone 
Formation 

Portland Freestone 
Member   

  
  

Portland Chert 
Member   

  
  

Portland 
Sandstone 
Formation 

Portland Sandstone 
Formation 

Portland Sandstone Formation 

  
 

 

3.3 Geological setting 

 

The Weald Basin is part of a polyphase Mesozoic rift system in NW Europe that 

reactivated an existing Variscan structural framework to form a series of east-west 

trending extensional basins in southern England and northern France. The formation 
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of the Weald Basin was complex, but it essentially formed by rapid thermal 

subsidence associated with crustal relaxation subsequent to Mesozoic extensional 

block faulting (Butler & Pullan 1990). The basin is situated in southeast England, 

bounded by the London Basin in the north and Hampshire Basin in the south (Taylor 

et al. 2001) (Figure 3.2). It is separated from the Central Channel and Paris basins by 

the Pays de Bray Fault, a NW-SE trending regional arch (Butler & Pullan 1990) 

(Figure 3.3). The basin lies adjacent to the Cornubian Massif (west) and the London-

Brabant Massif (north and east), and is located north of the Armorican Massif (Figure 

3.3). The Weald has been referred to as a sub-basin within the ‘Wessex Basin’, as 

defined by Underhill and Stoneley (1998) to encompass central southern England and 

adjacent offshore areas. The basins were structurally demarcated from the Permian to 

Early Cretaceous, during which E-W trending grabens and half-grabens were defined 

by zones of south facing, major syn-depositional normal faults (Chadwick 1986; 

Chadwick 1993a). 

 

 

 
Figure 3.3 Regional setting for the Weald and Wessex basins, which shows post-Carboniferous tectonic 

elements of the area and adjacent massifs (modified after Hawkes et al. 1998). 

 

During the Mesozoic, the region of southern England and adjacent provinces were 

affected by major plate margin processes active in the Tethyan, Biscay, and Atlantic 

Ocean regions (Hawkes et al. 1998). Key periods of rifting occurred in the Triassic 

(E-W), Early Jurassic (N-S), and Early Cretaceous (N-S; Figure 3.4). Coeval with the 
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onset of rifting in the Triassic, N-S oriented faults were initiated and several 

depocenters (e.g., Wessex and Cheshire basins) were linked in offsetting N-S trending 

rift basins. Renewed crustal extension in the Late Triassic and Early Jurassic was 

accompanied by a transition from continental to open marine conditions (Chadwick 

1986). Marine transgressions resulted in a shallow epeiric sea over most of southern 

Europe during the Early Jurassic (Sellwood & McKerrow 1974). The deposition of 

marine clays (Down Cliff Clay Member) and sands (Bridport Sand Formation) took 

place in the Toarcian (Morris et al. 2006; Hampson et al. 2014). During the Middle 

Jurassic, a regionally extensive carbonate ramp developed over the Weald Basin, 

where dominantly shallow-water carbonates (e.g., Inferior Oolite and Great Oolite, 

Figure 3.4) were deposited, giving rise to important petroleum reservoirs (Butler & 

Pullan 1990). During the Oxfordian, thermal subsidence occurred with little or no 

syn-depositional faulting and the widespread deposition of the marine Oxford Clay 

was controlled by thermal relaxation (Chadwick 1986). The Late Jurassic Corallian 

Beds comprise clays, sands, and limestones that accumulated in a variety of 

conditions (e.g., open marine, tidal flat, intertidal, and delta environments Wilson 

1968). Normal faulting resumed at the end of the Oxfordian and during Kimmeridgian 

times, which accelerated subsidence (Chadwick 1986). Renewed rifting and regional 

subsidence occurred during late Kimmeridge times, and deposition of marine 

mudstones of the Kimmeridge Clay Formation took place (Hawkes et al. 1998). The 

organic-rich mudstones from the Upper Jurassic Kimmeridge Clay Formation in the 

adjacent Wessex Basin were deposited in a marine shelf environment below fair-

weather wave base but in relatively shallow water, close to storm wave base 

(MacQuaker & Gawthorpe 1993). 

 

In the Late Jurassic, the facies changed markedly from marine mudstones 

(Kimmeridge) and shallow marine sands (Portland) to restricted marine/brackish and 

hypersaline conditions (Purbeck) with deposition of limestones, evaporites, and 

ultimately fluvial lacustrine/lagoonal deposition of limestones alternating with 

mudstones in the Early Cretaceous (Wealden) (Sellwood et al. 1986; Allen & 

Wimbledon 1991; Hawkes et al. 1998). The Portland Sandstone is interpreted to have 

formed in shallow marine conditions (Hawkes et al. 1998). Silciclastics of the 

Portland Sandstone Formation were derived from the west, however, the dolomite 

present had formed in situ in relatively deep water (Townson 1975). The Portland 
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Stone Formation, in the laterally adjacent carbonate platform of the Wessex Basin, is 

suggested to have formed in shallow marine conditions (Townson 1975). Different 

facies were interpreted to have been deposited in a variety of environments, which 

consist of low energy shallow water settings (e.g., fine shell sand and sponge spicules 

in lime mud matrix) to high energy conditions (e.g., ooid shoal on the swell in 

between the Wessex-Weald basins) (Townson 1975). A major marine regression is 

recorded with the Portland Limestone passing up into sabkha and brackish water 

sediments of the basal Purbeck (Underhill & Stoneley 1998). The Purbeck Group is 

considered a shallow, hypersaline lagoonal deposit, based on accounts of fossil taxa, 

plant macrofossil records, salinity levels, and lithologies (Townson 1975; El-shahat & 

West 1983; Francis 1984; Batten 2002). It is comprised of alternations of evaporite, 

limestones, shales, and marls. Basal Purbeck facies belts and their corresponding 

gross depositional environments (GDE’s) were reported by West (1975). The basal 

Purbeck of Durlston Bay (the Purbeckian type section) consists of four facies of 

limestones deposited in a shallow gulf containing extensive tidal flats, intertidal to 

shallow subtidal, and supratidal settings (West 1975). A depositional model for the 

lower Purbeck Group was later developed by Underhill (2002), which enabled facies 

and thickness variations to be explained in Dorset, southern England. The Middle 

Purbeck in Dorset contains evidence of subaerial exposure and varying salinities, with 

alternations of beds of euryhaline bivalves with shales that originated on tidal flats in 

an extensive brackish lagoon (El-shahat & West 1983). The marked increase in 

kaolinite in the Middle Purbeck (Allen & Wimbledon 1991) indicates a shift to wetter 

conditions in the lacustrine environments (Sladen & Batten 1984), due to the 

upfaulting of the flanking massifs (Radley & Allen 2012a). By the Early Cretaceous, 

the elevated topography and rainfall enabled the development of sands to be deposited 

across the Weald and Wessex basins, thus the lower Wealden beds fluvial regime had 

commenced (Radley & Allen 2012a). 
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Figure 3.4 Tectonostratigraphic diagram with revised plate sequences for the Weald Basin highlighting the 

main unconformities (adapted from the work of Howitt 1964; Lake & Karner 1987; Ruffell 1992; Hawkes et 

al. 1998; McMahon & Turner 1998; Underhill & Stoneley 1998; Taylor & Sellwood 2002; Mansy et al. 

2003). The unconformity discussed in this study is designated at the base of the Purbeck Group. The 

Purbeck Group described in the gypsum mines main adit, in the Mountfield inlier, was designated as the 

‘type-section’ in Sussex, in the Weald Basin, informally divided into the ‘Lower’, ‘Middle’, and ‘Upper’ 

Purbeck (Howitt 1964). To the left side of the far right column, the formal division of the Purbeck Group is 

designated as the Lulworth and Durlston formations, which is in current use by the British Geological 

Survey. 

 

3.4 Biostratigraphic framework 
 

The key to an effective analysis of the depositional history of the sedimentary fill 

of a basin is time stratigraphy. Key inputs into this are typically biostratigraphy, 

chemostratigraphy, and sequence stratigraphy. The biostratigraphy used for the 

Portland Group is taken from previous studies of ammonites, which provide the main 
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biostratigraphical indices for the Jurassic and Cretaceous (Callomon 1995; Zeiss 

2003; Harding et al. 2011). But additional fossil groups such as brachiopods, 

gastropods, bivalves, and microfossils (e.g., ostracods) have had considerable and 

growing significance, especially where ammonites are absent as these other fossils are 

studied for local correlation (Torrens 1980). Ammonite zone boundaries have been 

defined with a combination of faunal ranges and lithological marker bands. The 

lithological markers are also readily identifiable in wireline logs, which makes intra- 

and inter-basinal correlation possible. Thus, in boreholes that have not been cored, 

zonal boundaries are estimated using log-based ‘events’ which can be correlated with 

events manifested in cored boreholes that have well-defined stratigraphic control 

(e.g., Taylor et al. 2001).  

 

The Tithonian (previously termed ‘Portlandian’) is the terminal Jurassic stage in 

southern England and it comprises the Progalbanites albani to the Subcraspedites 

lamplughi ammonite zones (Wimbledon & Cope 1978; Wimbledon 1980, see 

references therein). The zonal scheme in the Portland Sandstone Formation is based 

on three ammonite zones, which include the Progalbanites albani, Glaucolithites 

glaucolithus, and Galbanites okusensis ammonite zones (Arkell 1935; Wimbledon & 

Cope 1978; Wimbledon 1980; Wimbledon & Hunt 1983). The base of each zone is 

taken at the first appearance of the species of the associated genus at the chosen type 

section (Wimbledon & Cope 1978). For example, the base of the Progalbanites 

albani, the basal Tithonian age ammonite zone, is taken at the Massive Bed in the 

lowest horizon that contains Progalbanites at Hounstout Cliff, in the Isle of Purbeck  

(Wimbledon & Cope 1978).  

 

The Purbeck Group does not contain ammonites and cannot therefore be well dated 

via ammonite-bearing rock sequences (Cope et al. 1980b). Thus, the Purbeck Group 

has been zoned using ostracods in southern England (Anderson 1940; Sylvester-

Bradley 1949; Anderson 1958; Anderson 1985; Horne 1995). The zonal scheme in the 

Purbeck Group is based on fourteen ostracod zones, which range from Cypridea 

dunkeri to Cypridea valdensis (Anderson 1985). Available data suggests that the 

Purbeck Group was deposited at the end of the Jurassic (Tithonian) and during the 

Early Cretaceous (Allen & Wimbledon 1991; Hoedemaeker & Waldemar Herngreen 

2003), with the most widely accepted J/K boundary designated at the Cinder Bed, 
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located at the base of the Durlston Formation (Casey 1962; Howitt 1964; Rawson et 

al. 1978; Cope et al. 1980a).  

 

3.5 Results  

 

3.5.1 Sedimentary facies  

  

The interval of study herein is defined by wireline log signatures calibrated by 

available sections of core and borehole samples (Figure 3.6A) from the basal Purbeck 

Group (Purbeck Anhydrite Member and Purbeck Limestone Member) and the 

underlying Portland Sandstone Group, within the Weald Basin. This interval appears 

to cross significant stratigraphic boundaries as there is an abrupt environmental 

change from fully marine conditions, depositing ammonite-bearing Portland sands 

and limestone, to restricted, brackish, freshwater environments comprising ostracods 

with deposition of the Purbeck Group. Although the rocks have undergone Tertiary 

(Alpine) uplift and inversion (Chadwick 1985), the sedimentary structures are well 

preserved in borehole samples (Taitt & Kent 1958), at subcrop (S.S. Abbott et al. 

2016), and in cores (Figure 3.5 and Figure 3.6B). Based on conventional facies 

analysis of sections of cores and borehole samples, six facies were identified within 

this interval. Four of these facies were previously described in Abbott et al. (2016) but 

are named differently herein as one facies differs. The facies are summarized in Table 

3-2 and key observations are provided below. Semi-quantitative XRD results are 

shown in Table 3-3 and semi-quantitative FTIR results are shown in Table 3-4.  
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Figure 3.5 Section of a sedimentary log of the Normandy-1 core indicating facies (Lf1, Lf2, Lf3, Lf5, and 

Lf6), adjacent to representative photographs. Enlarged pictures are indicated in white rectangles. Sample 

names and locations are shown, which were made into thin sections and are designated with black squares. 

(A) Core photographs of a section of the Normandy 1 core. The depths of this core section (from top to 

bottom of each box, from left to right) range from 671.8 m to 675.3 m, which are shown on this photograph, 

(B) nodular mosaic anhydrite (Lf1), depth of the top and bottom of this section of core shown in the picture 

is 675 m and 675.3 m, respectively, (C) laminated marl (Lf5), depth of the top and bottom of this section of 

core shown in the picture is 674.7 m and 674.9 m, respectively, (D) upper part of picture shows nodular 
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mosaic anhydrite, and in the lower part anhydrite (Lf1) and microbial laminite (Lf6) is shown. Depth of the 

top and bottom of this section of core shown in the picture is 671.9 m and 672.2 m, respectively, (E) 

enterolithic vein of anhydrite (Lf1) within microbial laminite (Lf6), depth of the top and bottom of this 

section of core shown in the picture is 674.3 m and 674.6 m, respectively. See Figure 3.2 for borehole 

location. 
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Figure 3.6 (A) Lithostratigraphic correlation of the basal Purbeck Group in the Weald Basin. Key 

sedimentary and biogenic features are shown. A select section of both gamma ray (API) and sonic (Δt) logs 

are adjacent to their corresponding cores. Note that the Purbeck Limestone (shown in blue) is 

approximated where there is an absence of core/borehole samples. The lithological correlation shows the 

interval of study based on the core and borehole samples. Logs from Brightling Mine seam No. 4 (Abbott et 

al. 2016) and Howitt (1964), illustrates the entire Purbeck Anhydrite Member. The upper and lower 
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boundaries of this correlation do not represent the entire Purbeck Anhydrite and Portland Sandstone, 

respectively, (B) a section of the Godley Bridge-1 core is shown alongside thin sections from Lf3 and Lf4. 

Abundant bioclasts are present and are largely replaced by sparry calcite. Thin sections from Lf4 reveal 

quartz grains and peloids surrounded by a matrix of calcite. 

Table 3-2 Summary of lithofacies (Lf), with descriptions and interpretation 

Lf Facies Description Interpretation 

1 Nodular 
evaporite  

Light blue-grey moderately to well indurated nodular 
anhydrite and/or light white-grey, but relatively 
softer, nodular gypsum, surrounded by a dark shale 
and/or micritic carbonate matrix. Nodular mosaic and 
enterolithic textures are observed. Nodules are 
subhorizontally elongated or subspherically rounded. 
The evaporite nodules increase in proportion 
stratigraphically upward. In thin section, evaporite 
nodules occur as crypto- to microcrystalline anhydrite 
crystals that are unoriented, poorly sorted, sucrosic, 
blocky, subhedral to euhedral aggregates of anhydrite 
crystals with a granular fabric.  
 

Hypersaline restricted supratidal 
setting (anhydrite dominated 
sabkha), comparable to the modern 
Persian Gulf (formerly Trucial 
Coast) sabkhas (Butler 1969; Butler 
et al. 1982; Kendall & Alsharhan 
2011; Strohmenger et al. 2011) 
 

2 Laminated shale  Dark grey to black very fine-grained laminated and 
brittle shale, characterized by dark brown-grey to 
black silty clay-sized particles. 

Low-energy, hypersaline, shallow 
subtidal (tidal flat or lagoon) 
environment (Alsharhan & Kendall 
2003; Kendall & Alsharhan 2011) 
 

3 Fossiliferous 
marl  

Fossiliferous dark grey and very fine-grained silty 
micritic carbonate and clay. Biogenic features (shells, 
bivalves, and ostracods) are largely present but 
appear broken. Root structures are also observed 
(Figure 3.7E). 

Shallow subtidal (tidal flat or 
lagoon) setting, potentially with 
marsh vegetation (Bhattacharya & 
Walker 1992), comparable to 
restricted lagoons to the south in the 
UAE (Alsharhan & Kendall 2003) 
 

4 Massive 
sandstone  

Light brown-grey very fine-grained (sometimes silt-
sized), well sorted, well consolidated, and calcareous 
sandstone. This is mainly composed of quartz grains 
~100 to 300 µm in size within a matrix of calcite 
cement. Peloids and oncoids are present. This is 
mainly composed of quartz monocrystalline grains. 
Quartz with micritized rims are also present. 

Moderate to high energy, 
subaqueous (shallow to basinal) 
setting, either in constant high-
energy conditions or subject to 
periodic storm induced conditions, 
which may have removed mud 
leaving behind coarser-grained 
sediment (Jones & Desrochers 
1992)  
 

5 Laminated marl Laminated brown-grey to dark grey marl, contains 
silty micritic carbonate and clays, which occurs as 
very fine clay to silt sized particles. This facies lacks 
sedimentary structures or fossils in thin section.  
 

Shallow low energy hypersaline 
subtidal (tidal flat or lagoon) setting   
(Shinn 1983; Kvale et al. 1989; 
Pierre et al. 2010) 
 

6 Microbial 
laminite  

This consists of laminated algal-like morphology. 
Peloidal material is cemented with sparry calcite. The 
texture appears stromatolitic, with fine planar-
undulating to wavy-crenulated laminations. 
Heterogeneous microfabrics vary from light brown to 
grey with lithified irregular and crinkly (micro-
undulating) laminae. 

Restricted, hypersaline, intertidal 
setting, similar to the upper 
intertidal to supratidal regions along 
the coast of the UAE (Butler et al. 
1982; Kendall & Alsharhan 2011)  

 

 
Table 3-3 Semi-quantitative % (XRD analysis) 

Lf Sample Lithology Phyllosilicates 
(wt%) 

Quartz  
(wt%) 

Calcite  
(wt%) 

Dolomite  
(wt%) 

Gypsum  
(wt%) 

Anhydrite  
(wt%) 

Halite  
(wt%) 

2 G-49231 Shale 60.35 0.03 23.66 0.59 15.07 0.30 0.00 
2 N-49223 Shale 56.76 4.94 19.41 0.00 14.89 4.00 0.00 

2 P-49239 Shale 36.93 7.37 15.75 0.00 17.65 15.12 7.18 
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2 W-49254 Shale 24.90 5.93 67.33 1.05 0.78 0.00 0.00 
3 G-49233 Marl 52.89 8.67 37.88 0.33 0.00 0.23 0.00 
4 G-49234 Sandstone 32.79 26.30 17.98 22.18 0.00 0.48 0.27 
4 N-49226 Sandstone 0.00 38.04 5.44 21.38 12.67 15.24 7.23 

4 P-49245 Sandstone 0.00 19.56 80.44 0.00 0.00 0.00 0.00 
5 N-49224 Marl 55.75 0.75 41.55 0.00 0.83 0.00 1.12 

 
Table 3-4 Semi-quantitative % mineralogical analysis (FTIR) 

Sample Lithology Anhydrite      
(wt%) 

Gypsum (wt%) Calcite 
(wt%) 

Unknown 

G-49230 Shale, anhydrite 23 
 

77 
 G-49235 Sandstone matrix 14 11 69 6 

G-49236 Limestone 2 
 

98 
 G-49237 Sandstone matrix 6 10 82 2 

N-49218 Shale 
  

54 46 
N-49219 Shale 

  
57 43 

N-49222 Shale 
  

59 41 
N-49225 Sandstone matrix 14 

 
83 3 

P-49239 Shale 
  

46 54 
P-49242 Shale, anhydrite 17 

 
83 0 

P-49243 Shale 
  

56 44 
W-49256 Sandstone 9   80 11 

 

3.5.1.1 Nodular evaporite (Lf1) 
 
 Lithofacies 1 (Lf1) comprises light blue-grey nodular anhydrite (CaSO4) or light 

white-grey gypsum (CaSO4·2H2O), within a shale and/or micritic carbonate matrix 

(Figure 3.5A, Figure 3.5B, and Figure 3.7A). Nodules are ellipsoid-shaped with the 

main ellipse axis parallel to stratigraphy, or subspherically rounded (Figure 2.15A and 

Figure 2.15C). A nodular mosaic texture is also observed (Figure 3.5B). Nodules in 

the Godley Bridge-1 core range between ~0.5 and 7 cm in diameter (Figure 2.15A). 

Anhydrite nodules nearly form layers in core Normandy-1 (Figure 3.5A). In thin 

section, nodules occur as crypto- to micro-crystalline anhydrite crystals that are 

unoriented, poorly sorted, sucrosic, blocky, and subhedral to euhedral aggregates of 

anhydrite crystals that range from ~50 to 250 µm in size. (Figure 3.7A). Occasional 

enterolithic veins of anhydrite are observed in core (Figure 3.5E). Evaporite increases 

in proportion upward within the sediment (Figure 2.15A and Figure 3.5A). Gypsum 

occurs as euhedral crystals, satin spars (Figure 3.7B), and as parallel-sided crystals 

with curved faces that exhibit arrow-head like twins with wide (obtuse) angles along 

the twin plane (e.g., Warren 2006) (Figure 3.7C).  
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3.5.1.2 Laminated shale (Lf2) 
 
 Lithofacies 2 (Lf2) is composed of dark grey to black very fine-grained laminated 

and brittle shale, characterized by silty clay-sized particles (Figure 2.15A and Figure 

2.15C). Phyllosilicates (between ~25 to ~60wt%; Table 3-3), quartz (up to ~7wt%), 

and accessory phases of dolomite, anhydrite, and gypsum are observed. Calcite is 

present (from ~16 to ~67wt%), in the form of very few rounded or pseudo-elongated 

micritized rims and rare ostracods (Figure 3.7D). 

 

3.5.1.3 Fossiliferous marl (Lf3)  
 
 Lithofacies 3 (Lf3) comprises fossiliferous dark grey and very fine-grained silty 

micritic carbonate and clays (Figure 3.7E). One sample consists of calcite (~38wt%), 

quartz (~9wt%), phyllosilicates (53wt%), and accessory phases of dolomite and 

anhydrite. Biogenic features are largely present in thin section, which include 

fragments of shells, bivalves (<2 to 0.5 cm in width), ostracods (~1 mm by 2 mm in 

length), and fungi (e.g., sample G-49233, Figure 3.6B). Partial root structures are 

observed (Figure 3.7E). Bioclasts are broken and are largely replaced by sparry 

calcite, which are surrounded by an organic-rich clay matrix (Figure 3.7E).  

 

3.5.1.4 Massive sandstone (Lf4) 
 
 Lithofacies 4 (Lf4) comprises light brown-grey very fine-grained (sometimes silt-

sized), well-sorted, well consolidated, sandstone. This is mainly composed of quartz 

grains (~100 to 300 µm in size) cemented with calcite (Figure 3.7F). Peloids are >100 

µm in diameter and ~150 to ~500 µm in length. Oncoids are present in the form of 

quartz grains surrounded by micrite envelopes (Figure 3.7G). Mineralogy from three 

samples consists of quartz (between ~20 to ~38wt%), calcite (from ~5 to ~80wt%), 

and dolomite (from zero to ~22wt%). One sample yields phyllosilicates (33wt%), 

whereas another comprises some gypsum (13wt%) and anhydrite (15wt%).  

 

3.5.1.5 Laminated marl (Lf5) 
 
 Lithofacies 5 (Lf5) consists of very fine-grained laminated brown-grey to dark 

grey marl with micritic carbonate and clays (Figure 3.5A and Figure 3.5C). This 
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facies lacks sedimentary structures and fossils in thin section. Mineralogy consists of 

phyllosilicates (~56wt%), calcite (~42wt%), and accessory phases. 

 

3.5.1.6 Microbial laminite (Lf6) 
 
 Lithofacies 6 (Lf6) is a microbial laminite (i.e., laminated algal-like morphology; 

Figure 3.5D and Figure 3.5E). The observed texture appears stromatolitic, with fine 

planar-undulating to wavy-crenulated laminations. Some desiccation cracks are 

observed, for example, core Normandy-1 exhibits desiccation cracks in this facies 

from ~676.8 to ~676.7 m in depth. Heterogeneous microfabrics vary from light brown 

to grey with lithified irregular and crinkly (micro-undulating) laminae (Figure 3.7I). 

Some peloids are finer grained and undeformed by compaction, whereas others are 

bound together forming thicker (~100 to 600 µm thick) laminae that lack internal 

structure. Some peloids occur as small spherical (~100 µm) to ovoid or rod-shaped 

pellets ~200-300 µm in diameter, whereas others form amalgamated masses cemented 

by sparry calcite (Figure 3.7H).  

 

 
Figure 3.7 Petrographic textures of observed facies. Scale bar is 200 µm and the photomicrographs are 

taken in crossed polars. (A) Photomicrograph of sample N-49217 showing anhydrite (Lf1), the 
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microcrystalline texture of the smaller crystals appears as cloudy ameboid with irregular crystal 

boundaries, but the larger crystals are sucrosic with step-stair outlines, (B) vein of gypsum filling a fracture 

from sample P-49244, (C) twinned selenite crystals from sample P-49244, the right part of the image shows 

subidiotopic to idiotopic gypsum crystals, which show a sharp optical extinction, and no anhydrite relicts 

are observed, (D) photomicrograph of sample G-49231, taken from shale (Lf2), which shows ostracods, (E) 

sample G-49233 (Lf3) shows abundant bioclasts that are largely replaced by sparry calcite, root structures 

are observed, (F) photomicrograph of sandstone (Lf4) from sample G-49237. Distinct micrite envelopes 

surround quartz crystals. Peloids, ooids, and calcite cements are shown, (G) close up of photomicrograph f, 

(H) photomicrograph from sample N-49224 (Lf6) micritic carbonate cemented by postdepositional 

precipitates, (I) peloids and micro-undulating laminations, the right side shows microcrystalline anhydrite, 

sample N-49217 (Lf6). 

 

3.5.2 δ13C and δ18O isotopes in carbonates 

 

Carbon and oxygen isotope results are summarized in Table 3-5. Overall, a total of 

15 carbonate samples from core and borehole specimens have δ13C and δ18O values 

that range from -7.0±0.2‰ VPDB to -1.7±0.2‰ VPDB and -5.2±0.1‰ VPDB to 

2.0±0.0‰ VPDB, respectively (Figure 3.8). The δ13C values of calcite from four 

shale (Lf2) samples range between -5.6±0.1 and -2.3±0.0‰ VPDB and δ18O values 

range from -2.9±0.0 to 1.4±0.1 ‰ VPDB (Figure 3.8). Five samples of sandstone 

(Lf4) calcite cement yield δ13C values between -7.0±0.2 and -2.1±0.2‰ VPDB and 

δ18O values range from -5.2±0.1 to -0.9±0.2‰ VPDB. Two microbial laminite δ13C 

and δ18O values range between -5.4±0.0‰ VPDB and -3.6±0.0‰ VPDB and from -

0.5±0.0‰ VPDB to 0.8±0.1‰ VPDB, respectively. Two samples of laminated marl 

(Lf5) yield values of δ13C and δ18O from -5.7±0.0‰ VPDB to -4.8±0.0‰ VPDB and 

0.3±0.1‰ VPDB to 2.0±0.0‰ VPDB, respectively. Two samples of fossiliferous 

marl (Lf3) yield values of δ13C and δ18O from -2.0±0.0‰ VPDB to -1.7±0.2‰ VPDB 

and -4.0±0.1‰ VPDB to -2.0±0.2‰ VPDB, respectively.  
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Figure 3.8 Values of δ13C and δ18O isotopes of carbonates from selected lithofacies (Lf2 to Lf6) from cores 

and borehole specimens (from Penshurst-1, Winchester-1, Godley Bridge-1, and Normandy-1 boreholes; 

courtesy of the British Geological Survey) in the Weald Basin. Isotope results of samples taken from specific 

wells and borehole specimens are reported in different colors, shown as cyan for Penshurst-1, blue for 

Winchester-1, green for Godley Bridge-1, and red for Normandy-1. The symbols show the corresponding 

facies in which the calcite was analyzed. The Jurassic open marine carbonate field is based on data from 

Veizer et al. (1999) and others, whereas the Pleistocene meteoric limestone field is from Lohmann (1988), 

and the bacterial sulphate reduction (BSR) field (purple transparent rectangle) is from Moore (1989). 

 
Table 3-5 Summary of C- and O-isotope ratios for bulk rock samples of carbonate from cores and borehole 
specimens 

 Facies Sample δ13C (‰, VPDB) δ18O (‰, VPDB) 
Shale (Lf2) W-49248* -5.6 ± 0.1 1.4 ± 0.1 
Shale (Lf2) W-49255* -2.3 ± 0.0 -2.6 ± 0.1 
Marl (Lf5) N-49216† -5.7 ± 0.0 2.0 ± 0.0 
Microbial laminite (Lf6) N-49217† -5.4 ± 0.0 -0.5 ± 0.0 
Marl (Lf5) N-49221† -4.8 ± 0.0 0.3 ± 0.1 
Microbial laminite (Lf6) N-49224† -3.6 ± 0.0 0.8 ± 0.1 
Sandstone (Lf4) N-49226* -3.7 ± 0.1 -0.9 ± 0.2 
Shale (Lf2) P-49239* -5.4 ± 0.0 -1.0 ± 0.1 
Sandstone (Lf4) P-49245* -2.1 ± 0.2 -4.1 ± 0.3 
Sandstone (Lf4) P-49247* -2.5 ± 0.1 -3.4 ± 0.0 
Sandstone (Lf4) P-49246* -7.0 ± 0.2 -5.2 ± 0.1 
Sandstone (Lf4) G-49234* -1.7 ± 0.2 -2.0 ± 0.2 
Marl (Lf3) G-49233* -2.0 ± 0.0 -4.0 ± 0.1 
Sandstone (Lf4) G-49236* -3.5 ± 0.1 -4.4 ± 0.1 

* Note that n = 3 for the sample (where n is the number of times the sample undergoes analysis) 
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† Note that n = 2 for the sample 
 

3.5.3 Characterization, lateral extent, and variability of stratigraphic surfaces 

 

3.5.3.1 Lithostratigraphic and borehole correlations  

 

Well log facies are classified on the basis of their sedimentological information 

observed in two cores. A caveat is that a limited sampling of core is available in the 

studied section within the Weald Basin. Two wells were used as calibration wells. 

The log-facies analysis is performed via correlation of petrophysical properties with 

facies classification. Following the conventional facies analysis of the Godley Bridge-

1 core, for example, the observed anhydrite (Lf1) in the core (from ~940 m to 943 m 

in depth) is recognized by a low response (from~13 API down to ~10 API) on the 

gamma ray log and a high velocity (54 to 58 µs/ft.) on the sonic log (Figure 2.15). A 

decrease in anhydrite and an increase in shale (Lf2) content with depth is seen in core 

at a depth from ~943 m to ~946 m, which corresponds to an increase in gamma ray 

response to ~35 API and an increase in the sonic response (up to ~81 µs/ft.). A higher 

gamma ray value is indicative of a higher percentage of shale (Rider 2000), which 

corresponds to the core observations. Halite, within the Purbeck Anhydrite, is inferred 

in the center of the Weald Basin, based on a high rate of penetration, caliper logs and 

washed out holes from the drilling at boreholes Southwater 1, Balcombe 1, and 

Bolney 1. The underlying marly carbonate (Lf3 and Lf5) observed in the Godley 

Bridge-1 core (at ~960 m in depth) is linked to the corresponding wireline log with a 

velocity of ~61 µs/ft. on the sonic log and a gamma ray log response of ~66 API, 

which decreases down to ~30 API at ~963 m in depth. The sandstone (Lf4) was 

observed from 963 m to 971 m in depth in the Godley Bridge-1 core and is linked to 

its wireline log with a gamma ray signature at 30 API (at a depth of 963 m), which 

decreases to ~20 API (at a depth of 967 m) and is followed by an increase to ~25 API 

(at a depth of 971 m). The corresponding sonic signature increases from ~72 µs/ft. (at 

a depth of 963 m) to ~ 96 µs/ft. (at a depth of 971 m). There is no further Godley 

Bridge-1 core to investigate deeper facies; thus, the sandstone is inferred by the 

continued increase in gamma ray and sonic signatures. The characterization of the 

core, which is linked to the wireline log at Godley Bridge-1, provides a facies profile 
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that is used to identify and correlate surfaces throughout the Weald Basin. The 

Godley Bridge-1 sonic and gamma ray logs were calibrated with the facies identified 

in the core and the log shapes are sufficiently consistent for correlation in the Weald 

Basin. 

 

Borehole data correlations have revealed thickness and facies changes in the 

deposits as well as stratigraphic hiatuses. The Normandy-1 core, taken from the 

northwestern margin of the Weald Basin (Figure 3.2), shows a missing interval of the 

Purbeck Limestone (Figure 3.6A). This core reveals highly complex lithofacies within 

~11 m of the basal Purbeck (from 672 to 683 m in depth) and ~1 m of the underlying 

Portland Sandstone. While nodular anhydrite is observed, there appears to be a higher 

percentage of nodular mosaic anhydrite in this core and an increase in evaporite 

stratigraphically upward. The Normandy-1 core is relatively more interbedded with 

lithofacies 1, 5, and 6. The Godley Bridge-1 core and the Winchester-1 borehole 

samples are missing sections of the basal Purbeck Anhydrite. Thickness variations 

cannot be directly observed within these sections of core and borehole samples 

(Figure 3.6A). The Portland Sandstone directly underlies the Purbeck Anhydrite 

towards the east (e.g., well Penshurst-1), northwest (well Normandy-1) and southeast 

(Brightling and Mountfield mines and at the Fairlight-1 borehole). See Table 3-6 for 

depth information of corresponding boreholes in this study. 

 
Table 3-6 Depths to Formation tops of the Portland and Purbeck beds in boreholes 

Borehole (for position, 
see Figure 3.2) 

    Measured depth (m) from kelly bushing (KB) to the top of: 
Easting Northing Upper 

Purbeck  
Middle 
Purbeck  

Purbeck 
Anhydrite  

Purbeck 
Limestone  

Portland 
Sandstone  

Kimmeridge 
Clay  

Albury-1 505931 147704 665 788 842 863 875 926 
Ashington-1 512506 118865 505 524 620 630 638 678 
Ashour-1 556125 144389 183 251 351 369 375 399 
Avington-1 453554 130027 852 892 951 966 979 1074 
Balcombe-1 530946 129874 253 321 472 496 ----- 557 
Baxters Copse-1 491104 118060 783 824 927 939 953 1021 
Bolney-1 527610 124602 213 323 400 ----- ----- 411 
Brightling-1 567222 122076 4 102 116 122 124 143 
Brockham-1 518562 149128 466 522 610 624 625 750 
Chilgrove-1 481521 114050 1125 1214 1267 1280 1289 1343 
Collendean Farm-1 524425 144673 456 558 603 617 619 724 
Crockerhill-1 458013 109882 724 738 777 789 796 852 
Detention-1 574515 140379 121 139 179 194 201 237 
East Worldham-1 473844 137758 876 925 1011 1028 1031 1140 
Egbury-1 444123 152536 479 492 515 523 533 593 
Fairlight-1 582991 112782 134 168 219 ----- 236 274 
Furzedown-1 436627 128919 605 619 653 664 671 723 
Godley Bridge-1 494998 137146 704 856 946 960 963 1018 
Goodworth-1 436724 142340 563 578 614 624 625 681 
Henfield-1 517617 114743 289 375 427 439 442 469 
Hoe-1 438238 119323 ----- 661 689 693 696 735 
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Holtye-1 544337 140019 185 238 320 339 340 420 
Hook Lane-1 457325 154196 471 503 527 535 539 565 
Horndean-2 470533 112734 837 867 921 931 936 979 
Humbly Grove-C1 469321 145356 693 724 767 777 788 836 
Inwood Copse-1 460866 146397 802 858 904 908 910 994 
Lee on Solent-1 457141 101387 790 801 826 837 839 857 
Lidsey-1 494350 103685 703 730 772 781 782 792 
Lomer-1 459490 123774 744 754 808 820 824 896 
Lower Kingswood-1 1A 525844 153148 1173 1281 1327 1354 1358 1417 
Minsted-1 484596 120471 1031 1186 1268 1284 1289 1376 
Normandy-1 491393 150314 598 648 672 ----- 678 697 
Odiham-1 473555 150792 548 598 634 644 646 684 
Old Alresford-1 462218 137241 ----- 860 905 921 924 1026 
Pagham-1 488249 98366 ----- 661 677 680 683 698 
Palmers Wood-1 536205 152839 518 561 616 628 631 690 
Palmers Wood-4 540767 154301 539 570 664 678 684 725 
Ringmer-1 547636 115146 371 387 476 491 ----- 521 
Rotherfield-1 551556 126422 181 220 290 305 ----- 354 
Southwater-1 516495 125705 593 770 882 915 949 997 
Stanmer-1 532272 111648 621 637 675 683 ----- 710 
Stockbridge-4 439344 137782 576 599 655 672 676 764 
Stockbridge-8 448197 136324 622 649 708 724 735 830 
Storrington-2 506693 115105 456 558 600 613 616 661 
Turners Hill-1 535519 135196 271 387 539 ----- ----- 558 
Upper Enham-1 436371 150584 487 501 530 541 557 594 
Wallcrouch-1 565896 130131 272 308 386 399 403 438 
Winchester-1 450001 128668 537 552 598 612 613 694 
Wineham-1 523204 119129 485 520 549 573 ----- 577 

 

Thickness variations across the basin are observed in both well (Figure 3.9 and 

Figure 3.10) and the resulting isopach (Figure 3.11) data. The Portland Sandstone 

laterally passes into silts toward the southeastern region and vertically upward into the 

Purbeck Limestone throughout most of the basin. The Portland Sandstone exhibits 

funnel-shaped (i.e., coarsening or cleaning upward) wireline log profiles throughout 

the basin (Figure 3.9 and Figure 3.10), but a lower unit of Portland Sandstone 

revealed cylindrical-shaped profiles in some wells (e.g., wells Collendean Farm-1 and 

Storrington-4). The Portland Sandstone is thicker in the north and west, but thinner in 

the east and the south. A truncation of sandstone towards the southeast is shown in 

some wells, such as Wineham-1 and Rotherfield-1 (Figure 3.9), and Turners Hill-1 

and Balcombe-1 (Figure 3.10).  
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Figure 3.9 West to East transect across the Weald Basin showing locations of the key stratigraphic surfaces 

on wireline logs. Distinct marker horizons enable well-to-well correlation to be established with a high 

degree of confidence. Each well is hung from the top of the ‘Middle Purbeck,’ determined herein by an 

abrupt increase in both gamma ray and sonic log signatures. The ‘Middle Purbeck’ was previously 



	   	   Weald Basin, southeast England	  73	  

designated by Howitt (1964) (see e.g., Figure 3.4 and ). Note the thicker stratal packages near well 

Southwater-1. Well Wineham-1 appears to have higher topography. 
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Figure 3.10 North to South transect across the Weald Basin showing locations of the key stratigraphic 

surfaces on wireline logs. Distinct marker horizons enable well-to-well correlation to be established with a 
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high degree of confidence. Each well is hung from the top of the ‘Middle Purbeck,’ determined by an abrupt 

increase in both gamma ray and sonic log signatures. Note the thicker strata near well Southwater-1. The 

correlation lines slope toward the basin center (e.g., near well Southwater-1). Yellow shaded areas represent 

prograding shallow marine sands, blue shaded areas indicate transgressive limestone, and pink shaded 

areas mark anhydrite, and the purple shaded region represents halite precipitating in the basin center. 

Sonic (ΔT in µs/ft.) and Gamma Ray (GR, in API units) are shown for each well. 

 

Substantial thickening of the Purbeck Limestone and Purbeck Anhydrite occur 

near well Southwater-1, and strata thin away from this well. The Purbeck Limestone 

is thin across the basin but thickens east of well Minsted-1 (Figure 3.9) and near well 

Ashington 1 (Figure 3.10). The Purbeck Limestone is not observed in Brightling Mine 

(chapter 4) and wells Wineham-1, Turners Hill-1, Fairlight-1, and Normandy-1. Both 

the Purbeck Limestone and Portland Sandstone show a truncated response on gamma 

ray and sonic at wells Turner’s Hill 1 and Wineham 1; claystone (Kimmeridge Clay 

Formation) underlies the Purbeck Anhydrite at these two wells. 

 

Near the basin margins, the Purbeck Anhydrite is interbedded with marl, shale, and 

limestone, shown by distinctive serrated response in sonic and gamma ray logs (e.g., 

Figure 3.10). Massive anhydrite is observed in the basin center, based on non-serrated 

log responses and cylindrical (boxcar) shaped profiles (Emery & Myers 1996; 

Ahmadi 1997). An inferred ~17 to 18 m thick halite deposit within the Purbeck 

Anhydrite is seen in the basin center.  

 

The Middle Purbeck is laterally continuous but thins near the western margin and 

at wells Wineham 1 and Balcombe 1. A very thin (~7 m in thickness) anhydrite 

deposit occurs near the lower part of the Middle Purbeck and is bound by limestone. 

This thin evaporite deposit does not appear in the far east or south of the basin, nor in 

well Wineham 1 (Figure 3.9).  

 

3.5.3.2 Isopach maps 

 

The Portland Sandstone is best developed in the north and west, based on a marked 

thickening of the sands (Figure 3.11F). There is no evidence for deposition in the 

southeast (white isopachyte). The Purbeck Limestone is not present in three areas 
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(white isopachytes, Figure 3.11E). The two white isopachytes east of the depocenter 

are separated by thin argillaceous limestone overlying silts observed in wells 

Ringmer-1 and Rotherfield-1. An elongated pseudo-concentric depocenter in a N-NW 

to S-SE orientation is observed in the Purbeck Limestone (Figure 3.11E) and Purbeck 

Anhydrite (Figure 3.11D) isopach maps. The Middle Purbeck deposits show an 

extended depocenter oriented east and west (Figure 3.11C). The gross Purbeck Bed 

thickness (Figure 3.11A) is effectively comparable with earlier work (Howitt 1964, 

Figure 3.11B). The accuracy of the contours from previous data (see Howitt 1964) 

may be higher in the eastern part of the Weald Basin, whereas some contours in the 

western areas may be somewhat speculative as the boreholes were widely spaced. 

Based on the data of the total Purbeck isopach maps by Howitt (1964), the center of 

the Weald Basin would have been located between the Ashdown-1 and Penshurst-1 

boreholes. However, the spacing of boreholes in the basin is currently much denser. 

The total Purbeck Group depocenter differs from the isopach map by Howitt (1964) 

as it extends from well Penshurst-1 to Minsted-1, with the central area elongated in a 

NW-SE orientation to the northwest of well Southwater-1 (Figure 3.11A).  
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Figure 3.11 (A) Gross isopach map of the Purbeck Group, (B) gross isopach map of the Purbeck Group, 

data from Howitt (1964), (C) Middle Purbeck (to top of Portland Sandstone), (D) Purbeck Anhydrite (to top 

of Portland Sandstone), (E) Portland Limestone (to top of Portland Sandstone), (F) Portland Sandstone (to 

top of Kimmeridge Clay. The coordinate reference system along the lower x-axis is the British National 

Grid Reference (NGR), and on the upper is latitude. The coordinate reference system along the left y-axis is 

the British NGR and on the right y-axis is longitude. Note that in E and F, the emergent high’s identified in 

this study have been named as the Normandy High and Turners Hill High in the associated figures. The 

Southwater Low is indicated in D and E. 

 

3.5.3.3 Facies maps 

 

Overall, facies variations occur vertically and laterally throughout the Weald 

Basin. The Purbeck Anhydrite (area ~6272 km2) lateral continuity is well displayed 

across the basin (Figure 3.12A). Anhydrite is massive in the basin center, but laterally 

passes into nodular anhydrite interbedded with clastics and carbonates near the 

margins. The apparent massive anhydrite (area ~750 km2) encircles halite (area ~200 

km2) in the depocenter (herein called the ‘Southwater Low’). The Purbeck Limestone 
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(area ~5580 km2; Figure 3.12B) laterally passes into the underlying Portland 

Sandstone at the northwest and southeast margins. East of the Southwater Low, the 

Purbeck Limestone laterally passes into silts (of the underlying Kimmeridge Clay 

Formation). White regions in Figure 3.12B show the absence of limestone. The 

Portland Sandstone (area ~5663 km2) is deposited basinwide, with the exception of 

the southeast where it laterally passes into silts and clays. The paleo-shoreline 

trajectory shows the interpreted locations of the sediment entry points of the sands 

basinward, relative to the basin margin. Contours highlight the lateral direction in 

which the sand is interpreted as entering into the basin.  
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Figure 3.12 Facies maps showing lateral changes in facies across the Weald Basin. (A) Evaporite facies, (B) 

shallow marine carbonates. White areas indicate lateral facies changes into muds and silts, (C) shallow 

marine sands. White areas indicate lateral facies changes into muds and silts. Contours show sediment entry 

points from the adjacent massifs. The coordinate reference system along the x- and y-axis is the British 

National Grid. 

 

3.5.3.4 Seismic cross sections 

 

The seismic profile UKOGL-RG-001 (73.07 km in length, courtesy of UKOGL; 

Figure 3.13) is modified from previous work and shows the main structural elements 

(e.g., major faults and anticlines; Butler & Pullan 1990), stratal stacking patterns, and 

overall asymmetric geometry of the Weald Basin. The well to seismic calibration and 

the mapping of faults is based on previous work conducted by Butler & Pullan (1990). 

The overall geometry is that of a broad, inverted rift basin. The southern margin ties 

to nearby wells (e.g., Lidsey-1), which shows the relatively thinner Purbeck deposits 

near the margin, which is a trend also observed in Figure 3.11D, Figure 3.11E, and 

Figure 3.11F. Near the southern margin, seismic line UKOGL-RG-001 exhibits 

reflection terminations below the Purbeck Group in both the Kimmeridge Clay and 

the Portland Sandstone (Figure 3.13). This truncation below the Purbeck in seismic, is 

also shown in well Lidsey-1 (Figure 3.15). For example, the Mid Kimmeridge Micrite 

1 and 2 (and limestone below) are observed in well Storrington-2 but are missing in 

well Lidsey-1. Lidsey-1 exhibits either argillaceous limestone or potentially reworked 

sand directly below the Purbeck. Relatively thicker deposits are observed at well 

Storrington-1 and to the north of the well, shown by the line traverse over the South 

Downs and across the Weald Anticlinorium. The thickest Upper Jurassic and Lower 

Cretaceous deposits along the profile occur near well Alfold 1. Deposits thin towards 

the relatively steeper northern margin. En-echelon fault segments mainly occur near 

the margins of the basin.   Near Godley Bridge 1, the fault is associated with 

extensional rollover in its hanging-wall block. The Purbeck Anhydrite and Purbeck 

Limestone are considerably thicker at a normal fault, shown by seismic line C84-733, 

which ties to well Southwater 1 in the depocenter (Figure 3.14). The normal fault 

trends E-W, and the deposits are thicker on the downthrown side (north) of the fault. 

The Portland and Purbeck deposits are offset by this normal fault. 
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Figure 3.13 (A) North-South regional seismic line UKOGL-RG-001 (73.07 km in length) from the Sussex 

coast to NW Surrey, (B) interpreted cross section of UKOGL-RG-001 through the (onshore) Weald Basin 

(modified after Butler & Jamieson 2013), (C) close-up of the UKOGL-RG-001 seismic line as shown in A, 

and (D) close up of interpreted cross section that corresponds to the UKOGL-RG-001 line shown in C. For 

the location of UKOGL-RG-001 in the Weald Basin, see Figure 3.2. Depths are in meters below mean sea 

level. The Portland Sandstone and Purbeck groups are widely distributed throughout the basin. Key 

structures are shown, such as the Portsdown fault and Hog’s back fault, Storrington-Henfield Anticline, 

Bolney Anticline, and Godley Bridge (Alfold) Anticline. The asymmetric geometry of the basin is revealed in 

cross section. The location of the line is shown on the geological map in Figure 3.2. The latitude (Lat.) and 

longitude (Long.) coordinates, respectively, of the wells are as follows: Storrington-1 well Long. -

0.480879631292° E and Lat. 50.9235975848° N, Alfold-1 well Long. -0.51126258435° E and Lat. 

51.0997541162° N, Albury-1 Long. -0.484603858375° E and Lat. 51.2187172407° N. 
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Figure 3.14 North-South seismic line C84-733 and interpreted cross-section through part of the depocenter 

during the Tithonian age, (onshore) Weald Basin. Depths are in meters below mean sea level and the depth 

column is approximated from velocities in the Southwater-1 borehole. The length of the line is 7.67 km. The 

location is shown on Figure 3.2. The latitude (Lat.) and longitude (Long.) coordinates, respectively, of the 

Southwater-1 well are Long. -0.340507497355° E and Lat. 51.018928872° N. 
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Figure 3.15 South to North wireline correlation of two key wells in the Weald Basin. Each well is hung from 
the top of the ‘Middle Purbeck,’ determined by an abrupt increase in both gamma ray and sonic log 
signatures. Note the missing strata in well Lidsey-1. Yellow shaded areas represent shallow marine sands, 
blue shaded areas indicate limestone, and pink shaded areas represent anhydrite. Sonic (ΔT in µs/ft.) and 
Gamma Ray (GR, in API units) are shown for both wells. 

 

3.6 Discussion 

 

3.6.1 Depositional models  

 

The Purbeck Anhydrite succession in the Weald Basin is characterized by marginal 

anhydrite (and minor gypsum) deposits interbedded with clastics and carbonates, 

which surrounds a basinal accumulation of anhydrite and inferred halite (Figure 

3.12A). Overall, the facies indicate gross depositional environments (GDEs) on a 

shallow-marine platform that comprised a hypersaline restricted supratidal setting 

(anhydrite dominated sabkha, Lf1; Figure 3.16A), intertidal setting (Lf6; Figure 

3.16B), shallow subtidal setting (tidal flat or lagoon Lf2, Lf3, and Lf5), and a shallow 

subaqueous environment (shallow to basinal, Lf4; Figure 3.16C). Lithofacies 3 shows 

evidence of vegetation (Figure 3.16B). A lithostratigraphic change from the Portland 

Sandstone (e.g., Lf4) to the overlying Purbeck Limestone (Lf3, Lf5) indicates a clear 

change in depositional conditions, from shallow open marine to a more restricted 

environment. A summary of the GDEs is presented in Table 3-2 and key 

interpretations are explained below. 

 

Supratidal setting 

 

 Anhydrite nodules indicate a subaerial origin associated with tidal flats or sabkhas 

subject to arid conditions (Shearman 1966; Friedman et al. 1973), an interpretation 

derived from studies of modern sediments in the Arabian (Persian) Gulf margin 

(Kinsman 1966; Shearman 1966; Butler 1969). The nodular, nodular mosaic, and 

enterolithic anhydrite (Lf1; Figure 3.5) is interpreted to have formed in restricted 

hypersaline sabkhas, comparable to modern supratidal (sabkha) flats in some of the 

coastal areas of the Middle East (Shearman 1966; Butler 1970; Hardie & Eugster 

1971; Butler et al. 1982; Handford 1991; Alsharhan & Kendall 1994). The nodules 

are devoid of gypsum relicts (Figure 3.7A), indicating that they grew displacively as 
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anhydrite nodules into the matrix. The calcium sulphate potentially formed within 

eolian and storm washover sediments (Warren & Kendall 1985). Along the coastal 

flats of Abu Dhabi, nodules form in shapes that are elongated vertically or 

horizontally, spherical, pellet-like, and contorted (Butler et al. 1982). Nodular mosaic 

texture is observed in anhydrite within Abu Dhabi coastal flats (Butler et al. 1982) 

and continued growth of irregular anhydrite layers creates enterolithic (ptygmatic) 

contorted folds in the upper supratidal zone of the sabkha near Abu Dhabi city 

(Warren 2006). Based on evidence that nodules initially precipitated as anhydrite and 

nearly coalesced to form layers (e.g., well Normandy-1), Lf1 is interpreted to have 

formed more inland, likely in a mid upper sabkha sub-environment, within an inner 

sabkha (Figure 3.16A). However, Lf1 nodules also range from ~0.5 to 7 cm in 

diameter (Godley Bridge-1), thus this facies could have also formed in a marginal 

supratidal sabkha environment. Intrasediment growth here likely occurred above the 

water table, in the highly saturated pore waters of the capillary zone in a subaerially 

exposed sabkha, as evidence is indicated by nodular, enterolithic, and nodular mosaic 

textures in anhydrite (Warren 2006). We suggest that this facies represents a 

supratidal flat deposit comparable to the modern Persian Gulf (formerly Trucial 

Coast) sabkhas (Butler 1969; Butler et al. 1982; Kendall & Alsharhan 2011; 

Strohmenger et al. 2011).  

 

Intertidal setting 

 

 Fine-grained laminated carbonate, including micrite and peloids, suggests 

biologically-mediated precipitation (potentially mats of cyanobacteria, or 

stromatolites; Grotzinger and Knoll, 1999, Riding, 2000) in lithofacies 6. Microbial 

laminites result from processes such as the calcification of bacterial cells, sheaths and 

biofilms, and from phytoplankton-stimulated whiting nucleation (Riding 2000). 

Laminations represent episodic, even accretion, resulting in layering, which suggests 

either periodic sedimentation or seasonal growth. Hypersalinity is indicated by the 

absence of faunas, which is further supported by analogous modern stromatolites 

existing in water too hypersaline for destructive grazing and bioturbating organisms 

(West 1975). Preserved laminations could indicate rapid induration from subaerial 

exposure in an intertidal to supratidal environment (Shinn 1983). Microbial laminites 

(or ‘bacterial mats’) may be used as signatures in older evaporitic sequences to 
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suggest a tidal flat environment (Dean et al. 1975). The δ18O isotope signature 

characteristic of Jurassic open marine carbonates ranges between -5.0‰ and +3.0‰ 

(Veizer et al., 1999), and expected δ13C values range from -2.0 to +5.0‰ (Veizer et al. 

1999). Isotope signatures of two samples have fully marine δ18O values (-1.0‰ to 

+0.8‰) and slightly depleted δ13C values (-5.4‰ to -3.6‰). They are 

morphologically similar to the planar laminations and/or crinkled cyanobacterial mats 

in the upper intertidal to supratidal regions along the coast of the UAE (Butler et al., 

1982, Kendall and Alsharhan, 2010). Analagous facies are also seen in bacterial mats 

on evaporitic salt flats of Laguna Mormona (Horodyski et al. 1977; Warren & 

Kendall 1985) and in Baja California, located in high intertidal to supratidal settings 

with evidence of emergence (e.g., desiccation, polygon structures; Kinsman 1969). 

Given the laminated, fine-grained character of Lf6, with remains of algal mats and the 

occurrence of desiccation cracks, it is likely that this facies accumulated in a 

restricted, hypersaline, intertidal setting (Figure 3.16B). 

 

Shallow subtidal setting 

 

 The apparent lack of sedimentary features such as bioturbation, mud, and 

desiccation cracks in Lf2 indicates a shallow-water environment dominated by low 

energy, hypersaline conditions and no exposure. A lack of fossils and bioturbation 

likely reflects an ecologically stressed environment, consistent with hypersaline 

conditions. This fine-grained facies could have been washed in from lagoons during 

storms (Alsharhan & Kendall 2003), which first accumulate on the upper algal flats 

and then extend back onto the sabkha (Kendall & Alsharhan 2011). This facies is 

interpreted to have been deposited in a low-energy, hypersaline, shallow subtidal 

environment, likely in shallow-water lagoons (Figure 3.16B). Calcite from most shale 

samples yield δ18O values that fall in a range characteristic of Jurassic open marine 

carbonates, but one outlier is enriched by up to 2.2‰ VPDB more than open marine 

calcite which could be due to fractionation from evaporation. The δ13C values are 

depleted -3.4‰ lower than expected Jurassic marine carbonate values. 

 

Given the variety of fossils (e.g., oysters, bivalves, ostracods), root structures, and 

the organic rich nature in the very fine-grained marl (Lf3), this facies was likely 

deposited in a shallow subtidal setting. This is supported by fully marine δ18O (-4.0‰ 
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to -2.0‰) and δ13C (-2.0‰ to -1.7‰) isotope values. Further evidence includes the 

apparent lack of subaerial exposure features (e.g., bioturbation or desiccation cracks), 

which indicates a shallow-water environment dominated by low energy conditions. 

While abundant fossils are present, the lack of bioturbation reflects an ecologically 

stressed environment, consistent with hypersaline conditions. Since the deposit 

appears organic-rich, with root structures, this could have formed from marsh 

vegetation (Bhattacharya & Walker 1992; Figure 3.16B). By comparison, in restricted 

lagoons to the south in the UAE, lagoonal sediments are dominated by lime 

mudstones with scattered skeletal fragments from in situ growth of organisms 

(Alsharhan & Kendall 2003). Sand-sized carbonates composed of fecal pellets occur 

in the seaward part of those lagoons. Mangrove swamps grow in intertidal flats 

parallel to shore, where lime mud and pelleted mud accumulates with characteristic 

root structures (Kendall & Skipwith 1969; Alsharhan & Kendall 2003).  

 

Lf5 isotope signatures correspond to δ18O marine values but are depleted in δ13C 

down to -3.8‰. The lack of fossils indicates an inhospitable environment. Based upon 

the fine-grained and laminated character of Lf5, it was likely deposited in a shallow, 

low energy, hypersaline environment from suspension fall-out within a shallow 

subtidal setting (Klein 1971; Kvale et al. 1989; Figure 3.16B). This may result from 

differential settling of particles or reflects periodic (or differing) rates of supply of the 

sediment. Perhaps this facies formed in a lagoonal setting (Pierre et al. 2010) although 

a tidal flat setting might be possible. Further evidence includes the absence of wave or 

current structures and subaerial exposure features.  

 

Shallow subaqueous 

 

 The presence of sparry calcite and micrite indicates that Lf4 was probably 

deposited in a moderate-energy, subaqueous (shallow to basinal, Figure 3.16C) 

setting. Further evidence is exhibited by a lack of desiccation features and partially to 

wholly micritized grains (Sarg 1981). Oncoids may have been deposited in a high 

intertidal zone by evaporation of marine water. Ooids, peloids, and micritized rims 

around grains indicate that potentially reworked mud might have been an important 

source (Tucker & Wright 1990). Isotope data of the matrix yields δ18O marine values 

between -4.4‰ and -0.9‰ and δ13C values that are marine to very slightly depleted (-
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3.7‰ to -2.1‰), with the exception of one outlier depleted in δ18O (-5.2‰) and δ13C 

(-7.0‰). Perhaps this outlier had calcite cement and/or micrite, contributing to the 

depletion. I agree with previous interpretations of shallow marine conditions, that 

were based on the presence of ammonite faunas (Wimbledon & Cope 1978; 

Wimbledon & Hunt 1983). Facies Lf4 was likely deposited subaqueously, either in 

constant high-energy conditions or subject to periodic storm induced conditions, 

which may have removed mud leaving behind courser-grained sediment (Jones & 

Desrochers 1992).  

 

A salina has relatively pure (>70% sulphate) subaqueous evaporite units (1-20 m 

thick) with hydrology governed by evaporative drawdown and deeper brine reflux 

(Alsharhan & Kendall 2003). A subaqueous evaporite, likely containing aligned giant 

crystals (and their pseudomorphs, up to 100 cm in length) and mechanically reworked 

evaporites, often yields wireline log signatures of a relatively lower frequency and 

blocky appearance (Warren 1991), which appears in wireline logs near the depocentre 

(Figure 3.9 and Figure 3.10). Thus, the interpreted massive anhydrite near the 

depocentre may have a subaqueous origin (Dean et al. 1975; Purser 1985). A similar 

comparison can be made between the salina in the Weald and those of modern-day 

Holocene salinas along the southern and western coasts of Australia (Warren 2006). 

For example, Lake MacLeod reveals a 5-6 m thick succession of Texada halite 

(cornets and chevrons) above a 1.5 m thick lagoonal carbonate, followed by 2 to 6 m 

of gypsum (Handford et al. 1984; Handford 1991; Warren 2006). Carbonate is 

deposited near springs in this lake, whereas gypsum and halite fill the salina 

asymmetrically away from those water sources (Handford et al. 1984; Warren 2006).  
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Figure 3.16 Schematic depositional models for the restricted inner platform carbonate-evaporite of the 

basal Purbeck Group, underlying Purbeck Limestone and Portland Sandstone in the Weald Basin. Note 

that the facies are allocated at their corresponding depositional environment. (A) The thickness of beds 

within the Normandy-1 core is shown on the left side of the conceptual model. Diachronous sabkha and 

salina environments are shown, (B) environments in which shale (Lf2), fossiliferous marl (Lf3), laminated 

marl (Lf5), and microbial laminite (Lf6) were deposited, (C) depositional settings in which the sands were 

deposited are shown, (D) Schematic depositional model of the basal Purbeck Limestone in the Wessex Basin 

(modified from Underhill (2002) based on work by West (1975) and others), shown for comparison 

purposes. This diagram can be compared to that illustrated in b, which shows that both models (for the 

Weald and Wessex basins) are interpreted to have vegetation. 
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3.6.2 Implications of δ13C and δ18O isotope results  

 

It can generally be observed that the δ18O calcite isotope values show little 

variability and are marine in origin, but most δ13C values are depleted, down to 5‰ 

lower than expected Jurassic marine δ13C values (Figure 3.8). Two main hypotheses 

conform to the values obtained in this study, which correspond to those previously 

determined from similar facies in the Weald Basin, from Brightling Mine (S.S. Abbott 

et al. 2016). The first might imply that the δ13C of the Weald Basin was significantly 

different than co-eval open-ocean water. Modern platform seawater laterally varies in 

chemistry and isotopic composition, resulting in δ13C depletion either from freshwater 

runoff or by light CO2 input from respiration (Patterson & Walter 1994). During the 

Late Jurassic, hypersaline, isolated conditions likely led to low biotic productivity, 

preventing the pumping of organic carbon into sediments, thus enriching the 

dissolved inorganic carbon (DIC; the sum of dissolved CO2, HCO3
-, and CO3

-2) into 
12C. While the facies, mineralogy, and fauna support a fresh to brackish water 

environment during the time of deposition, the hypersaline, restricted (e.g., low 

diversity in fauna and deposition of evaporites) environment also indicates that 

marine recharge likely took place within this isolated basin. This could have resulted 

in atypical isotopic values for the Weald Basin. The second hypothesis for the low 

carbon values could be attributed to bacterial sulphate reduction (BSR) during burial 

(Machel et al. 1994). But twelve data fall outside the BSR range (δ18O between -5.0‰ 

and -3.5‰ and δ13C from -11.9 to -1.6‰) as defined by Moore (1989) based on 

Jurassic calcite cements. Three data fall within this range. Bacterial reduction of 

sulphate to sulphide might have led to organic matter oxidation early during burial 

where anoxic conditions rapidly took place. Although this is not a strong signature, 

BSR is a plausible process (in at least three calcite samples). It appears that local 

carbon isotope signatures of marine waters due to high evaporation and/or BSR 

related processes likely resulted in slightly depleted carbon isotope signatures 

observed in this study. 

 

3.6.3 Comparison to the adjacent Wessex Basin 
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3.6.3.1 Basal Purbeck sedimentary facies in the Wessex vs. Weald basins   

 

Evaporites are generally restricted to low latitudes, between 40°N and 40°S (Rees 

et al. 2004). During deposition of the basal Purbeck, England was likely located close 

to the northern limit of evaporite deposition (Figure 3.1). The two main depocenters 

in southern England, the Weald and Wessex basins, have a similar tectonic and 

stratigraphic history throughout the Early Triassic to Tertiary, reflecting regional 

influences of Tethyan and Atlantic margin rift–subsidence processes (Hawkes et al. 

1998). In southern England, the Portland-Purbeck transition has been recognized 

largely from outcrop studies of accessible exposures along the Dorset coast. While 

perceptions of the basal Purbeck Group originated in the outcrops in Dorset, the 

subsurface in the Weald is currently being examined more thoroughly, and both 

similarities and differences are observed.  

 

In Dorset, four main facies identified in the basal Purbeck are differentiated on the 

basis of skeletal debris and the amount of replaced evaporites. These are separated by 

thin beds of carbonaceous marl, termed ‘dirt beds’ (West 1975). The lowermost facies 

is described as thin-bedded laminated limestone with fine-grained pelletoid textures 

and several fauna, which comprises the lower dirt bed and other thin dirt beds (West 

1975). By comparison, laminated marl is present in the basal Purbeck of the Weald in 

core, and Brightling Mine seam No. 4 has two beds of thin marl (presented in chapter 

4). The overlying facies (facies B in West 1975) comprises limestone with 

stromatolites and gypsum replaced by calcite or chalcedony. Stromatolites are not 

observed in core but might be similar to those observed in Brightling Mine (Lf3 in 

chapter 4).  While these are not basinwide deposits in the Weald, they likely occur as 

a result of a localized process specific to a restricted marine depositional environment. 

Facies C (as described in West 1975) lacks fossils and is considered the major 

evaporite facies, comprising (sometimes nodular) calcitized secondary anhydrite, with 

thin beds of calcareous shale and pelletoid limestone. Also, chert nodules have 

replaced calcium sulphate and celestite (West 1975). Nodular evaporite facies have 

similarly been observed in this study (Lf1) and have also been documented in 

Brightling Mine (Lf1 in chapter 4).  
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While apparent analogous facies exist, different lithologies in the basal Purbeck in 

both basins are observed. For example, laminated limestone with pseudomorphs after 

halite (2 to 8 mm in diameter; ) has been observed within the Fossil Forest of Dorset 

(coordinates: 50.6163° N, 2.2408° W; A). And casts of halite crystals and calcite 

pseudomorphs of gypsum have been documented in the uppermost laminated 

limestone of Dorset (facies D in West 1975). Halite is inferred in the center of the 

Weald Basin. But halite has not been observed in core, borehole specimens, or in 

Brightling Mine. Furthermore, evidence for fossil forest vegetation is prominent in the 

Wessex Basin (A), based on the presence of well-developed gymnosperm forests 

(Francis 1984) and rooted soil horizons (e.g., at Fossil Forest, Ordnance Survey 

National Grid reference: SY 83059 79648). Fossiliferous trees have not been 

observed in the Weald Basin during this time, however root structures are observed 

(B). This may correspond to the vegetation observed at outcrop in the Wessex Basin, 

but at a different scale. 

 

 
Figure 3.17 Laminated limestone with pseudomorphs after halite, which were observed in the Purbeck 

Limestone, within the fossil forest in Dorset exposures in the Wessex basin. 
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Figure 3.18 (A) Outcrop photograph of a ledge in the Purbeck Limestone, in the fossil forest near Lulworth 

Cove in Dorset, in the Wessex Basin. Moulds of gymnosperms (coniferous trees) (black arrows in image) are 

observed. Note that the moulds are ~2 m in diameter, (B) broken root structures observed in thin section 

(white arrows) in sample G-49233 (Lf3) from core Godley Bridge-1, in the Weald Basin. 

 

 

3.6.3.2 Basal Purbeck depositional settings of the Wessex vs. Weald basins 

 

The Purbeck Formation has been considered a very shallow, hypersaline, lagoonal 

deposit based on evidence of tidal flats subjected to subaerial exposure and varying 

salinities with alternations of evaporites, limestones, shales and marls (El-shahat & 

West 1983; Francis 1984). The basal Purbeck Limestones of Durlston Bay (the 

Purbeckian type section) were interpreted as having been formed in a shallow gulf 

containing extensive tidal flats, within intertidal to shallow subtidal, high intertidal 

flat, and supratidal settings (West 1975; Underhill 2002; Figure 3.16D). The now 

calcitized main gypsum (facies C in West 1975) was interpreted to be a result of a 

long sea-level regression in which the deposits originated in hypersaline intertidal to 

supratidal tidal flat conditions. Lf1 in this study is interpreted to have formed in a 
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hypersaline supratidal setting, in a sabkha (i.e., more inland from tidal flats, discussed 

in chapter 4).  

 

The Normandy 1 core lithofacies and associated environments, in stratigraphic 

order, are as follows: Lf4 (shallow subaqueous), Lf6 (intertidal), Lf2 (shallow 

subtidal), Lf1 in a matrix of Lf2 (supratidal and shallow subtidal, respectively), Lf5 

(shallow subtidal), Lf1 in a matrix of Lf2 (supratidal and shallow subtidal, 

respectively), Lf6 (intertidal), and Lf5 (shallow subtidal). The increase in evaporite 

sratigraphically upward in Normandy 1 is attributed to a long-term progressive 

increase in aridity and an increase in evaporation of the surface area of the basin 

during its tectonic evolution (El Tabakh et al. 1997). While distinct cycles are not 

observed in this core, several facies are analogous to the Persian Gulf sabkhas 

(Shearman 1966), which differs slightly from what was documented in the Wessex 

Basin. West (1975) recognized that cycles of sedimentation have been observed in 

strata of the Warlingham-1 and Fairlight-1 boreholes which appear similar to those of 

Persian Gulf sabkhas (Shearman 1966), however, it was concluded that the 

component cycles in Dorset differ from typical sabkha cycles because they lack units 

of lagoonal or subtidal origin. The complexity of Normandy 1 and Godley Bridge 1 

facies not only reveals shifting depositional environments, but also highlights the 

similarities and variations along strike of the northern margin of the Weald Basin 

(e.g., Figure 3.16B), when compared to the Wessex Basin (Figure 3.16D).  

 

3.6.3.3 Purbeck Group correlations between the Wessex and Weald basins 

 

Correlation problems between the Weald and Wessex basins and beyond have 

centered around the inability of biostratigraphers to agree on a Jurassic-Cretaceous 

(J/K) boundary stratotype designation (Batten 1996). The most widely accepted 

designation of the J/K boundary of southern England is taken at the base of a regional 

marker bed, the Cinder Bed, an oyster-rich bed in the Middle Purbeck which records a 

marine flooding event (Casey 1963; Howitt 1964; Rawson et al. 1978; Cope, Getty, et 

al. 1980). Hoedemaeker (1987) correlated the Cinder Bed transgression to the base of 

the Subthurmannia subalpine Subzone.  The Cinder Bed (Middle Purbeck) in the 

Weald Basin is lithologically similar to the Cinder Bed (Middle Purbeck) of Dorset in 
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the Wessex Basin (Howitt 1964) and both are suggested to be equivalent in age, based 

on the presence of similar ostracods (Anderson 1985).  

 

This J/K boundary assignment has been challenged by others (Kelly 1983; 

Wimbledon & Hunt 1983; Norris 1985; Allen & Wimbledon 1991). For example, a 

Late Jurassic age for the Cinder Bed has been suggested, based on a correlation of 

three Ryazanian phosphate nodule horizons with the three principal freshwater-

brackish events in the Wessex Basin (Kelly 1983). Other authors question the initial 

timing of the Purbeck Anhydrite deposition and also suggest that the (Middle 

Purbeck) Cinder Bed is diachronous between the Wessex and Weald basins 

(Wimbledon & Hunt 1983).  Miospore assemblages from the basal Purbeck Group at 

the Mountfield Mine in Sussex, Weald Basin, are suggested to correlate with those in 

Dorset closely superjacent to the Middle Purbeck Cinder Bed in the Durlston section, 

Wessex basin (Norris 1969; Wimbledon & Hunt 1983; Norris 1985). However, 

palynomorph assemblages could be subject to local environmental factors, for 

example, to land surface conditions bordering the basin at the time of Purbeck 

deposition (Worssam & Cook-Ivimey 1984).  

 

 Correlations of the basal Purbeck Group across the Weald and Wessex basins still 

remain contentious. Some authors regard these basal deposits as coeval (Howitt 1964; 

West 1975; Anderson 1985). Similar facies (e.g., Lf1) of the basal Purbeck Group in 

the Weald Basin (this chapter and chapter 4) are observed in Dorset (West 1964; West 

1975). Lithological correlations across the Weald and into the Dorset type area have 

revealed similarities between the Main Gypsiferous Beds (basal Purbeck, Weald 

Basin) and the Broken Beds and Caps (basal Purbeck of Dorset, Wessex Basin, 

Howitt 1964). The basal Purbeck evaporites of the Weald Basin can be traced across 

the Wessex Basin and also into northern France. The tectono-stratigraphy proposed in 

this chapter is similar to the conventional viewpoint that the basal Purbeck in Dorset, 

Wessex Basin is age equivalent to the basal Purbeck in the Weald Basin. 

 

3.6.4 Sequence stratigraphic framework for the Tithonian stage of the Weald Basin 
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The internationally recognized Tithonian (~152.1±4 Ma and 145.0±4 Ma) stage is 

adopted in this work, and the reconstruction of the Weald Basin during this time is 

discussed below. During the Tithonian, the Weald was initially a region of shallow 

marine deposition of clastic sediments (Figure 3.19). Wireline responses indicate a 

pattern that coarsens upward into a clean sandstone (Figure 3.9 and Figure 3.10), 

indicating deposition during an overall shallowing-upwards sequence, which is in 

agreement with previous authors (Hawkes et al. 1998). Sandstone-rich progradational 

parasequences (sensu Van Wagoner 1988), bounded by marine flooding surfaces 

(high gamma ray), are observed in the north and west of the basin. Evidence is 

provided by three shallowing-upwards parasequences near the margins (e.g., wells 

Furzedown-1 and Palmers Wood-1, see Figure 3.9 and Figure 3.10, respectively). One 

shallowing upwards parasequence is observed in the basin center (e.g., well 

Southwater-1, Figure 3.10). This marine sandstone could be subdivided into an upper 

and lower unit. The facies at the top of each parasequence in the upper unit becomes 

progressively more proximal, which is indicative of progradation (Van Wagoner 

1988), whereas the lower unit shows facies that remain similar at the top and bottom 

of the parasequence, suggesting aggradation (e.g., wells Collendean Farm-1 and 

Storrington-4) (Emery & Myers 1996). Normal regression likely occurred during a 

highstand of relative sea level (Figure 3.20A and Figure 3.20B). These are interpreted 

as highstand systems tract deposits (HST). Wireline correlation (Figure 3.9 and Figure 

3.10) and isopach map (Figure 3.11F) data indicate transport of the sands in a pattern 

of laterally prograding parasequence sets (Van Wagoner 1988; Van Wagoner et al. 

1990) from the north and west that filled in available accommodation created during 

subsidence (Figure 3.20B). A net to gross (or N/G) ratio is a parameter used to 

approximately quantify the fraction of clean, permeable sand to the intercalating 

impermeable shales (Inichinbia et al. 2014). The center of the Weald Basin yields a 

net to gross (or N/G) ratio of ~90% (e.g., well Southwater-1), and just south well 

Ashington-1 yields a ratio of ~92%. The eastern area of the basin has a range between 

82 and 87% (e.g., wells Fairlight-1 and Detention-1). The N/G ratio in the southern 

region of the basin is ~83% (e.g., wells Lee on Solent-1 and Storrington-2). The 

northern area of the basin yields an approximate N/G ratio ranging from 69 to 87%. 

The western area of the basin has a range between 73 and 80%. Thus, the ratio 

decreases slightly eastwards beyond the center of the basin. The N/G ratio could be 

indicative of more distal sands towards the eastern region of the Weald Basin. 
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Previous authors (Sladen & Batten 1984; Hawkes et al. 1998) suggested sand 

provenance was from the London-Brabant Massif. However, it is proposed herein that 

the source area may also be from the Cornubian-Armorican to the west. Evidence is 

indicated by multiple shallowing-upward parasequences in wireline logs adjacent to 

both massifs, which decreases toward more distal regions where only one shallowing-

upward sequence is shown (e.g., well Southwater 1; Figure 3.9 and Figure 3.10).  

 

The sand was deposited around a potential emergent high (herein named ‘Turners 

Hill High’, Figure 3.11F), and thus did not build out into the southeastern area, which 

is of regional significance and suggests a sedimentary break (e.g., see wells 

Wineham-1 and Rotherfield-1 (Figure 3.9), Turners Hill-1 and Balcombe-1 (Figure 

3.10), and white isopachytes, Figure 3.11F). Alternatively, approximately 40 m of 

sediments of the HST may have been partially removed by erosion during the 

formation of a widespread base Purbeck Limestone unconformity, and in some 

instances they have been entirely removed. The latter interpretation seems more likely 

as data from seismic line UKOGL-RG-001, in the southern part of the basin, shows 

reflection terminations of both the Portland sands and the underlying Kimmeridge 

Clay Formation (Figure 3.13). This seismic evidence is tied to a nearby well (Lidsey-

1, Figure 3.15) and points to truncation of the deposits at the Portsdown High, which 

is likely a result of erosion of the sediment due to the footwall uplift of the fault at 

that locality. By inference, uplift (e.g., potentially creating the Turners Hill High) and 

erosion may also have occurred in the southeastern area of the basin at the same time. 

Borehole and seismic data from the Wessex Basin, Celtic Sea Basins, and the Western 

Approaches Trough indicate a latest Jurassic-earliest Cretaceous uplift in all basins 

surrounding the Cornubian Platform (McMahon & Turner 1998). This regionally 

significant uplift resulted in the erosion of much of the Late Jurassic succession in the 

basins close to the Cornubian Platform (e.g., see Figure 5 in McMahon & Turner 

1998), which is probably related to mantle processes (Chapman 1989; McMahon & 

Underhill 1995). 
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Figure 3.19 Chronostratigraphic diagram (or Wheeler plot) of a highly restrictive evaporative depositional 

sequence, depicting the key sequence stratigraphic surfaces. Note the approximate location of wells 

Fairlight-1, Bolney-1, and Normandy-1. However, Normandy-1 exhibits one cleaning upward parasequence, 

but three are shown on the diagram as a representation of the north and west areas of the Weald Basin. 

 
Figure 3.20 Sequence stratigraphic model (in depth) for the shallow marine carbonate-evaporite in the 

Weald Basin during the Tithonian (152-145 Ma), which has been subjected to near or complete drawdown. 

Note that the Weald is a relatively flat basin; these diagrams are for conceptual purposes. 
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The widespread unconformity is interpreted as a sequence boundary (Mitchum Jr. 

1977; Van Wagoner 1988) placed at the top of the HST (labeled ‘P1’; Figure 3.9 and 

Figure 3.10). This sequence boundary is associated with erosional truncation of 

seismic reflectors below the Purbeck (Figure 3.13C and Figure 3.13D) and a 

biostratigraphical gap of widespread significance that encompasses at least four 

ammonite zones (Figure 3.21A). In Brightling Mine, evaporite (Purbeck Anhydrite) 

overlies marine sandstone (Portland Group) of which is documented to only contain 

ammonites of the Glaucolithus zone, directly below the Purbeck Anhydrite in the 

mine (Wimbledon & Hunt 1983; Figure 3.21A). I have also observed the ammonites 

of the Glaucolithus zone below Brightling Mine seam No. 4 (Figure 3.21B). 

Therefore, a biostratigraphical hiatus is resolved in Brightling Mine (see Figure 3.2 

for the mine location), based on the absence of four ammonite zones (Okusensis, 

Kerberus, Anguiformis, and Oppressus) between the Portland Sandstone and the 

Purbeck Anhydrite in the mine. At least one other ammonite fauna occurs above that 

of the Glaucolithus Zone in the southeast marginal area of the basin, in the Fairlight-1 

borehole (Wimbledon & Hunt 1983). Ammonites that closely resemble Behemoth 

lapideus (i.e., Okusensis zone, Townson & Wimbledon 1979) are present in the upper 

part of the Portland sand and Kerberites (of the Kerberus zone) are present in the 

Portland Stone (limestone) in the Portsdown-1 borehole (Taitt & Kent 1958). 

Ammonites such as Behemoth lapideus (Okusensis zone), Kerberites and Crendonites 

(Kerberus zone) are present in the Henfield-1 borehole. Thus, two ammonite zones 

(Anguiformis and Oppressus) are missing in the Portsdown-1 and Henfield-1 

boreholes. However, the missing ammonite zones in those boreholes could be a 

function of a sampling bias at those localities as the ammonites may have been 

present nearby. The ability to resolve ammonite zones in boreholes is limited by the 

resolution of the boreholes available and by the size of the ammonites, compared to 

the diameter of the borehole. Perhaps the ammonites are not present in large numbers 

at the stratigraphic levels of interest. A caveat in this interpretation is the lack of 

biostratigraphic resolution at a marine/non-marine boundary.  

 

This sequence boundary (P1; Figure 3.20) in the Weald Basin may correspond to 

the unconformities that occur in the Portland Sand and Portland Stone formations, 

inferred in the middle glaucolithus Zone to the Anguiformis Zone, in the Wessex 

Basin (Coe 1996). The ammonites of the Glaucolithus zone within the Portland 
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Sandstone in Brightling Mine correlate with the fauna of the Portland Sandstone, 

within the Parallel Bands, in the Isle of Purbeck, Wessex Basin (Wimbledon & Cope 

1978). At outcrop in the Wessex Basin, the Isle of Purbeck is the most 

stratigraphically complete section within the Tithonian stage, but a significant stratal 

gap within the Portland Sandstone, in the St Alban’s Head Marls, is observed on the 

Isle of Portland, Dungy Head, and Ringstead Bay, based on missing ammonites of the 

Glaucolithus zone (Coe 1996; Figure 3.21A).  

 

Further evidence of P1 in the Weald Basin is also indicated by a potential 

basinward shift in facies. This is interpreted based on the vertical juxtaposition of 

facies, which shows a restricted (i.e., likely very shallow) marly limestone with 

ostracods directly above the relatively deeper, but still shallow (ammonite-bearing) 

marine sandstone. This stratal gap may be the result of increased erosion along two 

emergent highs bordering the depocenter (white isopachytes, Figure 3.11E and Figure 

3.11F) and/or footwall uplift (e.g., Portsdown High), which was likely generated by a 

tectonically enhanced drop in relative sea level.  
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Figure 3.21 (A) A correlation of Late Jurassic-Early Cretaceous strata in the Wessex and Weald basins 

(modified after Wimbledon & Hunt 1983; Anderson 1985). Note that this diagram shows the southern part 

of the Weald Basin. Ammonite zones are indicated on the left. Formations that have ammonites are denoted 

with an asterisk (*). Ostracod zones are indicated on the right, (B) Ammonite assignable to the genus 
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Glaucolithites and species glaucolithus, observed in the underlying Portland Sandstone in Brightling Mine 

Seam No. 4. The large planispiral flat coiled shells are up to ~56 cm in diameter. 

 It is also likely that the basin evolved into an isolated basin, with the development 

of a barrier or sill. This would have limited the flow of seawater into the basin, 

causing restricted conditions.  An abrupt environmental change occurred at the P1 

sequence boundary as marine conditions halted. This is marked by a disappearance in 

ammonite zones and the switching off of marine sand deposition. A change from fully 

marine conditions with deposition of ammonite-rich sands to a restricted, fresh to 

brackish, and hypersaline setting with deposition of marly argillaceous limestones 

(Lf3 and Lf5) that comprises ostracods, desiccation cracks, and algal features. Thus 

the basin was likely subject to restricted conditions. Periodic flood recharge likely 

enabled the continuation of hypersaline, restricted conditions with continued 

deposition of the marly limestone. It is interpreted herein that the Purbeck Limestone 

was deposited during a lowstand (Figure 3.20C and Figure 3.18D) directly on top of 

the sequence boundary. Well Southwater-1 (Figure 3.9 and Figure 3.10) shows that 

the Purbeck Limestone is considerably thicker on the downthrown side (north) of a 

normal fault as seen in seismic line C84-733 (Figure 3.14). This suggests that fault-

controlled subsidence led to thicker deposits in the depocenter during this time. The 

thickening of this facies in the depocentre could also have led to differential 

subsidence.  

 

 The propensity for poor circulation in an isolated, silled basin would have been 

ideal for evaporite precipitation with continued restricted conditions. Evaporites 

accumulated, potentially forming wedges along the margin (Tucker 1991) in shallow 

hypersaline sabkhas and lagoons (Figure 3.20E). Marginal gypsum (later transformed 

into anhydrite during burial) was periodically flooded with shale, marl, and limestone, 

shown by serrated wireline signatures. The evaporites yield low gamma ray values 

with little internal change and sharp boundaries, shown by a cylindrical (boxcar) trend 

on the gamma ray logs (Figure 3.9 and Figure 3.10). These evaporites are interpreted 

to have formed during the same lowstand. With continued restriction and complete or 

near drawdown, either, the depocenter was subjected to continued evaporation, in 

which halite is inferred to have been deposited in the basin center during a normal 

regression, or there was a potential change to forced regression. The halite likely 

comprises the same lowstand systems tract (LST). This conforms to the model of 
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Tucker (1991), in which basins that have undergone near complete desiccation form 

shallow-water mud flat (i.e., salina) evaporites in the basin center that are typically 

dominated by halite. Subsequent local tectonics (i.e., uplift) potentially brought the 

halite, which is a basin center deposit, upward on the flanks of the Turners Hill High 

in the Balcombe-1 well area (e.g., Figure 3.10). Anhydrite was deposited on top of the 

halite with periodic recharge in the silled basin (Figure 3.20H). 

 

3.6.5 Tectonic controls on the sequence stratigraphic architecture 

 

While the Weald Basin was not directly involved in plate margin processes, the 

basin along with adjacent basins were affected by far field processes in the active 

rifting margins in the Tethys Sea, Bay of Biscay, and Atlantic ocean (Hawkes et al. 

1998). During the Middle Jurassic, the westward propagation of the Tethys rift system 

resulted in the link up of the Central Atlantic and Tethys oceans (Ziegler 1988; Figure 

3.19A). Following Middle Jurassic times, the Atlantic – Tethys plate reorganization 

was governed by the evolution of the Central Atlantic sea-floor spreading axis 

(Ziegler 1988). Following crustal separation, the rapid opening of the Central Atlantic 

Ocean occurred in the Late Jurassic (Ziegler 1988).  

 

 
Figure 3.22 Plate tectonic maps of the Middle Jurassic (170 Ma) and Late Cretaceous (90 Ma) (adapted 

from the palaeogeographic reconstruction of Blakey 2008). This comparison illustrates the transition from a 

major west-east to north-south oriented oceanic system. (A) The widening of the Central Atlantic is shown, 

south of the Newfoundland-Azores Fracture Zone (NAFZ). A connection with the Pacific and Tethys oceans 

is observed, shown by a vast east-west ocean with circum-equatorial circulation, (B) The Western Tethys to 

Central Atlantic has opened. The Labrador Sea has opened north of the Charlie Gibbs Fracture Zone 

(CGFZ). The separation of Iberia and Newfoundland north of the NAFZ has occurred. 
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The Weald Basin formed under a tensional stress regime during the Triassic to 

Cretaceous, related to crustal extension across the Western Tethyan-Atlantic Rift 

system (Ziegler 1981).  Extension controlled structural geometries at both the outcrop 

and basin scale (Underhill & Stoneley 1998). During the Tithonian, dip-slip normal 

movement occurred along E-W oriented normal faults in the basin (Figure 3.10 and 

Figure 3.14), which would adhere to a N-S tensional stress field, in agreement with 

Stoneley (1982). The geometry of the Weald Basin during the Tithonian, as observed 

in basal Purbeck isopach maps (Figure 3.11D and Figure 3.11E), appears consistent 

with a N-S tensional stress field, providing anisotropic extension with N-S trending 

highs and a N-S to NNW-SSE oriented depocenter. The overlying Wealden sequence 

(Figure 3.4) exhibits a W-E elongated depocenter (e.g., see Fig. 24 in Hawkes et al 

1998 and Fig. 4.B in Underhill & Stoneley 1998). This marked change implies a 

switch in the stress orientation, which evolved from an approximate N-S tensional 

stress regime during the Tithonian (Figure 3.11D and Figure 3.11E) to a W-E stress 

regime during the Early Cretaceous (Hawkes et al. 1998; Underhill & Stoneley 1998). 

This change in stress orientation suggests a different rift history than previously 

thought, which is reflected in both the isopach and facies maps. The isopach maps 

indicate that tectonic activity occurred during the Tithonian (Figure 3.11D and Figure 

3.11E). The accommodation was created via active normal faulting during a potential 

renewed phase of rifting that produced the N-S to NNW-SSE oriented depocentre. 

Control over facies changes (i.e., the transition into evaporite deposition) during this 

time has previously been attributed to climate (West 1975), inferred changes in 

relative in sea level (Hesselbo 2008), and faulting, and regional tectonic events 

(Hawkes et al. 1998). However, the facies maps (Figure 3.12A) show that the 

apparent halite deposition during drawdown is coincident with the depocentre that 

formed during this rifting phase, which implies a tectonic control and is in agreement 

with Hawkes et al. (1998).  

 

The Purbeck Limestone and Purbeck Anhydrite isopach maps show that the Weald 

Basin evolved into a short-lived rhomboidal basin, which may suggest a pull-apart 

affinity accompanying a potential onset of rifting during the Tithonian (Figure 3.11D 

and Figure 3.11E). The rhombic depocenter has a length to width ratio of ~2.1, 

similar to pull-apart basins which yield a ratio of ~3 (Aydin & Nur 1982). This might 

represent a recently nucleated and relatively young stage of evolution of a pull-apart 
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basin (e.g., Mann 2007). Early stage pull-apart basins are characterized by the 

formation of a normal-fault bounded graben or half-graben that is parallel to the 

oblique step between main strike-slip zones (Rahe et al. 1998). Pull-apart basins form 

either from the crust getting pulled apart along a bend in a strike-slip fault system, 

resulting in a releasing fault bend structure (Mann et al. 1983) or from stepovers in 

between two en echelon strike-slip faults that have a similar sense of displacement 

(Sylvester 1988). In southern England, true transfer faults are rarely formed, however 

Variscan basement thrusts oblique to the direction of extensional reactivation has 

created such a ‘transfer zone’ (Chadwick 1986). The NW-SE trending Variscan faults 

have been considered compressional transfer systems in southern England. The 

reactivation of Variscan thrusts resulted in hanging-wall block subsidence, which 

subsequently fractured into a series of overlying normal faults. This created a 

condition of fault trend perpendicular to extension, which is achieved by dextral 

transfer offsets (Chadwick 1986). For example, compressional structures in the 

adjacent Wessex Basin (e.g., along the south Dorset-Isle of Wight line of disturbance) 

have been offset in a number of echelon segments, suggested to have resulted from 

the strike-slip motion of underlying basement faults (Stoneley 1982). Thus, the 

geometry of the Weald Basin can potentially be explained as a simple rift basin that 

evolved into the apparent geometry of a pull-apart basin in between two offset normal 

faults in a potential ‘transfer zone’ (sensu Chadwick 19861986a).  

 

Earlier workers recorded the successful rifting and spreading of the Bay of Biscay 

and Rockall areas, which was suggested to have taken place during the Early 

Cretaceous (e.g., see the Biscay plate sequence in Hawkes et al. 1998), based on well 

and outcrop data tied to seismic. This corresponded to the development of a 

megasequence boundary, ascribed to the base of the Lower Cretaceous Wealden Beds 

by Hawkes et al. (1998). The Wealden Beds have previously been subdivided into a 

lower arenaceous (Hastings Beds Group, redefined as the Wealden Group by Hopson 

et al. 2008) and upper argillaceous sequence (Weald Clay Group; see overviews in 

Radley & Allen 2012a; Radley & Allen 2012b). The base Wealden megasequence 

boundary corresponds to the major Early Cretaceous unconformity in the region. An 

intra-Cretaceous unconformity was identified by McMahon & Underhill (1995) and 

the correlative conformity of this erosional event was suggested to lie in between 

Worbarrow Bay and Swanage, in the Wessex Basin, in the earliest Cretaceous 
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(Valanginian) Wealden Beds. This major unconformity was assigned a Berriasian age 

in the lowermost Wealden Group, based on tracing its correlative conformity via 

vertical and lateral facies changes and a rapid lateral thickness increase in the 

Wealden Group (McMahon & Turner 1998). Evidence of early Cretaceous erosion 

has been observed in wells in the Channel Basin ( e.g., well 98/11-1, Ruffell 1991; 

well 99/12-1, Hamblin et al. 1992) and at outcrop exposures along the Dorset Coast 

(Hesselbo & Allen 1991). At outcrop in Mupe Bay and Bacon Hole, two 

unconformities have been documented from facies analysis and were treated as 

candidate sequence boundaries (see erosion surfaces WB2 and WB3 in Hesselbo & 

Allen 1991), which were tentatively compared to a 10 m depth of erosion observed in 

the basal Wealden in the Weald Basin  from Allen (1975). The amount of missing 

section decreases eastwards from the Cornubian Platform, where the erosion is 

limited to the lowermost Wealden Group of Berriasian age (McMahon & Underhill 

1995; McMahon & Turner 1998). These erosive surfaces within the lowermost 

Wealden Beds appear to die out in the eastern areas of the Wessex Basin, where 

sediment of the Wealden rapidly thicken (McMahon & Turner 1998).  

 

 The base Wealden unconformity was suggested to have been caused by renewed 

extension associated with active rifting along the Biscay continental margin during 

the Early Cretaceous (Hawkes et al. 1998). Some workers consider the earliest 

Wealden sediments as syn-rift (Van Hoorn 1987; Ziegler 1987; Evans 1991). The 

increase in rates of sedimentation during the Early Cretaceous could be associated 

with a renewed phase of rifting, however if extension did take place, it was minor 

compared with that in the Late Jurassic (McMahon & Turner 1998). Moreover, the 

rifting that had occurred during the Late Jurassic appears to have ceased by the 

earliest Cretaceous (Berriasian-Valanginian), around the time of the Berriasian 

unconformity (Robinson et al. 1981; Tucker & Arter 1987; Shannon 1991), which 

implies that the Early Cretaceous succession can be considered as post-rift sediments 

(McMahon & Turner 1998). This suggests that the Berriasian unconformity had 

developed after the initiation of Late Jurassic rifting and before the Bay of Biscay 

crustal separation during the Aptian (McMahon & Turner 1998). Thus, the Berriasian 

unconformity was not associated with either tectonic event (McMahon & Turner 

1998). Therefore, the base Wealden unconformity has been interpreted to form due to 
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a major erosional event via a latest Jurassic-earliest Cretaceous uplift that affected all 

basins surrounding the Cornubian platform (McMahon & Turner 1998). 

 

 In support of the missing Tithonian strata in the Weald Basin (e.g., Figure 3.9, 

Figure 3.10, Figure 3.11, and Figure 3.13), much of the Late Jurassic succession is 

missing and/or subcrops in the nearby Celtic Sea basins (e.g., see Fig. 5 in McMahon 

& Turner 1998). Although, McMahon & Turner (1998) did not recognize the 

possibility of a major unconformity at the base of the Purbeck. Along the northern 

shoulder of the Western Approaches Basin, 2000 m of Jurassic sediment is estimated 

to have been removed (Chapman 1989) and >3300 m are suggested to have been 

removed from the South Celtic Sea Basin (Tappin et al. 1994). The center of basins 

(e.g., South Celtic Sea Basin) were subject to erosion, thus it is likely that this erosion 

was not only due to footwall uplift or erosion on basinal highs (McMahon & Turner 

1998). The Portland sands have also been shown as absent in wireline logs in previous 

work, along a north-south electrical well correlation in the Weald Basin (e.g., well 

Balcombe-1, see Fig. 21 in Hawkes et al. 1998).  

 

The isopach maps indicate that tectonic activity occurred during the Tithonian and 

the regional evidence for major missing Upper Jurassic section below the Purbeck 

Group suggests a tectonic influence. Moreover, the thicker deposits in the depocenter 

of the Weald Basin reflect an important phase of fault activity that occurred during 

the Tithonian. The marked changes in thickness indicate active faulting occurred 

during deposition of the Purbeck Group (Figure 3.10 and Figure 3.14). Chadwick 

(1986) proposed two phases of subsidence in such basins, an initial phase of rifting 

leading to subsidence accompanied by normal faulting, and a secondary phase of 

rifting, accompanied by subsidence. The Weald Basin corresponds to the former 

scenario during this time, where instantaneous crustal thinning likely occurred as a 

result of the onset of rifting, which caused normal fault-controlled subsidence. It was 

previously acknowledged that pulsed rifting during the Rhaetic to the Tithonian 

generated a series of shallowing upwards sequences that are regionally correlatable 

(sequences J1-J6 in Hawkes et al. 1998). Given the observations of a renewed rifting 

phase that likely occurred during the Tithonian (see e.g., Figure 3.11D, Figure 3.11E, 

and Figure 3.12A), it is possible that the potential sequence boundary (P1) may be a 

megasequence boundary, especially given that the time-gap identified at P1 is the 
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most prominent for this region and time interval. This possible megasequence 

boundary likely marks the onset of rifting of the nearby Bay of Biscay and Rockall 

Trough areas. This is in agreement with earlier work (e.g., Hawkes et al. 1998) but 

suggests that this may have occurred earlier than previously thought (i.e., during 

Tithonian times rather than in the Early Cretaceous). The northward rift-propagation 

from the Central Atlantic into the North Atlantic-Norwegian Greenland Sea and the 

Labrador-Baffin Bay areas (e.g., Ziegler 1990) is significant in terms of the opening 

of the North Atlantic, and the resulting unconformity, as proposed in this study, is 

recognizable throughout the Weald Basin. Thus, it is herein proposed that the 

megasequence boundary, previously designated by Hawkes et al. (1998) at the base of 

the Wealden Beds, should potentially be moved to the base of the Purbeck Group.  

 

During the Tithonian, a vast west-east ocean (Figure 3.22A) with circum-

equatorial circulation (Ziegler 1988) (i.e., a western Tethys-Central Atlantic 

influence) likely caused a warming of the epicontinental shallow seawater in southern 

England. This is supported in other work by relatively lighter oxygen isotope values 

and corresponding warmer benthic water temperatures of 16±5°C from nektobenthic 

belemnites (Podlaha et al. 1998). Subsequent seawater temperatures had declined 

down to 10±4°C, which might suggest an influence of colder water input from the 

boreal region by the Early Cretaceous (Podlaha et al. 1998). It has been suggested that 

seafloor spreading in the North Atlantic started in the Early Cretaceous, either in the 

Barremian at about 128-127 Ma, based on the M5 magnetic anomaly (Russell & 

Whitmarsh 2003), or during the Late Aptian-early Albian (based on the age of a 

basin-wide unconformity that marks the final separation of the subcontinental mantle 

lithosphere, Tucholke et al. 2007). However, this has since been revised and 

considered a polyphase process with deformation distributed over 16 Ma after the M3 

(124 Ma) anomaly, during the Albian (Péron-Pinvidic & Manatschal 2009). The 

subsequent separation of Greenland and Labrador allowed the Labrador sea and 

Central Atlantic Ocean to link up with the Arctic Ocean by Late Cretaceous time, thus 

creating a major north-south oriented (polar circulation) ocean system  (Figure 

3.22B), such as that observed present-day (Ziegler 1988).  

 

A relative drop in sea level was previously suggested to have initiated during the 

Late Jurassic rift phase, which continued into the earliest Cretaceous (McMahon & 



	   	   Weald Basin, southeast England	  109	  

Turner 1998). This interpreted relative sea level drop resulted in the transition from 

the open marine Kimmeridge Clay to the shallow marine Portland and restricted 

laucustrine Purbeck to the non-marine Wealden. Others have also suggested that the 

Jurassic succession of Dorset, including rhythms of mudstone, sandstone, and 

limestone, is related to global increases in sea level (Barton et al. 2011). One could 

argue that the transition from a highstand to a lowstand, from open marine (Portland) 

conditions to a silled basin (Purbeck) system, could be due to either a eustatic sea 

level drop or a tectonically driven relative sea level drop. Both are regional controls, 

but only one would involve an active tectonic response. Within biostratigraphic limits, 

the eustatic sea level curves during the Tithonian do not match the megasequence 

boundary (P1). Moreover, if P1 resulted from a eustatic sea level fall, faulting would 

not be necessary to cause the thicker deposits in the depocentre. But it is apparent that 

fault-controlled subsidence had occurred during this time. I suggest that this is not just 

a simple drop in sea level, it is a major tectonic event that is related to plate margin 

processes, in agreement with Hawkes et al. (1998). P1 is not a result of a eustatic fall 

in sea level, instead P1 is likely a result of a tectonically enhanced relative sea level 

fall (e.g., see the red ellipse in Figure 3.23A and Figure 3.23B). Variations of 

approximately third-order (~1 Ma) relative sea level cycles are interpreted for the 

Tithonian in the Weald Basin (Figure 3.23B). This is in agreement with relative sea 

level cycles previously inferred from the onshore British Tithonian (Hesselbo 2008; 

Figure 3.23C).  
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Figure 3.23 (A) Core Godley Bridge 1 is shown with lithologies, systems tracts, and the megasequence 

boundary defined here, adjacent to relative sea level changes denoted from this study, (B) relative sea-level 

change for the Weald basin, observed in this study. The red dashed ellipse indicates a relative sea-level fall 

at the base of the Purbeck Group, (C) relative sea level changes from the adjacent Wessex Basin for 

comparison purposes, from Hesselbo (2008) and Taylor & Sellwood (2002). 

 

A warm, dry, climate during deposition of the basal Purbeck has been indicated by 

insect and molluscan faunas (West 1975) and clay mineralogy and palynology 

(Sladen & Batten 1984). In the Weald/Wessex basins, seasonal climate was 

suggested, with warm wet winters (enabling tree growth) and hot arid summers 

(suitable for evaporite accumulation; Francis 1984). Some authors do not favor a 

regional climatic event causing evaporite deposition in the basal Purbeck (Allen & 
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Wimbledon 1991). However, semi-arid conditions prevailed in the adjacent Wessex, 

which has been suggested based on the presence of coniferous tree remains, because 

forests would not tolerate conditions of high aridity (West 1975). Temperature 

changes in the Weald Basin area were between approximately 20-25 °C and rarely 

dropped below 10 °C (Sladen & Batten 1984). Climate likely exerted a control on the 

sediments, but it is suggested here that the primary controls on facies changes in the 

basal Purbeck of southern England are attributed to normal faulting, the position in 

the basin (e.g., margin, flank, center), and tectonically driven relative sea level 

changes.  

 

3.6.6 Broad implications 
 

During deposition of the basal Purbeck, England appears to have been located 

close to the northern limit of evaporite deposition (Figure 3.1). Evaporites are 

generally restricted to low latitudes, between 40°N and 40°S (Rees et al. 2004). The 

two main depocentres in southern England, the Weald and Wessex basins, have a 

similar tectonic and stratigraphic history throughout the early Triassic to Tertiary, 

reflecting regional influences of Tethyan and Atlantic margin rift–subsidence 

processes (Hawkes et al. 1998). Provided that the onset of rifting of the Bay of Biscay 

and Rockall areas occurred in the Late Jurassic, instead of the Early Cretaceous, this 

could have implications on the evolution of the basin as a hydrocarbon province (see 

e.g., Hawkes et al. 1998; Underhill & Stoneley 1998). For example, in areas such as 

the center of the Weald and the Portland-South Wight basins, this could have resulted 

in the subsidence and early maturation of Jurassic source rock intervals within the 

hanging wall of active normal faults. The potential Late Jurassic uplift of the footwall 

highs and/or basinal highs and the resulting erosion would affect hydrocarbon 

prospectivity, because this may have damaged or removed potential Late Jurassic 

source rocks in the Weald/Wessex basins and beyond. 

 

 Provided that P1 is a result of either uplift associated with erosion or major sea 

level changes, which might have implications elsewhere along Tethys. Along the 

southern margin of the Tethys Ocean, contemporaneous evaporitic sulphates and 

minor chlorides were deposited on a giant sabkha (>2 x 106 km2, Leeder & Zeidan 
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1977). Another evaporitic seal was also deposited during the Tithonian, the Hith 

Anhydrite (Powers et al. 1966; Alsharhan & C.G.S.C. Kendall 1994) in the Middle 

East (e.g., Southern Arabian Gulf Basin, Figure 3.1). The Hith is a widespread 

regional top seal for the prolific oil and gas accumulations in the Arab reservoirs in 

the Arabian Basin (Alsharhan & Nairn 1997). The anhydrite deposits in both the 

Weald Basin (Purbeck Anhydrite) and in the Arabian Basin (Hith anhydrite) reflects 

the general lowering of sea level during the Tithonian (e.g., Haq et al. 1987). Heydari 

(2008) suggests that the supersequences, which include the Hith Formation, in the 

Zagros Mountains in the Middle East occurred as a result of second-order eustatic sea 

level changes, rather than regional epeirogenic movements and/or tectonic activities. 

There were no active major plate margin processes in southern Tethys during the 

Tithonian. By comparison, there were major plate margin processes in western Tethys 

because the Central Atlantic started to form and rifting was propagating from the 

Central to North Atlantic during this time (Ziegler 1988). The global sea level curve 

does not correspond to the drop in sea level associated with deposition of the Hith 

Anhydrite, which occurred earlier. Thus, perhaps the Purbeck Anhydrite was 

deposited after the Hith Anhydrite. Alternatively, the age is wrong, and the Hith 

Anhydrite and the Purbeck Anhydrite are not coeval after all.  

 
 

3.7 Chapter conclusions 

  

 A revised tectonostratigraphic framework for the Tithonian stage (~152.1±4 Ma to 

145.0±4 Ma) of the Weald Basin, southern England, is proposed, based on integrating 

plate-scale tectonics, outcrop, core, and well-log data sets. During the Tithonian, the 

Weald Basin was initially a region of shallow marine deposition of clastic (Portland 

Sandstone) sediments, which abruptly changed into hypersaline, restricted conditions 

with deposition of marly limestone (basal Purbeck). Basal Purbeck facies variations 

occur vertically and laterally throughout the Weald Basin, corresponding to regional 

tectonic activity and relative sea level changes. 

 

Shallow marine sands are interpreted as HST deposits. The basal Purbeck is 

interpreted as a lowstand following the Portland highstand. The Portland sands were 

probably partially and/or entirely removed by erosion, which is of regional 
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significance and suggests a sedimentary break. The widespread unconformity is taken 

as a sequence boundary, which is placed at the top of the HST.  This is associated 

with erosional truncation of seismic reflectors beneath the Purbeck Group and a 

biostratigraphical gap of widespread significance. Further evidence is shown by the 

thick deposits that emerge due to fault-controlled differential subsidence. A 

basinwards shift in facies is also observed. The facies shift indicates that this open 

marine system abruptly changed to a silled basin system, with active tectonics playing 

a key role in the formation of the sequence boundary.  

 

Sequence isopachs illustrate the onset of a discrete episode of rift-related 

subsidence that resulted in the development of a N-S rhomb-shaped depocentre in 

which sediments of the basal Purbeck Group were deposited. A marked change from 

an approximately N-S depocentre (basal Purbeck Group) to a W-E depocentre 

(Wealden Beds) implies a change in stress regime from the Tithonian to the Early 

Cretaceous, which reflects an earlier rift history than previously thought. The facies 

maps indicate that apparent halite deposition is coincident with the depocentre that 

formed during this rifting phase.  

 

The sequence boundary interpreted in this study may represent a megasequence 

boundary, caused by tectonically enhanced relative sea level changes. The 

megasequence boundary is related to major plate margin processes and could 

represent the onset of the rifting of the Bay of Biscay and Rockall regions. In this 

study, the original J6 sequence previously proposed by Hawkes et al. (1998) has been 

modified through the assignment of a sequence boundary at the base of the Purbeck 

Group in the Weald Basin. I propose shifting the uppermost sequence boundary of 

Sequence J6 (from Hawkes et al. 1998), previously assigned to the base of the Lower 

Cretaceous Wealden Group, to the base of the Upper Jurassic Purbeck Group.   
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4 Meter-scale 3-D depositional architecture of Late Jurassic 

carbonate-anhydrite cycles in the basal Purbeck Group, 

southeast England  
 

4.1 Introduction 

 

Most of the existing information on lateral continuity and heterogeneities in 

anhydrite seals are derived from regional (km-scale) studies, which combine 

subsurface cm-scale (core) and km-scale (seismic) data. The need for quantifying 

geometrical properties of sedimentary deposits at the meter-scale is driven by 

uncertainties related to hydrocarbon seal integrity as well as a greater understanding 

of process sedimentology in ancient evaporitic sequences. Extensive areas of facies 

continuity in Holocene and recent tidal flats and sabkhas have been described (Evans 

et al. 1969; Lokier & Steuber 2008). However, little is published on small-scale (<1 

km) stratal geometries and continuity of ancient shallow-water anhydrite deposits and 

associated heterogeneities, even though it may have some relevance to modern 

deposits. The scale of <1 km is important because it corresponds to the typical lateral 

spacing between industry wells (i.e., 'inter-well scale') and is below the resolution of 

conventional tools, such as seismic lines, and cannot be captured in 1D datasets such 

as cores or downhole logs. Meter-scale cycles are common in ancient bedded 

evaporites, with repetitions in mineralogy, sedimentary structures, and mineral 

textures and fabrics (Lowenstein 1988). Depositional heterogeneities can be expected 

due to the nature of evaporite deposition, for example, modern sabkhas along coastal 

regions are very complex (Kinsman & Park 1976). Furthermore, meter-scale 

evaporite and carbonate sequences, with contrasting petrophysical properties, 

frequently occur together and show lateral facies inter-fingering (Alsharhan & 

Kendall 2003). However, ancient marine platform evaporites, such as the Nab and 

Khuff-D members of the Permian Khuff Formation (40 to 50 m thick and are 

1,207,000 km2 in area) or the Hith Formation (~100 m thick and up to 1,107,000 km2 

in area) in the Middle East, are more than 4 orders of magnitude larger than their 
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modern analogues (Warren 2010). Thus, relying on modern analogues may not 

provide the best information regarding ancient evaporite deposits, also in part because 

depositional geobodies could be time diachronous. Constraining lateral stratigraphic 

heterogeneities is more challenging for ancient evaporites, such as anhydrite, as they 

are very susceptible to dissolution at Earth surface conditions, and continuous 

outcrops are lacking. Previous research on meter-scale evaporite cycles in many areas 

of the world has been conducted by studying cores (Lowenstein 1987) and thin 

sections (West et al. 1968), or by analyzing modern shallow sabkha deposits (Butler 

1969; Warren 1991; Kendall & Alsharhan 2011; Strohmenger et al. 2011; Alsharhan 

& Kendall 2003). Extensive studies of the geomorphology and sedimentation of 

coastal carbonates and evaporites of the United Arab Emirates (UAE) have been 

conducted (e.g., Kendall & Alsharhan 2011). Quantitative analyses of sediment 

components and grain sizes (Lokier et al. 2013) and small-scale geometries of 

deposits in modern sabkha and tidal flat environments have been documented (Butler 

et al. 1982; Kendall & Alsharhan 2011). The lateral continuity of evaporites and/or 

carbonates has been shown to vary substantially over large (i.e., km-scale) regions, 

such as outcrop studies of shallow water areas of a carbonate platform (Della Porta et 

al. 2002; Bádenas et al. 2010) or well-based studies of lateral changes in depositional 

environments and associated geometries of carbonates and evaporites (Grotsch et al. 

2003).  

 

The aim of this chapter is to capture small-scale sedimentological heterogeneities 

in an ancient evaporite succession, adding significant insight into the small-scale 3-D 

geometry of these sediments and improving our understanding of the processes that 

control the distribution, dimensions, and geometric architecture of inter-well scale 

carbonate-evaporite successions. The content of this chapter has been published in the 

journal of Marine and Petroleum Geology. The title of the paper is ‘Detailed 3-D 

depositional architecture of Late Jurassic carbonate–anhydrite cycles (Brightling 

Mine, Weald Basin, UK).’ 

 

4.2 Results 
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4.2.1 Sedimentary facies 

 

Based on sedimentary structures, textures and composition, five main lithofacies 

are recognized (see Table 4-1 for facies and Table 4-2 for XRD values given in wt%). 

Overall, facies variations exist vertically in the succession, but not laterally.  

 

4.2.1.1 Nodular evaporite (Lf1) 

 

Lithofacies 1 (Lf1) comprises light blue-grey nodular anhydrite (CaSO4; Figure 

4.1A and Figure 4.1G) with gypsum porphyroblasts (Table 4-1). However, the basal 

bed in the mine seam, which comprises this facies, also contains nodular gypsum with 

gypsum porphyroblasts (Figure 4.1H). Subspherical to horizontally elongated 

ellipsoid-shaped nodules coarsen upward and vary in diameter from ~0.5 to 4 cm and 

~2 to 8 cm (short and long axes, respectively; Figure 4.1B, Figure 4.1G, and Figure 

4.1H). Larger nodules are sometimes composed of aggragated smaller nodules. In thin 

section, nodules occur in poorly sorted, sucrosic, blocky subhedral to euhedral 

aggregates of anhydrite crystals (Figure 4.2B and Figure 4.2D) with laths that range 

from ~50 to 300 µm in size and rare lenticular-shaped anhydrite crystals (Figure 4.2F, 

Figure 4.2G, and Figure 4.2H).  The matrix between nodules (Figure 4.1D, Figure 

4.1G, and Figure 4.1H) consists of shale and/or dark brown-grey micritic carbonate 

(calcite) with sparse dark brown-black sub-rounded chert nodules (Figure 4.2C).  Rare 

closely spaced pockets of nodules form a nodular mosaic texture (Figure 4.1H). 

Enterolithic veins (i.e., ptygmatic structures) of anhydrite are observed as highly 

contorted and folded layers of anhydrite (Figure 4.1C). Dark brown euhedral to 

subhedral gypsum porphyroblasts (~2-5 mm up to 1 cm in diameter) rim some 

nodules and/or are sporadically dispersed in nodules (Figure 4.1F and Figure 4.1G). 

The porphyroblasts appear in thin section as large grey isolated subhedral to euhedral 

gypsum crystals with relict acicular, subhedral, and euhedral anhydrite crystals. 

Diffuse micritic carbonate mud (calcite) with rare peloids are seen (Figure 4.2I). 

Chalcedony is observed in thin section, with diameters between <10 to ~400 µm 

(Figure 4.2E). XRD reveals that the main mineralogical phases in this facies are 

anhydrite (ranging from 44 to 93wt% from some samples; Table 4-2), and gypsum 

(between 6 to 36wt% for some samples).  
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Figure 4.1 (A) Photograph of representative pillar (Br35) in Brightling Mine seam No. 4, after washing the 

face off with water, 2 meter yellow stick for scale, (B) close-up photograph of interbedded anhydrite and 

microbial laminite, (C) early fabric of displacive enterolithic veins of anhydrite (black arrows), shown 

within anhydrite, (D) close-up view of heterogeneities within the nodular anhydrite from Br35, showing 

yellow elemental sulfur and satin spars (secondary, alabastrine gypsum) in shale beds, elongated chert 

nodules in a bed of microbial laminite, and marl, (E) stromatolite from bed 3 on pillar Br9, showing domal 

structure. The microbial laminite encloses stretched and elongated chert nodules, (F) photograph from 
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pillar Br3, horizontal microbial laminite overlying nodular anhydrite showing characteristic nodular 

mosaic structure as well as gypsum porphyroblasts within the anhydrite nodules, (G) general example of 

anhydrite nodules with gypsum porphyroblasts (white arrows), (H) close-up view of gypsum nodules with 

gypsum porphyroblasts (white arrows) and satin spar enclosing shale fragments from pillar Br29. 

 

Table 4-1 Summary of lithofacies (Lf), with descriptions and interpretation 

Lf Facies Description Geometries Interpretation 
1  Nodular 

evaporite 
Light blue-grey nodular anhydrite or 
gypsum with evaporite porphyroblasts. The 
matrix consists of dark brown-grey clayey 
lime mud, white satin spars, or black shale. 
The basal bed (0) has white poikilotopic 
nodular structures with light beige, 
randomly distributed, and compactly 
intergrown masses of discoid gypsum 
crystals. Bed 6 reveals extremely closely 
spaced nodules, essentially forming a layer 
of anhydrite. The uppermost bed reveals 
complex heterogeneity with facies Lf1 and 
Lf3 interbedded, along with some 
contorted, tightly folded, and randomly 
distributed enterolithic veins of anhydrite.  
 

Forms 11 to 142 cm thick 
tabular-shaped units, bed 
thicknesses are:               
Bed 0: 42 to 131 cm 
Bed 2: 26-87 cm 
Bed 6: 11 and 56 cm 
Bed 10:  54 to 142 cm 

Restricted supratidal 
setting 
 
 

2 Peloidal 
packstone with 
evaporite 
crystals 

Fine-grained dark grey to brown fine-
grained mud, micritic carbonate is 
dominant, minerals include phyllosilicates, 
calcite, gypsum, and anhydrite. Chert 
nodules occur at sporadic intervals. 
 

Bed thickness: 34 to 100 
cm. Forms a tabular-
shaped bed. 

Shallow subtidal 
setting 

3 Laminated mud- 
to wackestone 

Fine-grained laminated algal limestone, 
consisting of light brown, horizontally, 
irregular and crinkly oriented laminae, 
mostly containing calcite and some quartz. 

Bed thickness: 1 to 43 cm. 
Bed 3 (1-43 cm thick) 
shows distinct growth 
morphologies of 
stromatolites as laterally-
linked, in an undulatory 
and a pseudocolumnar 
fashion. Bed 7 is mostly 
~4 cm thick and has 
planar stromatolites with 
slightly irregular or 
crinkly laminations. 
 

Hypersaline 
intertidal to 
supratidal setting 

4 Ostracod-rich 
shale 

Mostly grey-black laminated shale with 
silty clay-sized particles, abundant peloidal 
material and micrite, contains ostracods, 
few shell fragments, and bivalves, 
elemental sulfur and satin spars are present 
in beds, dominated by phyllosilicates and 
quartz. This forms clastic beds with 
carbonate components (10-16% calcite) 
and the rock has a greasy feel when freshly 
exposed but is brittle when dry. The shale 
is fissile and disseminates into brittle ~1 
mm thick sheet-like plates parallel to 
bedding. 
 

Bed thickness: 1 to 18 cm. 
Forms tabular-shaped 
beds that exhibit small 
oscillating wave-like 
depositional pulses. Bed 
thicknesses are: Bed 4: 1 
to 18 cm 
Bed 8: 1-13 cm 

Low-energy, 
hypersaline, 
restricted, shallow-
marine, subtidal 
setting 
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5 Laminated marl Very fine-grained laminated marl, 
dominantly dark brown-grey, mostly silty 
micritic carbonate, containing 
phyllosilicates, calcite, and quartz. 

Bed thickness: 1 to 21 cm. 
Forms thin tabular-shaped 
beds that are horizontal or 
moderately undulated. 
Bed thicknesses are: 
Bed 5: 1 to 21 cm 
Bed 9: 2-7 cm 

Low energy, 
shallow-marine, 
subtidal setting 

 

 
Figure 4.2 Selected color photomicrographs of thin sections representative of the associated evaporite (Lf1), 

imaged through crossed polarized illumination. Thin section pictures are shown from select samples from 

lithofacies 1. Representative log showing facies location is on the left. (A) Photograph from bed 10 on pillar 

Br35, which depicts elongated anhydrite nodules, (B) sample Br21.1, sugar-like step-stair outlined, 

lenticular, and blocky anhydrite (‘A’) crystals, with some Quartz (‘Qz’), (C) photograph from bed 2 on 

pillar Br32, showing anhydrite nodules and infrequent randomly distributed chert nodules, (D) sample 

Br21.3, anhydrite, (E) sample Br21.10, showing anhydrite, alabastrine gypsum, and chalcedony, (F) Br9.10, 

quartz and anhydrite, (G) closer view of gypsum replacement of lenticular anhydrite crystals, (H) sample 
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Br21.3, showing a satin spar on right, lenticular gypsum replacing anhydrite, peloids, and anhydrite, (I) 

Br9.2, anhydrite with micritic carbonate. 

4.2.1.2 Peloidal packstone with evaporite crystals (Lf2) 

 

Lithofacies 2 (Lf2) is a peloidal packstone (limestone) that mainly comprises fine-

grained dark grey to brown mud, peloids (Figure 4.3L), clays, and some disoriented 

evaporite crystals (mostly gypsum; Figure 4.3M). Mineralogy from two selected 

samples (Table 4-2) includes phyllosilicates (25 and 29wt%), calcite (26 and 36wt%), 

gypsum (14 and 47wt%), and anhydrite as an accessory phase (1 and 6wt%). This 

facies lacks sedimentary structures or fossils. Sparse, sporadic dark brown-black sub-

rounded to ellipsoid-shaped chert nodules are present, with a diameter of 1-2 cm and 

2-4 cm (short- and long-axis, respectively). Brown, compacted peloidal material is 

prominent in intervals rich in diffuse micritic carbonate. There are large interlocking 

mosaics of gypsum crystals (Figure 4.3D), containing <100-µm subhedral to euhedral 

anhydrite relicts.  

 
 
Table 4-2 Semi-quantitative % (XRD analysis) 

Sample Lithology Phyllosilicates 
(wt%) 

Quartz 
(wt%) 

Calcite 
(wt%) 

Gypsum 
(wt%) 

Anhydrite 
(wt%) 

Br9.1 Anhydrite (Lf1) with 
evaporitic porphyroblasts   

0 0 8 10 77 

Br9.1 Evaporite porphyroblasts 
(that occur in anhydrite, 
Lf1) 

0 0 16 40 42 

Br9.2 Microbial laminite (Lf3), 
interbedded with anhydrite, 
evaporite porphyroblasts 

0 0 49 25 18 

Br9.3 Anhydrite (Lf1) 0 0 0 6 93 

Br9.3 Evaporite porphyroblast 0 0 0 86 14 
Br9.4 Satin spar (gypsum infilling 

a vein) 
0 0 0 100 0 

Br9.4 Shale (Lf4) in matrix of 
anhydrite nodules 

41 13 0 17 1 

Br21.1 Microbial laminite (Lf3), 
interbedded with anhydrite, 
evaporite porphyroblasts 

0 0 29 8 57 

Br21.2 Anhydrite (Lf1) 0 0 1 29 65 
Br21.3 Anhydrite (Lf1) 0 2 21 45 28 
Br21.3 Shale (Lf4) in matrix of 

anhydrite nodules 
33 0 0 0 42 

Br37.4 Marl (Lf5) 22 10 53 2 0 

Br31.6 Marl (Lf5) 25 9 43 1 0 
Br9.7 Shale (Lf4) 47 18 0 34 1 
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Br21.4 Shale (Lf4) 62 32 1 1 1 

Br9.8  Microbial laminite (Lf3) 0 6 65 1 0 
Br21.5 Microbial laminite (Lf3) 0 6 74 7 7 
Br9.9 Anhydrite (Lf1) 0 0 0 63 33 
Br9.9 Evaporite porphyroblasts 

(that occur in anhydrite, 
Lf1) 

0 0 2 46 15 

Br21.6 Anhydrite (Lf1) 0 0 0 36 61 
Br9.11 Marl (Lf5) 0 9 80 1 1 
Br21.7 Marl (Lf5) 44 6 33 1 0 
Br9.12 Shale (Lf4) 54 28 10 1 0 
Br21.8 Shale (Lf4) 62 24 11 0 1 
Br9.13 Microbial laminite (Lf3) 0 4 60 3 1 
Br21.9 Microbial laminite (Lf3) 43 27 21 5 0 
Br9.14 Anhydrite (Lf1) 0 0 0 27 70 
Br21.10 Shale (Lf4) in matrix of 

gypsum (Lf1) 
31 0 0 0 37 

Br21.10 Anhydrite (Lf1) 0 20 0 31 44 
BR21.11 Evaporite crystals that 

occur with facies Lf2 
0 0 1 64 33 

Br37.12 Mud-rich with evaporite 
crystals (Lf2) 

29 0 36 14 6 

Br31.16 Mud-rich with evaporite 
crystals (Lf2) 

25 0 26 47 1 

Br9.15  Shale (Lf4) and mud in the 
matrix between evaporite 
nodules 

35 0 13 16 29 

Br21.12 Gypsum (Lf1) 0 0 0 98 1 
Br21.12  Gypsum (Lf1) 0 0 0 97 0 
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Figure 4.3 Selected field photographs of carbonates and clastics as well as color photomicrographs of thin 

sections representative of the associated carbonate and clastic facies, imaged through crossed polarized 

illumination (scale bar on thin section photomicrographs is 500 µm).  (A) Representative photograph of the 

roof shale of the mine seam, from pillar Br35, (B) field photograph from Br35, showing carbonate and 

clastic beds 3, 4, and 5, along with corresponding facies, (C) thin section from sample Br21.0, from the roof 

of the mine seam, ooids, peloids, anhydrite (D) field photograph, pillar Br32, facies Lf1 and Lf2, (E) thin 

section, sample Br9.11, facies Lf5, few ostracods, (F) thin section picture from sample Br21.7, facies Lf5, 

laminar marl, (G) thin section, sample Br9.6, facies Lf4, ostracods, bivalves, micritic carbonate, (H) thin 

section, sample Br9.8, facies Lf3, laminated with undulating laminae, (I)  thin section, sample Br9.8, facies 

Lf3, microbial laminations and peloidal fabric, (J) thin section picture from sample Br21.8, facies Lf4, 

ostracods (K) thin section, sample Br21.5, facies Lf3, microbial laminite, satin spar, anhydrite (‘A’) and 
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gypsum (‘G’), both (L) and (M) show two thin sections from Br9.15, facies Lf2, showing peloidal fabric and 

gypsum crystals. 

4.2.1.3 Laminated mud- to wackestone (Lf3) 

 

Lithofacies 3 (Lf3) is composed of heterogeneous microfabrics, consisting of light 

brown, horizontally oriented laminations (varying from 0.3 to 0.8 cm in thickness; 

Figure 4.3B, Figure 4.3H, and Figure 4.3K) and brown lithified irregular and crinkly 

(~1 mm thick) laminae of relatively darker filaments occurring in a micro-undulating 

fashion (Figure 4.3H). Laterally-linked and undulatory growth morphologies with rare 

dome structures are observed (Figure 4.3E). Irregular, stretched and elongated, ~1-2 

cm thick black structureless chert lenses crudely follow the structure of the laminae. 

XRD calcite content is high (60-74wt%) and evaporites are present as accessory 

phases (Table 4-2). Some peloids are finer grained and uncompacted, whereas others 

are bound together forming thicker (~100 µm thick) intervals of coarser peloidal 

material lacking internal structure. Some peloids occur as small spherical to ovoid or 

rod-shaped pellets >500 µm in diameter.  

4.2.1.4 Ostracod-rich shale (Lf4) 

 

Lithofacies 4 (Lf4) comprises very fine-grained laminated ostracod-rich shale, 

consisting mostly of dark brown to grey-black silty clay-sized particles (Figure 4.3J). 

Yellow elemental sulfur is observed within shale beds (Figure 4.1D and Figure 4.1F). 

XRD results reveal phyllosilicates (e.g., 66wt%), quartz (32wt%), and accessory 

phases (e.g., calcite from ostracods). Peloidal material, micrite, and ostracod valves 

(~600 µm in length and ~350 µm in width) are present. The biogenic components in 

this facies include low-diversity (monospecific) skeletal fauna, mainly ostracods with 

few bivalve shell fragments (~300 µm wide by 800 µm long; Figure 4.3G). Laminations 

are composed of fine-grained interspersed quartz coinciding with micritic carbonate. 

Spherical small crystals of aggregated calcite have micritized rims.  

4.2.1.5 Laminated marl (Lf5) 

 

Lithofacies 5 (Lf5) consists of very fine-grained (<0.3 mm in size) laminated marl 

(Figure 4.3F). Laminations ~1-2 mm thick are dominantly dark brown-grey, with 

adjacent lighter brown horizontal to gently undulose parallel laminae, composed of 
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silty micritic carbonate. A few ostracod valves are present (Figure 4.3E). 

Phyllosilicates constitute between 9 and 60% of the material, depending upon the bulk 

rock sample analyzed (see Table 4-2). Calcite content ranges from 33 to 80% (based 

on two samples) in the form of bands of patchy, sporadic, very fine calcite, and thin 

(~10 µm) crystals that extend ~400 to 500 µm in length. Very fine quartz crystals (6 

to 10%) are also observed. 

4.2.2 Stratigraphic stacking pattern 

 

Overall the sequence consists of 11 beds comprised of a basal unit of gypsum 

(facies Lf1), followed by an interval of mud with evaporite (Lf2) and two overlying 

cycles of anhydrite (Lf1), microbial laminite (Lf3), shale (Lf4), and marl (Lf5), 

capped by interbedded anhydrite (Lf1) and microbial laminite (Lf3) as the uppermost 

unit in the mine seam (Figure 4.3A and Figure 4.3C). The characteristics of each bed 

are compiled in Table 4-1. A caveat of thickness measurements from beds 0 and 10 is 

that the mine gallery intersects these beds, and their true base/top are uncertain. 

Lateral bedding geometries are tabular, but overall trends in thickness indicate minor 

oscillations. A walking survey of a larger area of the mine (~600x700 m) revealed 

similar trends, and that beds are laterally continuous (Figure 4.4A) and no pinch-outs 

are observed. However, some areas along beds nearly pinch-out (e.g., bed 3 on pillar 

Br1 yields a minimum thickness of ~1 cm over a distance of ~3 cm; see bottom right 

in Figure 4.4B).  
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Figure 4.4 (A) Several contiguous fence panels are reconstructed in different orientations to enable a 

pseudo-3-D representation of the lateral continuity and facies architecture of the four bounding sides of the 

field area. Black lines reveal traces along pillars, but in between these lines are inferred traces. The 

directions are shown at the end of the distance lines below the panels. Distances between pillar traces are 

indicated below the panels and the 2-meter vertical length is shown on the left hand side of the panels, (B) 

the western side of the field area is correlated on top of photographs of pillars. Again, black lines reveal 

traces along pillars, but in between these lines are inferred traces. The bottom two pillars reveal a close-up 

view and a legend is shown in the white box. 

 

4.2.3 Lateral extension and geometries of individual stratigraphic surfaces 

 

Stratigraphic surfaces are laterally traceable throughout the study area. The mean 

(µ), minimum (min), and maximum (max) topography of the surface offset (i.e., 

distance) from the datum (surface 7; Figure 4.4 and Figure 4.5) are provided in Table 

4-3. For a detailed table of this quantitative data, see appendix A, Table A-1. Note 

that surfaces above the datum will show positive offsets, whereas surfaces below will 

have negative offsets. The cumulative histogram in Figure 4.5 is an example of the 

quantitative data obtained of the distance of each surface relative to the datum (i.e., 
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the surface offset) for each pillar. Data reveals that surface 3 is the most variable, 

compared to relatively small variability in other surfaces. This trend is consistent 

throughout the study area.  

 
Table 4-3 Geometries: surface offset from datum 

Surface Pillar min (cm) max (cm) µ (cm) 
0 Br1 -204   -264±24  
 Br9  -308  
1 Br1 -139   -183±15  
 Br33  -222  
2 Br19 -84   -117±12  
 Br9  -156  
3 Br19 -35   -63±7  
 Br14  -96  
4 Br1 -26   -47±6  
 Br14  -73  
5 Br19 -19   -40±5  
 Br14  -66  
6 Br19 -11   -33±4  
 Br14  -56  
8 Br36 1   5±1  
 Br1  20  
9 Br36 3   10±1  
 Br21  24  
10 Br36 4   14±2  
 Br21  27  
11 Br14 64   107±20  
 Br12  155  
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Figure 4.5 A representative example of quantitative data of the surface offsets from the datum (i.e., the 

measured distance from each surface to surface 7, the white surface on the pillar image). Surfaces on pillar 

Br1 (shown on left) are colored to match the colors of the corresponding surface data shown on the plot to 

the right. Horizontal bars on the plot are the cumulative totals of the measured distance of each surface 

relative to the datum (i.e., surface offset). The plot shows a larger view (inset) of only surface 3 data. Note 

that surface 3 offset values traced along a topographic profile (at 1 cm intervals) vary more prevalently, 

whereas the other surface offsets vary relatively small in comparison. 

 

Both surfaces 1 (underlying Lf2) and 2 (underlying Lf1) are pseudo-planar to 

moderately undulating. The geometry of surface 3 is distinctly irregular (Figure 4.4B, 

pillar Br1; Figure 4.7A and Figure 4.7B, pillar Br18), which varies throughout the 

study area between 35 cm (Br19) and 96 cm (Br14) below datum (Figure 4.4A and 

Figure 4.4B). This variability is also visible in a single pillar, for example, the four 
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combined sides of the central pillar (Figure 4.6B) show surface 3 to vary from -41 cm 

to -75 cm below datum. Surface 3 exhibits shallow concave depressions in some 

places (Figure 4.4B, pillar Br8; Figure 4.7C and Figure 4.7D, pillar Br21; black 

circles in Figure 4.6A), which generally forms ponded geometries. These incise the 

underlying supratidal bed, with low topographic relief (from 3 to 8 cm) and diameters 

between ~15 and 111 cm. Larger depressions occur beyond the scale of single pillars 

and therefore cannot be measured (purple circles in Figure 4.6A). Aspect ratios of 

individual incisions are calculated from measurements of erosional depressions along 

15 pillars following an approach described in Sena & John (2013). The scour 

incisions observed in different subcrop orientations appear symmetrical, with 

relatively similar aspect ratios, and are filled with Lithofacies 3. There is no general 

spatial trend in aspect ratios, which fall between 4 and 23 (Figure 4.8). The incisions 

are distributed throughout the study area in surface 3 and do not show any pattern of 

channeling. Locally some mixing between facies may occur (e.g., Br2, Br15, and 

Br18), and/or lithofacies 3 breaches down into the underlying facies (e.g., Br14). 

 

 
Figure 4.6 (A) Subcrop map of pillars showing mapped pillar profile outlines (red lines), and (B) 3-D model 

of the central pillar of the study area, upper shows the NE corner in the front and lower shows the SE 
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corner of the pillar in the front. Gaps indicate the corners of the pillar, which were not mapped, because 

they were not washed and also could be subject to distortion effects from the overburden. 

 

 
Figure 4.7 Small-scale geometric variability along erosive surface 3. Lithofacies are designated on left side 

of sketches A and B, and scales are on field photographs B and D. (A) pillar Br18, close up of surface 3 

showing an irregular surface, (B) pillar Br21, arrow indicates a partial view of an erosive depression, (C) 

field photograph is shown which corresponds to the sketch above, and (D) field photograph is shown which 

corresponds to the sketch above. 

 

 
Figure 4.8 Cross plot of the incision (i.e., erosive depression) width and depths of surface 3 (black circles on 

plot). The conceptual approximate shape of an incision is shown with corresponding measurements below a 

table of the incision data. Note the small range of aspect ratios. 
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Surface 4 is planar to slightly irregular, with a distance from datum varying 

between -26 cm (from pillar Br1) and -72 cm (Br14). Surface 4 shows concave 

features over stromatolites in Lf3. Surface 5 is either parallel to the datum or exhibits 

a very small oscillating (wave-like) shape between bounding strata (beds 4 and 5). 

Surface 6 shows mostly a well-defined relatively horizontal profile that is sometimes 

wavy and concave, and lies beneath an evaporite stratum. Surface 7 (the datum; 

Figure 4.4 and Figure 4.5) is sharp and mostly flat, and underlies Lf3. Surface 8 

underlies Lf4 and is mostly sharp and planar, but sometimes moderately undulates 

between +1 and +20 cm from the datum. Surface 9 is sharp and mostly planar, with 

some rare intervals of slightly wavy geometry and distances from datum vary between 

+3 cm (Br36) to +24 cm (Br21). This surface is indicated by a change in facies from 

Lf4 below to Lf5 above. A well-defined planar surface (10) moderately oscillates 

from +4 cm (Br36) to +27 cm (Br21) above the datum. Surface 10 underlies the 

uppermost strata (Lf1) in the seam. Deposits overlying surface 11 consist of shale in 

the roof of the mine seam. Overall trends of surfaces indicate a slight topographic 

depression in the central region of the study area, toward the western side (Figure 

4.9).  

 

 
Figure 4.9 Two selected surfaces showing overall surface offsets from datum. Scale bar shown on right. The 

paleotopographic maps correspond to the field area. Triangles are pillar locations of 1-D logs taken in order 
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to develop the interpolated maps. (A) Surface 3, and (B) surface 6. Overall trends indicate a slightly lower 

topographic relief in the central western region of the field area. 

 

4.2.4 δ13C and δ18O isotope signatures in carbonates 

 

The carbon and oxygen isotope results are summarized in Table 4-4. The δ13C 

values of microbial laminite samples (Lf3) range between -3.4 and -9.0‰ VPDB and 

δ18O values range from -3.0 to -4.9‰ VPDB (Figure 4.10). Marl (Lf5) δ13C calcite 

values range between -1.9 and -4.4‰ VPDB and δ18O values range from -1.7 to -

3.6‰ VPDB. One calcite sample from shale (Lf4) has a δ13C values of -7.4‰ VPDB 

and a δ18O value of -0.3‰ VPDB. Thus, the δ18O values of microbial laminite (Lf3) 

are offset by up to -2‰ from typical values in shale and marl samples, although some 

overlap exists between these ranges (Figure 4.10).  

 
Figure 4.10 Values of δ13C and δ18O for carbonates from six selected stratigraphic units (of lithofacies 3 to 

5) from five pillars in Brightling Mine. Filled data represent samples taken lower in the stratigraphy (beds 

3-5), and unfilled indicate samples higher in the horizon (beds 7-9). The Jurassic open marine carbonate 

field (blue transparent rectangle) is based on data from Veizer et al. (1999) and others, whereas the 

Pleistocene meteoric limestone field (gray transparent rectangle) is from Lohmann (1988), and the bacterial 

sulphate reduction (BSR) field (purple transparent rectangle) is from Moore (1989). Isotope results of 

samples taken from specific pillars are reported in different colors, shown as purple for pillar Br21, red for 

Br13, blue for Br9, green for Br1, and cyan for Br35.   
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Table 4-4 Summary of C- and O-isotope ratios for bulk rock samples from select pillars 

Lithofacies Sample δ13C                       
(‰, VPDB)  

δ18O                       
(‰, VPDB) Lf5 Br1.6 -4.3 ± 0.1 

 
-3.5 ± 0.1 

Lf5 Br9.11 -3.0 ± 0.2 
 

-3.3 ± 0.2 
Lf5 Br21.7 -2.0 ± 0.3 

 
-2.0 ± 0.1 

Lf5 Br35.11 -3.6 ± 0.1 
 

-2.0 ± 0.0 
Lf4 Br35.12 -7.4 ± 0.0 

 
-0.3 ± 0.0 

Lf3 Br1.4 -4.6 ± 0.0 
 

-4.9 ± 0.0 
Lf3 Br9.8 -8.8 ± 0.1 

 
-3.5 ± 0.0 

Lf3 Br13.7 -5.8 ± 0.0 
 

-4.7 ± 0.0 
Lf3 Br21.5 -7.1 ± 0.1 

 
-3.8 ± 0.1 

Lf3 Br35.6 -5.9 ± 0.2 
 

-4.0 ± 0.1 
Lf3 Br35.6 -6.1 ± 0.4 

 
-3.6 ± 0.0 

Lf3 Br1.7 -3.4 ± 0.0 
 

-3.7 ± 0.0 
Lf3 Br9.13 -4.0 ± 0.0 

 
-3.6 ± 0.1 

Lf3 Br13.13 -6.2 ± 0.0 
 

-4.4 ± 0.0 
Lf3 Br21.9 -5.0 ± 0.0 

 
-3.5 ± 0.1 

Lf3 Br35.13 -5.9 ± 0.0 
 

-4.1 ± 0.1 
n = 3 for each sample 
 

4.3 Interpretation and Discussion   

 

4.3.1 Depositional environment and sedimentary processes 

 

 The reconstructed paleogeography of southern England during the Late Jurassic 

(e.g., Bradshaw et al. 1992) suggests that the study area was likely situated in an 

enclosed to semi-enclosed basin configuration, protected by a barrier, occurring along 

a shallow water platform. The field sedimentology and thin section analyses reveal 

that a few closely spaced sub-environments co-existed during the Tithonian (Figure 

4.11).  

 

 
Figure 4.11 A schematic depositional model for the restricted inner platform carbonate-evaporite of the 

basal Purbeck beds at the subcrop locality. Note that the facies are allocated at their corresponding GDE. 

Inset (shown on left) shows a close up view of depositional cycles observed at subcrop. 
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4.3.1.1 Supratidal environment (Lf1) 

 

 The general interpretation that anhydrite nodules (such as the ones present in Lf1) 

indicate a subaerial origin associated with tidal flats or sabkhas subject to arid 

conditions has become widely accepted (Shearman 1966; Friedman et al. 1973), and 

was derived from studies of sediments in the Arabian (Persian) Gulf margin 

(Shearman 1966; Butler 1969). By analogy to modern supratidal (sabkha) flats in 

some of the coastal areas of the Middle East, the nodular and enterolithic anhydrite 

(Lf1) is interpreted as a characteristic sabkha facies (Shearman 1966; Butler 1970; 

Hardie & Eugster 1971; Butler et al. 1982; Handford 1991; Alsharhan & Kendall 

1994). For example, one of the similar facies observed in the Holocene tidal flats of 

the UAE is nodular anhydrite within a matrix of carbonate mud (Kendall et al. 2002). 

The carbonate matrix here could have been washed in from lagoons during storms 

(Alsharhan & Kendall 2003) and the calcium sulphate phase likely formed in the 

sabkha after deposition of the matrix (Warren & Kendall 1985). In coastal regions of 

the UAE, the nodules form in eolian and storm washover sediments, which first 

accumulate on the upper algal flats and extend back onto the sabkha (Kendall & 

Alsharhan 2011). In the UAE, anhydrite initially forms as small (0.5-1 mm diameter) 

nodules in the capillary zone, but traced into areas of higher salinity, nodules become 

more abundant and larger (up to 4-6 cm across; Kendall and Alsharhan, 2010) and can 

get up to 30 cm across (with larger nodules as aggragates of smaller nodules; Butler et 

al., 1982). Facies Lf1 may have formed more inland as well, as nodules can get up to 

8 cm across and sometimes coalesce to nearly form a layer (e.g., bed 6). The upward-

coarsening evaporite nodules (Lf1) may reflect increased proximity to the source of 

calcium sulphate. In the coastal flats of Abu Dhabi, nodules show varying shapes, 

such as elongated vertically or horizontally, spherical, pellet-like, and contorted 

(Butler et al. 1982). Here, most nodules are subhorizontally elongated, which could 

have initially formed in this shape, or nodules were subject to compaction during 

burial. Nodular mosaic texture is observed in anhydrite in Abu Dhabi coastal flats 

(Butler et al. 1982). The nodular anhydrite, enterolithic folds, and nodular mosaic 

textures (Figure 4.1C and Figure 4.1F) observed in the basal Purbeck Beds likely 

formed from intrasediment growth in the highly saturated pore waters of the capillary 

zone (above the water table), in the supratidal region of a coastal sabkha sequence 

(Warren 2006). It is suggested that this facies represents a supratidal flat deposit 
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(Figure 4.11) comparable to the modern Persian Gulf (formerly Trucial Coast) 

sabkhas (Butler 1969).  

 

4.3.1.1.1 Implications of rehydration features     

 

 Anhydrite can be hydrated to gypsum under near-surface conditions (~100 m), but 

gypsum has also been observed at depths >1067 m (Amadi et al. 2012). Anhydrite 

conversion to gypsum is a consequence of changes in water content caused either by 

changes in the weight of the overburden (Murray 1964; West 1964) or from sediment 

exhumation (Murray 1964; El Tabakh et al. 1997). With a limited water supply, initial 

stages of anhydrite hydration starts with the growth of gypsum porphyroblasts (West 

1964). The porphyroblastic texture of anhydrite nodules (Lf1; Figure 4.12A) indicates 

partial anhydrite hydration. The water likely circulated in the connected porosity 

between nodules (Testa & Lugli 2000). Thus, the rims of nodules would have been 

subject to more hydration than the center, which explains the commonly growth-

aligned orientation of porphyroblasts (elongated towards the center) surrounding the 

periphery of nodules. Anhydrite hydration would have resulted in a volume increase 

at shallow depths (El Tabakh et al. 1997), which led to the precipitation of satin spar 

veins in fractures and along the bedding plane directly below the datum. The 

discontinuous fractures are subhorizontal, which suggests an origin of topographic 

influence, and they are likely a result of unloading and exhumation (El Tabakh et al. 

1998). 
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Figure 4.12 (A) Close-up view of elongated anhydrite nodules, which shows gypsum porphyroblasts that 

outline the periphery, (B) photomicrograph of a porphyroblast from sample Br21.6, imaged through 

crossed polarized illumination. 

 

Fabrics such as porphyroblastic gypsum and alabastrine gypsum result from late 

diagenetic (exhumation) processes, and are thus indicators of uplift (Holliday 1970; 

Warren 1996). Exhumation features developed in this shallow (~300 m depth) 

section, as indicated by alabastrine gypsum filling in veins and evaporite crystals, 

replacement of anhydrite by gypsum, and satin spar filling in subhorizontal fractures 

(El Tabakh et al. 1997). Evidence that some of the original anhydrite was 

diagenetically altered to gypsum is revealed by the presence of alabastrine gypsum 

(shown opaque in Figure 4.2E) and gypsum porphyroblasts exhibiting relict crystals 

of anhydrite (Figure 4.12B; Holliday 1970). Similar textures have been observed 

elsewhere within the Lower Purbeck Beds, in the nearby Mountfield mine in Sussex, 

England, and in Dorset in the adjacent Wessex Basin (West 1964). Only the basal bed 

of nodular anhydrite in the mine seam has completely altered to nodular gypsum. 

Thus, a plausible hypothesis is that meteoric water circulating through the underlying 
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Portland Sandstone aquifer was responsible for the rehydration of anhydrite via 

percolation during uplift and inversion in the Weald Basin in the Cenozoic (Lake & 

Karner 1987; Butler & Pullan 1990; Chadwick 1993b).  

4.3.1.2 Intertidal environment and tidal flats (Lf3) 

 

 Lf3 is dominated by laminated carbonate, including micrite and peloids, which 

points to biologically-mediated precipitation (i.e., probably mats of cyanobacteria, or 

stromatolites, see Figure 4.1E; Grotzinger & Knoll 1999). Some clasts of sparry 

calcite rimmed by micritic coatings that could be calcified bacterial aggregates 

(Figure 4.3I; Chafetz, 1986). This facies is interpreted to be a microbial laminite (i.e., 

has laminated algal-like morphology; Figure 4.3B, Figure 4.3H, and Figure 4.3K).  

Laminations indicate episodic, regular accretion resulting in a layering effect, 

pointing to either periodic sedimentation or seasonal growth. The preservation of 

laminations suggests conditions of rapid induration and/or that bioturbating and 

grazing organisms were not present. Rapid induration could be a result of subaerial 

exposure (Shinn 1983), which could occur in an intertidal setting. Algal-laminated 

(i.e., microbial laminite) sediments can be used as signatures in older evaporitic 

sequences (e.g., anhydrite and/or gypsum) to indicate tidal flat deposition (Dean et al. 

1975).  Growth morphologies show similarities to the planar laminations and/or 

crinkled cyanobacterial mats in the upper intertidal regions along the coast of the 

UAE (Butler et al., 1982, Kendall and Alsharhan, 2010; Figure 4.13), and also appear 

similar to ancient stromatolites (Figure 4.1E; Kendall and Skipwith, 1968). For 

example, bed 3 (Lf3) in this study is similar to the crinkled or crenulated mats in the 

upper intertidal and/or the pinnacle, dome-like mats in the middle intertidal setting, 

whereas bed 7 (Lf3) could be comparable to the smooth mats in the lower intertidal 

setting in the Abu Dhabi sabkha (Strohmenger et al. 2011). Laminated cyanobacterial 

mats in the middle to upper intertidal flats of the UAE are between 10 and 55 cm 

thick (Kendall et al. 2002), which is similar in thickness to beds in this study, which 

range from 1 to 43 cm in thickness. Analogous facies are also observed in other 

modern environments, such as the complex cyanobacterial mats (previously termed 

“algal mats” in older literature, e.g., Kinsman 1969) on evaporitic salt flats of Laguna 

Mormona (Horodyski et al. 1977; Warren & Kendall 1985) or cyanobacterial mats in 

Baja California, located in high intertidal settings (Kinsman 1969). These deposits 
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likely accumulated in a hypersaline intertidal setting, which is in agreement with what 

Brown (1963) has previously suggested.  

 

 
Figure 4.13 Satellite image (Landsat 7) of the coastal area of the western region of the United Arab 

Emirates showing some of the coastal morphological features, including sabkhas and cyanobacterial mats 

(modified after Kendall & Alsharhan 2011). Note that the facies in this study are written on this picture to 

illustrate where they would be located in a modern setting such as this. 

4.3.1.3 Shallow subtidal environment (Lf2, Lf4 and Lf5) 

 

 The predominance of carbonate mud (calcite) within Lf2 suggests deposition in a 

shallow, low-energy water environment (below wave base, or in a protected lagoon). 

Based on the abundance of fine-grained carbonate mud combined with the observed 

gypsum, as well as the lack of fossils, sedimentary structures, and subaerial exposure 

features, the clays and carbonates may have been formed by suspension fallout in a 

shallow subtidal setting, with a later overprint of evaporitic minerals. While 

laminations would be expected from suspension settling, this facies appears 

structureless, but perhaps these deposits underwent mixing (or potentially 

bioturbation) in a protected shallow water lagoon. This could be similar to facies 

observed in a protected subtidal environment within the Abu Dhabi sabkha system, 

where mixed and bioturbated packstones and wackestones occupy the shallower areas 

of lagoons (e.g., Warren 2006). Facies with peloidal mud between 30 to 120 cm thick 

have been observed in the Holocene tidal flats of the UAE (Kendall et al. 2002). Lf2 

is composed of very coarse chaotic masses of (potentially reworked) crystalline 
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gypsum and anhydrite with older semi-lithified marls, shales, and limestones. This 

facies lacks internal structure and may represent deposition in a restricted shallow 

water (subtidal) setting (Schreiber et al. 1976).  

 

The biogenic components in Lf4 show a high dominance of a single species, which 

points to stressed conditions (Boomer et al. 2001) possibly due to hypersaline 

conditions (Dewey 1987). This is consistent with the presence of elemental sulfur 

observed in the associated shale beds. As with Lf2, Lf4 is interpreted to have been 

deposited in a low-energy, hypersaline, restricted shallow subtidal environment. 

Further evidence for this interpretation includes the apparent lack of sedimentary 

features such as bioturbation, mud, and desiccation cracks (i.e., subaerial exposure 

features) in the shale, which indicates a shallow-water environment dominated by low 

energy conditions and limited exposure. The lack of bioturbation in this facies reflects 

an ecologically stressed environment, consistent with inferred hypersaline conditions.   

Facies Lf5 is interpreted to have formed in a shallow (subtidal) setting, although 

deposition of this facies in a hypersaline lagoonal setting (Pierre et al. 2010) is also 

possible. Evidence for this interpretation includes the very fine grain size and the 

absence of wave or current structures and subaerial exposure features. The thin and 

relatively long calcite crystals associated with quartz in this facies are interpreted as 

possible microbial filaments, potentially morphologically similar to fossilized 

cyanobacteria (Golubic & Seong-joo 2015).  Much fossil cyanobacteria are preserved 

in cherts (Golubic & Seong-joo 2015) and here, they are associated with quartz in 

addition to chert located at the top of the uppermost bed comprising facies Lf5. By 

comparison, a variety of bacteria are found in somewhat similar environments, such 

as the modern-day microbial mat and mud samples from Laguna Figueroa, Baja 

California (Margulis et al. 1980) and in marine microbial mats from the Great 

Sippewissett salt marsh, Massachusetts (Stephens et al. 2008), and in ancient shallow 

subaqueous gypsum crystals (Panieri et al. 2010). Provided that these are fossilized 

marine organisms, potentially cyanobacteria, this could link the lithified laminae of 

micritic carbonate in this facies with processes of bacterial sulphate reduction 

(Visscher et al. 2000), which strengthens some interpretations based on isotope results 

of these samples. The very fine-grained and parallel laminated character of Lf5 is 

probably a result of low-energy suspension fallout (Klein 1971; Kvale et al. 1989). 
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This may be due to either differential settling of very fine-grained particles or reflects 

periodic or differing rates of supply of the sediment.  

 

In summary, the facies recognized in this study indicate gross depositional 

environments (GDEs) on a shallow-marine platform that comprised a restricted 

supratidal setting (anhydrite dominated sabkha, Lf1), intertidal setting (tidal flat or 

cyanobacterial flat, Lf3), and a subtidal setting (Lf2, Lf4, and Lf5). The low 

hydrodynamic level of the entire succession, with the exception of stratigraphic 

surface 3, is revealed by the lack of sedimentary structures such as current ripples or 

cross stratification, and the occurrence of mud-dominated fabrics (e.g., Lf2, Lf4, and 

Lf5). I suggest that facies Lf2 to Lf5, from an intertidal (i.e., a tidal flat) to shallow 

subtidal environment, laterally passed into the supratidal evaporative sabkha (facies 

Lf1), in an ordered sequence. The stratigraphic succession of GDEs is repetitive, as 

shown in the observed depositional cycles (inset in Figure 4.11). Deposits analogous 

to the basal Purbeck Beds are observed in cores from the coastal salt flats southeast of 

Abu Dhabi Island, which include up to 2.7 m of lagoonal, subtidal and intertidal 

carbonate and algal limestone with overlying supratidal deposits (Butler et al. 1982). 

Generally, a ‘trio’ of algal laminated sediments, nodular anhydrite and dolomitic host 

rock has been used to define ‘sabkha-like’ paleoenvironments for older sequences 

(Dean et al. 1975). Halite is also generally observed on modern sabkha surfaces such 

as those along the Persian Gulf (Butler et al. 1982; Purser 1985; Kendall et al. 2002), 

but may be absent from older sequences such as the basal Purbeck Beds due to their 

low preservation potential (Alsharhan & Kendall 2003). The absence of dolomite at 

Brightling mine is not exceptional for sabkha settings: some areas within modern-day 

sabkhas (e.g., along the Red Sea Coast, Saudi Arabia; Behairy et al., 1991) do not 

exhibit dolomitization because Mg concentrations did not reach sufficient levels to 

initiate dolomitization, but are instead dominated by high Mg-calcite.  

 

Similar facies have been observed in the Mountfield Mine, located ~9.8 km 

southeast of Brightling Mine. The basal No. 4 seam at Mountfield, as described by 

Howitt (1964), contains the lowermost sulphate (gypsum) with large and discrete 

gypsum crystals, which is separated from the underlying Portland Sandstone by 15 cm 

of gypsiferous silty limestone. The overlying layered anhydrite is interbedded with 

limestone and very thin shale. A horizon of chert nodules is observed and a bacterial 
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mat horizon is near the top of the seam, which contains anhydrite nodules. Thus, the 

facies observed in Brightling Mine can potentially be laterally traced over a distance 

of at least ~10 km, probably along strike to the paleo-coastline.  

 

Further west along the southern coast of England, comparable outcrops have been 

studied in Dorset (West 1964; West 1975). But the basal Purbeck evaporites have 

either been replaced by carbonates or removed by meteoric dissolution (West 1975). 

Four main limestone facies differ in skeletal debris and the amount of replaced 

evaporites, and are separated by thin beds of carbonaceous marl termed ‘dirt beds’ 

(see West 1975 for detailed descriptions). Facies B, as documented by West (1975), 

consists of limestones with stromatolites and gypsum replaced by calcite or 

chalcedony, of which appear similar to lithofacies 3 as observed in Brightling. The 

overlying facies in Dorset (facies C in West 1975), considered the major evaporite 

facies, is sometimes nodular and consists of calcitized secondary anhydrite. This is 

interbedded with calcareous shale and pelletoid limestone. Chert nodules have 

replaced some calcium sulphate and celestite has been documented (West 1975). In 

Brightling Mine, comparable facies are observed, although the subsurface anhydrite 

(or gypsum) is not calcitized. In Brightling, chert nodules are also observed. It was 

concluded that the four limestone facies in the basal Purbeck of Durlston Bay (the 

Purbeck type section) were deposited in a shallow gulf containing extensive tidal 

flats, within intertidal to shallow subtidal, high intertidal flats, and supratidal settings 

(West 1975). 

 

Lateral facies transitions directly perpendicular to the Brightling Mine deposits are 

not observed, thus the adjacent shoreline facies and/or more inland facies trends are 

not revealed. However, some basic assumptions can be made, based on comparison of 

the observed sequence to modern-day analogues and lateral facies transitions. In 

Brightling Mine, given that the nodules coarsen upward, it is assumed that the facies 

shifted basinward. Based on evidence that the nodules initially precipitated as 

anhydrite, grew up to 8 cm in length, and coalesced to form a layer, Lf1 is interpreted 

to have formed more inland, likely in a mid upper sabkha sub-environment, within an 

inner sabkha. This environment is similar to that observed in the modern-day 

supratidal sabkha coastal environments along the Abu Dhabi coastline near (Butler et 

al. 1982; Kendall & Alsharhan 2011; Strohmenger et al. 2011; Figure 4.13). By 
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inference, a basinward transition of facies at this study locale might begin with Lf1, 

located in an inner sabkha environment, which would laterally shift basinward into 

potential sandy deposits (e.g., a stranded beach ridge) and/or pass into an outer sabkha 

environment. However, in this case, Lf1 probably laterally passed into Lf3, in an 

intertidal setting (tidal flat or cyanobacterial flat; Figure 4.13). In a more basinward 

direction, Lf3 would laterally pass into Lf2, Lf4, and Lf5 (subtidal environment; 

Figure 4.13). 

4.3.2 Implications of stable isotope results (δ13C and δ18O) 

All of the δ18O values from this study yield little variability and fall in a range 

characteristic of Jurassic open marine carbonates (-5‰ and +3‰; Veizer et al., 1999). 

The δ13C values are however more depleted, with values as much as 7‰ lower than 

expected Jurassic marine δ13C values (-2.0 to +5.0‰; Veizer et al. 1999). Three main 

hypotheses can be presented to explain the light δ13C values. The first hypothesis is 

that early meteoric diagenesis shifted δ13C towards slightly depleted values (Allan & 

Matthews 1982; Lohmann 1988; Immenhauser et al. 2002). Diagenetic carbonates 

have been shown to produce systematic linear trends, which show a constancy of δ18O 

combined with variable δ13C values (Magaritz 1983; Meyers 1985; Lohmann 1988),  

as indicated in the shaded region in Figure 4.10. While these trends do not strongly 

indicate meteoric diagenesis, I cannot exclude this potential overprint. Allen and 

Keith (1965) studied isotope stratigraphy in Dorset (west of the Weald Basin) and 

found that basal Purbeck samples yield values from -2 to -5‰ for δ13C and -3 to -5‰ 

for δ18O, suggesting a marine or hypersaline origin for the limestones (Brown 1963; 

Allen & Keith 1965). Allen and Keith (1965) concluded that δ13C values decrease 

with time, with implied increasing continental influence. Average carbon values 

entering the ocean from the weathering of continental rocks is considered to be 

approximately -5‰ (Schreiber & El Tabakh 2000), and half of the Brightling 

carbonate data yields δ13C values less than -5‰.  

 

The second hypothesis is that the δ13C of the Weald Basin was significantly 

different than co-eval open-ocean water. Modern platform seawater can vary laterally 

in chemistry and isotopic composition, and δ13C depletion can result from freshwater 

runoff or by isotopically light CO2 input from respiration (Patterson & Walter 1994). 

In hypersaline waters δ13C depletion can result from progressive carbonate 
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precipitation, photosynthesis, and respiration, which are all related to residence time 

of carbon on the platform (Patterson & Walter 1994). In this restricted epeiric setting, 

compositional evolution away from open marine waters would have occurred, 

resulting in atypical Jurassic isotopic values for the Weald Basin.  These isolated 

conditions, with extreme environments in terms of salinity, could lead to low biotic 

productivity during the Late Jurassic, preventing the pumping of organic carbon into 

sediments and thus enriching the dissolved inorganic carbon (DIC; the sum of 

dissolved CO2, HCO3
-, and CO3

-2) into 12C.  

 

The third hypothesis is that the low carbon values, coupled with observations of 

sulfur enrichment in the deposits are the result of a subsurface process attributed to 

bacterial sulphate reduction during burial (BSR; Machel et al. 1994). The majority of 

data fall within the BSR range   (δ18O values between -5.0‰ and -3.5‰ and δ13C 

values from -11.9 to -1.6‰) as defined by Moore (1989) based on Jurassic calcite 

cements. Riding (2000) explains that catabolic processes occur in sediments with 

increasing depth, such as dentrification, sulphate reduction, and methanogenesis. 

Bacterial reduction of sulphate to sulphide could have led to organic matter oxidation, 

which likely occurred early during burial where anoxic conditions rapidly took place. 

BSR is said to occur in low temperature regimes, with an upper limit for BSR of <60-

80°C, corresponding to depths between 2000 and 2500 m (Machel et al. 1994).  

 

Approximately 90% of annual water input into the modern day Emirate of Abu 

Dhabi sabkha is derived from direct rainfall and recharge into the underlying aquifer, 

with the remaining 10% from lateral and ascending groundwater flow (Wood et al. 

2002). The coastal sabkha of the Emirate of Abu Dhabi has a hydraulic head for the 

regional flow system provided by the nearby Asir and Hajar Mountains, where 

elevation exceeds 3000 m (Wood et al. 2002). By contrast, the Weald Basin 

peripheral topography during the Late Jurassic was two orders of magnitude less, 

characterized by peneplained remnants of massifs only a few tens of meters high 

(Sladen & Batten 1984). The low rainfall (<500 mm/yr; Sladen & Batten 1984), 

evaporation exceeding precipitation, and low topography indicates low river runoff 

into the Weald Basin during this time (Sladen & Batten 1984). But with an influx of 

freshwater, δ18O depletion would also be expected (Magaritz & Stemmerik 1989) and 

is not observed in this study. Thus, it would appear that penecontemporaneous 
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meteoric diagenesis would have been unlikely in the Weald during the Late Jurassic. 

Further, the chances of resetting the carbonate is low, as a significant amount of water 

would be needed in order to reset the carbon isotopes. While the anhydrite nodules 

have completely altered to gypsum at the base of the seam, they are only partially 

hydrated further up the section. Thus, it is very unlikely that the carbonates further up 

the section were impacted. Meteoric diagenesis appears to be the least likely 

hypothesis. In conclusion, the most likely hypotheses to explain the isotope data at 

this locality in the Weald Basin are both, the local carbon isotope signatures of marine 

waters due to high evaporation, and/or BSR related processes, or a combination of 

these two processes could account for the depleted 13C values. 

 

4.3.3 Small-scale sequence stratigraphy and surfaces 

 

 In this study, I interpreted meter-scale upward-shoaling sequences and stacking 

patterns based upon detailed field observations. A classic parasequence is defined as a 

relatively conformable succession of beds or bedsets that are bounded by marine-

flooding surfaces or their correlative surfaces (Van Wagoner 1988). The stratigraphic 

stacking of facies in the Purbeck beds conform to this classic parasequence definition, 

and can be grouped into parasequence sets. Lithofacies 1 is interpreted to reflect an 

episode of supratidal deposition (sabkha) terminated by an interpreted marine 

flooding surface (e.g., surface 1; Figure 4.14) and deposition of deeper-water mud-

rich facies (e.g., Lf2). The first complete parasequence in the mine seam (defined as 

P1; Figure 4.15) begins on top of surface 1 with deposition of the shallow subtidal 

mud-rich facies (Lf2), capped by supratidal nodular evaporite (Lf1). Again, the top of 

this supratidal deposit (surface 3) is interpreted as a flooding surface, as indicated by a 

facies shift towards deeper, intertidal microbialite facies (Lf3). This overlying P2 

parasequence (Figure 4.15) comprises in stratigraphic order intertidal microbial 

laminite (Lf3), followed by progressive deepening of subtidal shales (Lf4) and marls 

(facies Lf5), capped by a supratidal sabkha facies (Lf1). The base of parasequence P3 

is surface 7, an interpreted flooding surface, based on deposition of marine 

microbialites (Lf3) overlying parasequence P2. Parasequence P3 has a similar upward 

succession of facies as P2, but is terminated with an interpreted flooding surface 

characterized by a sharp juxtaposition of relatively deeper subtidal facies (fine-
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grained shale in the mine seam roof).  Since only 3 parasequences were measured in a 

relatively restricted area, I cannot unambiguously interpret what controlled relative 

sea-level changes at this location. However, the upward-coarsening evaporite nodules 

(Lf1) observed in Brightling mine may reflect a regression of the sabkha shoreline 

(e.g., Taggart et al. 2010). By analogy, recent sediments from the Abu Dhabi coastal 

flats occur as a laterally extensive (several hundred miles long and as much as 25 

miles wide) seaward-prograding, shoaling upward sequence (Butler et al. 1982). 

 

 
Figure 4.14 General view of one representative pillar in Brightling Mine seam No. 4, showing carbonate-

evaporite cycles. Designated facies are shown on the right hand side. The yellow lines indicate interpreted 

flooding surfaces (surfaces 1, 3, and 7). Upside down triangles indicate shallowing upward, whereas right 

side up triangles are deepening upward. 
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Figure 4.15 Representative log showing stratal stacking patterns, key sedimentary and biogenic features, 

designated beds and facies, numbered surfaces, and inferred parasequences and GDEs. 

 

4.3.4 Controls on stratigraphic surface morphology and thickness of beds 

 

 The subtle stratal geometry of all surfaces could be the result of the variable 

erosion of a moderately uneven but relatively flat topography. A well-defined 

composite surface is observed (surface 3). This morphologically uneven composite 

surface occurs between facies of lower hydrodynamics (below) and higher energy 

level above the surface (Figure 4.6, Figure 4.7, and Figure 4.8). Surface 3 shows the 

greatest topographic change in this study. Although little evidence remains to 

demonstrate this, the composite surface may have been influenced by processes 

related to subaerial exposure on a supratidal sabkha flat, as the nearly planar surface 

of the modern day coastal flats of Abu Dhabi are a result of the combined effects of 

wind deflation (Patterson & Kinsman 1981) and reworking by floodwaters (Butler et 

al. 1982). Warren (1991) suggests that evaporation leads to evaporite precipitation in 

the capillary zone, and an increase in displacive evaporite growth in the column 
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would lift upper parts of the sediment column into the vadose zone, where it 

subsequently dries and deflates, forming an erosion surface. Alternatively, dissolution 

between meteoric and marine waters could have formed the surficial disaggregation in 

the evaporite deposits underlying surface 3. Dissolution processes can sculpt surfaces 

such as this and develop features useful for identifying subaerial exposure (Esteban & 

Klappa 1983). Marine erosion could also be an important process that shaped surface 

3, either through storm deposits, or on a longer time scale during a regional 

transgression. While the observed erosional depressions could represent a polygonal 

zone with shallow pools and/or channel areas with a high flood frequency in the 

higher intertidal zone (Kendall et al. 2002), the incisions do not show any pattern of 

channeling and desiccation cracks are absent. Laminations on tidal flats (as observed 

in the microbial laminite directly above surface 3) have been linked to storm events 

based on studies in the Bahamas (Shinn et al. 1969; Tucker & Wright 1990). Here, the 

observed erosional depressions on the sabkha could thus be analogous to the erosional 

depressions that have been interpreted to form by storm waves and currents (Myrow 

1992). Therefore, the process responsible for these incisions could be related to 

coastal erosion due to wave action or potential storm scouring (e.g., Sattler et al., 

2005).  Tidal processes could also play a role. In the protected intertidal and 

supratidal flats of a highly saline lagoon, the Khor al Bazam, Abu Dhabi, desiccation 

and tidal water control surface morphologies (Kendall & Skipwith 1968). Wave and 

tidal scour do not cover the whole mat near Abu Dhabi, and therefore are of local 

importance and are generally confined to the newly grown mat (Kendall & Skipwith 

1968). Perhaps the tidal scour that occurred around the harder sediments could 

produce stromatolites similar to those found in the Khor al Bazam, Abu Dhabi 

(Kendall & Skipwith 1968) or in Shark Bay (Logan 1961). 

 

The lack of incisions and uneven topography observed along other interpreted 

flooding surfaces (1 and 7; Figure 4.5 and Figure 4.7A) likely indicates that the 

relatively flat surface morphologies are not attributed to processes of erosion or 

dissolution, but are instead a result of a flood (e.g., a storm flood). Because surfaces 1 

and 7 developed on supratidal deposits, the groundwater table was likely shallow, and 

may have limited the development of irregular topography for these two surfaces. The 

topographic profile of surfaces stratigraphically above surface 7 is likely related to the 

antecedent topography and the hydrodynamic level of the supratidal environment 
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underneath surface 7. This low-relief morphology is analogous to the sediment 

surface traced from the present shoreline to the line of ancient beaches along the coast 

of Abu Dhabi, which are interpreted to result from the tidal range of the facies along 

the tidal flat (Butler 1969; Kendall et al. 2002).   

 

In 3-D, the morphology of most surfaces is relatively flat to moderately undulating 

as the topographic profiles exhibit ‘layer-cake’ like strata (Figure 4.4A). Rare 

moderate undulations are observed along surface 4, which appear to result from the 

slight synoptic relief of underlying stromatolites. Most surfaces are parallel to the 

datum (e.g., surfaces 7, 8, 9, and 10 along pillar Br11; Figure 4.4A) or exhibit 

extremely small oscillating morphologies (e.g., surfaces 7, 8, 9, and 10 along pillars 

Br19 and Br20; Figure 4.4A).  

 

Most surfaces in the northwest and the eastern region of the study area have a 

slightly higher topography, relative to the datum, which decreases somewhat in a 

northeast to southwest trend, shown in the 3-D topographic maps of two 

representative surfaces (Figure 4.9). Surfaces reveal slightly lower topographic relief 

in the central western part of the field area (shown blue in Figure 4.9). While this 

trend could potentially be a result of the tectonic tilt of the mine seam, because it is 

situated on an anticline, the relief is most likely due to the paleo-topographic profile 

of this small region along the platform. Overall, the stratigraphic surfaces indicate a 

relatively stable, supratidal and intertidal to shallow subtidal environment, subject to 

episodic flooding, sea-floor topography, hydrodynamic level, as well as waves and 

currents, which likely influenced the vertical facies changes observed in the basal 

Purbeck strata in East Sussex. 

4.4 Chapter Conclusions 

 

 Five facies comprising evaporites, carbonates and clastics are recognized in the 

Brightling mine succession, and facies variations occur vertically, but not laterally. 

Beds are laterally continuous, but near pinch-outs do occur. Bedding geometries are 

tabular and overall trends indicate minor thickness changes. The mine seam reveals a 

‘layer cake’ like appearance of strata.  Stratigraphic surfaces are laterally traceable 

throughout the area under study and the stratal patterns of the depositional 
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architecture are nearly flat lying; variability in stratal geometries is moderate, most 

surfaces reveal minor oscillations. One distinctly irregular composite surface occurs 

between strata of lower hydrodynamics (below) and higher energy above. The dis-

aggregation of the supratidal evaporite texture underlying the composite surface is 

likely a result of processes related to either aeolian erosion, or coastal erosion, due to 

wave action or potential storm scouring, or to surficial dissolution. Perhaps, the 

underlying mechanism forming this surface is a combination of these processes. A 

slight topographic depression is seen in the surfaces in the central western region of 

the study area, which is likely a result of the antecedent paleo-topography of this 

small region along the platform.  

 

Three meter-scale depositional sequences of carbonate-evaporite cycles, bounded 

by flooding surfaces, are recognized. Flooding surfaces mark the onset of 

transgressive pulses, and the facies assemblages conform to shoaling-upward 

sequences. Deposition occurred in a supratidal (sabkha) to intertidal-shallow subtidal 

(tidal flat) marginal marine environment subject to episodic flooding and evaporation. 

The depositional environments are constrained by associated facies, and further by 

δ18O values characteristic of Jurassic marine calcite. However, the δ13C data are 

depleted from primary Jurassic marine calcite values, which potentially indicate a 

locally different carbon isotope signature and/or processes attributed to bacterial 

sulphate reduction.  

 

The results of this study offer a detailed insight into the origin and distribution of 

heterogeneities within anhydrite in an ancient sabkha environment. I suggest that this 

study shows the feasibility of quantitatively defining inter-well scale lateral continuity 

of heterogeneities in anhydrite, which improves our understanding of the deposition 

of evaporites and also serves as a valid proxy for up-scaling lateral facies variability. 

This work can potentially be extrapolated and upscaled to studies based upon spatially 

separated (i.e., 1-D) outcrop and/or subcrop sections in similar depositional 

environments. A better understanding of this ancient complex depositional system 

provides a fundamental template for the construction of accurate depositional models 

and thus enables the development of reliable parameters to implement into evaporite 

seal models.  
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5 Review of the main geological characteristics and basin 

development, Late Permian Zechstein Basin, northeast 

England 
 

5.1 Introduction 

 

 This review chapter aims to provide an overview of the basin development, 

stratigraphy, and sedimentation of the Permian sequence in the area of the Cleveland 

Basin, northeast England. The Mesozoic Cleveland Basin is bound to the south by a 

major east-west fault zone, the Howardian-Flamborough Fault Belt (Milsom & 

Rawson 2009), and to the east by the north-south trending Peak Trough and Cayton 

Bay Fault System (Simms et al. 2004). The basin is a relatively small sedimentary 

basin that forms the onshore westernmost part of the Triassic Southern North Sea 

Basin (Harvey & Gray 2013), which is situated in approximately the same 

geographical position as that of the Southern Permian Basin (Fisher & Mudge 1984). 

The Southern Permian Basin (hereafter termed ‘Zechstein Basin’; Figure 5.1) is 

composed of a series of connected basins that extend across northern Europe from 

England to Poland (McCann et al. 2006; Figure 5.2). The Zechstein Basin merits 

attention because it is one of the world’s ‘saline giants’ and it could shed light on the 

origin of other thick evaporite sequences (Taylor 1998). 

 

The evaporite sequences of the Permian Zechstein Group form significant seals for 

many oil and gas fields of the southern North Sea. The Zechstein Group is of 

particular importance for the oil industry because of the generation of structure, seals, 

structural information, reservoir rocks, and source rocks (Taylor 1998). The closures 

in strata overlying the Zechstein Group in the northern North Sea are a result of 

Zechstein salt migration, withdrawal, and dissolution at depth, which has led to large 

interest as economic targets in and around the Central Graben. Zechstein evaporites 

also provide extensive reserves of commercial potash salts, halite, anhydrite, and 

gypsum in northeast England and on the Continent (Taylor 1998).  
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It is partly this economic interest, coupled with the pronounced cyclicity in 

sedimentary sequences of this saline giant, which initiated vast geological research 

throughout the 20th Century. The Permian of the Zechstein Basin has been the subject 

of excellent regional summaries (Johnson et al. 1994; Taylor 1998; van Wees et al. 

2000; Ziegler 1990). Many publications have focused on the Permian of northeast 

England (Stewart 1963; Woods 1979; Smith 1989; Smith et al. 1992; Smith 1996).  

 

In this chapter, I will present an overview of Permian stratigraphy, 

paleogeography, and sedimentation in the Zechstein Basin, with emphasis on the 

northeast English area of the basin. The primary objective of this chapter is to present 

an overview of the Zechstein Group and to provide the regional framework for the 

detailed study conducted in Boulby Mine, Cleveland Basin, presented in Chapter 6. 

This chapter will conclude with a summary of previous sequence stratigraphic 

interpretations for the Zechstein. 

 

5.2 Tectonic setting 

 

 In order to look at the geologic history in the area of the Cleveland Basin, it is 

important to first emplace it within its regional plate tectonic context. The modern-

day configuration of western and central Europe results from superimposed periods of 

deformation that evolved through several orogenic events, which include the 

Caledonian, Variscan and Alpine orogenies (Ziegler 1990).  

 

5.2.1 Early Paleozoic 

 

 During the Early Paleozoic, the SW-NE trending Iapetus Ocean separated the 

cratonic shield regions of Baltica and Laurentia during the Early Paleozoic (Harland 

& Gayer 1972). At this time, England was bound by the Rheic Ocean to the south 

(McKerrow & Ziegler 1972; Cocks & Fortey 1982) and the Tornquist Sea to the East 

(Cocks & Fortey 1982; McKerrow 1988). The Tornquist Sea closed during the Late 

Cambrian to Early Ordovician. But it failed to form into a mountain range, attributed 

to a lack of intense continental collision from the convergence of microcontinents 

towards Baltica (Glennie 1986). This convergence is likely marked by a buried zone 
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of deformation that extends westwards from the Polish Anticlinorium, along the 

southern edge of the Ringkøbing-Fyn-Møns highs to the Mid North Sea High, where 

it merges with younger deformation products caused by the Iapetus Ocean closure 

(Glennie 1986). The apparent zone of deformation later on resisted the crustal 

stretching and subsidence following the Variscan Orogeny, which resulted in the 

creation of two separate basins, the Zechstein and Rotliegend basins (i.e., Southern 

and Northern Permian basins, respectively; Glennie 1986).  

 

By Silurian times, the closure of the Iapetus ocean had completed (Mac Niocaill et 

al. 1997). This closure resulted in the Caledonian orogeny, which took place over 200 

Ma and encompassed several phases, including arc-arc, arc-continent, and continent-

continent collisions (McKerrow et al. 2000). The Caledonian mountains formed along 

the suture line from the collision of Laurentia, Baltica, and Avalonia.  

 

5.2.2 Devono-Carboniferous  

 

 By Early Devonian time, areas of Western and Central Europe were occupied by 

the emerging Caledonian fold belts and the relatively shallow epicontinental seas of 

the Central Armorican-Saxothuringian-Sudetic basin (Ziegler 1990). Much of Europe 

was dominated by the subduction of the Proto-Tethys Ocean, which developed along 

the southern margin of Laurasia during the Devonian and Early Carboniferous 

(Glennie 1986). The start of the Variscan orogeny began with the collision between 

Gondwana and Laurasia, south of Armorica in the Late Visean (Glennie 1984; 

Glennie 1986) and its 230 Ma evolution (Matte 2001) was linked with the progressive 

subduction of the Proto-Tethys Ocean (Ziegler 1990). While this orogeny resulted in 

the union of Laurasia and Gondwana into the super-continent Pangea (Figure 5.1), the 

super continent was not very stable and before completion other events had begun the 

destructive process (Glennie 1986). The Variscan fold-and-thrust belt crustal 

shortening terminated by the end of the Westphalian (van Wees et al. 2000). 
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Figure 5.1 Location of the Permian Zechstein Basin within the megacontinent Pangea. This is adapted from 

the palaeogeographic reconstruction of Blakey (2008), and the Zechstein Basin is modified after Tucker 

(1991). The line of crustal separation in the future Atlantic and Tethys oceans are shown (after Glennie 

1986). 

 

5.2.3 Permian 

 

 The Variscan orogeny was likely accompanied and followed by an east-west 

relative movement between the Laurasian and Gondwanan parts of Pangea (Glennie 

1986). This movement led to the Variscan fold belt and its northern foreland (i.e., 

between Britain and Poland) becoming subjected to right-lateral wrench movements, 

which in turn resulted in the collapse of the Central European part of the Variscan 

fold belt (Glennie 1986). Regional extension of earlier areas of subsidence resulted in 

the formation of the two east-west trending Permian basins, the Zechstein and 

Rotliegend basins (Glennie 1986; Figure 5.3). These two basins are separated by a 

ridge that failed to subside with them, the mid-North Sea-Ringkøbing-Fyn trend of 

highs, suggested to mark a zone of greater rigidity caused by the closure of the 

Tornquist Sea against the southern edge of Fenno-Scandia (Glennie 1986). The basins 

developed as broad crustal downwarps and their subsidence was accompanied by only 

minor faulting, in which a tectonically relatively quiescent regime persisted until the 

end of the Permian (van Wees et al. 2000).  
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Figure 5.2 (A) Late Permian Paleogeographic map of the world as it likely appeared during 250-245 Ma 

(adapted from the palaeogeographic reconstruction of Blakey 2008, the Zechstein Basin is modified after 

Tucker 1991). Inset illustrates the modern day location of the Zechstein Basin onshore England. 

 

The Zechstein basin developed between the Ringkøbing-Fyn High in the north, and 

the northern foreland of the Variscan mountain belt in the south (Figure 5.3), with a 

north-south extension of 300 to 600 km and an east-west extension of ~1700 km 

(McCann et al. 2006). An earlier interpretation of the tectonic subsidence of the 

Zechstein Basin involved a (single) lithospheric thinning phase (Dadlez et al. 1995). 

An alternative view was later proposed, which includes the combined effects of 

wrench-related extension and compression with crustal denudation due to erosion 

(van Wees et al. 2000). The structural history of the Zechstein Basin is related to 

events that extended beyond the limits of NW Europe in the North Atlantic and 
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Tethys regions (Glennie 1986). First, west-east tensions led to oblique-slip-induced 

subsidence of several sub-basins within the Zechstein Basin, which resulted in the 

development of the Viking-Central graben system and Rockall Trough, and ended 

with the spreading of the North Atlantic Ocean. Second, the opening of Tethys in the 

Early Mesozoic, followed by its closure in the Cretaceous and the subsequent Alpine 

orogeny, induced inversion in several areas in the Zechstein Basin.  

 

 
Figure 5.3 Late Permian paleogeographical map showing the Zechstein and Rotliegend basins that are 

separated by the mid-North Sea High (modified after Ziegler 1981; Küster et al. 2009). The paleogeography 

corresponds with the deposition of the second evaporite cycle of the Zechstein Group (Z2). Locations of the 

Mid North Sea-Ringkøbing-Fyn-High and the Central, Horn, and Grinsted graben system that cuts it, are 

shown superimposed (after Glennie 1986) on this Late Permian map. 
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5.2.4 Post-Permian history  

 

 The dominant tectonic feature in the Zechstein Basin is halokinetic structures, 

varying from pillows to diapiric salt plugs, formed from the movement of Zechstein 

salt (Kent 1967). Salt movement began near the end of the Early Triassic, when the 

overburden was ~610 m, and continued throughout the Mesozoic and much of the 

Cenozoic (Brunstrom & Walmsley 1969). Local fault movements initiated diapirism 

in areas where both the salt and the overburden were relatively thick (Glennie 1986). 

These movements also caused local areas of uplift and erosion, and also became sites 

of halite deposition (Röt, Muschelkalk, and Keuper halites) in subsiding sub-basins 

(Glennie 1986). During the Late Triassic-Early Jurassic, a global rise in sea level 

resulted in the Tethys and Arctic oceans linking across the Zechstein Basin, which led 

to the widespread deposition of the Liassic source rocks (Glennie 1986). However, 

this connection was interrupted due to a Mid-Jurassic uplift of the Central Graben and 

Mid North Sea system of highs.  

 

The Cleveland Basin is situated in northeast England and forms part of the North 

Sea Basin complex (Simms et al. 2004; Figure 5.4). Carboniferous faults along the 

northern margins of the Cleveland Basin were reactivated in the Jurassic to Early 

Cretaceous, and together with antithetic faults on the southern margin, had resulted in 

the formation of a major depocenter (Harvey & Gray 2013). The basin appears to 

have been asymmetrical, with maximum sediment thicknesses towards the south, 

close to the E-W trending Howardian-Flamborough Fault Belt (Simms et al. 2004). 
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Figure 5.4 Map of the Cleveland Basin, northeast England, illustrating major structural features (after 

Powell 2010). 

 

During the Cretaceous, the Zechstein Basin was influenced by N-S compression 

and the reactivation of right-lateral movement across NW-SE trending faults (Glennie 

1986). A period of erosion ensued, which extended down to the Lias in the Sole Pit 

area and progressively deeper eastward into strata of Triassic age, reaching down to 

the Upper Permian Zechstein in the Cleaver Bank High (Glennie 1986). 

 

The evolution of Western and Central Europe during the Late Cretaceous and 

earliest Cenozoic was governed by the progressive opening of the North Atlantic and 

the initiation of sea-floor spreading in the Norwegian-Greenland Sea, as well as the 

onset of the Alpine continent-to continent collision in the realm of western Tethys 

(Ziegler 1990). During this time, the inversion of areas took place, which created the 
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Polish Anticlinorium (Ziegler 1990), and uplifted the Sole Pit (Glennie & Boegner 

1981) and Broad Fourteens-West Netherlands basins (Oele et al. 1981).  

 

5.3 Paleogeography of the Late Permian of northeast England 

 

 In the area of NW Europe, a northward drift of Laurasia led to a transition from a 

region of equatorial rain forest during the later Carboniferous to the latitudes of a 

trade wind desert during the Permian (Glennie 1995). The region of northeast England 

then formed part of a vast desert environment, similar to the modern Sahara. During 

Early Permian time, northeast England lay near the western margin of a major 250 m 

deep inland drainage basin, the Southern North Sea Basin (Glennie 1972; Smith 1980; 

Glennie & Buller 1983; Glennie 1984; Smith 1989). The Mid North Sea and 

Cleveland highs likely remained slightly elevated throughout the Early Permian 

(Smith 1972; Glennie 1984; Smith 1989). During this time, bare rock pediment, 

gravel spreads (sandy breccia), and dune sands, similar to those of modern deserts, 

were deposited in northeast England (Smith 1989).  

 

By Late Permian time, continental clastics, the Late Permian redbeds (Rotliegend 

Sandstones), were deposited under desert and semi-desert conditions (Glennie 1972; 

Glennie et al. 1978). During this time, fluvial sediments were transported northwards 

by ephemeral streams (wadis) from the Variscan Mountains to the margin of a 

permanent desert lake, with a fluctuating shoreline that marked the limits of a broad 

inland sabkha, just east of northeast England (Glennie et al. 1978). Mudstones of the 

Silverpit Formation (Rhys 1974) were deposited in the sabkha, which contains 

anhydrite nodules. Sabkha sediments contain stringers of sandstone that merge into 

aeolian and wadi sands southwards, termed the Leman Sandstone Formation (Rhys 

1974). 

 

In the Late Permian, a seaway was established from the southern North Sea to the 

Arctic Ocean, which resulted from a glacio-eustatic sea-level rise (Pattison et al. 

1973) and the on-going rifting in the Greenland-Norwegian Sea (Ziegler 1990; 

Scheck-Wenderoth et al. 2008). The resulting marine transgression from the north led 

to the development of the Zechstein Sea (Scheck-Wenderoth et al. 2008), which 
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flooded the sub sea-level desert basins (Smith 1989). A barrier or sill remained close 

to sea level, thus, the basin was sensitive to relative sea level changes and 

consequently became periodically isolated, which caused the major cyclicity (Z1-Z5, 

Figure 5.5) of Zechstein sedimentation (Smith 1989).  

 

The initial marine carbonate (Marl Slate Formation) was widespread and covered 

the basin floor. The carbonate rocks of Zechstein Z1 formed on a gentle basin-margin 

slope and gradually constructed a ~90 km wide carbonate marginal shelf (Smith 

1989). In the area of northeast England, the carbonate wedge uniformly thins 

southwards, towards the margin of the Southern North Sea Basin (Smith 1989). The 

transition from carbonate to sulphate deposition was sharp and synchronous and 

indicates a basinwide increase in salinity. The overlying Z1 sulphates originally 

precipitated as gypsum but are now anhydrite and secondary gypsum. In Cleveland 

and adjoining areas, the sulphates were formed by primary (including reworking) and 

secondary processes in alluvial plains, sabkhas, salt flats, and lagoons (see references 

in Smith 1989).  
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Figure 5.5 Simplified lithostratigraphic column of the Late Permian English Zechstein for northeast 

England. Zechstein sequences (after (Tucker 1991) and carbonate-evaporite cycles are designated. Also 

shown is the Zechstein nomenclature in northern Germany and the Netherlands, designated under the UK 

southern North Sea column (modified after (Smith 1986; Tucker 1991; Strohmenger et al. 1996; Underhill 

& Hunter 2008; Mawson & Tucker 2009). 

 

The main carbonates of Z2 comprise the Roker Dolomite (outer shelf) and 

Concretionary Limestone (slope) formations in the Durham Province and the 

Kirkham Abbey Formation (Figure 5.5) in the Yorkshire Province. Together, these 

form a ~120-150 m thick belt, which thickens up to ~230 m eastwards of the 

basinward slope of the Z1 anhydrite. The carbonates extend landwards as a broad 
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sheet and interfinger with the lagoonal deposits of the Edlington Formation. 

Basinward, these thin gradually to the basin floor. Z2 carbonates are the products of 

slope environments, as indicated by basinward sediment transport which ranges from 

creep to massive movement by slump and debris flows (Smith 1989, Figure 5.6).  

 

A long period of extremely limited connection with the world oceans ensued and a 

marked and sustained basin-wide salinity increase is indicated by the deposition of the 

Z2 evaporites. It is the evaporites deposited at the end of Z2 (Figure 5.5) that form the 

main subject of study described in chapter 6 of this thesis. The environments in which 

these evaporite deposits accumulated include a belt of lagoons and related marginal 

environments in the west, a broad central shelf, and a great basin in the east (Figure 

5.7). In the west, anhydrite probably initially formed as gypsum by primary (including 

reworking) and secondary processes in a complex of sabkhas, hypersaline lagoons, 

and shallow seas (Smith 1989). In the east, the basin-filling Fordon Evaporites 

thicken sharply eastwards up to >300 m. The even lamination of these sulphates has 

led to interpretations of a deep water origin for lower parts of the Fordon Formation, 

and the continuity of higher beds has indicated moderately deep water accumulation 

of much of the formation (Colter & Reed 1980; Smith 1989).  
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Figure 5.6 Late Permian paleogeographical map of northeast England during the carbonate phase of Z2 

(from Smith 1989). 
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Figure 5.7 Late Permian paleogeographical map of northeast England during the evaporite phase of Z2 

(from Smith 1989). 
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Subsequently, three more evaporite-carbonate cycles were deposited (Z3 to Z5). 

Within these cycles, carbonate deposition initiated when a new marine transgression 

flooded the basin, giving rise to an enormous but relatively shallow nearly tideless 

tropical inland sea. And the subsequent shallowing of the Zechstein Sea and the 

increasing salinity ended carbonate deposition and led to widespread evaporite 

deposition in each cycle (Smith 1989). Evaporite deposition of these cycles took place 

subaqueously in salt flat or shallow hypersaline sea environments. The corresponding 

formations within Z3 to Z5 are shown in Figure 5.5. The uppermost (incomplete) 

evaporite cycle (Z5) is a laminated anhydrite that was deposited in shallow 

subaqueous conditions. This anhydrite marks the last period of expansion of the 

Zechstein Sea into present-day land areas. Deposition of the Littlebeck Anhydrite was 

succeeded by a final expansion of the marginal plains that had persisted throughout 

much of the Permian. The final deposition in the Permian of northeast England is 

represented by the overlying Roxby Formation, which comprises tongues and sheets 

of siliciclastics, water-laid silts, clays, and sands, deposited in alluvial fans and tidal 

flats.  

 

5.4 Biostratigraphic and chronostratigraphic framework of northeast England  

 

 The biostratigraphy of Late Permian strata in Britain is linked with the formation, 

evolution, and final infilling of the Zechstein Sea (Pattison et al. 1973). Although, 

biostratigraphical control for the Permian of the UK Southern North Sea is very 

limited (Johnson et al. 1994). Both the base and the top of the Permian rocks lie in 

continental strata that is nearly devoid of stratigraphically useful fossils, thus the 

boundaries are only doubtfully correlated with the GSSPs (Smith 1972; Pattison et al. 

1973). The Permian succession in Britain is difficult to subdivide and correlate also 

because the styles of sedimentation are almost specific to each basin (Benton et al. 

2002). Moreover, some fossils (e.g., those of the late Rotliegend) are indicators of 

facies, rather than of time (Menning et al. 2006). However, broader-scale changes in 

climate and landscape would likely be reflected in the types of sediment, which could 

provide an approximate guide to correlation (Benton et al. 2002).  
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The base of the Permian (Asselian Stage) was defined by the first occurrence of the 

conodont Streptognathodus isolatus in the S. wabaunsensis chronocline, which is 

taken at a level that closely approximates the traditional boundary definitions based 

on ammonoid cephalopods and fusulinacean foraminifers (Davydov et al. 1998). 

Permian geochronologic ages have been based on the occurrences of conodonts, 

fusulinaceans, ammonoids, and vertebrates (Shen et al. 2013). The definition of the 

Permian-Triassic boundary in the British Isles has been controversial since the mid 

19th Century (Pattison et al. 1973). The system boundary was arbitrarily taken at the 

base of the Sherwood Sandstone (previously termed Bunter Sandstone) Formation 

(Pattison et al. 1973). Late Permian biotas of the British Isles are mainly marine, 

whereas those of the Early Triassic are largely continental (freshwater and terrestrial; 

Pattison et al. 1973). Marine fossils from the Cadeby (formerly termed Magnesian 

Limestone) Formation were correlated with the similar German Zechstein deposits, 

and this paleontological work remains the basis for comparisons of the Late Permian 

sequences of the British Isles with those of western Europe (Pattison et al. 1973). The 

main fauna present in the Zechstein deposits of the British Isles include foraminifera, 

bryozoan, brachiopods, gastropods, bivalves, ostracods, and fish (Pattison et al. 1973). 

These fauna are recorded abundantly in Z1 carbonates, with the largest collection of 

specimens found in the Ford (formerly Middle Magnesian Limestone) Formation reef 

of east Durham. Fewer fossils are recorded throughout the rest of the Zechstein 

cycles. For example, Z2 carbonates comprise only bivalves, of which only three 

species are common. Z3 carbonates exhibit a largely restricted bivalve fauna, of 

which are more limited than the Z2 carbonates.  

 

5.5 Lithostratigraphy of northeast England 

 

 The earlier systemization of Zechstein stratigraphy resulted in miscorrelations of 

surface units with subsurface units, due to the little information available at that time 

(e.g., some units were not known at the surface; Colter & Reed 1980). The correlation 

was reviewed and revised by (Taylor & Fong 1969) and new names were created later 

to avoid confusion from the earlier miscorrelations (Rhys 1974). Comprehensive 

information on the general lithostratigraphic nomenclature for the region has been 

provided by a series of publications (Cameron 1993; Johnson et al. 1994), which take 



	   	    Zechstein Basin, northeast England	  165 

into account more recent nomenclature revisions (e.g., Smith et al. 1986) of the initial 

lithostratigraphic schemes such as that proposed by Rhys (1974). A brief outline of 

the Permian succession of northeast England is presented in this section and the 

nomenclature is shown in Figure 5.5. 

 

The Permian strata of the Zechstein Basin are divisible into the Rotliegend and 

Zechstein groups (Figure 5.5). The Rotliegend comprises sandstones, mudstones, and 

evaporites, deposited in a continental basin, whereas the Zechstein consists of 

carbonate-evaporite cycles with minor terrigenous material, deposited in a semi-

enclosed sea with restricted conditions to the open ocean (Rhys 1974). At the western 

margin of the Zechstein Basin, in the area of the Cleveland Basin, these Permian 

rocks thin rapidly and pass into marginal siliciclastics towards the Pennines 

(Whittaker 1985). In the Cleveland Basin, the present-day thickness of the Permian 

strata ranges between 175 and 800 m (Whittaker 1985; Jackson et al. 1987; Holliday 

1993).  

 

The Rotliegend Group lies unconformably on strata ranging from Devonian to 

Westphalian in age (Johnson et al. 1994). The Lower Permian Rotliegend Group are 

variable and range from red marls and siltstones with evaporites to pure sandstones 

(Kent 1967). The Rotliegend strata reach a maximum thickness of 1,500 m in the 

Southern North Sea (Glennie 1972) and the group is divided into the Leman 

Sandstone (Rhys 1974), Silverpit (Rhys 1974), Auk Volcanics (Deegan & Scull 1977) 

and Inge Volcanics (Cameron 1993) formations (Johnson et al. 1994).  

 

The basal Upper Permian strata, the Marl Slate Formation (Kupferschiefer 

Formation equivalent) comprises a dark grey-black basin-floor argillaceous carbonate 

laminite (0.3-1.3m) rich in organic carbon. The Cadeby Formation of the Yorkshire 

Province overlies the Marl Slate Formation and reaches a thickness exceeding 100 m. 

The formation is divided into a lower Wetherby Member and an upper Sprotbrough 

Member. The Kirkham Abbey Formation in the east (Yorkshire Province) and the 

equivalent Edlington Formation in the west (Durham Province) comprise Upper 

Permian alluvial, lagoonal, and marine strata that lies between the Cadeby and 

Brotherton formations in the Durham Province (Smith et al. 1986). In the Yorkshire 
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Province the Kirkham Abbey Formation overlies the Cadeby Formation and underlies 

the Fordon Formation (Colter & Reed 1980; Figure 5.5).  

 

The Fordon Formation subzones correlate well between the Fordon No. 1 (Stewart 

1963) and Atwick No. 1 (Colter & Reed 1980) boreholes. A thick lower section with 

both anhydrite and polyhalite characterizes the Fordon Evaporite Formation, and the 

equivalent Basal Anhydrite, Stassfurt Halite, and Deck Anhydrite. In the Atwick No. 

1 borehole, the 326 m thick Fordon Formation is divided into eight units, of which 

comprise variable amounts of anhydrite, polyhalite, and halite, with minor kieserite 

(Colter & Reed 1980). The polyhalite in Boulby Mine seam P3, which will be 

presented in chapter 6, is located in the uppermost part of the Fordon Formation 

(Figure 5.5). 

 

The Brotherton Formation comprises Upper Permian marine carbonate strata that 

overlie the Fordon Formation in the east and the equivalent Edlington Formation in 

the west. The strata underlie the Billingham (Anhydrite) Formation or its residue, or 

the Carnallitic or Rotten Marl where the Billingham Formation is absent (Smith et al. 

1986). The Boulby Halite Formation reaches a thickness of 80 m near the coast in 

northeast England (Smith & Crosby 1979). The strata overlie the Billingham 

(Anhydrite) Formation and underlie the Rotten/Carnallitic Marl Formation. In Boulby 

Mine, the Rotten/Carnallitic Marl Formation is mainly composed of dehydrated clay 

minerals, but locally contains up to 60% halite (Woods 1979). The formation overlies 

the Boulby Halite Formation and underlies the Upgang Formation. The Upgang 

Formation comprises a laminated dolomitic shale (Woods 1979). The overlying 

Sherburn (Anhydrite) Formation is pale grey and alabastrine and is locally ripple-

laminated in the Boulby Mine roof workings. It laterally passes into finely crystalline 

anhydrite in the east. The overlying Sneaton (Halite) Formation is a lithologically 

varied Upper Permian halite that comprises five units, including the Sneaton Potash 

member (Smith et al. 1986). The overlying Sleights (Siltstone) Formation is mainly 

comprised of mudstones. The overlying Littlebeck (Anhydrite) Formation consists of 

a thin anhydrite unit which is grey, finely crystalline, and unevenly laminated (Smith 

et al. 1986). The Upper Permian Roxby Formation consists of reddish-brown 

mudstones, siltstones, and subordinate sandstones (Smith et al. 1986). It lies between 
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the top of the Littlebeck Formation and the base of the Triassic Sherwood Sandstone 

Group. 

 

5.6 Sequence stratigraphy 

 

 The Upper Permian Zechstein Group has traditionally been described as five 

carbonate-evaporite cycles (Z1-Z5), with local variations, which can be correlated 

basinwide (Taylor 1998). An ‘ideal’ cycle begins with a thin clastic layer, which 

subsequently passes through limestone, dolomite, and anhydrite, to halite and through 

to highly soluble magnesium and potassium-rich salts (Taylor 1998). This pronounced 

cyclicity in Permian sedimentary sequences of the Zechstein Basin has led to previous 

sequence stratigraphic interpretations of the Zechstein Group. The Zechstein Group 

has been reinterpreted in terms of Exxon-style sequence stratigraphy by Tucker 

(1991). Later sequence stratigraphic interpretations for the Zechstein were conducted 

for Germany (Strohmenger et al. 1996) and Poland (Slowakiewicz & Mikolajewski 

2009). The sequence stratigraphic concepts applied to the Zechstein (Tucker 1991) 

has been previously summarized (Catuneanu et al. 2011). Similarly, this section 

describes a summary of the work by Tucker (1991) of sequence stratigraphic 

interpretations applied to the Zechstein. References should be made to Figure 5.5 in 

this chapter as well as Figure 5.8 and Figure 5.9. 
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Figure 5.8 Sequence stratigraphical diagram of Upper Permian strata of NE England and the adjoining 

North Sea. Four carbonate platforms are shown (Raisby, Ford, Roker, and Seaham formations) as well as 

two evaporite successions (basin-margin Hartlepool Anhydrite and basin-fill Fordon formations) (from 

Catuneanu et al. (2011), modified after Tucker (1991)). Permission was granted from Schweizerbart Science 

Publishers (retrieved from the website www.schweizerbart.de) to reuse this figure.    
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Figure 5.9 Wheeler diagram of the Permian strata of NE England and the North Sea (from Catuneanu et al. 

2011, modified after Tucker 1991). Permission has been granted from Schweizerbart Science Publishers 

(retrieved from the website www.schweizerbart.de) to reuse this figure.    

 

In northeast England, the Z1 platform carbonates (Z1Ca = Zechstein First-cycle 

carbonates) consist of the Raisby and Ford formations, which are equivalent to the 

Cadeby Formation in the Cleveland Basin (Zechsteinkalk equivalent; Figure 5.5). The 

Raisby Formation is a distally-steepened ramp deposit and the Ford Formation is a 

rimmed-shelf deposit (Tucker 1991). Each of these carbonate platforms is considered 

one sequence, Zechstein Sequence 1 (ZS1) and 2 (ZS2), respectively. Both of these 

were dominated by transgressive and highstand carbonates, and the sequence 

boundary (SB) between the two is a karstic surface (Tucker 1991; Catuneanu et al. 

2011). A regression terminated Raisby deposition, which generated a major slide 
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deposit (megabreccia). The geometry of the slide is a wedge or base-of-slope apron 

(Tucker 1991; Figure 5.8).  

 

Afterwards, the basin was subjected to a partial drawdown. During regression and 

lowstand, the Hartlepool/Hayton (Werra equivalent) Anhydrite had precipitated as a 

gypsum wedge, against the former shelf margin carbonate slope (Tucker 1991; 

Catuneanu et al. 2011). Facies variations could equally be interpreted as a change in 

chemistry of the Zechstein Sea. Massive gypsum precipitation took place around 

basin margins while a condensed section of gypsum and carbonate/organic matter 

deposited over the basin floor. The equivalent Werra Anhydrite onlaps the 

Zechsteinkalk shelf-margin, and organic-rich carbonates formed within the basin 

center (Tucker 1991). In the southern North Sea and Poland, halite precipitated in salt 

lakes, within the anhydrite (Catuneanu et al. 2011). The marginal platforms were 

flooded and evaporites continued to precipitate in the early stages of the TST. This is 

supported by gypsum residue upon the Sprotbrough Member in northeast England. 

Shallow-water carbonates were deposited on the marginal platforms (Roker/Kirkham 

Abbey Formations), which formed during the TST and HST. The Roker Formation is 

mainly comprised of 60 m thick shelf-margin Oolite with microbial bioherms 

(Catuneanu et al. 2011). The basinward movement of facies belts from NE England 

demonstrates the aggradation and subsequent progradation of carbonates during the 

HST, exhibited by the Roker Dolomite shelf deposits overlying the slope of sediments 

of the Concretionary Limestone (Tucker 1991). Landward of the carbonates, marls 

and evaporites were deposited in hypersaline lagoons and playas, which occurred 

mainly during the highstand (Catuneanu et al. 2011). Carbonates continued to form in 

the basin center. The foreslope facies is comprised of graded beds, slumps and 

laminites, with cycles controlled by millennial-scale and Milankovitch rhythms 

(Mawson & Tucker 2009; Catuneanu et al. 2011). 

 

The fourth Zechstein sequence (ZS4) began with another regression and lowstand 

which resulted in the precipitation of evaporites, the Fordon Evaporites (Stassfurt 

equivalent; Tucker 1991; Catuneanu et al. 2011). A gypsum wedge formed against the 

foreslope of the shelf and laminated gypsum was deposited on the basin floor (Tucker 

1991). Seven parasequences have been identified within the Fordon Evaporites in this 

sequence, which mainly consists of halite (Colter & Reed 1980). The basin was 
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subject to complete drawdown during this time, which was completely filled with 

halite (>300 m thick) (Tucker 1991; Catuneanu et al. 2011). In the lower parts of the 

basin fill, interbedded sulphate and halite is observed, thus higher frequency water-

level changes may have occurred during the lowstand. Thin anhydrite laminae occur 

within the halite, which could reflect seasonal variations in evaporation. Late stage 

polyhalite had formed, which provides evidence of extreme desiccation. Anhydrite 

(the Deck Anhydrite) precipitated in the basin center, which represents the early stage 

of the succeeding transgression in which the basin and surrounding platforms were 

flooded (Tucker 1991; Catuneanu et al. 2011). While waters were still hypersaline, 

the deposition of a thin extensive shale (Illitic Shale/Grauer Salzton) and barren 

dolomite took place (Tucker 1991). This was followed by carbonates of the 

Brotherton/Seaham Formations that formed during the mid to late TST and HST 

(Tucker 1991). These carbonates consisted of peloidal mudstone to packstone, locally 

oolitic and bioclastic, with cross-lamination and local storm bedding (Catuneanu et al. 

2011). This aggraded shelf deposit extends for ~100 km and laterally passes into 

deeper-water laminated carbonates. 

 

Zechstein sequences 5, 6, and 7 could be regarded as one sequence consisting of 

several higher-frequency cycles (parasequences; Tucker 1991; Catuneanu et al. 2011). 

These have less carbonates, more clastics, and thinner evaporites (some of which are 

potash). These facies were deposited in sabkha, lagoonal, and lacustrine 

environments, with the clastics from coastal plains and distal fans, thus overall the 

succession has been considered more continental (Catuneanu et al. 2011). 

 

Examining a carbonate-evaporite succession in terms of its chronostratigraphy 

illustrates the stratigraphic breaks, which mainly occur on platforms surrounding the 

basin during times when thick evaporitic deposits precipitated within the basin 

(Catuneanu et al. 2011; Figure 5.9). The platform sequences are mainly transgressive 

to highstand carbonates with increasing evaporitic deposition towards the top of the 

highstand, and with platform interior sabkha-playa parasequences (Catuneanu et al. 

2011). The basin center sequences are lowstand evaporites, laminated 

gypsum/anhydrite and bedded halite. These pass upwards into transgressive to 

highstand pelagic, starved-basin, organic-calcareous rhythmites, along with potential 
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highstand calciturbidites which could have been derived from the nearby platforms 

(Catuneanu et al. 2011). 

 

It is interesting to reflect on the sequence stratigraphy between the Zechstein and 

Portland/Purbeck groups. The sequence stratigraphic concepts applied to the 

Zechstein Group (Tucker 1991; e.g., Figure 5.9) differ in comparison to the sequence 

stratigraphic interpretations of the Portland and basal Purbeck groups in the Weald 

Basin (see chapter 3; Figure 3.19 and Figure 3.20). There is a pronounced cyclicity in 

Permian sedimentary sequences of the Zechstein Basin, whereas in the Late Jurassic 

Purbeck of the Weald Basin there are potentially one or two sequences. The 

Portland/Purbeck succession is strongly influenced by tectonics, whereas the regional 

extent of the Zechstein carbonate-evaporite cycles suggests a period of tectonic 

quiescence, as the Zechstein is filling an intermontane depression between the 

Tornquist suture line and the Variscan fold belt.  

 

5.7 Chapter conclusions 

 

 The creation of the Permian Zechstein Basin (and Rotliegend Basin) was 

essentially a result of post-Variscan extensional and subsidence events (Glennie 

1986a). The Zechstein basin developed between the Ringkøbing-Fyn High in the 

north, and the northern foreland of the Variscan mountain belt in the south. The 

Mesozoic Cleveland Basin is situated in northeast England and forms the westernmost 

part of the North Sea Basin complex. Faults along the northern and southern margins 

of the Cleveland Basin were reactivated in the Jurassic to Early Cretaceous and 

resulted in the formation of a major depocenter.  

 

A marine transgression flooded the Zechstein Basin, which led to the widespread 

deposition of carbonates. The subsequent shallowing of the Zechstein Sea along with 

an increase in salinity ended carbonate deposition and led to the widespread 

deposition of evaporites. Deposition essentially begins with a thin clastic layer, which 

subsequently passes through limestone, dolomite, and anhydrite, to halite and through 

to highly soluble magnesium and potassium-rich salts. This cycle essentially repeats 

and overall, the Zechstein Group is considered to contain five carbonate-evaporite 
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cycles (Z1-Z5), with local variations, which can be correlated basinwide. The 

Zechstein evaporites were deposited in an open marine to coastal (e.g., lagoonal, 

sabkha, and salina) setting and evidence of sabkha is observed within all cycles. 

Carbonates were deposited in an inland sea in a variety of environments (e.g., basin, 

shelf, lagoons, and tidal flats). 

 

Sequence stratigraphic concepts have been applied for the Zechstein Basin. 

Overall, the first- and second-cycle platform carbonates are dominated by 

transgressive and highstand carbonates. Overlying Zechstein sequences (three to five) 

are mainly comprised of TST and HST carbonates, and together with their underlying 

FSST and LST evaporites, each form a general sequence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   	    Boulby Mine, northeast England	  174 

6 The impact of syn-depositional processes on the 3-D 

distribution of small-scale heterogeneities in Permian 

Zechstein (Z2) polyhalite, northeast England 
 

6.1 Introduction 

 

 One of the world's saline giants, the Permian Zechstein of northwest Europe, 

largely comprises both sulphates (gypsum/anhydrite) and salts (halite), along with 

potash and other less common salt. Salt giants can serve as important indicators of 

regional environmental changes (Hübscher et al. 2007). Most ancient evaporites 

include various combinations of alkaline earth carbonates, gypsum or anhydrite, and 

halite with or without potash entraining salts or bitterns (e.g., sylvite, carnallite, 

polyhalite, and epsomite; Warren, 2010). Polyhalite is found within the Permian 

Fordon Formation, of the 2nd Zechstein cycle (Z2) in northeast England (Stewart 

1963; Smith et al. 1974). Polyhalite (K2Ca2Mg(SO4)4·2H2O) is a syngenetic mineral 

that is one of the most common potassium-entraining evaporite ore minerals (Warren 

2006) and it is a frequent constituent in ancient evaporite sequences (Kovalevich et al. 

1998; Horita et al. 2008). While modern and ancient evaporites, such as anhydrite and 

gypsum, have been studied extensively (Murray 1964; Shearman 1966; Hardie & 

Eugster 1971; Schreiber et al. 1976; Butler et al. 1982; Alsharhan & Kendall 2003; 

Bertoni & Cartwright 2015), little is published on polyhalite in natural settings (see 

e.g., Holser 1966; Irion & Müller 1968; Pierre 1985). 

 

Evaporite deposits provide invaluable raw materials for construction, chemical, 

and agricultural industries (Kyle 1991), such as salt, potash, plaster, and cement. 

Evaporites also form regional seals for some of the world’s most prolific hydrocarbon 

reservoirs (Taylor 1998). In the Zechstein Basin (i.e., Southern Permian Basin; Figure 

5.3), northwest Europe, the most important seal for the Rotliegend reservoirs is the 

evaporite seal of the second Zechstein cycle (Z2) (Glennie 1986b). Understanding the 

lateral continuity, and geometries and spatial distributions of heterogeneities in 

evaporite deposits are important for seal characterization and modeling, especially 
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related to enhanced oil recovery and carbon capture and storage studies (e.g., Kaldi et 

al. 2011; Kaldi et al. 2013).  

 

At large scales (i.e., multiple to 100’s of kilometers), thickness variations, lateral 

facies changes, and breaching geological structures of seals have been studied 

(Cartwright et al. 2007; Fleury et al. 2010), however, meter-scale studies are lacking. 

While cored boreholes have been assessed (e.g., Stewart 1963; Richter-Bernburg 

1986a; Richter-Bernburg 1986b), the internal stratigraphy of the second Zechstein 

cycle is unsampled and un-interpreted at a sub-seismic resolution. Limited work has 

been done to quantify the degree of internal structural heterogeneities of evaporite 

deposits (Jeremic 1994) to address the influence of their composition on structural 

style (Hudec & Jackson 2007).  

 

Geological studies of the deposits in the 3rd and 4th Zechstein cycles of 

northeastern England have been conducted (Smith & Crosby 1979; Woods 1979; 

Talbot et al. 1982). However, since the early 1980’s, a deeper Zechstein cycle (Z2) 

has been exposed in the mine. This chapter describes a <1 km-scale case study of a 

laterally continuous ‘subcrop’ of polyhalite that exhibits domal-shaped structures in 

Boulby Mine, within the Fordon Formation (Z2; Figure 6.1), offshore northeast 

England. Main objectives include: (1) identify the domal-shaped structures within 

polyhalite, (2) obtain quantitative information of the geometry and spatial distribution 

of these structures, (3) develop three-dimensional models of the structures, and (4) 

constrain the geological processes controlling these heterogeneities at a <1 km-scale. 

This is the first meter-scale study of these domal-shaped structures in ancient 

polyhalite deposits. Moreover, this study represents the first example of 

syndepositional deformation in polyhalite in the stratigraphic record. A new 

mechanism is proposed regarding the sedimentologic processes that gave rise to these 

structures. These domal-shaped structures formed in a shallow marine playa 

environment with only a moderate gradient, with a present-day dip angle of 5°SE, at 

the margin of a saline giant. A main objective of this work is to provide a better 

understanding of the structural variability and heterogeneity present in polyhalite 

successions, which could be found in evaporite deposits elsewhere. 
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Figure 6.1 Generalized lithostratigraphic column of the English Zechstein (Late Permian) in northeast 

England, in order to illustrate the polyhalite in Boulby Mine (seam P3).  Also shown are the Zechstein 

nomenclature in northern Germany and the Netherlands (modified after Smith 1989; Tucker 1991; 

Strohmenger et al. 1996; Underhill & Hunter 2008; Mawson & Tucker 2009). The polyhalite column (on the 

right) was modified from the work of Minchin, D., from Boulby Mine. Note that the column on the left is not 

at an accurate scale but is shown to illustrate the formations and cycles. The scale adjacent to the polyhalite 

under study (right column) is accurate. 

 

6.2 Results 

 

6.2.1 Sedimentary facies  

 

 Two lithofacies are identified, including massive (Figure 6.2A and Figure 6.2B) to 

banded  (Figure 6.3) polyhalite and blocky transparent halite that has infilled fractures 
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forming semi-continuous bands. Polyhalite samples contain between <1 and 15wt% 

anhydrite. See Table 6-1 for X-ray diffraction (XRD), Table 6-2 for Energy-

Dispersive X-Ray (EDX), and Table 6-3 for Fourier transform infrared spectroscopy 

(FTIR) analyses, given in wt%. A synthesis of facies descriptions is presented below. 

 

6.2.1.1 Massive to laminated grey polyhalite (Lf1)  

 

Lithofacies 1 comprises light to dark grey very fine-grained (cryptocrystalline), 

laminated to massive polyhalite (Figure 6.2A, Figure 6.2B, and  A). It exhibits a 

vitreous luster and is relatively hard and brittle. The polyhalite contains bands of 

relatively darker anhydrite ( B and  C) and microcrystalline (<50 µm in diameter) 

disseminated halite (Figure 6.2C and  D). The light grey (0.5 to 1 cm thick) polyhalite 

bands appear translucent in front of light ( B and  C). Higher in stratigraphy (~6 m), 

the polyhalite is relatively more massive (e.g., pillar wall ψW, for location see Figure 

2.5C), whereas lower it appears more banded (pillar wall λW). The phases include 

polyhalite, which ranges from 9 to 67wt% in some samples  (average = 32±17wt%; 

Table 6-1), anhydrite (between 0 and 15wt%), phyllosilicates (10 to 38wt%), and 

trace amounts of magnesite.  
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Figure 6.2 A sedimentary log of a representative polyhalite (P3 seam) core indicating facies (shown on the 

left of the log), which is adjacent to representative core photographs and close up images of the core. The 

coordinates this core are 54.553698° N and 0.767397° W. (A) photograph of a part of the core, between a 

depth of 183 and 184 m. Disseminated halite is shown within the massive polyhalite. White rectangles 

indicate close up photographs of the core, (B) close up view of grey massive polyhalite, (C) close up view of 

clear and somewhat white disseminated halite within the massive polyhalite, (D) photograph of part of the 

core, between a depth of 179 and 180 m. Note the irregularly shaped vertical and horizontal bands of halite 

within the core, (E) relatively large (0.5 – 3 cm) blocky halite crystals within polyhalite, and (F) note the 
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alteration (darker colored minerals, e.g., magnesite) revealed in this photograph bounding the halite located 

within the polyhalite.	  

 
Figure 6.3 (A) Photograph of an ~3 cm thick sample (ε-ζ-1), from the far westernmost back wall in the 

gallery along road W5, (B) The sample is held up to the ceiling light to show the relatively darker bands of 

anhydrite. White rectangle indicates the area shown in C, (C) close up of alternating darker (anhydrite) and 
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lighter (polyhalite) phases. Note that this is a photograph of the other side of the same sample shown in A 

and B, to illustrate differences observed in front of light. 

 	  
Table 6-1 Semi-quantitative % mineralogical analysis (XRD) 

Sample Lithology Phyllosilicate 
(wt%) 

Anhydrite  
(wt%) 

Halite  
(wt%) 

Magnesite  
(wt%) 

Polyhalite  
(wt%) 

BW1-BN-01 Polyhalite (Lf1) 10.55 0.00 0.00 1.94 86.07 

BWφ-ϒN-
01 

Polyhalite (Lf1) 15.86 0.00 14.94 0.00 69.20 

BS4-θW-2 Polyhalite (Lf1) 
(light band)  

33.00 9.49 10.84 0.76 45.37 

BS4-θW-3 Polyhalite (Lf1) 
(dark band)  

34.32 5.82 12.32 0.32 46.50 

BS4-θW-4 Polyhalite (Lf1) 
(light band)  

38.10 8.61 13.25 0.71 38.62 

BS4-θW-5 Polyhalite (Lf1) 
(dark band)  

12.94 6.17 11.97 0.65 67.59 

BW1-ΩN-
02  

Alteration between 
polyhalite and 
halite 

58.15 0.30 12.43 2.04 26.77 

BW1-ΩN-
02  

Polyhalite (Lf1) 32.04 0.18 12.11 0.40 54.37 

BW2-W-02 Polyhalite (Lf1) 37.20 15.24 7.23 0.84 38.36 

BE1A-E-01 Polyhalite (Lf1) 18.18 2.33 12.58 0.00 66.90 

BW1-ΩN-
02  

Halite (Lf2) 36.04 0.00 62.79 1.17  --- 

*Note that polyhalite percentages are an approximation, as there was no standard for this mineral 
 
Table 6-2 Semi-quantitative % elemental analysis (EDX) 

Sample Spot 
No. 

Spot location 
description 

Ca 
(wt%) 

S 
(wt%) 

K 
(wt%) 

Na 
(wt%) 

Cl 
(wt%) 

Si 
(wt%) 

Mg 
(wt%) 

Al 
(wt%) 

Fe 
(wt%) 

BE1A_E_01 1 Halite (grey crystal) 2.74 3.13 1.01 9.89 79.89 1.01 1.60 0.46 0.26 

BE1A_E_01 2 Yellow crystal at 
halite periphery 

15.20 21.74 14.01 6.30 37.75 2.00 2.19 0.52 0.28 

BE1A_E_01 3 Yellow/grey crystals 
(matrix) between 
large halite crystals 

42.74 36.05 4.63 1.68 9.45 3.16 1.14 0.66 0.49 

BE1A_E_01 5 Yellow, brown, grey 
matrix 

41.11 35.89 5.54 2.12 9.39 3.62 1.51 0.51 0.32 

BE1A_E_01 6 Brown (pink in CL), 
grey (blue in CL)  

21.25 27.09 15.67 3.78 24.05 3.68 3.49 0.69 0.31 

BE1A_E_01 7 Yellow, brown, grey 
matrix 

24.94 36.58 21.54 1.90 7.42 3.18 3.44 0.64 0.36 

BS3_µE_01 1 Halite (grey crystal) 2.03 3.16 1.73 11.08 79.07 1.14 1.17 0.37 0.24 

BS3_µE_01 2 Brown edge 
(alteration front) 
next to halite 

14.11 20.23 12.55 3.57 19.08 6.58 22.46 0.92 0.50 

BS3_µE_01 3 Next to brown edge, 
with more yellow 

23.61 37.48 22.81 1.14 5.29 3.06 5.68 0.59 0.35 

BS3_µE_01 4 Brown, yellow, 
grey, next to 
previous spot 

16.17 24.87 15.39 1.62 6.05 10.71 23.27 1.26 0.67 

BS3_µE_01 5 Brown, yellow, 
grey, next to 
previous spot 

19.50 31.11 19.86 1.17 4.10 10.22 12.82 0.99 0.22 

BS3_µE_01 6 Brown, yellow, 
grey, next to 
previous spot 

17.34 28.70 17.97 1.02 3.62 15.58 14.23 1.02 0.52 
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BS3_µE_01 7 Brown, yellow, 
grey, next to 
previous spot 

24.34 40.18 24.78 0.83 2.11 2.51 4.29 0.57 0.39 

BS3_µE_01 8 Brown, yellow, 
grey, next to 
previous spot 

23.68 37.58 24.51 1.18 4.42 3.52 4.34 0.57 0.19 

BS4_δE_01 1 Yellow crystal (with 
some overlap of 
grey halite crystal) 

38.64 33.10 4.22 3.09 16.38 2.60 1.03 0.58 0.36 

BS4_δE_01 2 Grey (halite) next to 
yellow crystals 

8.03 10.58 6.63 10.67 60.64 1.57 1.24 0.44 0.20 

BS4_δE_01 2.1 In between yellow 
crystals (in matrix) 

23.25 34.64 21.35 1.90 11.71 2.94 3.34 0.56 0.33 

BS4_δE_01 3 Yellow, brown, grey 
matrix 

25.57 39.79 24.12 0.61 2.11 3.14 3.76 0.59 0.30 

BW1_βN_01 1 Yellow, brown, grey 
matrix 

25.48 39.94 23.69 0.68 1.53 3.17 4.42 0.62 0.46 

BW1_βN_01 2.1 Brown crystals 
(with some matrix 
overlap) 

22.82 37.59 23.34 1.03 2.06 3.73 8.33 0.56 0.55 

BW1_βN_01 2.2 Yellow, brown, grey 
matrix 

25.29 39.73 24.45 0.54 1.77 2.96 4.06 0.71 0.49 

BW1_ΩN_03 1 Yellow, brown, grey 
matrix 

25.21 40.10 25.04 0.59 1.30 3.21 3.65 0.65 0.25 

BW1_ΩN_03 2 Brown, grey 
(matrix) 

24.29 37.81 23.64 0.52 1.45 4.49 6.30 1.06 0.43 

BW1_ΩN_03 3 Yellow, brown, grey 
matrix 

25.04 40.18 24.31 0.42 1.02 3.71 4.06 0.72 0.54 

BW1_ΩN_03 4 Yellow, brown, grey 
matrix 

24.97 41.12 25.14 0.46 0.83 2.66 3.92 0.60 0.30 

BW4_κS_01 1 Yellow, brown, grey 
matrix 

25.00 39.99 24.33 0.71 1.31 3.07 4.72 0.69 0.18 

BW4_κS_01 2 Brown (pink in CL) 20.17 33.72 20.65 1.16 3.34 5.22 14.47 0.68 0.59 

BW4_κS_01 3 Yellow, brown, grey 
matrix 

24.84 39.58 24.74 0.49 1.93 3.19 4.12 0.67 0.44 

BW4_κS_01 4 Yellow, brown, grey 
matrix 

19.33 31.55 22.30 1.64 12.83 5.66 5.45 0.81 0.44 

BW4_κS_01 5 Yellow, brown, grey 
matrix 

23.99 37.09 22.99 1.13 3.41 5.75 4.14 1.08 0.43 

BW5_W_01 1 Yellow, brown, grey 
matrix 

24.01 38.32 24.24 1.31 4.73 2.80 3.64 0.52 0.43 

BW5_W_01 2 Grey crystals shown 
blue in CL, and 
yellow 

24.69 37.78 23.73 1.19 5.22 3.01 3.59 0.58 0.21 

BW5_W_01 4 Brown (pink in CL) 17.62 27.96 17.77 2.27 9.37 8.65 14.43 0.88 1.05 

BW5_W_01 5 Yellow, brown, grey 
matrix 

23.33 36.71 22.99 1.45 7.11 3.62 3.84 0.65 0.30 

BW5_W_01 6 Halite (grey crystal, 
blue in CL) 

1.21 1.95 0.99 12.52 80.91 1.17 0.61 0.33 0.31 

BW5_W_01 7 Yellow acicular 
crystals (opaque in 
CL) 

5.17 6.96 4.43 6.28 38.00 6.17 31.23 1.17 0.60 

BN_τE_01 1 Yellow, brown, grey 
matrix 

78.91 4.69 1.24 0.45 0.23 8.50 1.99 0.00 1.23 

BN_τE_01 2 Grey (halite) crystal 
with overlap of 
matrix 

24.80 28.74 9.70 2.61 10.56 10.71 7.59 3.77 1.52 

BN_τE_01 3 Yellow, brown, grey 
matrix between 
halite 

46.62 39.61 3.92 0.90 3.12 3.43 1.18 0.73 0.48 

BN_τE_01 4 Yellow, brown, grey 
matrix 

25.49 37.43 20.74 1.03 4.42 4.19 5.76 0.62 0.33 

BN_τE_01 5 Yellow, brown, grey 
matrix 

27.78 38.73 21.37 0.89 3.60 3.20 3.39 0.61 0.41 

BS3_γS_01 1 Yellow, brown, grey 
matrix 

24.01 37.76 25.23 0.58 2.08 3.90 5.41 0.71 0.31 

BS3_γS_01 2 Brown, yellow, grey 
crystals 

21.46 34.72 22.74 0.66 4.28 7.43 6.91 1.15 0.64 

BS3_γS_01 3 Yellow, brown, grey 
matrix 

25.08 40.73 25.22 0.47 1.17 2.53 4.03 0.61 0.16 
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BS3_γS_01 4 More grey part of 
matrix 

25.21 41.29 25.39 0.47 0.75 1.97 3.97 0.64 0.32 

BW2_W_01 1 Yellow, brown, grey 
matrix 

24.53 37.15 23.90 0.52 1.12 4.36 7.19 0.85 0.38 

BW2_W_01 5 Yellow, brown, grey 
matrix 

30.82 40.57 19.71 0.40 0.87 3.24 3.41 0.59 0.40 

BW2_W_01 6 Yellow, brown, grey 
matrix 

25.65 40.19 24.34 0.54 1.04 3.18 3.95 0.69 0.41 

 
Table 6-3 Semi-quantitative % mineralogical analysis (FTIR) 

Sample Polyhalite wt% Anhydrite wt% Unknown wt% 

BW3-γS-02 1 <1 ~98 

BW3-γS 33 16 51 

BW5-λS-03 21 <1 79 

BW1-ΩN-03 1 <1 ~98 

BW3-δN-02 <1 <1 ~98 

BW2-01 (right side of dome) 10 <1 ~90 

BW4-κS-01 84 16 0 

BNφ-τE-02 (dome) <1 <1 ~98 

BE1A-East-01 (light band) 19 <1 ~81 

BE1A-ςN-01 26 <1 ~74 

B-S04-R-02 36 <1 ~64 

BE1A-East-01 (dark band) 8 <1 ~92 

BE1A-East-01 (dark band) <1 <1 ~98 

BWφ-äS-01 (light band) 4 <1 ~96 

BWφ-äS-01 (dark band) <1 <1 ~98 

BW1-βE-01 <1 <1 ~98 

BS4-θW-04 1 <1 ~99 

BS4-θW-02 5 <1 ~95 

BS4-θW-05 20 <1 ~80 

BS4-θW-03 45 
 

~55 

BW1-ψS-01 48 1 ~48 

BW2-βS-01 (light band) 1 <1 ~98 

BW4-εN-01 <1 <1 ~98 

B-S04-R01 2 <1 ~98 

BW2-βS-02 (dark band) <1 <1 ~98 

BW4-λN-01 <1 <1 ~98 

BW1-ΩN-02 (polyhalite) 1 <1 ~98 

BNφ-ãE-01 26 <1 ~74 

BW2-02 (above dome) 40 <1 ~60 

BWφ-ϒN-01  29 <1 ~61 

BS4-δE-01 <1 <1 ~98 

BW1-βN-01 (under dome) 41 <1 ~59 

B-S01-L02 36 <1 ~64 

BW1-θN-02 (light band) 19 <1 ~81 

BNφ-ψE-01 (light band) 46 1 ~54 

BNφ-ψE-01 (dark band) 23 <1 ~77 

BW1-θN-02 (dark band) 24 <1 ~76 
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BNφ-τE-01 1 <1 ~98 

BW2-γN-01 <1 <1 ~98 

ε_ζ back wall (dark band) 70 24 ~30 

ε_ζ back wall (dark band 2) 40 <1 ~60 

ε_ζ back wall (light band) 23 <1 ~77 

ε_ζ back wall (light band 2) 26 <1 ~74 
*Note that these data are an approximation, as the lab did not have a polyhalite standard, but unquantified phases 
are likely polyhalite, halite, phyllosilicate, and trace magnesite, based on other analysis (e.g., CL-EDX, thin 
section). This table shows the general trend of polyhalite with some minor anhydrite.  
 

 
Figure 6.4 Field photographs showing overall pillar wall and sketch as well as close-up views of the rock 

wall with the corresponding sketches. (A) Photograph of pillar wall βN, which has been washed with water 

to remove salt dust. Locations of close-up pictures are shown, (B) legend of polyhalite and halite. Schematic 

diagram of photograph A showing breccia and halite bands, (C) close-up photograph of halite showing rafts 

of polyhalite within halite, (D) close-up schematic diagram of photograph C showing rafts of polyhalite, and 

(E) close-up view of a small section of a salt-filled fracture within polyhalite. Note that the fracture shows a 

darker boundary, (F) close-up schematic diagram of photograph E showing a halite band. 

  

EDX measurements yield potassium (from 1 to 25wt% K, average = 19±7wt%; 

Table 6-2), calcium (between 1 and 79wt%, average = 24±12wt%), sulfur (2 to 

41wt%, average = 32±11wt%), and magnesium (<1 to 31wt%, average = 6±6wt%). 
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Trace elements include sodium (<1 to 6wt%, average = 1±1wt%), chlorine (<1 to 

38wt%, average = 7±9wt%), silicon (1 to 16wt%, average = 4±3wt%), and iron (<1 to 

2wt%). Polyhalite is yellow in plane light (Figure 6.5C,) but can be opaque in 

cathodoluminescence (CL; Figure 6.5D), with a relatively higher amount of calcium 

(15 to 39wt%) and sulfur (21-37wt%) content. However, CL characteristics of 

polyhalite vary with the amount of elements present. For example, polyhalite with 

relatively more magnesium (14-24wt%) can exhibit a bright pink luminescence 

(Figure 6.5B). In thin section, polyhalite has also been observed to replace blocky 

halite crystals (Figure 6.6A and Figure 6.6B).  
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Figure 6.5 Microphotographs of Boulby Mine evaporite samples. Note that the white circles show the 

location of the beam during EDX analysis and numbers correspond to the data for each of the associated 

analysis of the samples as shown in Table 6 2. (A) Alteration front, between the contact of polyhalite and a 

band of halite, from sample BS3-µE-01, (B) CL picture of same view as panel A, (C) EDX counts vs. Energy 

(keV) plot of spot analysis 1 from sample BS3-µE-01, corresponding to images A and B in this figure, (D) 

microphotograph of polyhalite (yellow) and high magnesium polyhalite (brown), taken from sample BW4-

κS-01, (E) CL view of C. Polyhalite is shown as opaque, but high magnesium polyhalite exhibits a pink 

luminescence, (F) EDX counts vs. Energy (keV) plot of spot analysis 2 from sample BW4-κS-01, 



	   	    Boulby Mine, northeast England	  186 

corresponding to images D and E in this figure, (G) polyhalite crystals (yellow) are shown surrounding a 

blocky halite crystal (grey), from sample BE1A-E-01 (taken from the easternmost wall in the gallery along 

road BE1A), (H) CL view of E. Halite exhibits a bright blue luminescence, and (I) EDX counts vs. Energy 

(keV) plot of spot analysis 3 from sample BE1A-E-01, corresponding to images G and H in this figure. 

 

 
Figure 6.6 Microphotographs of Boulby Mine evaporite sample BS4-δE-01. (A) Plane light view of 

polyhalite crystals (yellow) which are shown to replace blocky halite crystals that are surrounded in halite 

(grey), (B) CL picture of same view as panel A. 

 

6.2.1.2 Banded clear halite (Lf2) 

 

 Lithofacies 2 consists of transparent, colorless, vitreous, and individual isometric 

to blocky halite crystals (Figure 6.2F, Figure 6.5E, and Figure 6.5F). The halite 

crystals have infilled fractures, forming thin (~2 to 5 cm thick) semi-continuous 

bedding-parallel bands. The crystals are mostly between ~4 to 8mm across, but can 

reach up to ~2cm in length (Figure 6.2D and Figure 6.2E). They are soft with cubic 

cleavage breaks. XRD analysis of one sample includes halite (63wt%), phyllosilicates 

(36wt%), and magnesite as an accessory phase (1wt%). Acicular polyhalite crystals 

are observed within halite. EDX compositions yield sodium (10 to 13wt%, average = 

11±1wt%) and chlorine (61 to 81wt%, average = 75±10wt%). Due to the beam radius, 

some minerals overlapped in the analysis, which include compositions of calcium (1 

to 25wt%, average = 8±10wt%), sulfur (2 to 29wt%, average = 10±11wt%), 

potassium (1 to 10wt%, average = 7±9wt%), silicon (1 to 11wt%, average = 

2±3wt%), magnesium (from <1 to 4wt%, average = 1±1wt%), and iron (<1 to 2wt%). 

Halite is grey in plane light (Figure 6.5A and Figure 6.5E) and exhibits a bright blue 

luminescence under CL (Figure 6.5B and Figure 6.5F).  
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A thin (~1 mm to 5 mm) layer of darker minerals is observed at the contact 

between halite and polyhalite Figure 6.2F and Figure 6.4E). Under plane light, a ~200 

µm dark brown band of polyhalite is present (Figure 6.5A, spot analysis 2), which is 

bright pink under CL (Figure 6.5B). Similar elemental compositions are observed 

from spot analyses 2 and 4 (sample BS3-µE-01, Table 6-2). An adjacent band of 

yellow polyhalite crystals under plane light (Figure 6.5A, spot analysis 3) is shown 

under CL (spot analysis 3; Figure 6.5B), which yields a relatively higher amount of 

calcium (i.e., more anhydrite is present). Spot analyses 5 and 6 yield slightly 

decreasing elements of Ca, S, K, Na, and Cl. Approximately 3 to 4 mm further from 

this boundary, spot analyses 7 and 8 yield a comparable percentage of these elements 

to that observed in spot analysis 3. The K/Ca ratios <1 indicate the presence of 

anhydrite within the polyhalite. K/Ca ratios slightly decrease from 0.99 to 0.98 away 

from the boundary, up to a distance of 0.4 mm, but afterwards levels off at 1.0, to a 

distance of ~4 mm from the boundary. Twenty of thirty-six spot analyses yielded 

K/Ca ratios <1 (average = 0.79±0.30). Thirteen yielded an average K/Ca ratio of ~1 

(minimum = 1.00, maximum = 1.18).  

 

6.2.2 Boulby Mine seam P3 structures 

 

Small-scale (5-10 m) domal-shaped structures are pervasive in the mine seam. 

Seventeen of these structures were observed in cross section (i.e., 2-D) along pillars 

and roadways. A representative example of a domal-shaped structure is shown on 

pillar wall θW (left side in Figure 6.7A) along with its corresponding sketch (Figure 

6.7B). A close up view is shown in Figure 6.7C and its sketch is illustrated in Figure 

6.7D. A typical structure in cross section comprises a shape with a curved apex and 

steeply dipping limbs, with a relatively flatter base. Strata between, below, and above 

the domal-shaped structures are not deformed, but are instead relatively flat, 

corresponding with the ~5°SE dip of the strata in the mine seam. For example, the 

polyhalite strata are flat directly below the domal-shaped structure in Figure 6.7A and 

Figure 6.7C. Within these structures, salt-filled fractures (Lf2) are more frequent and 

convoluted (Figure 6.7C and Figure 6.7D). Apparent 1-2 cm thick conduits are 

observed between some of the salt-filled fractures (see e.g., Figure 6.7C and Figure 
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6.7D). These conduits are either straight or sinuous to undulating and commonly 

bifurcate and join. Rafts of polyhalite are also associated with these domal-shaped 

structures (e.g., pillar βN, Figure 6.4C). These broken rafts consist of laminated 

polyhalite (Lf1). Perpendicular cross-sections of pillars in the mine seam allows for 

three-dimensional observations, which show that the salt-filled fractures are semi-

continuous salt-filled ‘sheet’ fractures (see e.g., the intersection of pillar walls θN and 

θW in Figure 6.9C). Other structures observed in the mine include meter-scale 

polygonal structures that are outlined with desiccation cracks (Figure 6.7). These 

polygons are located in the northeastern part of the study area within the roof of the 

mine seam, relatively higher up (~6 m) in stratigraphy. 
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Figure 6.7 Field photographs and corresponding sketched interpretations of pillar wall θW. For location, 

see Figure 2.5C. (A) Representative pillar wall (θW), which has been washed to remove salt dust and reveal 

sedimentary structures. A polyhalite dome structure and halite bands are shown, (B) schematic diagram of 

photograph A, note that the amount of halite bands increase nearby the dome structure. Some measured 

thicknesses of salt-filled fractures are shown, (C) close-up view of the polyhalite dome structure shown in 

the above photograph, which illustrates the polyhalite, halite bands, a halite nucleus and apparent conduits 

of halite in between bands of halite within the dome structure, and breccia, and (D) schematic diagram of 
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photograph C. Some thickness measurements are indicated with arrows. Dashed lines are approximated 

conduits. 

 

 
Figure 6.8 (A) Polygon structures observed within polyhalite of Boulby Mine seam P3, (B) an interpretive 

sketch, of the field photograph in A, shows the structures outlined in black. Note that this is located in the 

roof of a mine gallery in the northeastern area of the study locale. 

 

6.2.3 Quantitative assessment of the geometry of the domal-shaped structures 
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The geometries of the domal-shaped structures are best illustrated on a washed 

pillar wall. For example, salt-filled fractures furthest from the domal-shaped structure 

along pillar wall θW are between 0.5 to 1 cm thick (far right in Figure 6.7B). A salt-

filled fracture in the center of the pillar wall varies from 1 to 7 cm and increases in 

thickness towards the dome. Contorted to blocky halite in the dome center is between 

~2 and 13 cm thick (Figure 6.7D). The halite nucleus in the center of the dome 

(Figure 6.7C and Figure 6.7D) has an area of 24 cm2. Salt-filled fractures below the 

dome are between 1 and 5 cm thick, but increase in thickness upward. For example, 

one traced from the base of the dome to near the top of it increases in thickness from 

~2 cm to ~26 cm. The total area of halite within the dome (measured in cross section 

within the rectangle in Figure 6.7A) is 5.3 m2 and the area of polyhalite within this 

rectangle is nearly double this value (11.1 m2). Apparent conduits radiating from the 

salt nucleus to salt-filled fractures are ~1 to 2 cm thick (Figure 6.7C and Figure 6.7D) 

and are up to ~5 cm thick above the salt nucleus.  

 

The height of the domal-shaped structures varies between ~0.4 m and 1.5 m 

(average = 0.9±0.1 m) and widths range from ~2.3 m to 10.5 m (average = 5.3±0.5 

m). The aspect (height to width) ratios fall between 1:4 and 1:9 (Figure 6.9). The 

median value of aspect ratios for these structures is 0.2±0.1. Ninety-five percent of 

aspect ratios fall between 0.15 and 0.19. The skewness ranges between zero and 0.7 m 

(average = 0.2±0.04 m). The median value of skewness is 0.1±0.2. Ninety-five 

percent of skewness values fall between 0.09 and 0.27. Aspect ratios and skewness 

yield little variability of the spatial distribution of the structures. For example, the two 

smallest structures (intersected in a N-S direction, see Figure 2.5C for location) both 

have a height of 0.4 m and they have widths of 2.3 m (σNE pillar wall) and 2.9 m 

(pillar wall λS), whereas the largest structure (pillar wall ψW) exhibits geometries 

nearly four times this size (height = 1.5 m, width = 10.5 m). Quantitative data on the 

relationship between the height and width show a linear trend (Figure 6.9), which 

indicates that the structures have a constant aspect ratio, irrespective of the direction 

in which a structure is vertically intersected. 
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Figure 6.9 Cross plot of the geometries of the domal-shaped structures. Widths and depths are measured for 

each dome. The conceptual approximate shape of a dome is shown inset in the plot, illustrating the 

measurements taken and ranges of heights and widths. Corresponding measurements are shown in adjacent 

table. Note the small range of aspect ratios. Also, note that the dome located at βS-γN is positioned in 

between the south side of pillar β and the north side of pillar γ, directly at the far west wall. A trend is 

observed in the plot, showing a slight increase in height relative to a width increase. The trend line equation 

is y=4.618005x+(1.151975). Red circles indicate structures that are intersected in a north-south orientation, 

whereas black data indicate the west-east oriented structures intersected. 

 

6.2.4 Three-dimensional geometric models   

 

 A Non-uniform rational Basis spline (NURBS) geometric model was developed in 

this study, which appears to fit the quantitative data obtained from domes in Boulby 

Mine. A fence diagram of the mine seam is shown in Figure 6.11A, which 

corresponds to the map in Figure 2.5C. Black circles (beneath arrows) indicate domal-

shaped structure locations along cross sections in Figure 6.11B. This illustrates domes 

observed across from one another in 2-D and provides a 3-D view of the domes and 

associated breccia. 
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Figure 6.10 Perspective views of Rhinoceros models in the study area located in Boulby Mine. (A) Fence 

diagram showing cross sections of pillar walls. View is from the south. This map corresponds to the map in 

Figure 2.5C, (B) fence diagram showing cross sections of geological profiles of the mapped surfaces along 

pillar walls. White rectangle indicates close up view in C. View is from the northwest, (C) fence diagram 

showing close up view of cross sections of geological profiles. View is from the northwest. Sketches are based 
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on fieldwork using Rhinoceros. Some of the pillar walls are designated with arrows. Polyhalite rafts are 

shown as well as salt-filled fractures in 3-D cross sections, (D) NURBS interpolation coupled with 

interpretations, which shows a patch surface through the mapped curves along the cross sections of the 

close up view in C. Domal-shaped structures are indicated. Note that a photograph of the domal-shaped 

structure on pillar wall ΩN is shown in Figure 6.13A, pillar wall θW is shown in Figure 6.7A, and pillar wall 

βN is shown in Figure 6.4A. 
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Figure 6.11 Fence diagram and perspective views of 3-D models of an approximated surface of the study 

area located in Boulby Mine. View is from the southwest. The symbols of the named pillars correspond to 

the convention on the map in Figure 2.5C. (A) Fence diagram showing cross sections of geological profiles of 

the mapped surfaces along pillar walls. Arrows point to the location and distribution of the domal-shaped 
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structures observed in the study area, (B) NURBS interpolation coupled with interpretations, which shows a 

patch surface through the mapped curves along the cross sections in the fence diagram. Domal-shaped 

structures are shown in this model, (C) final visualization of the patch surface with the 3-D domal-shaped 

structures. 

 

The model shows the conceptual surface topography of 3-D domal-shaped 

structures. Distinct, rounded, spherical- to ellipsoid-shaped domal-shaped structures 

are shown in 3-D (Figure 6.11B and Figure 6.11C). Fourteen are shown (Figure 

6.11C), as the three largest domes intersect walls directly across from one another, ~7 

m apart, in the northern part of the study area. The largest domes in the mine seam do 

not pierce the roof, which is  ~3-4 m in height. Diameters of the domes range from ~3 

to 13 m. 

 

6.3 Discussion 

 

6.3.1 Rhythmicity of evaporites and chemical model for the precipitation of 

polyhalite at Boulby Mine 

 

 The present-day sulphates in the study area consist of polyhalite, with anhydrite 

bands. This composition suggests that the sulphates observed in Boulby Mine have 

undergone the diagenetic cycle of calcium sulphates (Murray 1964).  In the system 

Ca-Na-K-Mg-Cl-SO4-H2O, the expected mineral sequence commences with a gypsum 

to anhydrite transformation (Hardie & Eugster 1980). As seawater evaporation 

proceeds, both halite and anhydrite would form. Glauberite then forms by the reaction 

of anhydrite with the brine. Glauberite is replaced in part by anhydrite, and then both 

phases are replaced by polyhalite. This expected sequence is observed in Boulby 

mine, with the exception of glauberite, which is not present in the mine seam. Here, 

the anhydrite initially formed as gypsum by primary (including reworking) and 

secondary processes (Smith 1989). The anhydrite then underwent polyhalitization 

(Peryt et al. 1998) in a potentially physically and chemically stratified water mass 

(e.g., Anderson & Kirkland 1966; Davies & Ludlam 1973), at very shallow depths.  
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 Evaporite lamination is generally considered a result of periodic changes in the 

brine chemistry (Warren 1983a). The light polyhalite bands may have formed as a 

result of a seasonal concentration increase by evaporation of K-, Mg-, and CaSO4-rich 

marine waters, together with a temperature increase. The darker (anhydrite) bands 

could be attributed to a rainy cold season that slightly interrupted the evaporation and 

consequently the chemical deposition. Laminated evaporites may reflect the 

shallowing of the brine and the concomitant increase in salinity fluctuations. The 

precipitation of the laminated calcium sulphate likely took place in a water body 

protected from currents and waves (Dean et al. 1975).  

 

Late Permian brines were comprised of a Na-K-Mg-Cl-SO4 (SO4-rich) chemical 

type (Kovalevych et al. 2002; Lowenstein et al. 2005). The deposits likely became 

intermittently saturated in K-, Mg-, and SO4-rich brines, which resulted in polyhalite 

replacement of anhydrite. Gypsum can transform to anhydrite at very shallow depths 

(1-2 m) when pore fluids are saline (Warren 1991). And polyhalite can form 

syndepositionally at temperatures below 30 °C, by back reaction of the evaporating 

K-Mg-SO4 brine with early-formed gypsum or anhydrite (Hardie 1984). The complete 

polyhalite replacement of gypsum has been observed in natural settings (e.g., Ojo de 

Liebre Lagoon, Baja California, Mexico) within a period of one year (Holser 1966; 

Pierre 1985).   

  

 The dark thin layer of relatively higher magnesium polyhalite at the contact 

between halite and polyhalite may represent a very early diagenetic process, occurring 

close to the sediment-water interface (Figure 6.5A and Figure 6.5B). The contact 

between Lf1 and Lf2 does not always follow the bedding, as conduits that cross cut 

the polyhalite strata also have a dark boundary between the halite infill and the 

polyhalite strata. Thus, it is likely that this boundary represents a mineral reaction 

boundary. But, the diagenetic development cannot be differentiated as it is outside the 

scope of this work.  

 

6.3.2 Environment of deposition of polyhalite in the Zechstein (Z2) Fordon evaporites 
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 The deposition of evaporites of the second Zechstein cycle (Z2) took place 

simultaneously on the high shelf and in the deep basin (Colter & Reed 1980). The 

gross depositional environments (GDEs) in which the Z2 evaporites accumulated 

include a belt of lagoons and related marginal environments in the west, a broad 

central shelf, and a great basin in the east (Colter & Reed 1980; Smith 1989). Along 

the Zechstein Basin margin in the west (i.e., in northeast England), the evaporites 

formed in a complex of sabkhas, hypersaline lagoons, and shallow seas (Smith 1989).  

 

Many ancient evaporites were deposited subaqueously within enclosed and 

hypersaline basins, but few modern hypersaline water bodies exist to allow good 

analogue studies (Kendall 1978). However, variably inundated modern environments 

(e.g., playas) have been studied extensively. Playas have been described by several 

authors as arid zone environments of widely varying size and origin, subject to 

ephemeral surface water inundation of variable periodicity and extent (Eugster & 

Hardie 1975; Eugster & Hardie 1978; Hardie et al. 1978; Warren & Kendall 1985; 

Warren 1991). In Holocene playas along the southern and western coasts of Australia, 

both laminated and massive evaporites have accumulated subaqueously (Warren 

1983a). A comparison can potentially be made between the massive/laminated 

polyhalite deposits in Boulby Mine and those of the modern-day Holocene playas 

along the coasts of Australia.  For example, Lake MacLeod is a Holocene carbonate-

evaporite salina, which lies 3 to 4m below sea level and 15 km inland from the west 

coast of Australia (Handford et al. 1984; Handford 1991; Logan 1991). Lake 

MacLeod exhibits a 5-6 m thick succession of Texada halite deposited mainly as 

bottom precipitates (cornets and chevrons) above a 1.5 m thick lagoonal carbonate, 

followed by 2 to 6 m of gypsum (Handford et al. 1984; Handford 1991; Warren 

2006). By comparison, the halite facies documented in the Lake MacLeod salina 

differs in texture, as bottom precipitates are not observed in Boulby Mine, instead, 

blocky halite that had infilled fractures or disseminated halite that precipitated in pore 

spaces are observed in this study. However, a comparable brine may have been 

present during the Permian in the area of Boulby Mine as that of the modern day Lake 

MacLeod salina, which may therefore have led to the precipitation of halite in a 

similar environment. But, carbonate is not observed in the study area within Boulby 

Mine. The gypsum documented in Lake MacLeod could be similar to the initial 

gypsum in Boulby Mine, prior to the anhydrite and polyhalite transformations. The 
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massive and laminated textures, absence of carbonate, and the presence of halite, 

indicate that this sulphate (Lf1) precipitated in shallow water, subaqueous conditions 

(Schreiber & Kinsman 1975; Warren 1991), in a hypersaline playa (Dean et al. 1975; 

Purser 1985) at the margin of the Zechstein Basin (e.g., Figure 6.12).  

 

 
Figure 6.12 Conceptual regional depositional model for the English Zechstein (Z2) evaporites and 

carbonates. Note that the evaporites of Boulby Mine were deposited in a salina along the margin of the 

platform in the Southern Permian Basin. This model is based on the 2nd evaporation cycle of the Zechstein 

(Z2) data obtained from previous authors, such as Küster et al. (2009) and Drijkoningen et al. (2012). 

 

6.3.3 Structural geometry and analogues 

 

 It has previously been proposed that due to the inconsistent usage of the terms of 

some structures, for example, megapolygons and giant polygons, that those terms be 

abandoned and that polygons should be described in terms of their minimum and 

maximum dimensions (Lokier & Steuber 2009). Here, the dimensions of domal-

shaped structures have been quantified in order to determine the nature and origin of 

the structures within Boulby Mine. Given that the domal-shaped structures yield a 

constant aspect ratio (Figure 6.9) throughout the mine seam, it is implied that these 

structures are domes. These meter-scale domes in Boulby Mine could be tepee 

structures, as they are directly analogous to tepees (Figure 6.13). The polyhalite 

exhibits morphologically and sedimentologically distinctive tepee-like structures that 

have previously been observed to occur in cap carbonates (Kennedy et al. 2001; 
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Gammon et al. 2005, Figure 6.13C and Figure 6.13D), intertidal carbonates (Assereto 

& Kendall 1977; Kendall & Warren 1987), halite originally deposited subaqueously 

(Lugli et al. 1999), and in carbonates within the playa in Lake MacLeod (Handford et 

al. 1984). See Table 6.4 for examples of descriptions and mechanisms of formation of 

polygon and tepee structures.   

 

 Analogous tepees seen in cap carbonates exhibit a larger width and a smaller 

height (Figure 6.13E and Figure 6.13F), with brecciation in the core of the structure 

related to repeated bedding disruption and cementation (Kennedy et al. 2001). This 

can be compared to the morphology of the polyhalite tepees (e.g., Figure 6.13A and 

Figure 6.13B) and the associated polyhalite rafts (e.g., Figure 6.4C and Figure 6.4D) 

within Boulby Mine. In cap carbonates, sheet cracks commonly pass laterally into 

domal or tepee-shaped structures (Kennedy et al. 2001) and occur either normal or 

parallel to bedding (Gammon et al. 2005). These might be comparable to the salt-

filled ‘sheet’ fractures in Boulby Mine, which also laterally pass into the tepees 

(Figure 6.10C). However, differences are observed, for example, the complex fracture 

pattern associated with tepees in Boulby Mine exhibits conduits that pass through the 

beds of polyhalite (e.g., Figure 6.13A and Figure 6.13B, which are not observed in 

cap carbonate tepees (Figure 6.13C and Figure 6.13D).  

 
Table 6-4 Examples of descriptions and mechanisms of formation of polygon and tepee structures 

Environment 
of formation  

Medium Term for 
structures 

Description of structures Proposed mode of 
formation 

Age, location, 
and reference 

Intertidal to 
supratidal 

Carbonates Tepee structures Anticlinal-shaped tepee 
structures are probably 
large-scale pressure 
polygons (a few inches in 
height and width to up to 20 
feet high). Small tepees 
have a flat base, with 
bedding inclined upward 
towards a subvertical axial 
fracture.  Beds fractured 
near the apex of tepees, 
where the sharpest bending 
occurred, resulting in 
circuitous axial fractures. 
Once formed, fractures 
provided a route for 
previously trapped 
formation fluids to escape.  

Most tepees 
underwent 
considerable erosion 
after they had formed, 
and many crests were 
removed. The cause 
of expansion in 
sediment with tepees 
is due to 
contemporaneous 
crystal growth in 
sediment partly 
trapped by algal mats.  

Permian, 
Guadalupe 
Mountains, 
New Mexico 
(Smith 1974)  
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Carbonates  Megapolygons/tepee 
structures 

Evenly spaced saucer-like 
polygonal structures that 
are 1 to 1.5 meters in 
diameter and 3 to 5 cm 
thick. These occur in the 
uppermost part of laminar 
fenestral horizons of 
intramicrite, which cap 
fossiliferous micrite. A well 
spaced fracture network 
occurs near the base of the 
bed, thought to be late 
diagenetic in origin. 
 

The combined action 
of desiccation 
contraction and 
cementation 
expansion led to 
deformation by 
precipitation of 
fibrous carbonate 
cement along bedding 
fracture surfaces 

Triassic, Val 
Seriana, 
Bergamase 
Alps, Italy 
(Assereto & 
Kendall 1971) 

Evaporites, 
carbonates, 
clastics 

Polygonal salt crusts High relief (>10 cm) thick 
polygonal or blocky crusts 
or low relief (<10 cm) thin 
polygonal or blister-like 
appearance. Halite forms in 
the polygonal fractures. 
Buckled tepee structures 
and pressure ridges are 
observed. 

Growth of salt crystals 
or inclusion of 
sediment in the 
fractures creates a 
space problem during 
subsequent expansion, 
which prohibits lateral 
movement and caused 
the crust to buckle 
upwards and rupture 
into irregular salt-
thrust polygons.  
 

Recent, SE 
Arabia 
(Goodall et al. 
2000) 

Carbonates Megapolygons/tepee 
structures 

Tepees are 0.5 to 1 m high 
and are arranged in a 
pattern of irregular 
megapolygons with average 
diameters of 3-5 m. The 
fabric is complex. 
Cement/sediment layers 
alternate with vuggy 
grainstones, interpreted to 
filled pre-existing sheet 
cracks. Grainstone layers 
are distorted and broken 
into angular slabs. 
 

The infill of sheet 
cracks occurred very 
early, almost 
synsedimentary. 
Tepees form by 
repeated thermal 
expansion and 
contraction. 

Early Jurassic, 
High Atlas 
Mountains, 
southeastern 
Morocco 
(Burri et al. 
1973) 

Carbonates Megapolygons/tepee 
structures 

Tepee antiform structures, 
which are the buckled 
margins of saucer-like 
megapolygons. All tepees 
in the study areas are 
formed of fractures and 
buckled carbonates that 
show a variety of 
dimensions and 
deformational complexity, 
which can range from 
saucer-like forms to 
complex breccias. The 
dimension and complexity 
of saucers increases with 
the thickness of sediment. 
 

Up to 15% expansion 
of the surface 
sediments by 
repeating processes 
of: (1) desiccation and 
thermal contraction 
resulting in fractures, 
(2) wetting that 
enlarges the fractures, 
(3) crystallization 
which enlarges, fills, 
and cements the 
fractures, and (4) 
hydration of the 
minerals and thermal 
expansion. 

Silurian to 
Holocene, 
United States, 
Italy, Libya, 
Morocco, and 
Persian Gulf 
(Assereto & 
Kendall 1977) 
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Playa Evaporites Salt crusts Surface crust is cracked 
polygonally into slabs that 
are ~1-2 feet in diameter. 
The edges and central areas 
of the polygons are bulged 
into blister-like structures 
6-12 inches wide, which 
arch over voids and form a 
net pattern superimposed 
on the polygonal pattern. 

Polygons formed due 
to desiccation or 
thermal cracking. 

Recent, Death 
Valley USA, 
(Hunt 1966) 

Subtidal Carbonates Polygons/tepee 
structures 

Polygons that are 10 to 40 
m in diameter are along the 
seafloor. These are 
commonly separated by 
plant-encrusted miniature 
anticlines (i.e., overthrust 
tepees) that are 
occasionally fragmented 
and overthrust. Internal 
truncation, brecciation, and 
localized borings. 

Sediment expansion 
caused by the force of 
crystallization. The 
upward buckling 
produces fragmented 
rock and pieces are re-
cemented. Tepees 
produce a zone of 
weakness (via 
topography) that 
localizes the buckling 
of succeeding layers. 
 

Recent, Persian 
Gulf (Shinn, 
1969) 

Carbonates Tepees Tepee and growth faults 
structures with associated 
sheet veins. 

Expansive 
crystallisation during 
early diagenesis likely 
formed the tepees in 
cap carbonates. 
Dolomite 
crystallization also led 
to the overpressure 
fracturing that formed 
the sheet veins. 

Marinoan, 
Adelaide Fold–
Thrust Belt, 
South 
Australia 
(Gammon et 
al. 2005) 

Sub-storm-
wave-base 

Carbonates Tepees Domal or tepee-shaped 
structures in which sheet 
cracks commonly laterally 
pass into. Vertical spar-
filled tubes (1-3 cm in 
diameter and >2 m in 
length) are associated with 
the domes. 

The destabilization of 
gas hydrate led to the 
buoyant deformation 
of methane gas or 
displacive growth of 
secondary hydrate that 
formed the layer-
parallel splitting, 
doming, and 
brecciation of the 
beds. 
 

Proterozoic, 
northern 
Namibia 
(Kennedy et al. 
2001)  

Subaqueous Evaporites Polygons Dissolution pipes and deep 
vertical cracks >2 m in 
depth. 

When the salt surface 
was exposed, the 
polygonal crusts had 
buckled into tepee 
structures caused by a 
net volume increase 
via thermal expansion 
and the precipitation 
of new halite resulting 
from evaporative 
pumping of brines 
moving up from the 
groundwater table.  
 

Messinian, 
Agrigento, 
Sicily (Lugli et 
al. 1999) 
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Subsurface Carbonates  Thrust 
megapolygons 

5 to 10 m in diameter 
polygons with thrusted 
margins. The tips of some 
thrusts often consist of 
several fracture surfaces, 
which take on the form of 
duplex or imbricate 
structures. In cross section, 
the central planar part of a 
single thrust is inclined at 
~25° to the bedding. 

Expansive force 
caused by the 
diagenetic crystal 
growth of dolomite 
(Bellamy 1977). 
Alternatively, it was 
argued that tectonics 
played a key role in 
the formation of the 
thrust polygons 
(Leddra et al. 1987). 

Late Jurassic, 
southern 
England 
(Bellamy 1977, 
Leddra et al. 
1987) 
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Figure 6.13 Comparison of tepee structures observed in cap carbonates vs. polyhalite in Boulby Mine. (A)  

A photograph of a representative tepee shown on pillar wall ΩN from Boulby Mine, which has been washed 
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with water to show the sedimentary structures, (B) schematic diagram of photograph A, note that some of 

the halite bands appear to cut across the tepee structure, (C) tepee structure in a cap carbonate (dolomite) 

lithofacies (from Gammon et al. 2005), (D) sketch of the general tepee structure shown in C (modified after 

Gammon et al. 2005), (E) tepee-shaped structure in a cab carbonate lithofacies (after Kennedy et al. 2001), 

(F) sketch of the tepee-shaped structure shown above, in C (modified after Kennedy et al. 2001), and (G) 

intertidal tepee structure in carbonates and associated sheet fractures (from Burri et al. 1973). 

 

Polygonal patterns are associated with the formation of tepees (Tucker 1981; 

Warren 1983b; Handford et al. 1984; Lugli et al. 1999). Arched up tepee structures 

have been observed along the raised margins of such polygon structures (Kendall & 

Warren 1987), some of which include evaporites of playa salt crusts in Death Valley, 

USA (Hunt et al. 1966), subtidal carbonates in the Persian Gulf (Shinn 1969), 

subsurface carbonates in Kimmeridge Bay, southern England (Bellamy 1977; Leddra 

et al. 1987), and intertidal to supratidal carbonates and evaporites in New Mexico 

(Smith 1974), Italy (Assereto & Kendall 1971), and Shark Bay, Australia (Davies 

1970). Given the evidence of polygonal desiccation cracks in some areas in the mine 

seam roof (Figure 6.8A and Figure 6.8B), these tepees in Boulby Mine might 

represent 2-D cross sections of giant polygon structures. Giant (meter-scale) 

contraction polygons have previously been documented in another mine, the 

Realmonte mine, in Agrigento, Sicily (Lugli et al. 1999). There, exposed salt layers 

had upturned and buckled into tepee structures and formed dissolution pipes and deep 

vertical cracks >2 m (Lugli et al. 1999). In contrast, one of the tepees in Boulby Mine 

is situated close to the roof on pillar wall λS, but it does not exhibit associated 

dissolution pipes or deep vertical cracks that would be expected at the margins below 

polygons (Tucker 1981; Lugli et al. 1999).  

 

Another example of a possible analogue could be the thrusted margins of 

megapolygons observed in a dolostone bed (termed the Flats Stone Band) in 

Kimmeridge Bay, southern England (Bellamy 1977; Leddra et al. 1987). A ‘pop up’ 

structure appears somewhat morphologically similar to the domes in Boulby Mine 

(see e.g., Leddra et al. 1987). Breccia was observed at the inflection points of the 

thrust polygons, which could be comparable to the polyhalite rafts observed in and 

along the sides of domes in Boulby Mine in this study. While the megapolygon thrust-

defined margins appear morphologically similar to Boulby domes (e.g., shorter 

height, longer width of the anticlinal-shaped structures in cross section), differences 
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are observed. Slickensides are described on both sides of the thrust planes (Bellamy 

1977), but these features are not observed in Boulby Mine. Ellipsoidal fracture 

patterns had developed with the long axes parallel to the direction of thrusting in 

Kimmeridge Bay (Bellamy 1977), but the fracture pattern within tepees in Boulby 

Mine is not ellipsoidal. And the salt nucleus observed in some tepees in Boulby Mine 

(e.g., Figure 6.7C and Figure 6.7D) is not observed in the Kimmeridge Bay thrust 

polygons (e.g., Bellamy 1977).   

 

6.3.4 Mechanisms of polyhalite tepee development and evolution 

 

 Previous studies have discussed the origin of tepee structures (e.g., Kendall 1969; 

Assereto & Kendall 1977; Kendall & Warren 1987). As elucidated by others (e.g., 

Assereto & Kendall 1971), the formation of polygonal patterns with marginal tepees 

may be the result of fracturing due to volume reduction caused by desiccation 

producing a net contraction of the surficial layers and/or the crystal growth of halite 

(e.g., Goodall et al. 2000) or carbonate (Shinn 1969; Smith 1974), which can lead to a 

net expansion (i.e., volume increase) of the surface sediment. This expansion would 

cause the sediment to buckle upwards into tepee structures. Carbonate crust expansion 

can be due to either the force of crystallization of the cements that form the matrix of 

the crust in subtidal environments or from repeated cycles of fracturing, fracture infill 

and/or cementation in supratidal, lacustrine, or subaerial settings (Kendall & Warren 

1987). It has been suggested that the expansion of surface sediments is generally a 

result of four repeating processes that form megapolygons, which include: (1) 

desiccation and thermal contraction resulting in fractures, (2) wetting that enlarges the 

fractures, (3) crystallization which enlarges, fills, and cements the fractures, and (4) 

hydration of the minerals and thermal expansion (Assereto & Kendall 1971). 

  

 Two mechanisms are postulated herein for the origin of the Boulby Mine 

polyhalite domal-shaped structures. The laminated polyhalite rafts associated with the 

structures provide evidence that the anhydrite deposits underwent polyhalitization 

prior to the deformation of the strata. The first mechanism involves an early tepee 

formation exploited by water, in which the polyhalite underwent expansion and 

contraction at the surface during variations in temperature within the sediments (see 
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e.g., Assereto & Kendall 1977). In the area of Boulby Mine, during the initial 

transformation from anhydrite to polyhalite, the hydration of the strata would coincide 

with a volume increase. The calculated volume expansion of the transition from 

anhydrite to polyhalite is ~136%, with a density of 2.95 g/cm3 for anhydrite and 2.77 

g/cm3 for polyhalite (Figure 6.14). The volume was calculated by equation 6.1, where 

M = molar mass, ρ = density, and V = molar volume.  

V =
𝑀
𝜌                                                                                                                                                                                                                                                   (6.1)               

The difference in volumes between polyhalite and anhydrite (Figure 6.14) was taken 

and it is assumed that 100% of the anhydrite was initially present, thus 100 was 

subtracted from the difference in volumes. This is an approximation, as in nature this 

would occur in an open system with varying temperatures and ions. Clearly, there is a 

significant volume increase in the transition from anhydrite to polyhalite. This may 

have generated lateral extensional forces at the pore scale, which could have 

combined to form a macroscale compressive stress-field. Therefore, this volume 

expansion via the polyhalitization could have forced the deposits to buckle into tepee 

structures (Assereto & Kendall 1977; Lugli et al. 1999; Gammon et al. 2005). Rocks 

are poor heat conductors, thus a thermal gradient can exist between the sediment 

surface and its interior. The sediment surface expands more than the underlying rock, 

which can cause more stress and result in small surface fractures (Assereto & Kendall 

1977). Thermal expansion can produce minor fractures in thin newly formed 

megapolygons. Perhaps fractures formed within the tepees as they buckled upwards. 

The deposits were likely subject to continued evaporation, which resulted in the 

dewatering of the polyhalite. Desiccation contraction may have occurred, which 

would have also likely cause fractures to form during the net volume decrease of the 

sediment. The calculated volume decrease of the transition from polyhalite to 

anhydrite is ~58%. However, this is just an approximation as intermittent 

decomposition reactions can occur, and it is possible that the polyhalite did not 

transform into another phase especially given the high temperatures needed for 

decomposition (e.g., >280 °C, Nathans 1962). The polyhalite strata probably 

underwent soft sediment deformation (SSD). Some SSD features (e.g., pockmarks) 

have been suggested to result in areas with vertical gas migration triggered by water 

level drops (Hermanrud et al. 2013). SSD structures can also be caused by the 

expulsion of water, known as a water escape structure (Lowe 1975; Frey et al. 2009) 
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or a ‘fluid escape’ structure (Nichols et al. 1994). Those fractures that likely formed 

during the volume decrease would serve as escape paths for trapped formation fluids 

to escape. These fractures may have been enlarged by moisture swelling/thermal 

expansion and the force of crystallization (e.g., Assereto & Kendall 1977), leading to 

an increase in fracture width upward. Evidence of fluid loss is indicated by the 

presence of conduits associated with the tepees (Figure 6.15A and Figure 6.15B). 

Perhaps these conduits in between the halite bands (Figure 6.15C and Figure 6.15D) 

are fluidization channels (vertical or steeply inclined sediment representing fluid flow 

paths, Lowe 1975). The dewatering may have occurred early, during the formation of 

the tepee structures (Figure 6.16), or later during burial. However, given the 

observations of some halite replaced by polyhalite (Figure 6.6), it is feasible that the 

dewatering occurred early, shortly after or during the formation of the tepee 

structures.  

 

 
Figure 6.14 Chemical and physical information for the alteration of anhydrite to polyhalite. Theoretical 

changes in volume involved in the transition from anhydrite to polyhalite, where M = molar mass, ρ = 

density, and V = molar volume. The molar volume was calculated based on information of the molar mass 

and density, from the http://www.webmineral.com/ database.  
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Figure 6.15 Field photographs and corresponding sketched interpretations. (A) A photograph of a 

representative tepee shown on pillar wall (ΩN), which has been washed with water to show the sedimentary 

structures. A polyhalite tepee structure, halite bands, and dewatering structures are shown, (B) schematic 

diagram of photograph A. (C) Close-up view of part of the polyhalite dome structure shown in the above 

photograph, which illustrates the apparent conduits of halite in between bands of halite within the dome 

structure. This is interpreted as a dewatering structure (see arrows), (D) schematic diagram of photograph 

C. 

  

 The second mechanism involves late stratal deformation via burial as the system is 

compacted, leading to classical dewatering structures (Figure 6.17). During burial, 

which could occur at relatively shallow depths, the impermeable evaporite may have 

trapped high fluid pressures underneath the sediments. The fluid force would have 

eventually exceeded the force of gravity, which would have resulted in the upward 

flow of fluid. Fluid escaped vertically and the sediment pushed upwards forming 

these meter-scale dewatering structures. This dewatering likely resulted in pore fluid 

pressurization, which caused fractures to form parallel to bedding (Assereto & 

Kendall 1977; Gammon et al. 2005) via hydraulic fracturing, which enabled a 

transient permeability (Cosgrove 2001). These sheet fractures served as escape 

pathways through which water may have flowed laterally and then vertically upwards 

within the conduits located in or near the dewatering structures (Figure 6.16). The 

water of crystallization that escaped during dewatering would have likely been 

saturated with respect to K, Mg, and CaSO4, but undersaturated with respect to Na 

and Cl, because halite precipitation in the fractures would have resulted in Na and Cl 

undersaturation. Halite likely penecontemporaneously precipitated, which displaced 

the structures further upwards. Evidence is shown by both the halite nucleus and the 

increase in salt-filled fracture thickness upwards in the dewatering structures. More 

fractures formed within them as they developed. This process is in agreement with the 

previous interpretations of similarly shaped centimeter to meter-scale domes observed 

in laminated dolomicrite (Kennedy et al. 2001). By comparison, the dome or tepee-

shaped structures in cap carbonates have vertical spar-filled tubes, and are interpreted 

to form as a result of gas or fluid escape (Kennedy et al. 2001).  

 

 Both mechanisms could produce the fractures, domal-shaped structures, and the 

associated brecciation, following polyhalitization of the anhydrite (Figure 6.16 and 

Figure 6.17). Given that the overlying strata are relatively parallel to the main 
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stratigraphic dip, in the former scenario, it is possible that subsequent deposition of 

strata would be deposited parallel to the seafloor. In the latter, perhaps the overlying 

strata are too impermeable, thus the fluid escape did not disrupt the overlying strata. 

The two possible mechanisms could be differentiated based on the onlapping 

relationship of the sediments against the tepee structures. If the dewatering structures 

occurred within the sediments and did not affect the surface, then the tepee structures 

would die out when traced upward through the stratigraphy. However, if they formed 

at such a shallow depth that they did cause a deflection of the surface, then they 

would show either evidence of erosion or the on-lap of later sediments against the 

sides of the tepees until they were overwhelmed by the sediments, which would 

continue undisturbed over them. This presence or absence of onlap onto the deflected 

layers of the tepee structure is therefore an important diagnostic feature that would 

provide some constraint on the depth at which they formed. There is an absence of 

onlap onto the tepee structures. Thus, it is likely that the former mechanism is the 

more plausible explanation for the origin of these structures, which are herein 

considered as early diagenetic tepees.  
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Figure 6.16 Sediment deformation schematic illustrating the potential formation of tepee and/or classical 

dewatering structures in polyhalite within Boulby Mine seam P3.  The conceptual diagram depicts the 

interpreted stages of development in which the tepee and/or dewatering structures form. Note that while 

time increases upwards, the process occurred syndepositionally to very early for the formation of the tepee 

structures, whereas for the development of dewatering structures, this might have occurred during burial.  
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Figure 6.17 Sediment deformation schematic illustrating the potential formation of classical dewatering 

structures, forming tepees in polyhalite within Boulby Mine seam P3.  The conceptual diagram shows the 

interpreted stages of development in which the tepees form. Note that while time increases upwards, the 

process may have occurred during burial.  

 

Given that the amplitude of the tepees in Boulby Mine does not exceed ~1.5 m, the 

groundwater table may have been close to the surface. The polyhalite rafts are likely 

caused by the growth of the tepees and the resulting fracturing (Bohrmann et al. 1998) 

or perhaps via sulphate dissolution, similar to salt dissolution processes (e.g., Johnson 

2005). This may have caused collapse of cm-scale rafts during the formation of the 
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tepee structures. The deformation of sedimentary layers can locally occur during or 

shortly after deposition, prior to sediment consolidation (Reineck & Singh 1973). 

Given that the polyhalite strata are flat above the domes (Figure 6.18), this suggests 

that deformation occurred early (i.e., before the deposition of the overlying strata). 

Thus, the observed deformation in polyhalite within the second Zechstein cycle in 

Boulby Mine likely occurred during or directly following the precipitation of the 

polyhalite. 

 

 
Figure 6.18 Representative polyhalite tepee structure. This area has not been washed with water, thus, for 

ease of view, halite bands within the dome and the breccia beneath are highlighted in white. Halite band 

shown with the uppermost white line illustrates the evidence that the dome structures underlie flat strata. 

Note that there is a décollement below the tepee at this location. This reveals evidence that the deformation 

is early in origin. 

 

6.3.5 Types of tepee development mechanisms and implications for the proposed 

mechanism 

 

 As aforementioned, polygonal saucers with marginal tepees can be formed either 

by desiccation contraction or crystal expansion, or a combination of these processes 

(Assereto & Kendall 1971). Previous studies have proposed several mechanisms, 
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many of which are similar, for the formation of polygons and associated tepee 

structures. By analogy with tepee formation in cap carbonates, those have previously 

been explained by gas and/or gas hydrate cold seeps or lateral forces due to expansive 

crystallization (Gammon et al. 2005). Gas buoyancy appears to be the dominant 

stress-inducing process in cold seeps (Tryon et al. 2002), but it remains unclear how 

this could generate laterally-directed compressive stress sufficiently strong to deform 

bedding into tepees in cap carbonates (Assereto & Kendall 1977; Kendall & Warren 

1987; Gammon et al. 2005). Lateral forces due to expansive crystallization could be a 

similar mechanism that had formed the Boulby Mine tepee structures. Considering the 

~136% calculated volume increase (Figure 6.14) for the anhydrite polyhalitization, 

this supports the model (Figure 6.16) as a viable mechanism for the lateral 

displacement required for the sediment to buckle upwards into tepee structures. 

Similarly, halite polygonal crusts within the Realmonte mine, Sicily, had buckled into 

tepee structures caused by a net volume increase from thermal expansion when the 

salt surface was exposed. But this occurred in combination with the precipitation of 

new halite via evaporative pumping of brines moving up from the groundwater table 

(Lugli et al. 1999). These two combined mechanisms might be comparable to the 

processes responsible for the tepee structures in Boulby Mine. The dewatering of the 

polyhalite was probably accompanied by the evaporative pumping of concentrated 

brines moving up from the underlying groundwater table (e.g., Lugli et al. 1999). The 

brine movements likely resulted in the precipitation of halite crystals within the pore 

spaces of the polyhalite and along the fracture surfaces, which might explain the 

occurrence of disseminated halite throughout the polyhalite strata. In contrast, Tucker 

(1981) argued against desiccation resulting in the sediment-filled fissures in Triassic 

salt in NW England, as he suggested that a truly open crack cannot form in salt in 

order for sediment to infill, purely by desiccation. Because pore water within 

precipitated salt would be saturated with Na and Cl, thus further fluid loss would 

cause salt to precipitate and therefore seal any voids. Thus, he proposed a thermal 

contraction model for the origin of halite polygons. Although it is likely that 

differences exist in how halite deforms versus how polyhalite deforms. Little data is 

available on the mechanical properties of polyhalite (see e.g., Teufel 1981). The 

specific gravity of halite is ρ = 2.15 gm/cm3 (Williams-Stroud & Paul 1997), whereas 

the specific gravity of polyhalite is ρ = 2.78 gm/cm3, thus polyhalite is denser than 

halite and may deform less readily than halite. But, given that the fractures within the 
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polyhalite have been infilled with halite, perhaps contraction also played a role in the 

evolution of the polyhalite tepee structures (Figure 6.16). Thus, it is likely that a 

combination of several processes were key in developing these structures, which 

strengthens the proposed model. 

 

 Another possible analogue includes the carbonate megapolygons in Kimmeridge 

Bay, southern England, which have been attributed to result from an expansive force 

caused by the diagenetic crystal growth of dolomite (Bellamy 1977). It was later 

argued by Leddra et al., (1987) that a weak preferred orientation of the displacement 

lineations and elongate thrust polygons represent a degree of anisotropy of the stress 

system acting on the Flats Stone Band, and therefore implies a tectonic component in 

the stress system. By comparison, a lack of distortion of the underlying and overlying 

strata in Boulby Mine argues against a tectonic origin for the tepee structures in the 

mine. Thus, tectonism is ruled out for the formation of these tepees, as they are not 

linked with active faulting in Boulby Mine. The polygonal thrust planes in 

Kimmeridge Bay are often traced a short distance into the adjacent shale as zones of 

brittle disturbance, which imply that a considerable overburden pressure must have 

operated prior to the expansion of the polygons (Bellamy 1977).  Thus, the thrust 

megapolygons there were suggested to have formed during burial, when the 

surrounding shales were already compacted and fissile (Bellamy 1977). In contrast, 

within Boulby Mine, zones of brittle disturbance were not observed in the adjacent 

strata. Therefore, this provides support that the tepees did not form during burial and 

further discounts the mechanism forming late polyhalite dewatering structures (Figure 

6.16).  

 

 Tepee structures are rarely preserved in intertidal polygons as their uplifted 

morphology makes them subject to erosion during high-energy events (Lokier & 

Steuber 2009). However, tepee structures are common in the subaqueous environment 

as they are more susceptible to preservation. The lack of subaerial exposure in Boulby 

Mine argues against an intertidal or supratidal origin for the tepee structures. 

Moreover, since Lf1 likely formed in subaqueous conditions and the tepees probably 

formed during or directly after polyhalitization, I favor a subaqueous environment in 

which the structures had formed, similar to that described by Shinn (1969). This is 

supported by the occurrence of abundant tepees in Boulby Mine, which is inferred to 
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indicate low-energy conditions at the time of deformation of the strata. Thus, the 

closest possible analogue to the system proposed here appears to be that of Shinn 

(1969), which documents submarine polygons with marginal tepee structures in the 

Persian Gulf region. Internal fragmented rock (i.e., brecciation) of those tepee 

structures might be comparable to the polyhalite rafts associated with tepees in 

Boulby Mine. However, important differences are observed, such as abundant overlap 

borders (i.e., overthrusting), which are shown by the dislocation of a layer of strata in 

the Persian Gulf tepees. But this overthrusting of tepees is not observed in any of the 

Boulby Mine structures. The Persian Gulf tepees are caused by upward buckling 

resulting from expansion via the force of carbonate crystallization, which is 

comparable to the proposed mechanism of the Boulby Mine tepees. Whilst the 

process appears similar for the origin of both tepees, this is complicated by the 

presence of dewatering structures, most notably reflected by the associated conduits 

in the Boulby Mine tepee structures, which are not observed in the Persian Gulf 

subtidal tepees. Thus, the polyhalite tepees in Boulby Mine may have a more complex 

history than the Persian Gulf tepees that formed in a potentially similar environment. 

In the Persian Gulf, tepees produce a zone of weakness (via topography) that localizes 

the buckling of succeeding layers (Shinn 1969). One of the complications of the 

proposed model herein is the vertically limited area in the rock record available to 

study in Boulby Mine (i.e., pillars and roadways are ~4 m in height), which restricts 

documentation of the possibility of succeeding tepee structures stratigraphically above 

the observed tepees. Another weakness in the proposed model is that I cannot confirm 

that the tepees in Boulby Mine are polygonal in map view. But their random 

orientation throughout the study area and their spacing along one long pillar wall 

(e.g., three structures are seen on pillar wall τE, see Figure 6.11A and Figure 6.11B), 

suggests that such a configuration appears likely. If these are not polygonal in map 

view, perhaps these domal-shaped structures are not marginal tepees associated with 

polygons, but evidence suggests that they may have still developed via similar 

processes.	  

 

6.3.6 Implications of syndepositional doming within evaporite successions 
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 Given that anhydrite serves as a pervasive seal, it is conceivable that similar 

teepees or domes could have developed in other saline basins elsewhere. For example, 

they could exist along a passive margin in the Persian Gulf region, perhaps within the 

Late Tithonian Hith Anhydrite, which forms the regional seal for hydrocarbon 

reservoirs of the northern part of the Middle East (Alsharhan & Nairn 1997a). While 

evaporitic deposits form important seals for hydrocarbon reservoirs (Taylor 1998), 

they are also considered the best seals for carbon capture and storage (CCS) 

operations (Downey 1984; Warren 2006). But, if a structure with an anhydrite seal 

were to be considered for CO2 sequestration, it would be important to consider the 

effects of the necessary properties for safe containment as well as predictive modeling 

of performance (Kaldi et al. 2013). For example, the seal must have sufficient 

thickness and lateral extent in order to cover any structural, stratigraphic, or 

hydrodynamic reservoir used for the containment of CO2 (Kaldi et al. 2013). An 

assessment of the sealing capability with regard to lithological and structural 

heterogeneities (e.g., laminated polyhalite with anhydrite and/or meter-scale domes 

and breccias) must be conducted, particularly regarding possible implications for the 

migration of CO2. Structures such as these could also be vital for studies involving 

potential nuclear disposal sites. Given such applications, polyhalite may be an 

important mineral for further studies in accessible mines. 

 

Subcrop observations in mines indicate that the internal lithology and structure of 

salt domes are very heterogeneous, but the identification of dome heterogeneity is 

difficult (Jeremic 1994). For example, mixtures of anhydrite and halite in a salt dome 

within the Zechstein Basin has been observed to vary in proportions over a short 

distance, for example, the anhydrite content can vary from 1 to 80% (Jeremic 1994). 

In another case, the Klodova salt dome contains varying facies, with internal 

heterogeneity per facies, and exhibits a highly complex structure at the scale of mine 

workings (Jeremic 1994). Domal heterogeneity can involve mixtures of a variety of 

evaporites and has been suggested to result from tectonic events rather than 

sedimentary processes (Jeremic 1994). However, the meter-scale tepees in Boulby 

Mine were clearly not driven by tectonic events, as they underwent dewatering 

processes to form very early.  
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Few studies have been made of the early stages of evaporite deformation. 

Deformation is most common where evaporites are in Décollement zones and faults 

(i.e., during tectonism), which leads to the flow and folding of evaporites (Schreiber 

& Helman 2005). For example, the early deformation of interbedded evaporite and 

dolomite has been documented within the Bellerophon Formation (Upper Permian), 

north of Ortisei, Bolzano, Italy (Schreiber & Helman 2005). Another example 

includes the early stages of development of shale-sulphate layers, which has been 

documented in shallow regions in the evaporite detachment horizons, Jura overthrust, 

Switzerland (Jordan & Nüesch 1989). That deformation was controlled by friction, 

based on the influence of secondary pore space on bulk rheology, which developed 

from shale cataclasites (Jordan & Nüesch 1989). A syndepositional stage of isoclinal 

folding has been observed in very small structures (2 cm in length), such as the 

laminated carbonate anhydrite units in the Castile Anhydrite, in the Delaware Basin, 

southeastern New Mexico (Borns 1983). This could be similar to enterolithic folding 

in anhydrite interpreted to form in modern sabkhas (Shearman 1966; Butler 1970; 

Hardie & Eugster 1971; Butler et al. 1982; Handford 1991; Alsharhan & Kendall 

1994). However, neither faulting nor sabkha conditions influenced syndepositional 

deformation in Boulby Mine. Therefore, structures such as these merit further 

consideration. This contribution represents the first detailed study of meter-scale 

polyhalite tepees and the processes controlling their syndepositional to early post 

depositional formation, which could potentially be extrapolated to evaporite 

deposition in playa conditions elsewhere. 

 

6.4 Chapter conclusions 

 

 This study involved a high-resolution investigation of polyhalite in Boulby Mine 

seam P3, northeast England. The polyhalite deposits are within the Zechstein Group, 

in the second Zechstein cycle (Z2), in the Fordon Formation. This work provides 

insight into the three-dimensional architecture, lateral and vertical heterogeneity 

within an evaporite seal at a <1 km-scale. The types of variability observed in this 

ancient marginal playa include meter-scale tepee structures, semi-continuous salt-

filled fractures, cm-scale bands of anhydrite within the polyhalite strata, and 

disseminated halite crystals throughout the strata. 
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Two facies are identified in the mine seam, which are massive to banded polyhalite 

and blocky transparent halite that infilled fractures, forming semi-continuous sheets. 

Given that anhydrite bands are within the polyhalite strata, it is suggested that the 

original sulphates underwent the diagenetic cycle of calcium sulphates. Initially, the 

subaqueous deposition of gypsum took place in playa conditions. Gypsum 

transformed into anhydrite very early, almost syndepositionally which immediately 

transformed into polyhalite at very shallow (perhaps ~1-2 m) depths. These diagenetic 

transformations occurred early, prior to the meter-scale deformation of the strata, as 

indicated by rafts of polyhalite associated with the tepee structures.  

 

Quantitative data of the observed deformation structures in the polyhalite yield 

constant aspect ratios. This implies relatively uniform morphologies that are 

interpreted to correspond to low-amplitude tepee structures. Overlying strata are 

undeformed, thus it is suggested that the tepee structures had formed early. In a 

quantitative geometric classification, based on the scale and style of deformation, 

structures observed include: (1) meter-scale tepee structures with a relatively shorter 

height and longer width, (2) associated cm-scale fluid escape conduits, and (3) 

associated cm-scale polyhalite breccia. 

 

 These tepee structures record the brittle and ductile behavior of the evaporite 

during or immediately after deposition, and contain a detailed record of polyhalite 

dewatering. Thus, the main controlling mechanism responsible for the synsedimentary 

formation of the tepee structures is attributed to desiccation contraction and crystal 

expansion as well as the dewatering of polyhalite and the consequent fluid escape 

caused by water expulsion. The penecontemporaneous precipitation of halite during 

the fluid escape could have helped displace the strata further into a concave structure. 

 

Few publications exist of polyhalite deposits in modern environments. This work 

provides an ancient example of polyhalite studied in natural conditions. This 3-D 

mine study at a <1 km-scale offers new insight into the processes responsible for 

synsedimentary evaporite deformation in playa conditions. The results of this study 

could provide analogous information elsewhere for playa environments, where data 

on the lateral geometries of evaporite geobodies may not be available.	  
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7 Conclusions and future considerations 
 

 This research was motivated by the need to characterize the lateral continuity, 

geometries, and spatial distributions of depositional geobodies, in order to provide 

detailed insight into the three-dimensional architecture at a <1 km-scale within 

evaporite seals. This study focused on ancient evaporites that had precipitated in two 

end-member marginal environments, namely sabkha and playa settings. The only 

available archives of laterally continuous and well-preserved ancient evaporites in 

three-dimensions were found within mines. Anhydrite in the basal Purbeck Group 

was studied in Brightling Mine, southeast England. Polyhalite within the Permian 

Fordon Formation, of the 2nd Zechstein cycle (Z2), was studied in Boulby Mine, 

northeast England. Additionally, an expansive study emplaced the detailed work of 

the Brightling Mine deposits into a regional context within the Weald Basin, southern 

England. A revised tectonostratigraphic framework for the Tithonian stage of the 

Weald Basin was proposed, based on modifying part of the study of Hawkes et al. 

(1998) with a detailed investigation of the Portland and basal Purbeck groups.  

 

The high-resolution stratigraphic studies in both of the evaporite mines show that 

bedding can be either laterally continuous or discontinuous at a mesoscale (e.g., from 

one centimeter up to one kilometer). In Brightling Mine, all beds are largely laterally 

continuous and no pinch-outs are observed. However, few small areas along beds 

nearly pinch out. The observed bedding can likely be traced laterally over a distance 

of at least ~10 km southeast, to the Mountfield Mine (Howitt 1964), probably along 

strike to the paleo-coastline. By contrast, in Boulby Mine, the intra-stratal tepees are 

laterally discontinuous at a scale of 10 meters or less. Salt-filled sheet fractures within 

the polyhalite strata are semi-continuous, of which are inclined with the bedding and 

commonly pass laterally into tepees. Within the tepee structures, vertical salt-filled 

conduits cut across the polyhalite strata from one sheet fracture to another.  

 

7.1 Variability in ancient marginal evaporite deposits at a <1 km-scale 

 

 The recognition of various heterogeneities within evaporite deposits in ancient 

sabkha and playa settings at a <1 km-scale in mines constitute major findings. Facies 
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variations are observed in both environments at this scale, but structural variability is 

more prevalent in the playa. The heterogeneity observed in evaporite deposits differs 

in sabkha versus playa conditions. For example, in Brightling Mine, facies variations 

occur vertically, which include five facies comprised of evaporites, carbonates, and 

clastics. The interpreted GDE is a supratidal sabkha subject to periodic flooding in 

which intertidal (tidal flat) facies and subtidal (shallow marine) facies laterally passed 

into the evaporative sabkha, in an ordered sequence. The meter-scale carbonate-

evaporite cycles are interpreted as shoaling-upward sequences. The overall types of 

heterogeneity observed in the sabkha include vertical facies variations, 

anhydrite/gypsum nodules, satin spar veins, and µm-scale variability in mineralogy. 

In contrast, the overall types of lateral and vertical heterogeneity observed in the 

playa, in Boulby Mine, includes meter-scale tepee structures, semi-continuous salt-

filled fractures, cm-scale salt-filled conduits, cm-scale anhydrite laminae within the 

polyhalite, and disseminated halite crystals throughout the strata. The strata exhibit 

highly complex structural variability within the mine seam. The tepee structures are 

associated halite-filled fractures and rafts of polyhalite. And apparent conduits radiate 

from the salt nucleus to salt-filled fractures within the tepees. In the mine, two facies 

are identified, which include massive to laminated polyhalite and blocky transparent 

halite that has infilled fractures, forming semi-continuous sheets. This sulphate is 

interpreted to have precipitated in shallow water, subaqueous conditions in a 

hypersaline playa.  

 

The findings in this study also highlight that spatially variable compositions and 

morphologies in evaporites can occur at a variety of scales (Figure 7.1). Comparable 

to the scales of heterogeneity in clastic deposits (e.g., Miall 1992), evaporite 

heterogeneities can also be subdivided into hierarchal levels. For example, 

microscopic evaporite heterogeneity includes variations at the scale of individual 

crystals, for example, the nodular anhydrite in Brightling Mine contains gypsum 

porphyroblasts with relict µm-scale anhydrite crystals, whereas the polyhalite strata in 

Boulby Mine comprises µm-scale disseminated halite crystals. The cm-scale 

heterogeneity in Brightling Mine includes anhydrite/gypsum nodules and 

subhorizontal discontinuous satin spar veins in fractures, whereas in Boulby Mine 

cm-scale halite-filled conduits and bands are present. Mesoscopic evaporite 



	   	    Conclusions and future considerations	  223 

heterogeneity consists of bedding units and sedimentary structures at the scale of the 

subcrops.  

 

 
Figure 7.1 This schematic example of the basal Purbeck Group serves to illustrate the complexity of some of 

the types of heterogeneity observed in this work. The varying scales of heterogeneity are shown decreasing 

downwards. Note that the uppermost schematic depositional model is derived from the regional work of the 

Weald Basin, from chapter 3, and everything below is modified from the detailed work in chapter 4. The 

bottom image shows an example of a thin section from Brightling Mine, from sample Br21.3. 
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7.2 3-D spatial and quantitative information of depositional geobodies  

 

 A main contribution in the field of sedimentology is the quantitative data on the 

dimensions, 3-D geometries, and spatial distributions of heterogeneities, gathered 

from both ancient sabkha and playa evaporite deposits at a <1 km-scale. In Brightling 

Mine, bedding geometries are tabular and overall trends indicate minor thickness 

changes. Variability in stratal geometries is moderate, most surfaces are either flat or 

reveal very minor oscillations. One distinctly irregular composite surface occurs 

between strata of lower hydrodynamics (below) and higher energy above in the 

sabkha. This composite surface exhibited symmetrical scour incisions with no general 

spatial trend in aspect ratios, and no pattern of channeling was shown. In Boulby 

Mine, quantitative data of the domal-shaped structures that had formed in the playa 

yield a linear trend in aspect ratios. Thus, regardless of the direction in which a 

structure is vertically intersected, the same geometry is exhibited with the height to 

width ratio remaining constant. This quantitative data enabled the recognition that 

these structures in Boulby Mine correspond to low-amplitude dome structures, 

suggested to exemplify tepee structures. 

 

7.3 Processes controlling the heterogeneities in evaporites  

 

 The heterogeneity observed in the basal Purbeck Group formed at both an early 

and a late stage, whereas that in the Fordon Formation formed very early. In 

Brightling Mine, the nodular, enterolithic, and nodular mosaic anhydrite likely formed 

in the sabkha at an early stage, after deposition of the matrix. Some of the original 

anhydrite was later diagenetically altered to gypsum, which is revealed by the 

presence of alabastrine gypsum, gypsum porphyroblasts exhibiting relict crystals of 

anhydrite, and satin spar filling subhorizontal fractures. This resulted from hydration 

via percolation from the underlying Portland Sandstone aquifer, which occurred at a 

late-stage, probably during the Cenozoic. In contrast, in Boulby Mine heterogeneity 

exhibited in the Fordon Formation formed at a very early stage. Initially, the 

subaqueous deposition of gypsum took place, which then transformed into anhydrite 

that subsequently underwent polyhalitization at very shallow (~1-2 m) depths. These 

diagenetic transformations occurred early, prior to the meter-scale deformation of the 



	   	    Conclusions and future considerations	  225 

strata, as indicated by rafts of polyhalite within halite associated with the tepees. 

Overlying strata are undeformed, thus it is suggested that the tepees had formed early. 

These syndepositional deformation structures record the brittle and hydroplastic 

behavior of the evaporite immediately following deposition. 

 

This detailed sedimentological study suggests that the variation in stratal 

geometries in evaporite, in both the sabkha and the playa environments, is dominantly 

controlled by hydrological mechanisms at an early stage. However, composite 

processes differ in each environment. In Brightling Mine, the dis-aggregation of the 

supratidal evaporite texture underlying the irregular composite surface observed in the 

sabkha, within the basal Purbeck Group, is likely a result of processes related to either 

aeolian erosion, or coastal erosion, due to wave action or potential storm scouring, or 

to surficial dissolution. Perhaps, the underlying mechanism forming this surface is a 

combination of these processes, which developed at an early stage. A slight 

topographic depression observed in the surfaces in the central western region of the 

study area, is attributed to be a result of the antecedent paleo-topography of this small 

region along the platform.  

 

While evaporite deformation has previously been studied in mines (Woods 1979; 

Smith 1996; Lugli et al. 1999; Kovin 2011), few publications have documented 

meter-scale tepees (Lugli et al. 1999) or domes (Jeremic 1994). There are currently no 

publications of polyhalite tepees. Therefore, all aspects of the Boulby Mine study are 

novel. This study enabled me to investigate meter-scale polyhalite tepee structures 

and discern the processes responsible for the formation of these structures. In Boulby 

Mine, the observed intrastratal polyhalite tepee structures, within the Fordon 

Formation, were induced by the desiccation of the polyhalite in playa conditions. The 

primary controlling mechanism responsible for the synsedimentary formation of the 

meter-scale tepee structures is attributed to soft sediment deformation resulting from 

the dewatering of polyhalite and the consequent fluid escape caused by water 

expulsion.  

 

7.4 Sequence boundary at the base of the Purbeck Group in the Weald Basin 
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 Another important finding involved obtaining an understanding of the depositional 

mechanisms of anhydrite within a sequence stratigraphical context. This work is the 

first detailed study of the Weald Basin evolution during Tithonian times, expressed in 

terms of sediment thickness and spatial distribution patterns. This is also the first 

detailed tectonostratigraphic analysis of this basin, in the context of the observed 

unconformity, previously identified at the base of the Purbeck Group (Taitt & Kent 

1958; Wimbledon & Hunt 1983), and its implication for the Central Atlantic rifting. 

The observed widespread unconformity is interpreted as a megasequence boundary at 

the base of the Purbeck Group, based on a biostratigraphical gap of widespread 

significance that encompasses at least four ammonite zones as well as a basinwards 

facies shift and widespread erosional truncation. Detailed sequence isopachs show an 

onset of rift-related subsidence during this time. The megasequence boundary is 

suggested to be a result of a tectonically enhanced relative sea level fall. It is proposed 

in this work that the megasequence boundary previously assigned to the base of the 

Lower Cretaceous Wealden Group by Hawkes et al. (1998) should be changed to the 

base of the Purbeck Group. This megasequence boundary marks the onset of rifting of 

the Bay of Biscay and to the north of the Charlie-Gibbs Fracture Zone. This suggests 

an earlier rifting phase than previously thought. This study also showed that vertical 

and lateral facies changes are observed in the basal Purbeck Group throughout the 

Weald Basin, which corresponds to regional tectonic activity and relative sea level 

changes. 

7.5 Future considerations 

 

 The results of the mine studies offer new detailed insight into the origin and 

distribution of heterogeneities within evaporite seals at a sub-seismic scale. Provided 

that future similar studies are conducted on more examples of evaporite 

heterogeneities at this scale, a suitable dataset could be built in order to derive 

predictive rules that would enable the assessment of similar heterogeneities in 

evaporites elsewhere. The detailed work could then be extrapolated and upscaled in 

studies based upon spatially separated (i.e., 1-D) subsurface sections in similar 

depositional environments elsewhere.  
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Seals suitable for CCS operations require certain factors to be taken into account, 

such as chemical interactions with methane hydrates and carbonates (Dunk 2008). 

Additionally, fractures can enhance or prevent the flow of fluid. This work can 

provide the sedimentological and geometric framework in which future seal-CO2-

brine interaction and fracture propagation studies can utilize. Combining studies such 

as these could provide a robust way to assess evaporite seal integrity sensu Kaldi et al. 

(2011, 2013) for CCS operations.  

 

The regional study of the Weald Basin falls short regarding uncertainties related to 

the age constraints of the Purbeck Group. While ammonite zones are well constrained 

for the underlying Portland Group, disagreement remains regarding the use of 

ostracod zones for age constraints of the Purbeck Group. Purbeck Group correlations 

are still not precisely constrained (Cope 2007). Future progress in correlations could 

be established by the dating of volcanogenic materials and glauconites (Allen & 

Wimbledon 1991), or by the dating of evaporites within the Weald and Wessex basins 

(e.g., Sr-dating, Claypool et al. 1980). This could be combined with Pb/Pb or U/Pb 

dating of the interbedded carbonates (e.g., Rasbury & Cole 2009), provided there is a 

high enough concentration of uranium in the samples. 

 

Inter-well control is the clear critical piece of information required to build an 

accurate predictive 3-D model of the spatial distribution of heterogeneities in 

evaporite seals. The studied mine seams presented in this work penetrated through the 

marginal regions of two ancient end-member evaporative environments at an inter-

well scale.  This work has shed light on the types of evaporite heterogeneities 

observed in ancient playa and sabkha conditions, which can include a range of facies, 

composition, thickness, shape, and lateral extent. Such spatially variable compositions 

and morphologies in evaporites have been found to occur at all scales in this work, 

from the microscopic (µm-scale) to the megascopic (km-scale). This work highlights 

the need to pay close attention to heterogeneities in evaporites that could be similar 

elsewhere, particularly when applied to CCS and EOR operations. The results 

presented here are applicable to other evaporite seals, for which the subcrops herein 

are considered sedimentological analogues, namely the Late Jurassic Hith Formation 

of the Middle East. The high-resolution stratigraphic architectures within subcrops 
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utilized in this study could pave the way for future studies on seal characterization 

strategies. 
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Appendices 

 

A Brightling Mine detailed quantitative surface data 

 
A.1 Brightling Mine paleotopographic maps 
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Figure A.1 Surfaces from Brightling Mine showing overall surface offsets from datum (surface 7). Scale bar 

shown on right. The paleotopographic maps correspond to the field area. Triangles are pillar locations of 1-

D logs taken in order to develop the interpolated maps. (A) Surface 0, (B) surface 1, (C) surface 2, (D) 

surface 3, (E) surface 4, (F) surface 5, (G) surface 6, (H) surface 8, (I) surface 9, and (J) surface 10. Overall 

trends indicate a slightly lower topographic relief in the central western region of the field area. For pillar 

locations, see Figure 2.4C. 

 

A.2 Quantitative data of surface measurements from Brightling Mine pillars   

 
Table A-1 Geometries: surface offset from datum 

Pillar Surface mean 
(µ) 

error 
(σµ) 

min max 

Br1 0 66 4 58 75 
Br1 1 49 4 38 56 
Br1 2 43 6 28 54 
Br1 3 17 11 2 43 
Br1 4 8 3 2 15 
Br1 5 6 3 1 13 
Br1 6 23 3 15 29 
Br1 7 5 5 2 20 
Br1 8 5 1 3 11 
Br1 10 80 4 71 89 
Br2 0 80 8 70 98 
Br2 1 73 11 58 88 
Br2 2 64 7 50 79 
Br2 3 23 5 13 36 
Br2 4 10 2 5 13 
Br2 5 5 2 2 10 
Br2 6 36 3 30 49 
Br2 7 3 1 2 10 
Br2 8 5 2 2 9 
Br2 10 89 4 80 95 
Br3 0 113 4 103 119 
Br3 1 59 5 50 77 
Br3 2 64 12 42 81 
Br3 3 18 11 5 49 
Br3 4 7 2 3 11 
Br3 5 8 2 3 11 
Br3 6 38 3 29 43 
Br3 7 4 1 2 6 
Br3 8 5 1 3 7 
Br3 10 70 3 63 76 
Br4 0 68 7 52 80 
Br4 1 67 5 55 76 
Br4 2 43 7 27 53 
Br4 3 21 9 6 36 
Br4 4 6 2 2 10 
Br4 5 6 2 3 11 
Br4 6 31 4 21 38 
Br4 7 6 1 3 9 
Br4 8 5 1 3 9 
Br4 10 102 2 97 106 
Br5 0 65 3 59 71 
Br5 1 69 5 59 78 
Br5 2 37 6 26 51 
Br5 3 20 14 4 43 
Br5 4 6 2 3 9 
Br5 5 9 3 5 15 
Br5 6 33 3 27 38 
Br5 7 4 1 2 7 
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Br5 8 5 1 2 9 
Br5 10 66 4 60 74 
Br6 0 94 6 85 107 
Br6 1 65 7 51 75 
Br6 2 62 3 55 68 
Br6 3 13 3 6 20 
Br6 4 8 2 5 12 
Br6 5 15 2 10 20 
Br6 6 36 3 25 41 
Br6 7 6 4 2 20 
Br6 8 8 1 4 11 
Br6 10 92 5 77 101 
Br8 0 87 3 81 93 
Br8 1 66 5 55 71 
Br8 2 69 5 59 79 
Br8 3 14 9 4 34 
Br8 4 8 2 5 13 
Br8 5 14 3 8 19 
Br8 6 37 2 33 42 
Br8 7 4 1 2 6 
Br8 8 7 1 4 10 
Br8 10 93 5 84 103 
Br9 0 106 9 82 123 
Br9 1 52 6 34 60 
Br9 2 71 8 53 87 
Br9 3 17 6 7 31 
Br9 4 8 2 5 14 
Br9 5 12 4 5 20 
Br9 6 35 2 30 39 
Br9 7 5 1 3 9 
Br9 8 8 2 4 11 
Br9 10 106 4 96 113 
Br10 0 88 10 72 110 
Br10 1 82 11 60 97 
Br10 2 50 6 36 60 
Br10 3 21 8 5 41 
Br10 4 7 1 4 11 
Br10 5 6 2 2 9 
Br10 6 38 4 27 44 
Br10 7 5 1 2 8 
Br10 8 6 2 1 11 
Br10 10 79 10 63 92 
Br11 0 68 10 56 85 
Br11 1 73 5 64 81 
Br11 2 51 4 45 65 
Br11 3 11 4 4 20 
Br11 4 10 2 6 13 
Br11 5 8 2 6 12 
Br11 6 40 4 32 48 
Br11 7 4 1 2 7 
Br11 8 7 1 3 10 
Br11 10 96 6 87 103 
Br12 0 73 4 66 80 
Br12 1 49 6 39 66 
Br12 2 64 6 53 76 
Br12 3 9 2 4 14 
Br12 4 9 2 6 13 
Br12 5 11 1 7 14 
Br12 6 40 2 36 44 
Br12 7 5 1 2 7 
Br12 8 7 1 5 10 
Br12 10 133 6 123 142 
Br13 0 63 7 55 81 
Br13 1 65 7 44 75 
Br13 2 52 3 45 58 
Br13 3 11 6 5 26 
Br13 4 9 2 6 14 
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Br13 5 11 3 7 17 
Br13 6 34 2 30 39 
Br13 7 5 1 2 8 
Br13 8 5 1 3 8 
Br13 10 88 4 81 96 
Br14 0 80 7 69 94 
Br14 1 73 7 51 85 
Br14 2 47 8 30 73 
Br14 3 22 6 4 40 
Br14 4 6 1 3 10 
Br14 5 7 2 3 12 
Br14 6 38 7 28 56 
Br14 7 4 2 1 9 
Br14 8 4 1 1 9 
Br14 10 68 7 54 82 
Br15 0 86 5 78 98 
Br15 1 73 6 63 80 
Br15 2 45 5 37 58 
Br15 3 15 7 5 26 
Br15 4 6 2 3 10 
Br15 5 5 2 2 10 
Br15 6 33 4 25 40 
Br15 7 4 1 3 8 
Br15 8 6 1 3 9 
Br15 10 94 3 88 102 
Br16 0 100 13 85 131 
Br16 1 72 9 44 82 
Br16 2 66 8 47 76 
Br16 3 20 7 8 38 
Br16 4 6 2 2 10 
Br16 5 5 1 2 10 
Br16 6 27 3 23 33 
Br16 7 5 2 3 10 
Br16 8 6 2 3 13 
Br16 10 63 2 58 67 
Br17 0 83 7 70 94 
Br17 1 45 3 36 52 
Br17 2 59 6 44 67 
Br17 3 21 4 11 29 
Br17 4 8 1 5 13 
Br17 5 6 1 3 10 
Br17 6 36 3 30 42 
Br17 7 5 1 3 7 
Br17 8 4 1 2 6 
Br17 10 123 5 115 131 
Br18 0 88 4 78 93 
Br18 1 70 3 64 74 
Br18 2 50 10 33 68 
Br18 3 24 7 10 40 
Br18 4 6 2 2 13 
Br18 5 7 2 3 14 
Br18 6 29 3 22 36 
Br18 7 6 2 2 10 
Br18 8 5 1 2 10 
Br18 10 66 4 61 74 
Br19 0 78 13 62 101 
Br19 1 72 9 54 87 
Br19 2 58 9 41 77 
Br19 3 10 4 5 21 
Br19 4 7 1 4 9 
Br19 5 6 1 3 9 
Br19 6 23 6 11 33 
Br19 7 5 1 3 8 
Br19 8 5 1 3 9 
Br19 10 112 8 97 124 
Br20 0 102 6 93 113 
Br20 1 71 7 59 81 
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Br20 2 47 5 36 56 
Br20 3 17 5 4 30 
Br20 4 6 2 3 11 
Br20 5 6 2 3 11 
Br20 6 38 2 34 42 
Br20 7 5 1 3 9 
Br20 8 4 1 2 7 
Br20 10 74 6 62 86 
Br21 0 51 4 42 62 
Br21 1 60 6 47 71 
Br21 2 54 7 41 69 
Br21 3 13 5 4 23 
Br21 4 8 2 2 14 
Br21 5 7 1 5 11 
Br21 6 32 4 25 39 
Br21 7 6 5 2 20 
Br21 8 6 1 2 9 
Br21 10 105 4 99 111 
Br22 0 67 7 56 79 
Br22 1 63 6 52 72 
Br22 2 60 6 43 70 
Br22 3 14 10 1 43 
Br22 4 9 2 6 13 
Br22 5 11 3 6 19 
Br22 6 32 4 24 37 
Br22 7 5 1 2 9 
Br22 8 6 1 4 9 
Br22 10 105 3 100 112 
Br24 0 71 7 61 83 
Br24 1 60 8 49 76 
Br24 2 53 7 39 64 
Br24 3 20 8 10 44 
Br24 4 6 2 2 12 
Br24 5 8 1 6 12 
Br24 6 36 2 30 39 
Br24 7 4 1 2 7 
Br24 8 5 1 3 7 
Br24 10 68 8 58 89 
Br25 0 103 7 90 114 
Br25 1 57 8 47 73 
Br25 2 50 6 38 60 
Br25 3 13 5 1 22 
Br25 4 5 1 2 8 
Br25 5 7 1 4 11 
Br25 6 27 3 22 36 
Br25 7 5 2 3 16 
Br25 8 5 1 3 7 
Br25 10 81 3 77 88 
Br26 0 71 4 66 83 
Br26 1 68 4 59 74 
Br26 2 46 5 36 54 
Br26 3 18 5 7 29 
Br26 4 5 2 2 9 
Br26 5 8 2 4 15 
Br26 6 32 3 27 38 
Br26 7 6 1 5 9 
Br26 8 5 1 2 9 
Br26 10 79 4 72 91 
Br27 0 87 13 66 103 
Br27 1 69 8 55 84 
Br27 2 38 4 26 43 
Br27 3 17 8 3 33 
Br27 4 6 1 2 9 
Br27 5 9 1 5 11 
Br27 6 35 2 31 40 
Br27 7 5 1 3 9 
Br27 8 4 2 2 9 
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Br27 10 80 3 75 86 
Br28 0 87 8 70 97 
Br28 1 57 7 47 72 
Br28 2 50 3 43 56 
Br28 3 10 4 3 19 
Br28 4 6 1 4 10 
Br28 5 8 1 6 12 
Br28 6 30 2 27 35 
Br28 7 4 1 2 5 
Br28 8 6 3 3 12 
Br28 10 108 2 104 112 
Br29 0 89 5 82 102 
Br29 1 88 7 64 100 
Br29 2 49 7 34 60 
Br29 3 18 9 4 36 
Br29 4 4 2 1 9 
Br29 5 5 1 2 9 
Br29 6 35 2 31 38 
Br29 7 6 3 2 13 
Br29 8 4 1 2 7 
Br29 10 75 4 69 84 
Br30 0 79 8 68 106 
Br30 1 59 6 43 70 
Br30 2 45 7 29 61 
Br30 3 24 11 5 40 
Br30 4 5 2 2 10 
Br30 5 6 2 2 11 
Br30 6 32 4 23 39 
Br30 7 4 1 2 6 
Br30 8 5 1 3 8 
Br30 10 116 4 111 124 
Br31 0 97 14 74 113 
Br31 1 67 6 54 81 
Br31 2 58 4 48 65 
Br31 3 17 4 8 24 
Br31 4 6 1 2 10 
Br31 5 6 1 3 9 
Br31 6 36 3 31 41 
Br31 7 4 1 2 7 
Br31 8 6 1 4 10 
Br31 10 82 5 76 90 
Br32 0 75 11 56 92 
Br32 1 65 7 50 79 
Br32 2 47 9 29 59 
Br32 3 20 8 9 39 
Br32 4 7 3 3 18 
Br32 5 12 3 8 21 
Br32 6 34 3 28 43 
Br32 7 5 2 2 10 
Br32 8 6 2 2 12 
Br32 10 80 3 75 85 
Br33 0 93 6 82 105 
Br33 1 78 11 60 96 
Br33 2 61 6 49 69 
Br33 3 11 4 3 21 
Br33 4 5 2 1 9 
Br33 5 5 1 2 7 
Br33 6 35 8 24 51 
Br33 7 7 3 3 14 
Br33 8 4 1 1 7 
Br33 10 75 3 69 83 
Br34 0 81 8 67 96 
Br34 1 80 11 63 101 
Br34 2 72 11 54 92 
Br34 3 17 6 7 29 
Br34 4 12 3 7 21 
Br34 5 16 2 11 21 
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Br34 6 49 6 41 60 
Br34 7 6 1 3 10 
Br34 8 11 3 5 18 
Br34 10 86 9 72 102 
Br35 0 74 8 56 85 
Br35 1 65 4 54 76 
Br35 2 54 5 46 63 
Br35 3 12 7 4 35 
Br35 4 6 2 3 11 
Br35 5 6 2 2 12 
Br35 6 34 3 25 40 
Br35 7 5 1 3 7 
Br35 8 5 1 3 9 
Br35 10 106 4 99 116 
Br36 0 89 11 71 107 
Br36 1 80 6 69 92 
Br36 2 61 7 40 73 
Br36 3 13 4 5 22 
Br36 4 6 2 3 12 
Br36 5 7 1 4 9 
Br36 6 32 2 25 36 
Br36 7 4 1 1 6 
Br36 8 4 2 1 10 
Br36 10 127 5 118 133 
Br38 0 78 8 61 90 
Br38 1 53 5 44 65 
Br38 2 51 8 35 64 
Br38 3 20 7 4 37 
Br38 4 8 3 3 17 
Br38 5 8 2 4 16 
Br38 6 35 3 31 41 
Br38 7 4 1 2 6 
Br38 8 4 1 2 7 
Br38 10 75 1 69 77 
Br39 0 70 6 61 80 
Br39 1 60 4 53 67 
Br39 2 62 2 54 66 
Br39 3 7 2 3 13 
Br39 4 6 1 3 9 
Br39 5 9 2 6 14 
Br39 6 30 3 24 37 
Br39 7 4 1 3 6 
Br39 8 5 1 3 7 
Br39 10 101 3 96 108 
Br40 0 71 9 58 87 
Br40 1 54 6 38 63 
Br40 2 61 6 50 69 
Br40 3 20 6 6 34 
Br40 4 7 2 3 10 
Br40 5 7 2 4 10 
Br40 6 27 2 21 32 
Br40 7 4 1 2 6 
Br40 8 6 1 3 10 
Br40 10 94 5 86 103 
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B Boulby Mine 3-D models 

 
B.1 Qualitative 3-D models  

 

 A conceptual model illustrates simplified generic (approximate) shapes of 

structural domes with varying sizes, skewnesses, and orientations (Figure B.1A). A 

drape surface exhibits the geometric shape of dome objects (Figure B.1C), which are 

cut by planar vertical intersections (Figure B.1E). The typical structure in cross 

section exhibits a shape in which the horizontal dimension is the largest and the 

vertical dimension is smallest. This was made to match observations in Boulby Mine 

(see chapter 6). Some domes appear symmetrical (Figure B.1G), whereas others 

display a sigmoid shape with a curved apex and steeply dipping limbs and a relatively 

flatter base (Figure B.1I). Some exhibit an asymmetrical shape.  

 

A conceptual model illustrates a generalized approximate shape of ridges of 

varying widths, lengths, and skewness (Figure B.1B). This also matches 2-D 

structural observations in Boulby Mine. These are situated in a somewhat similar 

orientation, as expected in nature. A surface over ridges (Figure B.1D), coupled with 

intersecting cut planes, provides the geometric shape of the intersections of the ridge 

objects (Figure B.1F). Ridges exhibit both symmetric and asymmetric geometries 

(Figure B.1H and Figure B.1J). In one direction, the ridges appear similarly shaped to 

that of domes (Figure B.1F). Although, in another direction (e.g., perpendicular), the 

ridges exhibit relatively more elongated and flatter shapes (Figure B.2). While the 

horizontal dimension is still the largest and the vertical dimension is still the shortest, 

they exhibit geometries that are overall relatively much flatter, without an ‘apex’ 

(Figure B.2A). This flatter distribution is seen throughout this direction (Figure B.1B, 

Figure B.1C, and Figure B.1D). 
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Figure B.1 Perspective views of qualitative 3-D models of dome and ridge structures and associated cross 

sections showing the geometric relationships of the two proposed conceptual structures. Images on the left 

of this figure show domes, whereas images on the right show ridges. Conceptual simplified shapes of 

different sizes, orientations, and skewness, of domes (A) and ridges (B), Note that the orientation of ridges in 

B was developed similar to structures on pillar walls at subcrop, (C) and (D) draped NURBS surfaces are 

shown over the objects (domes and ridges, respectively) and cut planes (blue surfaces representing pillar 

walls) show the intersections (white curves) of surfaces, (E) and (F) perspective views of cut planes, which 

show the surface intersection of domes and ridges, respectively, (G), (H), (I), and (J) front view of cut planes 

showing the geometries along a transect of the surfaces from both models. 
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Figure B.2 (A) Perspective view of cut planes, which shows the perpendicular surface intersections of the 

ridges, (B) relatively flatter and asymmetric shape of a ridge intersection. The distribution of the relatively 

flatter ridges intersected in this direction exhibit tops that are so flat that they are nearly horizontal, shown 

in (C) and (D). 

 

B.2. Three-dimensional geometric models   

 

 The first model shows the surface topography of 3-D dome structures, which were 

shown in chapter 6. The fence diagram (Figure B.3A) illustrates locations where 

domal-shaped structures intersect pillar walls (shown by arrows in Figure B.3B). 

Domes are distinct, rounded, spherical- to ellipsoid-shaped domal-shaped structures 

(Figure B.3C and Figure B.3D). The domal-shaped structures are aligned through the 

curves that represent the structure intersections observed in Boulby Mine (Figure 

B.4B and Figure B.4C).  

 

The second model is that of ridges, shown in a perspective view in Figure B.3E 

and Figure B.3F. This model shows twelve convex structures that are laterally 

elongated in a W-E to NW-SE trend. A transect of structures across from one another 

(Figure B.4A) gave rise to the topographic orientation of the ridges (Figure B.4D and 

Figure B.4E). Two structure intersections are horizontally displaced from each other, 

seen on pillar walls δE and κW (i.e., they are not directly across from one another in a 

W-E orientation; Figure 2.5). The ridge lengths do not appear to extend across the 

entire area. It is approximated that the largest length (major axis) might be ~82 m, 

whereas the smallest length could be ~18 m. The width (minor axis) of ridges varies 

from ~2 to ~11 m. The diagonal wall intersection (oriented NW-SE) in the northeast 
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(pillar ψ) has a relatively flat low amplitude structure. Based on the qualitative ridge 

model and the corresponding perpendicular low amplitude structures, a ridge was 

made through this curve. The gap between each of three ridge crests along one pillar 

wall (τE) varies from 19 to 26 m apart. Two structures, located on pillar wall ψW, 

were observed across from two structures along pillar wall τE in Boulby Mine, thus 

ridge intersections were made at these localities. Segments of ridges are shown in the 

model (e.g., see pillar κW) at locations in which the continuation of the structure is 

unknown. In these circumstances, the ridge orientation is derived from field 

observations in the northern part of the study area. 

 
Figure B.3 Series of perspective views of 3-D models of an approximated surface in the study area located in 

Boulby mine. View is from the southwest. (A) Fence diagram showing cross sections of geological profiles of 

the mapped surfaces along pillar walls, (B) arrows are shown above the fence diagram to illustrate the 

location and distribution of the dome structures observed in the study area, (C) NURBS interpolation 

coupled with interpretations, which shows a patch surface through the mapped curves along the cross 

sections. Domes are shown in this model, (D) final visualization of the patch surface that forms the 3-D 

dome structures, (E) NURBS interpolation coupled with interpretations, showing a patch surface through 

the mapped curves along the cross sections. Ridges are shown in this model, (F) final visualization of the 

patch surface that forms the 3-D ridge structures. 
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Figure B.4 Perspective close up views from the northwest corner, which highlight the geometries of the 

structures in the 3-D model, (A) Fence diagram with interpretations drawn upon planar surfaces that 

represent the pillar walls. Inset (in black rectangle) indicates the locality in the study area of these 

perspective views (illustrated by the white rectangle). Representative pillar walls are indicated with arrows, 

which are revealed in chapter 6. Curves shown with corresponding colors to that of the cross sections 

representing pillar walls (e.g., blue is shown for pillar wall θW) indicate where the surface was made via 

NURBS interpolation combined with interpretations, (B) close up of a patch surface through the curves 

along the cross sections, of domes in this model, (C) close up of final visualization of the patch surface that 

forms the 3-D dome structures, (D) close up of a patch surface through the curves along the cross sections, 
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of ridges in this model, (E) close up of final visualization of the patch surface that forms the 3-D ridge 

structures. 

 

B.3. Stochastic models 

 

 Observations of structures such as domal-shaped structures could be modeled 

similarly to those of fracture sets. Modeling methods used for fractures sets have to 

take into account uncertainties in the fracture orientation measurements, due to 

measurement errors, inadequate exposure, bias of the sampling domain, and etc. 

(Munier 2004). For example, measurements are often truncated at some value 

dependent upon the size of the sampling domain. Techniques for correcting sampling 

bias on outcrop data generally fall into two categories (Munier 2004), those that 

assume an underlying parent distribution from a biased sample (Priest & Hudson 

1981) and those that do not (Kulatilake & Wu 1984). Due to various uncertainties, it 

has been suggested that, unless otherwise motivated, another approach based on 

stochastic simulation should be used (Munier 2004). This approach is adopted herein, 

to the structures observed in Boulby Mine, in which the artificial objects (i.e., domes 

or ridges) and their intersections (in cross section) are compared to the field 

observations in Boulby Mine. Thus, an a priori geometric stochastic model was also 

implemented in this appendix to serve as a quantitative geometric comparison to the 

observed quantitative geometries in the subcrop as described in chapter 6 of this 

thesis. This model incorporates a stochastic element where structural data is sparse 

(e.g., 17 domes) in order to provide inter-well scale information at a larger scale. The 

similarities, or lack thereof, between the mapped data and the simulated data are 

quantified. Using this criteria enables one to determine the size distribution, and its 

parameter(s), which best fit the observed structures, and honors the statistics of the 

mapped data in cross section. Equally important are the number of structures (i.e., 

objects) in the simulated system, the amount and sizes of objects must be 

simultaneously expressed in a measure called the density (after Munier 2004). 

 

Given that observations in Boulby Mine are confined to a limited area that includes 

a small sampling (17) of structures, the stochastic model simulates a deterministic 

system to represent similar (observation-driven) geometries of these structures at a 

much larger scale, in terms of random forcing. The total meters of Boulby Mine rock 
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wall length studied is ~2,100 m. The total wall length in the stochastic model is 

120,000 m, nearly 60 times the length in the mine seam (Figure B.5A). For 

comparison, only west-east histograms of the data are shown in Figure B.5 because 

more data is available from the mine in a W-E direction. The two structures located at 

pillar corners are added into the observations data, thus providing 13 observed 

structures for comparison to the stochastic data. 

 

The stochastic dome model was developed to mirror observational data from the 

mine in order to compare quantitative geometries of domal-shaped structures. A total 

of 135 domes were developed in the simulation. The height of domes varies from 0.05 

to 1.6 m (average = 1.0±0.03 m; Figure B.5C) and widths range from 1.4 to 10.8 m 

(average = 7.5±0.2 m; Figure B.5B). The corresponding calculated minimum and 

maximum aspect ratio is 0.02 and 0.33, respectively (average = 0.14±0.00 m). The 

median value of aspect ratios for the domes is 0.15±0.05. There is no variance in 

aspect ratios; ninety-five percent of aspect ratios yield values of 0.14 (Figure B.5E). 

The skewness of these domes ranges between 0.01 and 0.35 m (average = 0.17±0.01 

m). The median value of skewness is 0.20±0.12. Ninety-five percent of skewness 

values fall between 0.15 and 0.01 (Figure B.5D). 

 

A model was constructed to simulate linear evaporite ridges of varying dimensions 

in cross section. Their curved crests simulate the cross section observations of the 

structures in Boulby Mine (Figure B.6). A total of 80 ridges were developed with this 

simulation. The total wall length in this model is 80,000 m (each wall is 2000 m in 

length). The width and height of ridge intersections varies from 0.19 to 68.66 m 

(average = 8.77±0.75 m; Figure B.6B) and from near zero to 1.95 m (average = 

1.04±0.03 m; Figure B.6C), respectively. The minimum and maximum calculated 

aspect ratio is near zero and 8.10, respectively (average = 0.21±0.04 m; Figure B.6E). 

The median value of aspect ratios for the ridges is 0.20±0.56. The variance is 0.31, 

thus, ninety-five percent of aspect ratios fall between 0.14 and 0.29. The skewness 

varies from near zero to 8.70 m (average = 0.46±0.04 m), with a median value of 

0.43. There is very little variance, ninety-five percent of skewness values fall between 

0.45 and 0.47 (Figure B.6D). 
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Figure B.5 A stochastic model of dome structures adjacent to a table of descriptive geometric statistics of 

both the field observations vs. the stochastic simulations of the dome structures. Histograms of the relative 

frequency distributions (y-axis) vs. the comparative geometric measurements (x-axis) for the simulation 

(blue) and observations (grey). The number of domes for the field observations (NO) and the stochastic 

simulations (NS) are shown, (A) Perspective view of 3-D stochastic model of dome structures. Note that the 

number of domes derived in this simulation was 135. Intersections of domes on north-south and east-west 

conceptual walls are shown, (B) histogram of the width, (C) histogram of the height, (D) histogram of the 

skewness, and (E) histogram of the aspect ratios. 
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Figure B.6 A stochastic model of ridges adjacent to a table of descriptive geometric statistics of both the 

field observations vs. the stochastic simulations of the ridges. Histograms of the relative frequency 

distributions (y-axis) vs. the comparative geometric measurements (x-axis) for the simulation (blue) and 

observation (grey). The number of ridges for the field observations (NO) and the stochastic simulations (NS) 

are shown, (A) Perspective view of 3-D stochastic model of ridges. Note that the number of ridges derived in 

this simulation was 80. Intersections of ridges on north-south and east-west conceptual walls are shown, (B) 

histogram of the width, (C) histogram of the height, (D) histogram of the skewness, and (E) histogram of the 

aspect ratios. 
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Figure B.7 Cross plot of the geometries of domes and ridges, which shows the width vs. height derived from 

the stochastic models of (A) domes and (B) ridges. Red circles indicate structures that are intersected in a 

north-south orientation, whereas black data indicate the west-east oriented structures intersected. The 

trend lines are indicated with black lines. (A) Dome aspect ratios of the stochastic data show a similar trend 

to that from the field observations. The red circles show a very similar trend, because regardless of where 

the dome is intersected, the aspect ratio is similar. The black data shows intersections of domes that were 

skewed, which still yield a similar trend, (B) Ridge aspect ratios of the stochastic data show a somewhat 

bimodal distribution. Red circles exhibit varying larger widths (as these are intersections from the north, 

the relatively longer side of the ridges, i.e., the major axis), whereas black data yield a linear trend, as 

expected in the minor axis of the width of the ridges (i.e., the west-east intersections). 
 

 It could be argued that the structures in Boulby Mine represent evaporite ridges 

intersected in a west-east direction, since a few structures face one another (west-east) 

on opposite pillar walls in the northern part of the study area (e.g., Esestime et al. 

2015; Feldens & Mitchell 2015). This direction corresponds to the Permian English 

Zechstein Sea paleoshoreline (Smith et al. 1992). Provided that these structures 

represent polyhalite ridges, they would be a product of a slope environment, formed 

by basinward sediment transport from creep (Smith & Taylor 1989; Hudec & Jackson 

2007; Zulauf et al. 2010). This would likely indicate early deformation, without 

loading. However, a bimodal distribution in aspect ratios would be expected from 

ridge structures. For example, it would be expected that in one direction, a uniform 

trend in aspect ratios would be observed, whereas in another direction, a flatter, 

relatively more elongated (pseudo-rectangular) structure would be observed, similar 

to that seen in the qualitative model (Figure B.2). This would likely provide a 

somewhat bimodal distribution in aspect ratios, which is observed in the stochastic 
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model (Figure B.7B). As intuitively expected, the width of the ridges measured on the 

minor axis appears to have a similar trend, whereas the major axis largely varies. 

However, aspect ratios observed in Boulby Mine have a similar trend. For example, 

the two smallest structures (with N-S intersections) have a height of 0.4 m and widths 

of 2.3 m (σNE pillar wall) and 2.9 m (pillar wall λS), whereas the largest structure 

(with a W-E intersection) exhibits geometries nearly four times this size (height = 1.5 

m, width = 10.5 m, the northernmost structure along pillar wall ψW). While pillar 

wall ψNE (Figure 2.5), intersected in a NW-SE direction, shows a relatively flat low 

amplitude structure, breccia is not present, thus it is likely not part of a ridge, but 

instead shows uneven strata at that locality. Further, ridges would likely have been 

intersected more frequently in the mine. The stochastic and conceptual models in this 

appendix provide further support for this interpretation that these structures in Boulby 

Mine do not represent evaporite ridges. 

 

An apparent linear trend in aspect ratios is observed in structures from Boulby 

Mine. Thus, regardless of the direction in which a structure is vertically intersected, 

the height to width ratio remained constant. The domes showed similar measurements 

and morphologies. This trend is also yielded in a larger dataset, from the stochastic 

simulations (Figure B.7A). The reason that both the observations and simulations 

(Figure B.5B, Figure B.5C, Figure B.5D, and Figure B.5E) data show gaps in the 

histograms is due to the density of domes measured. If the density was increased in 

the simulation (or more domes were available to measure in the field), gaps in the 

histograms would not be displayed. The stochastic model simulations yield a similar 

trend in aspect ratios (average = 0.14±0.00 m; Figure B.7A) of domes to that of the 

observations (average = 0.17±0.01 m) of domes in the mine (Figure B.5E). The 

simulation skewness (average = 0.17±0.01 m) is somewhat similar to observations 

(average = 0.18±0.04 m), however, a higher range of skewness is observed in domes 

intersected in the mine (Figure B.5D).  This is caused by the designated shear angle in 

the simulation, which if increased still resulted in a higher frequency (within a zero to 

0.1 range). But, the parameters were adjusted to provide the most comparable results. 

Given that deviations in skewness and aspect ratios, of observations compared to 

simulations, are very minimal, these could be considered negligible. The spatial 

distribution of domes, in both observations and simulations, is random. Regardless of 

the orientation of domes from the extracted dataset derived from the stochastic model, 
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the geometries appear similar to those observed in Boulby Mine. It is highly feasible 

that the structures in the mine seam are domes and the stochastic models provide 

further evidence to support this conclusion made in chapter 6. 
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