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CONTROLS ON DOLOMTISATION OF UPPER CRETACEOUS STRATA OF 
NORTH AFRICA AND WESTERN MEDITERRANEAN 

Richard Joseph Newport 
A thesis submitted to the University of Manchester for the degree of Doctor of 

Philosophy in the Faculty of Engineering and Physical Sciences, September 2014 
 

Despite the economic importance of dolomitised Upper Cretaceous strata, little 
work has been conducted to further the understanding of the controls on 
dolomitisation during a green-house period with low marine Mg/Ca ratio. This 
study presents a multidisciplinary, multi-scale approach using field, petrographical 
and geochemical data to understand the mechanism of dolomitisation in North 
Africa and western Mediterranean in order to determine the controls on 
dolomitisation of Upper Cretaceous strata. 
Two field areas have been chosen that exhibit similar facies and are time 
equivalent, located along the Jeffara Escarpment in southern Tunisia and in the 
Iberian Range of central Spain.  
Both areas comprise facies deposited in mid-ramp, platform margin, lagoon, inter- 
and supra-tidal environments. Based on the distribution of facies, a sequence 
stratigraphic model was proposed for both areas which show similar changes in 
relative sea level. In the Iberian Basin there is strong evidence of a dramatic 
rearrangement in basin architecture resulting from tectonic activity during the 
Upper Cenomanian, whilst on the Jeffara Escarpment deposition took place on a 
passive margin. Both areas show evidence of warm, arid climates; even though 
the Iberian Range was in a more northerly palaeogeographic position, there was a 
rain shadow which affected facies distribution and dolomitisation.  
Planar dolomite fabrics, dull luminescence under cathodoluminescence, marine 
trace element concentrations and marine to slightly enriched oxygen isotope 
values suggest that dolomitisation occurred from mesosaline, marine fluids.  
Dolomitisation occurred from multiple fluxes of dolomitising fluids, controlled by 
high frequency changes in relative sea level. A cessation of dolomitisation only 
occurred during late transgressive systems tract of low order sea level cycles as a 
result of platform flooding. The Distribution of dolomitising fluids was partly 
controlled by pre-cursor limestone with low permeability horizons acting as 
aquicludes and permeable sandstones acting as aquifers. Changes in basin 
architecture caused reversals in flow of dolomitising fluids on the Iberian Range 
whilst increased subsidence caused cessation of dolomitisation due to rapid 
increase in relative sea level on the platform top. Dolomitisation occurred over a 
wider geographical area in the Jeffara Escarpment compared to the Iberian Range 
as a result of higher fluid salinity, larger brine pool and higher temperature of 
dolomitising fluids. The distribution of dolomitised strata of the circum-Tethys and 
across the Arabian Plate suggests that early reflux dolomitisation occurred within 
arid climate belts, and did not require hypersaline conditions, evidenced by 
evaporite distribution, as previously suggested. 
This study has important implications for the hydrocarbon industry by improving 
our ability to predict distribution, size and geometry of dolomitised strata essential 
for hydrocarbon exploration and field development. Furthermore this study has 
improved our understanding on the controls on dolomitisation during greenhouse 
periods with low Mg/Ca ratio of seawater and high frequency sea level changes.   
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1. INTRODUCTION 

1.1 Introduction 

In 1947, there was a discovery of hydrocarbons within dolomitised reservoir strata with 

exceptionally high porosities and permeabilities in the Leduc No. 1 well, Alberta, Canada. 

Continued exploration yielded more discoveries in dolomitised strata which had 

exceptional reservoir properties, prompting an increased amount of research into dolomite 

and the dolomitisation process (Machel, 2004). As a result of the denser nature of the 

dolomite mineral compared with calcite, it was determined that the dolomitisation process 

can create up to 12% porosity however in some cases porosity within strata became 

reduced (Morrow, 1982, Lucia, 2004, Machel, 2004). It has been proposed that the 

change in porosity brought about by dolomitisation is dependent on (Morrow, 1982, Sibley 

and Gregg, 1987, Saller and Henderson, 1998a, Warren, 2000, Machel, 2004): 

¶ Saturation and chemistry of dolomitising fluids 

¶ Duration of flow of dolomitising fluids 

¶ Proximity to source of dolomitising fluids 

¶ Texture of pre-cursor limestone being replaced 

¶ Diagenetic changes both prior to and post-dolomitisation  

 

In addition to this, the dolomitisation process always causes a rearrangement of porosity 

which may only occur on a local scale, even though porosity is not always increased 

(Jones and Xiao, 2005). The complex and seemingly erratic relationship between 

dolomitisation and reservoir quality requires continued research to determine the controls 

and processes that create or destroy porosity in dolomitised carbonate platforms. In 

recent literature a lot of attention has been paid in developing conceptual models of 

dolomitisation (for full review see Warren (2000) and Machel (2004)). Many studies have 

often searched for a single dolomitisation model however it became clear that no single 

dolomitisation model can be applied to all the occurrences of dolomitised strata (Zenger et 

al., 1980, Iannace et al., 2011). As a result a number of conceptual models were proposed 

from penecontemperaneous, reflux dolomitisation sourced from seawater to hydrothermal 

dolomitisation with fluids sourced from basinal brines (Warren, 2000, Machel, 2004, 

Tucker and Wright, 2009). Many studies have applied these basic conceptual models 

towards specific case studies often with little supporting evidence, or little contribution to 

further the understanding of dolomitisation. Furthermore some case studies do not taken 

into consideration external factors such as eustasy, climate and tectonism particular when 

investigating platform-scale dolomitisation that occurred penecontemperaneously or 
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during early burial. Fault controlled dolomitisation is also an important process, and can 

create substantial hydrocarbon reservoirs such as the Devonian and Mississippian of 

western Canada (Davies and Smith, 2006) and Cretaceous offshore Spain (Lomando et 

al., 1993) however this is not an important process to this thesis. 

 

Given the potential increase in porosity and permeability and the widespread nature of 

early, platform-scale dolomitisation, it is not surprising the interest and importance 

dolomitised strata have for the hydrocarbon, mineral and water industries (Iannace et al., 

2011). Despite this fact very few case studies have undertaken detailed investigation into 

the spatial distribution of dolomitised bodies, both on a local and regional scale. This lack 

of understanding of dolomite distribution makes producing the exploration models for 

resources within dolomitised strata very difficult. Furthermore the creation of accurate 

reservoir models for producing hydrocarbon reservoirs is inhibited by lack of 

understanding of the controls and factors affecting dolomite distribution, which in turn can 

control porosity distribution and permeability of reservoir strata. 

 

The number of hydrocarbon reservoirs that have been affected by early dolomitisation is 

very high with a statistical tendency for the majority of all hydrocarbon production in the 

United states to be from dolomitised reservoirs (Schmoker et al., 1985) including the 

Ordovician Ellenburger Formation of western Texas (Saller, 2004), the Guadalupian reefs 

of western Texas (Ward et al., 1986), San Andreas Formation of Texas (Kerans et al., 

1994) and the Carboniferous Mission Canyon Formation of northern USA (Berg et al., 

1994). Indeed the tendency for dolomite to host economical accumulations of 

hydrocarbons is not limited to the USA but is true in many other major hydrocarbon 

producing formations including the Jurassic Arab Formation (Swart et al., 2005), the 

Cretaceous Qamchuqa Formation of northern Kurdistan (Garland et al., 2010), the 

Permian-Triassic aged Khuff Formation of Qatar and Iran which also hosts the South Pars 

gas field, the largest gas field in the world (Esrafili-Dizaji and Rahimpour-Bonab, 2009). 

 

What is also striking is the global distribution of dolomitised hydrocarbon reservoirs as well 

as a range of ages for strata. While there are dolomitised strata of all ages, there are 

times of increased frequency and abundance of dolomite particularly during the Triassic to 

Early Cretaceous, Early Ordovician and Early Silurian (Figure 1.1) (Burns et al., 2000). 

Several attempts have been made to try to determine the controls on the temporal 

distribution of dolomite, but there is still disagreement. However it is apparent that during 

the Permo-Triassic, and to a lesser extent the Jurassic, high dolomite abundance 

corresponds to low relative sea levels and high Mg/Ca ratios albeit with lower global 
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temperatures given this is an icehouse period (MacLeod et al., 2013). A similar situation is 

true of the Miocene but considerable evaporation of sub-equatorial regions such as in the 

Mediterranean and across North Africa led to extensive evaporite deposition and 

dolomitisation (Figures 1.1 and 1.2). The Upper Cretaceous is a greenhouse period and 

had warmer global temperatures resulting in greater evaporation creating conditions ideal 

for evaporative reflux dolomitisation, but lower Mg/Ca ratios would not be conducive for 

dolomitisation (Figures 1.1 and 1.2). Other authors have also suggested that changes in 

biogeochemical cycles (Burns et al., 2000) and changes in domination of peritidal vs 

lagoonal carbonates (Sun, 1994) with increase in dolomite frequency as a result of 

conditions being conducive to evaporative reflux (Warren, 2000). None of the studies 

noted above has investigated the importance of tectonics in controlling dolomitisation. 

What seems apparent is that early dolomitisation often takes place in basins that have 

limited connectivity with open marine conditions where intense evaporation will create 

dense saline brines needed for dolomitisation as a result of seepage reflux. In addition 

significant subsidence or uplift will kill carbonate production as a result of drowning or 

emersion of carbonate platforms. This will result in a lack of CaCO3 that can be replaced 

by dolomite as well as lack of brine creation causing a cessation of dolomitisation. The 

same would be true for large amounts of clastic input which will also kill carbonate 

production. What is clear however is that there does not appear to be any single control 

on dolomite abundance through the Phanerozoic given the lack of systematic change in 

dolomite abundance with changes in eustasy, atmospheric composition, climate and 

ocean chemistry (Figure 1.2) (Given and Wilkinson, 1987, Mackenzie and Morse, 1992, 

Sun, 1994, Burns et al., 2000).  



22 
 

 

Figure 1.1 Chart showing the change in abundance of dolomite with time and 
relating to changes in eustasy, climate and dominant sedimentation type (peritidal 
vs evaporitic). Abbreviations: I ï icehouse period, G ï greenhouse period. Taken 
from Sun (1994). 

The origin and mechanisms of dolomitisation can also have a profound effect on the 

distribution and geometry of dolomite geobodies within the subsurface. For example the 

distribution of hydrothermal and burial related dolomite is often constrained by pre-existing 

structural elements such as open faults and fractures (Davies and Smith, 2006, Sharp et 

al., 2010) where as penecontemperaneous and shallow burial reflux dolomitisation often 

forms strata bound dolomite bodies which thin and become less pervasive with distance 

away from brine source (Saller and Henderson, 1998b, Al-Helal et al., 2012). The matter 

is further complicated by the difficulty in imaging dolomitised bodies within the subsurface. 

Sub-seismic scale of dolomite bodies in the subsurface and uncertainties in correlating 

dolomitised horizons between wells means that the use of outcrops as analogues for 

subsurface fields is essential in evaluating size, shape and connectivity of dolomitised 

bodies. 
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Figure 1.2 Graphs showing the change in (a) dolomite abundance, (b) eustatic sea 
level curve, (c) saturation state of oceans with respect to carbonate mineralogy, (d) 
seawater Mg/Ca ratio from Hardie (1996) (solid line) and (Wilkinson and Algeo, 
1989) (dashed line), (e) ŭ13C of marine carbonates (dashed line) and ŭ34S of marine 
sulphate from evaporites (solid line), (f) atmospheric O2 in 1018 moles with 
horizontal line representing modern day value and (g) abundance of oolitic 
ironstones. Abbreviations; PreC ï Pre-Cambrian, C ï Cambrian, O ï Ordovician, S ï 
Silurian, D ï Devonian, M ï Mississippian, P ï Pennsylvanian, Pm ï Permian, Tr ï 
Triassic, J ï Jurassic, K ï Cretaceous, Ceno ï Cenozoic. Taken from Burns et al. 
(2000). 

1.2 Rationale 

Reservoir quality within strata is predominantly controlled by the amount of porosity, 

permeability and the types of pores that are present. Primary depositional fabric within 

carbonate reservoirs is often highly altered as a result of diagenesis which occurs in a 

variety of environments including shallow marine, sub-aerial, deep marine and into the 

burial realm (Tucker and Wright, 2009). As sediments pass through each diagenetic 

environment, porosity and permeability will be altered as a result of cementation, 

dissolution, fracturing, compaction and dolomitisation. These changes have a profound 

effect on (i) subsequent diagenesis as a result of the change in flow properties of the 

sediments and (ii) the total amount of pore space available for storage of hydrocarbons, 
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water or mineralisation. It is therefore essential to understand the processes and controls 

on diagenesis that bring about changes in porosity. 

The development of forward modelling techniques such as reactive transport models 

(RTM) have helped to determine factors that affect how pervasive, the size and shape of 

dolomite bodies (Whitaker et al., 2004, Jones and Xiao, 2005, Al-Helal et al., 2012), but 

further outcrop work is required to calibrate and inform the results of forward models. 

Determining the size of dolomite bodies is vital when trying to estimate the storage 

capacity and volumes of resources in place and determination of where dolomite 

geobodies are located is essential in exploration activities. The shape of dolomite 

geobodies has implications for reservoir development, through their control on reservoir 

architecture and connectivity.  

In order to fully understand the controls on dolomitisation and how they affect the extent, 

size and geometry of dolomitised strata, this study will focus on dolomitisation within 

Cenomanian-Turonian strata of southern Tunisia and central Spain. In southern Tunisia, 

several previous studies have focussed on sedimentology and diagenesis of the 

pervasively dolomitised Cenomanian-Turonian Zebbag Formation and determined 

mechanisms of dolomitisation (El-Bakai, 1997, Abdallah, 2003, Touir et al., 2009, El-Bakai 

et al., 2010). No previous diagenetic study however has been carried out within the 

Jeffara escarpment. Furthermore the Zebbag Formation is an outcrop analogue for a gas 

field located within the Cenomanian Lidam Formation in the offshore Sirt Basin. There is a 

large amount of uncertainty in the distribution of reservoir quality within the Lidam 

Formation at what factors control the distribution of dolomite (Selley, 1997). For example 

within the Masrab field of SE Sirt basin, the dolomitisation process has created a good, 

well connected pore network. Further towards the NW however, dolomite has replaced the 

limestone with highly interlocking dolomite crystals and as a result have very low porosity 

and permeabilities (El-Bakai, 1996). The change in reservoir quality within the formation 

stresses the need for outcrop analogues as a way of assessing the size and shape of 

dolomite bodies with good reservoir qualities in the subsurface.  

The second field area focuses on the partially dolomitised Cenomanian-Turonian strata of 

the central Iberian Basin. Two previous studies have looked into dolomitisation of Upper 

Cretaceous strata within the Iberian Basin. Moreno et al. (2007) suggest that overlying 

Coniacian-Campanian strata were dolomitised via hypersaline reflux fluids and proposed 

a conceptual model, whereas Calvo (1982) suggest Cenomanian-Turonian strata were 

dolomitised via multiple stages, initially via hypersaline reflux and subsequent 

dolomitisation via burial fluids. 
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The two areas exhibit very similar facies, are time equivalent and according to previous 

studies exhibit similar styles of dolomitisation. However, there is a difference in the 

tectonic and, to some extent, climatic setting, and so any control by local tectonics and 

climate on dolomitisation, and especially the distribution and size of dolomite geobodies, 

can be assessed.  

There is also a strong academic rationale for evaluating the two field areas, since they 

provide an ideal opportunity to investigate what factors controlled dolomitisation within 

Upper Cretaceous strata. During the Upper Cretaceous high global sea levels caused 

flooding of continental shelves creating extensive epeiric seas. Given low amplitude high 

frequency cycles of an ice-free globe and the tendency for carbonate production to 

outpace platform subsidence, sediments would have long residence times within an 

environment and under conditions ideal for dolomitisation, particularly given the high 

global temperatures  (Sun, 1994). High ocean surface pCO2 observed during the Upper 

Cretaceous would lead to decreased carbonate saturation in surface oceans and promote 

the precipitation of carbonate minerals, particularly calcite over aragonite (Sandberg, 

1985, Mackenzie and Morse, 1992). However this may have an adverse affect given the 

faster rate of dolomitisation of aragonite compared to that of calcite (Katz and Matthews, 

1977). It is shown in figures 1.1 and 1.2 there is a marked drop in global dolomite 

abundance in the Upper Cretaceous. This thesis will therefore assess the conditions 

under which dolomitisation took place during a period of high global sea level and calcitic 

seas.  

1.3 Aims and objectives 

The primary aim of this thesis is to undertake a multi-disciplinary approach and integrate 

sedimentological, geochemical and petrographical data in order to determine the controls 

on dolomitisation within Cenomanian-Turonian strata of the western Mediterranean and 

North Africa. This project will help to (i) further constrain the facies distributions within the 

Iberian Basin and on the Saharan Platform with a view to understand relative sea level 

changes and palaeoenvironmental evolution of the basins, (ii) further the understanding of 

dolomitisation in a greenhouse period with high relative sea level, high atmospheric CO2 

and low Mg/Ca ration of seawater by proposing conceptual models for dolomitisation 

based on local and regional factors and (iii) how the interaction of relative sea level, 

climate and local tectonism affected dolomitisation, fluid flux, geometry and distribution of 

dolomite within a basin. This will be achieved by comparing the distribution, type and 

origin of dolomitised strata from North Africa and central Spain, which have contrasting 
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tectonic histories and variable climatic regimes yet comparable facies and age. This will 

be achieved by completing the following objectives: 

¶ Detailed sedimentary logging to determine the number, characteristics and 

distribution of sedimentary facies and in turn determine depositional environments. 

¶ Determine the number, type and distribution of dolomite within the sedimentary 

successions. 

¶ Geochemically and isotopically fingerprint dolomite types in order to determine the 

source and composition of dolomitising fluids. 

¶ Propose mechanism for dolomitisation based on all the above data. 

¶ Compare and contrast mechanism for dolomitisation, textures and distribution of 

dolomite between field areas to determine factors affecting dolomitisation. 

1.4 Hypothesis 

Given the aims of the thesis, it would be reasonable to propose a hypothesis of what the 

outcome of this study may be. Firstly previous work has suggested that dolomitisation is 

early, the distribution and timing of dolomitisation can be predicted. Firstly early 

dolomitisation is likely to occur over a geographical wide area, potentially several hundred 

kilometres. Dolomitisation resulting from burial and hydrothermal fluids tends to be more 

localised often around faults and factures that act as conduits for dolomitising fluids. Given 

that early dolomitisation, apart from in certain cases, requires evaporated sea.  The 

distribution of dolomite maybe closely related to climate as evaporative brines will only be 

form in areas of high aridity. In addition to an arid climate, dolomitisation from evaporated 

seawater can only occur where conditions are restricted enough to allow increase in 

salinity and so dolomitisation maybe closely linked with relative sea level. As a result 

changes in the amount and distribution of dolomite will change with changes in eustasy 

and where tectonism has controlled relative sea level. During relative sea level highs, 

evaporation in likely to be insufficient to create dense brines that are needed for 

dolomitisation.  

1.5 Thesis structure and author contributions 

This PhD is submitted as the alternative format, i.e. PhD by publication. Due to this, there 

is minor repetition which was unavoidable. The main structure of the thesis is as follows: 

Chapter 1: Introduction  

R. Newport ï primary author 
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Chapter 1 will provide details of the motivation, background, aims, objectives and 

structure of the thesis.  

Chapter 2: Literature review 

R. Newport ï primary author 

Chapter 2 will review published data for the tectonic evolution of North Africa and the 

western Mediterranean including the palaeogeographic setting of the western Tethys 

during the Cretaceous. A detailed review of dolomitisation and dedolomitisation 

processes, including mechanisms as well as case studies of previous studies of 

dolomitisation and dedolomitisation will also be presented.  

Chapter 3: Methodology 

R. Newport ï primary author 

Chapter 3 will give a detailed methodology for all procedures and techniques used as part 

of this study including petrographical, geochemical and field techniques.   

Chapter 4: Sedimentology and facies distribution of Upper Albian to Lower Turonian 

carbonates in the central Iberian Range, Spain and their implications for palaeoclimate 

and palaeogeographical evolution. 

R. Newport ï data collection, interpretation and primary author, C. Hollis ï primary 

supervisor, manuscript co-author and reviewer, M. Segura ï field guide and J. Redfern ï 

co-supervisor. 

This chapter will present sedimentological data as well as facies analysis of Cenomanian-

Turonian strata within the Iberian Basin. Analysis of field and petrographical data has 

been used to determine environments of deposition and palaeoenvironmental evolution of 

the field area. Based on facies distributions, palaeogeographical maps of the Iberian 

Basin are presented as well as a sequence stratigraphic model. Furthermore the 

palaeoclimate and palaeogeographical implications of facies distributions will be 

discussed. The results of this paper are a critical precursor in determining the controls on 

dolomitisation proposed in chapter 5. 

Chapter 5: The interaction of climate, tectonics and eustasy in controlling dolomitisation 

of Cenomanian-Turonian shallow marine carbonates of the Iberian basin. 
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R. Newport ï data collection, interpretation and primary author, C. Hollis ï primary 

supervisor, manuscript co-author and reviewer, M. Segura ï field guide, S. Bodin ï co-

supervisor, J. Redfern ï co-supervisor. 

Chapter 5 will present detailed petrographical and geochemical data on the diagenetic 

phases observed within the Cenomanian-Turonian strata of the Iberian Basin. This 

chapter constrains the timing of dolomitisation, as well as fluid source and composition of 

dolomitising fluids. A conceptual model for dolomitisation has been proposed based on all 

above data.  

Chapter 6: Factors controlling massive dolomitisation of Upper Cretaceous shallow 

marine carbonates of the Zebbag Formation the Jeffara Escarpment, southern Tunisia.  

R. Newport ï data collection, interpretation and primary author, C. Hollis ï primary 

supervisor, manuscript co-author and reviewer, S. Bodin ï field guide and co-supervisor, 

J. Redfern ï co-supervisor. 

Chapter 6 will present detailed petrographical and geochemical data on diagenetic phases 

within the Albian-Cenomanian Zebbag Formation, southern Tunisia. A full paragenetic 

sequence for Upper Cretaceous strata has been proposed as well as a conceptual model 

for dolomitisation.  

Chapter 7: Synthesis and discussion 

R. Newport ï primary author 

Chapter 7 will draw together all the data from previous chapters and determine the overall 

controls on dolomitisation within the western Tethys. Data from western Tethys will then 

be compared to that of the Arabian plate to elucidate regional controls on dolomitisation, 

in order to discuss wider implications of this study. Recommended future work will also be 

presented. 
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2. LITERATURE REVIEW 

2.1 Upper Cretaceous of the Tethys Ocean 

During the Upper Cretaceous, vast areas of the western Tethys Ocean were covered by 

shallow seas forming a regionally extensive cover of neritic carbonates, from 10°N and 

25°N, an area of  3,000,000km2 (Figure 2.1) (Philip, 2003). Today, these carbonates are 

economically important hydrocarbon reservoirs such as in North Africa, the Middle East 

and Western Europe (Macgregor and Moody, 1998, Belopolsky et al., 2012). There are 

several factors that have controlled carbonate platform growth; (i) siliciclastic input, (ii) 

eustasy, (iii) icehouse conditions (including eustasy) and (iv) ocean circulation (Philip, 

2003). 

(i) siliciclastic input 

Carbonate sediments will accumulate in areas where there is reduced terrigenous input 

(James, 1997). This is due to large amounts of nutrients associated with detrital clastic 

input that can inhibit carbonate producers. In addition organisms that filter nutrients from 

the water column can become asphyxiated as a result of fine clastic material (James and 

Kendall, 1992). During wet periods and in areas with a humid climate, increased rainfall 

leads to increased runoff, which will transport large amounts of clastic material to coastal 

areas (Clift, 2006), assuming there is sufficient hinterland topography to source clastic 

sediments. Clastic input into basins  will be more prominent during sea level low stands 

(Philip, 2003). During the Upper Cretaceous, particularly at the Cenomanian-Turonian 

boundary, sea levels were at their highest for the whole of the Phanerozoic (Haq et al., 

1987) and an arid climatic belt stretched across the whole of North Africa as far north as 

central Spain (Chumakov et al., 1995, Scotese, 2001). Modelling of precipitation rates 

during the Middle Cretaceous have shown that evaporation rates between latitudes 5°N 

and 30°N are higher than those of precipitation rates, and so fluvial input of either detrital 

clastics or nutrients was likely to be low (Ufnar et al., 2004).  

 (ii) eustasy 

High relative sea level will cause flooding of shallow continental shelves. As a result, the 

areal extent of shallow water platforms will be dramatically increased, and likewise the 

surface area covered by neritic carbonates. This was particular true of the Tethyan margin 

during the Cenomanian, when very high sea level caused flooding of shallow platforms 

either side of the Tethys Ocean, forming the North African platform (Saharan platform) as 

well as the Western European platform (Figure 2.1) (Philip, 2003).  
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(iii) greenhouse conditions 

Under greenhouse conditions, there is a low contrast between average temperatures at 

high and low latitudes, creating widespread conditions that are favourable for the 

development of neritic carbonate platforms. Icehouse conditions cause latitudinal 

constriction as a result in the climatic contrast between low and high latitudes (Poulsen et 

al., 1999, Philip, 2003). The Upper Cretaceous was a true greenhouse climate (MacLeod 

et al., 2013) with a low latitudinal temperature gradient (Steuber et al., 2005) and so 

produced ideal conditions for neritic carbonate development at high and low latitudes. 

Furthermore higher relative pCO2 decreased the saturation of carbonate minerals, 

promoting precipitation of carbonate minerals, particularly calcite  over aragonite 

(Sandberg, 1985). The low Mg/Ca ratio of Upper Cretaceous seawater also favoured the 

precipitation of calcite over  aragonite or high Mg-calcite but is likely to inhibit 

dolomitisation (Steuber and Rauch, 2005). 

(iv) ocean circulation 

Ocean currents moving from warm low latitudes to cooler high latitudes can transport 

large amounts of heat (Shackleton and Boersma, 1981) and thus increase the 

geographical area in which neritic carbonate deposition occurs, during the Cenomanian 

neritic carbonates were precipitated at a latitude of 35°N. Ocean circulation models for the 

Upper Cretaceous show warm ocean currents moved from east to west through the 

Tethys Ocean and forced north by the bulge of Africa forcing warm waters of 

temperatures between 28°C to 32°C (Pearson et al., 2001, Steuber et al., 2005, Amiot et 

al., 2010) towards the pole (Luyendyk et al., 1972). This results in sea surface 

temperatures in the polar regions of approximately 22° to 26°C (Jenkyns et al., 2004).  

 

 

 



34 
 

 

Figure 2.1 A palaeogeographic and facies map of the Western Tethys during the 
Upper Cenomanian. Abbreviations; H - Hesperian Massif, E - Ebro Massif, SS - 
Saharan Shield, TT ï Tunisian Trough and SB ï Sirte Basin. Taken from Philip 
(2003). 
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2.2 Tectono-stratigraphic history of North Africa and the Iberian Peninsula 

2.2.1 Tectono-stratigraphy of Southern Tunisia 

During the Mesozoic, the North Africa margin was characterised by shallow marine 

carbonate sedimentation, bordered to the north by the open marine Tunisian trough and 

Tethys Ocean. To the south the platform is characterised by mixed clastic-carbonate 

sediments (Figure 2.1) (Chaabani and Razgallah, 2006). 

During the late Triassic to the early Aptian, the Saharan platform experienced a prolonged 

period of extension in a 000° to 020° direction. Extension caused the reactivation of Lower 

Triassic strike slip basement faults in a NW-SE direction (Figure 2.2) (Zouaghi et al., 

2005). Subsequently reactivation of Triassic strike slip faulting lead to a tilted fault block 

configuration controlling sedimentation. Continued rifting lead to the development of the 

Gafsa and Tataouine basins during the Callovian (Figure 2.3) (Bouaziz et al., 2002). The 

offset nature of the extension direction and the orientation of basin controlling normal 

faults suggests that these basins in part developed as pull apart basins, but also due to 

significant subsidence and rotation of fault blocks (Zouaghi et al., 2005). Rifting continued 

throughout the Upper Jurassic and Lower Cretaceous in roughly N-S direction due to the 

divergence of Africa and Eurasia. Extension ceased in the upper part of the lower 

Cretaceous and there was a break in sedimentation represented by the Late Aptian 

unconformity. This unconformity is noted throughout the whole of North Africa and is 

known as the óAustrian eventô. Compression during the Aptian caused inversion along the 

Sabratah-Cyrenaica fault system situated offshore within the Gulf of Gabes (Anketell and 

Ghellali, 1991). In addition, there was a change in relative motion between the West 

African and Arabian-Nubian blocks from northward to north-eastward. This occurred as a 

result of the opening of the South Atlantic and caused transpressive movements along 

pre-existing shear faults in southern Tunisia (Bodin et al., 2010). Other authors have also 

suggested that salt diaper movements in northern and central Tunisia caused uplift of 

palaeohighs forming local unconformities and reduced sections (Zouaghi et al., 2005) but 

this does not explain the regional extent of the unconformity. Minor N-S extension 

continued in the Lower Albian resulting in minor subsidence and continental sedimentation 

throughout southern Tunisia (Bodin et al., 2010). 
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Figure 2.2 A time line of stress regime, tectonic events and regional events for 
Tunisia. Basin types developed as a result of tectonic events also shown. Red 
arrows show major unconformities. Data taken from Bouaziz (2002) and Khmosi et 
al. (2009). 

The intra-Albian unconformity is a regional unconformity seen across Tunisia, although 

there is still debate as to its origin. It has been hypothesised the opening of the equatorial 

Atlantic Ocean caused uplift along pre-existing strike slip faults (El Euchi et al., 1998, 

Bouaziz et al., 2002). Other authors have proposed that North-South compression caused 

a northward movement of the West African block relative to the Arabian-Nubian block that 

makes up the African craton, causing transpression along pre-existing structural 

lineaments (Bodin et al., 2010). Other authors have proposed an extensional origin for this 

unconformity but failed to cite evidence (Turki, 1985). 
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Subsequent to shortlived compressional events, the Late Cenomanian is characterised by 

a largely extensional regime (Figure 2.2). Extension direction was a roughly NE-SW, a 

rotation from the roughly N-S extension direction that occurred during the late Jurassic 

(Bouaziz et al., 2002). The new stress regime caused significant normal movement along 

the NW-SE trending Kasserine, MôRhila, Gafsa and Jeffara faults (Figure 2.3) causing 

rotation of fault blocks, dipping towards the south (Camoin, 1993, Touir and Soussi, 2003, 

Chaabani and Razgallah, 2006, Gabtni et al., 2009). The tilted fault blocks created 

palaeohighs on which extensive carbonate production took place, with evaporative 

troughs developing in fault block basins (Camoin, 1991, Abdallah, 2003, Touir and Soussi, 

2003, Zouaghi et al., 2009). In addition, Triassic salt diaper movement was controlled by 

the location of normal faulting, particularly within the northern parts of Tunisia 

exacerbating the relief of paleohighs and the depths of titled fault block basins (Camoin, 

1991).  Normal faulting and associated fault block tilting effectively created a northward 

stepping topography with major faults controlling distribution of facies (Touir and Soussi, 

2003). Facies south of the Jeffara and Gafsa fault are represented by shallow-marine 

carbonate sediments with rare evaporites, deposited in a littoral environment (Touir and 

Soussi, 2003, Chaabani and Razgallah, 2006, Bodin et al., 2010). North of the Gafsa fault, 

but south of the MôRhila fault, was characterised by shallow marine inner ramp deposits; 

and north of the MôRhila fault was dominated  by open marine deposits (Touir and Soussi, 

2003, Chaabani and Razgallah, 2006). 
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Figure 2.3 A map of Tunisia showing the location of main tectonic 
features and location of the Gafsa and Tataouine Basins. Adpated 
from Bouaziz (2002), Touir and Soussi (2003) and de Lamotte (2009). 
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During the latest Cenomanian - early Turonian, increased subsidence coupled with a large 

transgression at the Cenomanian-Turonian boundary led to increased sedimentation 

within tilted fault block basins, and a general deepening of facies over the whole of the 

platform, forcing facies belts to shift landwards (Camoin, 1991). This lead to the deposition 

of the organic rich Bahloul Formation over much of northern and central Tunisia (Lüning et 

al., 2004) and open marine facies in southern Tunisia (Bodin et al., 2010, Grosheny et al., 

2013). In the Early Turonian, continued fault block rotation led to large rudist lithosome 

build-ups on the edge of tilted fault blocks and evaporitic basins in restricted fault block 

basins (Touir and Soussi, 2003) leading to the development of rimmed carbonate 

platforms (Ginsburg and James, 1974) or titled fault block platforms (Bosence, 2005).  

The Upper Cretaceous was characterised by compressional movements associated with 

the collision of Africa with Europe and closure of the Tethys Ocean (de Lamotte et al., 

2009, Khomsi et al., 2009), although compression was not continuous (Bouaziz et al., 

2002, Patriat et al., 2003). Minor compression in the Maastrichtian to Early Paleocene is 

reported from northern and central Tunisia but is not recorded in sediments in southern 

Tunisia (Figure 2.2), reflecting the initial collision of Africa and Europe (Bouaziz et al., 

2002).  The Middle to Upper Eocene saw the first major uplift episodes in Tunisia (Patriat 

et al., 2003, de Lamotte et al., 2009). Compression during the Alpine Orogeny caused 

reactivation of strike slip faults in the Sabratah-Cyrenaica fault system in the Gulf of 

Ganes and uplift of Mesozoic basins in central and southern Tunisia (Anketell and 

Ghellali, 1991, Bodin et al., 2010). The Oligocene-Miocene saw a slight relaxation in 

compression, which had caused the initial episode of uplift, crustal shortening and 

mountain building associated with the Atlas range (de Lamotte et al., 2009) and the 

beginning of a short phase of subsidence (Khomsi et al., 2009). This is represented by 

thick Neogene marine flyshe and molasse sediments filling foreland basins associated 

with the newly developed Atlas chain, forming successions up to 2200m thick (Fabre, 

2005). After this minor subsidence event, compression resumed, associated with a 

southwards propagation of thrusting associated with the Atlas Mountains (Figure 2.3) (de 

Lamotte et al., 2000). Minor NE-SW extension during the latest Pliocene formed small half 

graben basins filled with fluvio-lacustrine sediments (Argnani et al., 1986). Compression in 

a 020-040 direction in the Pleistocene formed NW-SE trending folds and the current 

stress regime in Tunisia where there is a ~1cm year-1 convergence between Africa and 

Eurasia (Bouaziz et al., 2002). 
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2.2.2 Tectono-stratigraphy of the Iberian Peninsula 

During the Mesozoic, the Iberian Peninsula was represented by a narrow, shallow seaway 

that at times connected the newly developing Atlantic Ocean to the north with the western 

Tethys to the south. The narrow seaway was bordered to the west and to the east by the 

Hesperian Massif and Ebro Massifs respectively (Figures 2.1) (Segura et al., 1993a, 

Philip, 2003, Garcia-Hidalgo et al., 2007, Caus et al., 2009). Development of the basin 

began during the latest Carboniferous as a result of rifting of Ordovician-Silurian 

basement rocks (Arche and López-Gómez, 1996). It is thought that these structures 

originated as the result of a failed rift of a triple junction around a hot spot located near 

Valencia. The other arms were the Catalan and Prebetic basins (Sopeña et al., 1988). It 

has also been proposed that rifting initiated as a result of simple shear causing the 

formation of shallow listric faults in the brittle part of the crust (Arche and López-Gómez, 

1996). Extension of NW-SE trending faults eventually formed a continuous through going 

rift during the Triassic  (Hesperian fault) (Figure 2.4) (Arche and López-Gómez, 1996). 

Several important rift phases have been identified during the evolution of the Iberian 

basin, the first phase occurring from the late Permian to lowermost Jurassic (Salas and 

Casas, 1993). 

The early to middle Jurassic was characterised by post rift subsidence. At this stage, 

movement on basin bounding faults was negligible. Sedimentation was characterised by 

shallow marine to intertidal carbonates (Van Wees et al., 1998), and the basin dipped 

towards the northwest and flooded from the newly developed North Atlantic as opposed to 

the southeast as was seen in the Triassic (Salas and Casas, 1993). The late Jurassic to 

early Cretaceous saw renewed rifting in the Iberian Basin and even synsedimentary filling 

of rift basins (Salas and Casas, 1993). A large sea level fall in the late Aptian led to the 

development of a regional unconformity which is noted throughout the eastern part of the 

Iberian Basin (Van Wees et al., 1998). In addition to rifting, the Aptian saw the opening of 

the Bay of Biscay and ongoing opening of the North Atlantic (Gong et al., 2008). As a 

result of the opening of the Bay of Biscay, the entire Iberian Peninsula was rotated in an 

anti-clockwise direction by an estimated 35° and occurred at rates between 2.7°/Myr to 

5°/Myr (Gong et al., 2008). During the Albian, there was relatively little movement on basin 

bounding faults, with accommodation space being created through thermal subsidence. 

The presence of a large NE-SW trending normal fault, down thrown to the SE in the 

southern Betics range, likely controlled the distribution of Upper Albian sediments. To the 

SE of this fault, there is a thick succession of Upper Albian sediments but limited 

deposition towards the NW (Carenas et al., 1987). A large fault following the NW-SE trend 
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of early Triassic bounding faults delineates a thick succession of homogenous 

Cenomanian deposits to the west with more complex facies distributions to the east. This 

fault also likely partially delineated the edge of the Hesperian Massif towards the west of 

the basin {Carenas et al., 1987). Two major lineaments, trending in an ENE-WSW 

direction, during the Albian to Upper Cenomanian were the Soria lineament and the 

Sigeunza-Ateca lineament. These defined the palaeo-high called the Seuil High (or 

Central high) (Floquet, 1998). This acted as a barrier and exposed land bridge separating 

the Atlantic and Tethyan domains throughout the Lower and Middle Cenomanian until the 

entire peninsula was flooded in the Upper Cenomanian (Floquet, 1998). Despite the 

presence of these synsedimentary faults, they seem to have had little influence on the 

thickening of sediments during the Upper Cretaceous, and a particularly quiescent 

tectonic period existed during the Upper Albian to Lower Cenomanian (Carenas et al., 

1987).  

A total rearrangement of the Iberian Peninsula occurred during the Upper Cenomanian as 

a result of increased sea floor spreading in the Bay of Biscay. Firstly there was a 

increased faulting and a general sinking in the northern part of the peninsula coupled with 

a general tilting of the Peninsula towards the NW (Van Wees et al., 1998). Flooding 

changed from the Tethys to the south to the Atlantic to the north (Alonso et al., 1993). The 

interior of the Iberian microplate however acted as a homogeneous block, with little 

additional faulting (Martín-Chivelet, 1996). Continued rotation throughout the Upper 

Cretaceous lead to a further 15° of anticlockwise rotation of Iberia relative to the European 

Plate (Platzman and Lowrie, 1992). 
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Figure 2.4 A structural map of the Iberian Peninsula showing the principal tectonic 
elements that controlled sedimentation during the Middle 
Cenomanian.Abbreviations: PR- Pyrenean Range, EB - Ebro Basin, IR - Iberian 
Range, TB - Tajo Basin, BR - Betic Range, IM - Iberian Massif, GB ï Guadalquivir 
Basin and DB ï Duero Basin. Adapted from Carenas (1989) and data from Floquet 
(1998). 
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Prior to the Upper Cretaceous, the plate boundary between the Iberian microplate and 

European plate accommodated over 200km of left lateral strike slip motion. Around 83Ma, 

left lateral motion turned to convergence associated with sea floor spreading in the Bay of 

Biscay (Rosenbaum et al., 2002). Compression continued until ~68Ma where there was a 

cessation of convergence lasting for around 15 million years. Movement of the Iberian 

plate relative to the European plate commenced again ~55Ma with the onset of dextral 

strike slip motion. Final convergence occurred in the Eocene-Oligocene (Rosenbaum et 

al., 2002, Vissers and Meijer, 2012). 

 

Figure 2.5 Palaeogeographical maps showing the evolution of the Iberian Peninsula 
from the Upper Cretaceous to the Oligocene. Coloured area shows isochrones in 
the Atlantic Ocean, red square shows field area location and white arrows show 
convergence.. Taken from Rosenbaum (2000). 
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2.3 Sedimentology of Middle Cretaceous strata of North Africa and Iberian 

Peninsula 

2.3.1 Sedimentology of Upper Cretaceous of Tunisia and Sirte Basin 

Figure 2.6 shows a correlation panel for the Middle to Upper Cretaceous of Tunisia and 

the Sirte Basin showing the different formations and members.  

 

Figure 2.6 A correlation showing stratigraphy for the Middle to Upper Cretaceous of 
Tunisia and offshore Sirte Basin, Libya. Abbreviations: MeA - Merbah el Asfer 
Group and AeG - Ain el Guettar Formation. Data taken from Ambrose (2000), Klett 
(2001), Azaiez et al (2007) and Bodin et al. (2010). 

2.3.1.1 Sirte Basin 

During the Lower Cretaceous, N-S to NE-SW rifting controlled sedimentation, both in 

terms of sediment types and distribution (Klett, 2001). In the southern Sirte Basin, early rift 

sediments are characterised by the continental clastic Sarir Formation which is composed 

of the Variegated Shale member and the Upper Clastic Member (Figure 2.6) (Ambrose, 

2000). The Variegated Shale Member of the Sarir Formation was deposited within a 

lacustrine environment and is composed of mottled red-green mudstones with rare 
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horizons of sandstone, pyroclastics and organic rich mud rocks (Ambrose, 2000). The 

Upper Clastic Member sits unconformably on the Variegated Shale Member and shows 

typical upward coarsening cycles deposited as a result of prograding alluvial fans 

(Ambrose, 2000). Compressional movements during the Middle Albian, resulting from the 

opening of the central Atlantic Ocean, formed the mid-Albian unconformity. Marine 

transgression during the upper-Albian to Cenomanian caused flooding of the underlying 

continental clastic succession. Initially, tidal flat sedimentation prevailed with abundant 

growth of stromatolites and a restricted fauna, although no extensive evaporites are 

observed (Koehler, 1982). Continued transgression, coincident with reactivation of 

Triassic faulting, led to increased subsidence and very rapid drowning of tidal flats and 

development of sub tidal, high energy sand shoals over supra-tidal facies (Abugares, 

2007). Uplift caused by the collision of Eurasia and Africa in the Upper Cretaceous (Figure 

2.3) was exacerbated in the Sirte basin by the development of a hot spot beneath the 

Hoggar Massif in southern Algeria (Sahagian, 1988) and caused a large unconformity, 

known as the Base Tertiary Unconformity (BTU) (Figure 2.6). This lasted roughly 20Ma, 

with the deposition of deep marine Eocene Gialo Formation deposited above shallow 

marine rudist facies separated by the BTU. 

  2.3.1.2 Tunisia 

In Southern Tunisia, Lower Cretaceous sediments are characterised by the Diouret 

Member of the Merbah el Asfer Group (Bodin et al., 2010). The base of the Merbah el 

Asfer Group is defined by fluvial sandstones, but continued transgression through the 

Barremian lead to the deposition of marine green marls in the upper part of the Diouret 

Formation. This is based on the presence of marine fossils such as rays, marine 

ostracods and Hybodont sharks (Cuny et al., 2004, Bodin et al., 2010). Lateral equivalent 

strata in central and northern Tunisia are represented by shallow marine carbonates of the 

Orbata Formation in central areas and the Serj Formation further to the north (Figure 2.6). 

Titled fault blocks led to the development of a step like topography from south to north, 

creating elongated facies belts defined by a series of normal faults (Touir and Soussi, 

2003). The Orbata Formation is defined by shallow marine carbonates deposited in a tidal 

flat to proximal ramp environment south of the Gafsa and Kasserine faults. Salinity levels 

were highly variable within the somewhat restricted shallow platform with common levels 

of evaporites being deposited (Chaabani and Razgallah, 2006). North of the Kasserine 

fault (Figure 2.3) normal marine conditions prevailed with the deposition of reef sediments 

with abundant corals and rudist bivalve lithosomes of the Serj Formation (Touir et al., 

1989, Chihaoui et al., 2010). Rudist lithosomes grew on fault block highs (Zaghbib-Turki, 
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2003) formed due to fault block tilting throughout the Albian to Cenomanian rifting phase 

(Figure 2.2). In both the Orbata and Serj Formations, the upper boundary is characterised 

by the Austrian unconformity (Figure 2.6) (Azaïez et al., 2007, Zouaghi et al., 2011).  

Above the Austrian unconformity in southern Tunisia, Sedimentation restarted with 

deposition of the Ain el Guettar Formation which can be split into 2 members; (i) the 

Chenini Member and the Oum ed Diab Member (Figures 2.6 and 2.7). Both of these 

members are characterised by a single deepening cycle (Bodin et al., 2010). The base of 

the sequence is characterised by highly crossbedded, coarse to pebble deposits rich in 

wood, dinosaur bones and teeth, with highly imbricated rounded clasts deposited in a 

fluvial environment (Benton et al., 2000). In the upper parts of the sequence, shark 

remains become more common as well as trace fossils indicative of a tidal, marine 

environment (Bodin et al., 2010). Uplift during the Middle Albian caused exposure of the 

Saharan Platform and the formation of the Middle Albian Unconformity (Bouaziz et al., 

2002). No deposits of Lower Albian age are seen in central Tunisia due to a rapid sea 

level fall (Chaabani and Razgallah, 2006). 

Carbonate sedimentation restarted in northern Tunisia during the Lower Albian with 

deposition of the Hameima Formation. This is characterised by shallow marine limestone 

rich in orbitolinids, oysters, pectins and gastropods with rare ammonites (Chihaoui et al., 

2010, Rigane et al., 2010) and reflects the start of flooding of the Saharan platform as a 

result of the Late Albian to Turonian transgression (Camoin, 1991). Continued flooding led 

to deposition of outer ramp facies, particularly in the Tunisian trough, which began to fill 

with grey to black pelagic limestone rich in ammonites of early Albian age (Chihaoui et al., 

2010). Continued transgression throughout the Cenomanian in addition to oceanic anoxic 

event 2 (OAE2) led to deposition of organic rich shale at the Cenomanian-Turonian 

boundary known as the Bahloul Formation, an important source rock across North Africa 

(Lüning et al., 2004). 

Marine incursion associated with the lower Albian to Cenomanian transgression does not 

flood southern and central Tunisia until the Upper Albian, when an extensive, shallow 

marine carbonate platform was established, depositing the Zebbag Formation (Figure 2.7) 

(Zouaghi et al., 2011).  In southern Tunisia, the Zebbag Formation can be split into four 

main members; (i) the Charenn Member, (ii) the Rhadouane Member, (iii) the Kerker 

Member and (iv) the Gattar Member. The Rhadouane Member and Kerker Members are 

potentially lateral equivalents of the Lower and Middle Members defined in central Tunisia 

(Figure 2.6). The Charenn Member is only seen in the southern most part of the Jeffara 

area. The member is characterised by channelized coarse sandstones with herringbone 
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cross bedding. The Rhadouane and Kerker Members of the Zebbag Formation are 

characterised by stacking of metre-scale peritidal cycles. Continued transgression 

throughout the Cenomanian eventually led to the deposition of open marine facies in the 

uppermost part of the Kerker Member, rich in echinoids and oysters (Bodin et al., 2010, 

Grosheny et al., 2013), which is the lateral equivalent to the Bahloul Formation deposited 

in northern Tunisia (Zouaghi et al., 2011).  

Further rifting and tilting of fault blocks in the earliest Turonian broke up the Zebbag 

Platform (Zouaghi et al., 2011). In addition, a slower rate of sea level rise allowed the 

progradation of facies from south to north (Abdallah, 2003, Touir and Soussi, 2003). As a 

result of these tectonic and eustatic changes, the first of two extensive carbonate 

platforms developed, the Gattar Platform (Touir et al., 1989, Touir et al., 2009). The 

platform developed between the Kasserine and Gafsa fault (Figure 2.7) (Touir and Soussi, 

2003, Zaghbib-Turki, 2003), although extensive rudist build-ups have been noted further 

south around the town of Tataouine (Bodin et al., 2010). The platform is characterised by 

common rudist lithosomes which have subsequently become pervasively dolomitised 

(Abdallah, 2003). North of the Kasserine fault, outer ramp deposits prevailed with 

deposition of carbonate rich marls rich in pelagic forams, ammonites and calcispheres 

(Camoin, 1993, Touir and Soussi, 2003).  

Continued progradation through the Lower Turonian led to the development of tidal flat 

facies in the upper parts of the Gattar Member and this eventually led to the deposition of 

thick evaporites of the Beida member of the Aleg Formation in southernmost Tunisia 

(Figure 2.6). The Beida Member is particularly well developed in the partially restricted 

tilted fault block basins (Camoin, 1993, Abdallah, 2003). A second transgression occurred 

during the Middle to Upper Turonian, but this was not as significant as the drowning event 

that occurred at the Cenomanian-Turonian boundary (Camoin, 1991). The transgression 

caused deposition of the Annaba Member in central and northern Tunisia (Figure 2.6). 

The Annaba Member of the Aleg Formation comprises carbonate rich marls with common 

pelagic forams (Chikhi-Aouimeur et al., 2006). However, where this member is seen on 

paleohighs of the edge of tilted fault blocks, it can often exhibit supratidal evaporite 

deposits and the development of paleosols (Touir and Soussi, 2003). During the 

regressive stage of this Middle Turonian transgressive-regressive cycle, a second 

carbonate platform developed on the fault wall high of the Môrhila fault known as the 

Bireno platform (Touir et al., 2009). In the central part of Tunisia, evaporitic and tidal flat 

facies developed and is considered part of the Beida Member (Camoin, 1993). 
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The southern part of Tunisia was largely exposed from the Middle Turonian, with no 

deposits currently preserved above the Gattar Member (Figures 2.6 and 2.7) (Touir and 

Soussi, 2003, Touir et al., 2009, Bodin et al., 2010). Coarse sandstone filled fractures are 

abundant within the Gattar Member of southern and Central Tunisia identified as the 

Miocene aged Beglia Formation which was deposited via large fluvial systems moving 

from south to north across the Saharan Platform (Pickford, 2000, Al-Aasm, 2005). 

 

Figure 2.7 Palaeogeography of Tunisia from the Lower Albian to Middle Turonian. 
Adapted from Chaabani and Razgallah (2006), Touir and Soussi (2003), Abdallah 
(2003), Benton et al. (2000) and Zaghbib-Turki (2003). 
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2.3.2 Sedimentology of Middle Cretaceous of the Iberian Basin  

In the Albian, the Iberian Basin was defined by a bi-polar ramp which was flooded to the 

north from the newly opening Atlantic Ocean and the south from the Tethys Ocean. These 

two domains were, at times, separated by an exposed central, Seuil high (Figure 2.8a) 

(Segura et al., 1993a, Philip, 2003, Garcia-Hidalgo et al., 2007, Caus et al., 2009). During 

the Lower Albian the central and southern parts of the Iberian Basin were characterised 

by continental clastic deposition represented by the Utrillas Formation. This unit is 

diachronous throughout the field area (Floquet, 1998). In the Betic region, the Utrillas 

Formation is dated as Jurassic to Late Albian. In the central part of the basin the Utrillas 

Formation is slightly younger; Late Albian ï Lower Cenomanian in the field area, but as 

young as Turonian in far western part of the basin (Gil and García, 1996). In the south 

eastern most part of the Betics, the Utrillas Formation shows minor tidal influence in its 

upper parts (Giménez et al., 1993, Martin-Chivelet, 1995). 

In the central and northern parts of the basin, the Utrillas Formation is characterised by 

coarse fluvial sandstones with very minor marine influence. In the more proximal parts of 

the ramp, the Utrillas Formation become lignitiferous suggesting continental deposition 

(Floquet, 1998). A second order transgressive-regressive cycle began to flood the Iberian 

Peninsula in the Upper Albian. Transgressions from both the Atlantic to the north and the 

Tethys to the south began to flood the basin (Figure 2.8a) (Carenas et al., 1987, Alonso et 

al., 1993). In the south eastern part of the basin, the uppermost Albian and lower 

Cenomanian are represented by the Jumilla Formation ranging in thickness from 2-150m. 

This Formation is characterised by thick limestone units consisting of abundant rudist 

build-ups, requienid wackestones and coral build ups, indicating deposition occurred in a 

shallow marine environment with high to moderate energy conditions (Caus et al., 2009). 

The carbonate unit is split into three members by siliciclastic units that are composed of 

shallow marine sands and thick dolomitic units with common karstification surfaces and 

algal laminations deposited in a supra-tidal environment (Giménez et al., 1993, Caus et 

al., 2009). Each of the carbonate units represents the development of a carbonate ramp 

complex as a result of 3rd order cycles (cycles DS-1 and DS-2) super imposed on the 

overall Late-Albian to Middle-Cenomanian 2nd order megacycle (Figure 2.9) (Martin-

Chivelet, 1995).  
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Figure 2.8 Palaeogeographical evolution of the Iberian Peninsula in the (a) Lower to 
Middle Cenomanian, (b) lowermost Upper Cenomanian, (c) middle to uppermost 
Upper Cenomanian and (d) Lower Turonian. Black dashed line shows location of 
cross section and red dashed line shows Segre Fault. Adapted from Alonso et al. 
(1993). 

The Jumilla Formation grades laterally into the Alatoz Formation which shows 

considerable variation in thickness. In the Albacete Domain, towards the west, this 

Formation thins to 10m where as more distil sections towards the south east measure up 

to 200m thick (Martin-Chivelet, 1995). This unit is pervasively dolomitised with only minor 

undolomitised patches present. The facies consists of shell fragment grainstones, cross-

bedded orbitolinid grainstones and rare bioturbated wackestones. Minor rudist build-ups 
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have also been observed. Deposition is interpreted to have taken place in a inner shelf to 

shelf edge environment (Martin-Chivelet, 1995). The Jumilla Formation in the Betic region 

is sharply overlain by the Chera Formation (Alonso et al., 1993, Giménez et al., 1993, 

Martin-Chivelet, 1995, Caus et al., 2009). This Formation reaches a maximum thickness 

of 40m and consists of mainly dolomitised marls, Requienid, orbitolinid wackestones and 

common stromatolite horizons with minor paleosols. Deposition occurred in a shallow 

marine to supratidal environment (Martin-Chivelet, 1995). Both the Chera Formation and 

the Alatoz Formation represent the DS-3 3rd order depositional cycle of Alonso et al. 

(1993). During the Upper Albian and Lower Cenomanian (depositional cycles DS-1, DS-2 

and DS-3), the Central part of the basin was still accumulating fluvial deposits of the 

Utrillas Formation (Figure 2.9) (Alonso et al., 1993).  

 

Figure 2.9 A correlation panel showing the stratigraphy for the Middle to Upper 
Cretaceous for the Iberian Basin. Data taken from Martin-Chivelet (1995), Caus et al. 
(2009),  Floquet (1991), Floquet (1998) and Gil et al. (1996). Note that (a) refers to 
sequences of Segura et al. (1993a) and (b) refers to sequences of Alonso et al. 
(1993). 
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Flooding continued in to the Middle Cenomanian as part of the 2nd order megacycle and 

flooded the central part of the basin; however the Tethys and Atlantic Oceans were still 

separated by the Seuil High (Figure 2.8a) (Alonso et al., 1993, Caus et al., 2009). All 

Upper Albian to Middle Cenomanian sediments south of the Seuil High are of Tethyan 

origin (Garcia-Hidalgo et al., 2007). In Betic region, sedimentation is represented by the 

Villa de Ves Formation characterised by deposition of stacked, meter-scale peritidal 

cycles. The Villa de Ves Formation is absent in the south-eastern part of the Betics where 

it is represented by shelf edge grainstone facies of the Alatoz Formation. At this time the 

basin evolved from a homoclinal to a distally steepened ramp due to development of 

aggradational shelf edge shoals. 

The Villa de Ves Formation was deposited in the restricted shallow lagoon and supratidal 

environment behind these shelf edge shoals (Martin-Chivelet, 1995). Deposition of the 

Villa de Ves Formation and lateral equivalent Alatoz Formation were deposited in the DS-

4 3rd order cycle of Alonso et al. (1993). In the central part of the basin, initial flooding lead 

to the deposition of the Santa Maria de los Hoyas Formation (Floquet, 1991, Floquet, 

1998). This consists of shallow marine carbonates deposited within a low energy lagoonal 

environment, protected by shelf edge shoals observed in the Betics (Martin-Chivelet, 

1995). Sediments show abundant bioturbation and abundant oysters, Praealveolinids, 

bivalves and rare gastropods (Floquet, 1991). Further to the west, the Santa Maria de los 

Hoyas Formation is replaced by coarse, well sorted and poorly cemented calcarenites 

sourced from the adjacent Hesperian Massif (García et al., 1993). 

 The Santa Maria de los Hoyas Formation shows a general backstepping arrangement 

and is considered to have been deposited during the transgressive systems tract of the 

2nd order megacycle (Floquet, 1998). Deposition of the Santa Maria de los Hoyas 

Formation has been attributed the 3rd order cycle of UZA 2.3 of Haq et al. (1987) (Gil et 

al., 2004) and dated as Lower-Middle Cenomanian base on the presence of Praealveolina 

cretacea, Praealveolina debilis and Praealveolina brevis (Segura et al., 1993a). 

In the upper part of the Middle Cenomanian in the central part of the basin, sedimentation 

changed from subtidal to tidal flat sedimentation with deposition of the Villa de Ves 

Formation (Alonso et al., 1993) during the UZA 2.4 cycle of Haq et al. (1987) (Segura et 

al., 1993a). The Villa de Ves Formation in the central parts of the basin shows similar 

characteristics to the southern part, being made of stacked peritidal cycles (Alonso et al., 

1993). Tidal flat sedimentation continued in the Betics throughout the Middle part of the 

Cenomanian but grades basinwards into open marine deposits of the Alatoz Formation 

(Giménez et al., 1993, Martin-Chivelet, 1995). The top of the Villa de Ves Formation in 
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both the Betics and the central part of the basin marks an important sequence boundary 

with regional exposure of the platform (Floquet, 1998). In the Betics the top of the Villa de 

Ves is marked by supratidal stromatolites, collapse breccias, caliche textures and tepees 

(Giménez et al., 1993) and the lateral equivalent Alatoz Formation is capped by a thick 

caliche crust (Martin-Chivelet, 1995). In the central part of the basin, minor karstification 

and meteoric dissolution has been observed in the upper part of the Villa de Ves 

Formation (Floquet, 1991).  

Following exposure, the platform became flooded in the upper part of the Upper  

Cenomanian due to the continued transgression (Segura et al., 1993a).  This correlates 

with the start of the 3rd order cycle of UZA 2.5 of Haq et al. (1987) (Alonso et al., 1993, 

Segura et al., 1993a). The transgression subsequently flooded the entire Iberian Basin 

and the Tethys and Atlantic domains were connected for the first time (Figure 2.8b) 

(Carenas et al., 1987, Alonso et al., 1993, Garcia-Hidalgo et al., 2007). The transgression 

occurred in 3 phases, each phase followed by northward progradation of the shoreline 

(Alonso et al., 1993). Concurrent with flooding there was a significant rearrangement of 

the Iberian Peninsula with the entire microplate rotating ~35° anticlockwise relative to the 

European plate as well as tilting towards the NW during the Uppermost Cenomanian 

(Figure 2.8c) (Segura et al., 1993b).  

In the Betics, deposition is represented by the Moratillas Foramtion. This Formation varies 

in thickness between 10-40m and shows a general shallowing trend. The base of the 

formation is characterised by thick outer ramp facies consisting of mudstones with 

abundant pelagic forams. This is followed by a 15m unit composed of shelf edge bioclastic 

grainstones and abundant rudist thickets. The upper parts of the formation consists of 

pelmicrites with rare stromatolite horizons with abundant evidence for exposure  (Martin-

Chivelet, 1995). This marks the transition into the overlying lower Turonian aged Alarcon 

Formation which is represented by pervasively dolomitised beds of miliolid and green 

algal wackestone beds deposited in a hypersaline environment with abundant exposure 

surfaces and evidence of evaporites (Caus et al., 2009). Both of these formations were 

deposited as part of the DS-5 3rd order cycle of Alonso et al. (1993) (Figure 2.9).  

In the central and northern parts of the basin, the Upper Cenomanian is represented by 

the Picofrentes Formation. It is characterised by the deposition of mid ramp facies rich in 

pelagic forams and dated as Upper Cenomanian from ammonites Metoicoceras 

geslinianum and Vascoceras gamai (Floquet, 1991, Segura et al., 1993b) corresponding 

to the transgressive part of the UZA 2.5 cycle of Haq et al. (1987) (Segura et al., 1993a). 

In the central parts of the Iberian Basin, the lower parts of the Picofrentes Formation were 
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subsequently pervasively dolomitised, which has made facies analysis difficult (Floquet, 

1991). The maximum flooding surface for the upper 2nd order mega cycle is situated in the 

uppermost part of the Picofrentes Formation in the lowermost Turonian (Segura et al., 

1993b). In the Lower Turonian, sedimentation changed from pelagic outer ramp 

carbonates to pervasively dolomitised rudist grainstone and lithosomes of the Ciudad 

Encantada Formation. This happened as a result of the change from a transgressive 

systems tract to a highstand system tract of the 2nd order megacycle and progradation of 

shelf edge facies over pelagic facies (Segura et al., 1993b). This also corresponds the 

highstand of the UZA 2.5 cycle of Haq et al. (1987) (Segura et al., 1993a). Although dating 

of the Ciudad Encantada Formation is difficult because of intense and destructive 

dolomitisation, it is considered as lowermost Turonian (Segura et al., 1993a, Gil and 

García, 1996, Gil et al., 2004) in the central part of the basin, however further south it is 

considered to be Upper Cenomanian (Martín-Chivelet and Giménez, 1993). The 

diachronous nature of the Ciudad Encantada Formation reflects progradation of the unit 

during the Upper Cenomanian and the Lower Turonian (Figure 2.8d).  Progradation of the 

platform margin never reached the northern part of the basin, and so in the north the 

entire Lower Turonian is represented by the pelagic Picofrentes Formation (Figure2.9) 

(Peyrot et al., 2011, Peyrot et al., 2013). 

2.4 Dolomitisation ï fluid sources and mechanisms 

Dolomitisation is the process whereby calcium carbonate (CaCO3) is replaced by calcium 

magnesium carbonate (CaMg(CO3)2). A mole-for-mole replacement of calcite by dolomite 

(equation 2.1) will theoretically create around 12% porosity although a more conservative 

estimate of ~9% is more realistic (Morrow, 1982a, Machel, 2004) and also can also cause 

a complete rearrangement of porosity, often forming good connected, homogeneous pore 

network (Jones and Xiao, 2005).  

2 CaCO3 + Mg2+ Ӱ CaMg(CO3)2 + Ca2+                               (equation 2.1 (Morrow, 1982a)) 

However, porosity is not always created during replacement dolomitisation, but instead 

can occlude porosity based on a net import of Mg2+ ions and CO3
2- from the dolomitising 

fluid as opposed to the precursor limestone (equation 2.2). 

Mg2+ + CaCO3 + CO3
2- Ӱ CaMg(CO3)2                    (equation 2.2 (Halley and Schmoker, 1983)) 

In addition to forming as a replacive phase, dolomite can also directly precipitate as 

cement, filling and occluding open porosity (Saller and Henderson, 1998b, Lucia, 2004) 

via a process known as overdolomitisation (equation 2. 3) (Halley and Schmoker, 1983).  
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Mg2+ + Ca2+ + 2CO3
2- Ӱ CaMg(CO3)2                       (equation 2.3 (Halley and Schmoker, 1983)) 

As well as the multiple stoichiometric equations and mechanisms of formation, the study 

of dolomitisation is challenged by the absence of modern analogues that demonstrate 

significant amount of dolomite formation (Hardie, 1987). Only recently have small amounts 

of dolomite been precipitated under ambient conditions (Roberts et al., 2013) in laboratory 

experiments, making the study of dolomite formation difficult, however this involved the 

use of bacteria. Overall, controls of dolomitisation and the composition of dolomite (i.e. 

isotopic fractionation and distribution coefficients) at low temperatures are still only known 

from extrapolation from high temperature experiments (Katz and Matthews, 1977, Sibley, 

1990, Kaczmarek and Sibley, 2011). 

Despite a lack of understanding of the physiochemical controls on dolomitisation, several 

mechanisms have been proposed to explain large scale dolomitisation. There are several 

conditions that must be met to cause dolomitisation (Morrow, 1982b, Machel, 2004): 

(a) A sufficient supply of Mg2+ and CO3
2- ions. 

(b) An effective transport mechanism to drive reactants towards the site of the 

dolomitisation and remove products away from the reaction site. 

(c) Precursor limestone (in the case of replacement dolomitisation). 

(d) Sufficient temperature to overcome the kinetic inhibitors of dolomite precipitation. 

(e) Prolonged flow of dolomitising fluids to allow for dolomitisation. 

Based on these factors, several mechanisms for dolomitisation have been proposed from 

near surface to burial processes. Details for these mechanisms are given below. 

2.4.1 Hypersaline dolomitisation  

2.4.1.1 Reflux dolomitisation 

Reflux dolomitisation is a near surface process, by which limestones becomes dolomitised 

during early burial. The process invokes flux of evaporated seawater, in which salinity and 

density have been increased. Eventually, seawater will become evaporated to the point of 

gypsum saturation (>199ă), classified as hypersaline (Adams and Rhodes, 1960). The 

resultant precipitation of gypsum has two main effects (i) it raises the Mg/Ca ratio and (ii) it 

removes dissolved sulphate (SO4
2-) which is thought to be kinetic inhibitor to dolomite 

precipitation (Baker and Kastner, 1981). In turn, evaporated brines are denser than 

surrounding seawater and sink into the underlying platform, transporting the necessary 

Mg2+ cations to the site of reaction (Adams and Rhodes, 1960). This mechanism is known 
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as active reflux and is widely considered to be a viable mechanism for platform-scale 

dolomitisation since it fulfils all five criteria listed above. Since this mechanism was 

proposed, it has been used to explain dolomitisation over a variety of scales from laterally 

continuous strata bound bodies in the Permian of west Texas (Adams and Rhodes, 1960) 

and in Jurassic of Lebanon (Nader et al., 2004) to entire carbonate platforms of Triassic 

age in Hungary (Balog et al., 1999). It should be noted that the fluids responsible for 

dolomitisation in the above example are considered to be hypersaline, i.e. salinity is above 

199ă where evaporation is sufficient to cause precipitation of gypsum. More recently, 

several authors have also proposed that dolomitisation can occur via penesaline and 

mesosaline reflux (Simms, 1984, Qing et al., 2001, Jones and Xiao, 2005, Rivers et al., 

2012, Iannace et al., 2014), whereby brines can sink into platforms and cause 

dolomitisation without reaching gypsum saturation. At this point it should be noted that 

there is considerable overlap in the salinities of mesosaline and penesaline fluids with 

mesosaline fluids considered to have salinities of between 35ă to 120ă and penesaline 

fluids to have salinities between 72ă to 199ă  (Rameil, 2008). This thesis uses the 

classification of Warren (1999) where fluids with salinities 35ă to 140ă are considered 

mesosaline, 140ă to 199ă penesaline and >199ă as hypersaline. 

2.4.1.1a Reactive transport models of reflux dolomitisation 

In addition to extensive field studies of reflux dolomitisation, there have been a number of 

numerical modelling studies that simulate reflux dolomitisation including reactive transport 

models (RTM) (e.g. (Jones et al., 2003, Jones and Xiao, 2005, Al-Helal et al., 2012). 

These models indicate that refluxing brines can sink a few hundred meters (Jones and 

Xiao, 2005) or even 1km, into carbonate strata dependant on sediment 

porosity/permeability, salinity of refluxing brines and shape of the platform (Al-Helal et al., 

2012).  Dolomitisation typically starts directly beneath the brine pool, and the dolomite 

front moves laterally and downwards towards the platform margin. Dependant on the flux 

of dolomitising fluids, it has been shown that entire platforms can become pervasively 

dolomitised over 1Myr supporting the notion that reflux dolomitisation is a viable 

mechanism for the formation of massive dolomite (Jones and Xiao, 2005, Al-Helal et al., 

2012).  Reactive transport modelling of stacked peri-tidal cycles has also shown that 

successive reflux events of dolomitising fluids can lead to the pervasive dolomitisation of 

the entire sediment column given a sufficient frequency of refluxing fluids and sufficient 

time of brine reflux (Garcia-Fresca et al., 2009, Garcia-Fresca et al., 2012). In cases 

where there are fewer pulses of refluxing brines or shorter time periods where reflux 

occurs, only the upper part of the sediment stack is pervasively dolomitised. Conversely, it 
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has been show that significant permeability barriers on the tops of peritidal cycles can act 

as an aquicludes, focussing dolomitising fluids laterally and causing dolomitisation of the 

lower parts of peritidal cycles (Garcia-Fresca et al., 2009). Significant permeability barriers 

within platforms such as thick shale units or evaporite horizons will retard vertical flow of 

refluxing brines driving dolomitising fluids laterally instead (Jones et al., 2003, Machel, 

2004).  

RTM has also revealed different mechanism for refluxing dolomitising fluids vertically 

through the sediment stack known as latent reflux (Jones et al., 2002). After a platform 

has been flooded, seawater can become entrained within a refluxing cell, sinking to lower 

parts of the carbonate platform. As a result, seawater will become entrained and 

effectively sucked through the platform as a result of sinking of earlier, dense saline 

brines. RTM have shown that latent reflux can cause dolomitisation but that due to low 

Mg/Ca ratios and lower rates of fluid flux, this will be very minor (Jones et al., 2003, 

Machel, 2004, Al-Helal et al., 2012). 

The salinity of refluxing brines has a profound effect on the distribution of dolomite within 

platforms. Firstly, brines with higher salinities have a much higher capacity to cause 

dolomitisation, particularly if hypersaline fluids have precipitated gypsum, increasing the 

Mg/Ca ratio (Lumsden et al., 1995). In addition, denser brines will sink more rapidly and 

easily within carbonate platforms due to the increase in the difference in buoyancy 

between normal seawater and the refluxing brine (Al-Helal et al., 2012). Modelling of 

dolomitisation via reflux penesaline brines shows dolomite replacement occurs at a much 

slower rate than for hypersaline brines. Furthermore the velocity of mesohaline brines was 

also modelled as much slower and so in a given amount of time, dolomitisation from 

mesohaline brines would be much more localised than from hypersaline brines.  During 

hypersaline reflux, porosity is created by dolomitisation, but decreased as a result of 

anhydrite precipitation. Anhydrite cementation has been modelled to occur below 

dolomitised strata, directly beneath the brine pool (Jones and Xiao, 2005, Al-Helal et al., 

2012). The distribution of anhydrite cement from outcrop study has not been well 

documented and so results of RTM need to be validated by further outcrop studies. The 

amount of porosity occluded by anhydrite is higher in models where refluxing brines have 

a higher salinity, and is also spread over a wider area and in a thicker horizon than those 

with lower salinity brines (Jones and Xiao, 2005, Al-Helal et al., 2012). No anhydrite 

cement is precipitated from penesaline brines at temperatures below 40°C however the 

total amount of porosity created was shown to be less than for hypersaline brines (8% for 

penesaline brines vs 10% for hypersaline brines) (Jones and Xiao, 2005).  
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The petrophysical properties of the precursor limestone have been shown to have a 

profound effect on the rate and distribution of replacement dolomite. High vertical 

permeability allows refluxing fluids to sink deeper into the carbonate platform at faster 

rates, resulting in thicker dolomite bodies. Dolomitisation will also occur at a faster rate 

given the faster removal of products and delivery of reactants for the dolomitisation 

process (Al-Helal et al., 2012). The reactive surface area (RSA) also controls the rate and 

distribution of dolomite within carbonate sequences. Sediments with a large reactive 

surface area and grains with complex morphologies become much more rapidly 

dolomitised than sediments with a lower reactive surface area (Jones and Xiao, 2005, Al-

Helal et al., 2012). It is worth noting that rocks with higher RSA tend to have lower 

permeabilities and subsequently dolomitisation will occur slower given the slower 

transport of reactants to the site of dolomitisation and removal of products. It is probable 

that there is interplay of RSA and permeability resulting in optimal conditions for 

dolomitisation. 

2.4.1.1b Dolomite distribution in reflux dolomitisation 

How pervasive, the distribution of dolomite as well as the effect dolomitisation has had on 

porosity is somewhat predictable (Figure 2.10) (Saller and Henderson, 1998a, Saller, 

2004). Dolomitised strata of the Permian Basin in West Texas show a general increase in 

the thickness and frequency of dolomitised strata coupled with an increase in the 

abundance of evaporite horizons. Furthermore the increasing amount of dolomite is 

coupled with an increase in the enrichment of ŭ18O signature of dolomites. suggesting a 

change in climate from humid/wet to dry/arid into the Permian of west Texas and there is 

at least in part a climatic control on the abundance of dolomitisation (Saller, 2004). During 

the Upper Carboniferous and Lower Permian extensive ice sheets formed over the south 

pole. This evolved into a warmer period in the Upper Permian with only minor ice sheets 

present (Scotese, 2001). In addition the amount of dolomitisation also increases towards 

the platform interior with often pervasively dolomitised lagoonal and tidal flat facies and 

partially or undolomitised slope or basinal carbonates (Saller, 2004). The distribution 

along with geochemical and petrographical data strongly suggests that dolomitisation was 

caused by refluxing of both hypersaline (Saller and Henderson, 1998b) and mesohaline 

brines (Melim and Scholle, 2002).  

The amount and distribution of porosity following dolomitisation is broadly predictable 

based on the position on the platform and the degree to which limestone strata have 

become dolomitised. During initial stages of dolomitisation, dolomite occurs as individual 

floating dolomite rhombs with limestone matrix. Dolomite will continue to replace 
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limestone, eventually reaching a porosity optimum where all original limestone is replaced 

by dolomite. In addition the increase in porosity and permeability will allow refluxing brines 

to move further through platform sediments and cause dolomitisation in sediments more 

distil to the source of dolomitising fluids. Fluids supersaturated with respect to dolomite 

will continue to move through dolomitised strata, and begin to precipitate dolomite cement 

in a process known as overdolomitisation, reducing the total amount of porosity. The 

whole process of initial dolomitisation -> complete dolomite replacement -> 

overdolomitisation is a stepwise process and will happen at different distance from the 

source of dolomitising fluids at different times within the platform (Figure 2.10). In effect 

the porosity optimum will move basinward where as strata proximal the source of fluids 

will become fully overdolomitised (Saller et al., 1999). 

 

Figure 2.10 A conceptual model showing the distribution in porosity and amount of 
porosity in dolomitised strata of the Permian of West Texas. Taken from Saller 
(2004). 
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The lateral and vertical extent of dolomitisation is difficult to resolve in the subsurface. 

Outcrop and subsurface studies of the dolomitised Middle Permian San Andres Formation 

of West Texas shows dolomitisation to be pervasive to a depth of over 300m and over a 

distance of nearly 90km. This is due to the result of at least 3 major pulses of dolomitising 

fluids (Garcia-Fresca, 2009). Dolomitisation within the San Andres Formation is also most 

common within the regressive part of sea level cycles, commonly with little to not dolomite 

in transgressive systems tracts suggesting there is both internal and external controls on 

dolomite distribution such as permeability barriers focussing dolomitising fluids laterally 

rather than vertically. 

2.4.1.1c Reflux dolomite hosted hydrocarbon fields 

Many hydrocarbon reservoirs in the Middle East, including the Jurassic Arab Formation 

(Swart et al., 2005) and the Triassic Khuff Formation of the Arabian Plate, have also 

experienced large volumes of replacement by dolomite. The late Jurassic aged Arab 

Formation was deposited on the margins of the Tethys Ocean at a palaeolatitude of 

~10°S within a hot and arid climate belt (Scotese, 2001). The Arab-D Formation is roughly 

represented by a shallowing upward succession with a gradual increase in the amount of 

dolomitisation with height (Swart et al., 2005). The upper parts of the Formation are 

characterised by nodular anhydrite with thin horizons of shallow subtidal carbonates that 

are commonly pervasively dolomitised. Below the anhydrites is a thick unit of skeletal 

grainstones and packstones composed of stromatoporoid, benthic foram, green algae, red 

algae and corals. Often with grainstones being pervasively dolomitised and packstones 

only show partial dolomitisation. It has also been noted that stromatoporoid skeletal grains 

are associated with zones of very high permeability where over 500 barrels of fluid per 

foot are produced each day (super-K zones) (Meyer et al., 2000). The lowermost part of 

the Arab-D Formation is composed of micritic limestones that show little in the way of 

dolomitisation (Mitchell, 1988). Dolomitisation within the Arab-D Formation occurred early 

during burial by refluxing dolomitised fluids as suggested by planar dolomite fabrics, close 

association with evaporites, with a decrease in the amount of dolomite in deeper marine 

facies and enrichment of oxygen isotopes compared to expected marine dolomite 

signature (Swart et al., 2005). The distribution of porosity and permeability within the Arab 

Formation is very complex as the dolomitisation process has had a variable effect on 

reservoir quality. Firstly, where partial dolomitisation has taken place, micrite remaining 

between dolomite rhombs has subsequently been dissolved by later diagenetic fluids, 

whereas dolomite has resisted dissolution. In other cases, it seems to be the original 

limestone texture that has controlled porosity of dolomitised horizons where dolomitised 
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grainstones have high porosity but dolomitised mudstones-wackestones show little 

porosity. In other places, dolomitisation has caused extensive cementation of porosity, 

often only 2-3ft away from super-K zones (Meyer et al., 2000). 

 2.4.1.2 Sabkha dolomitisation 

Sabkha dolomitisation is very similar to reflux dolomitisation in terms of the mechanism 

and hydrogeological conditions, albeit with some important differences (Machel, 2004). 

During sabkha dolomitisation, seawater is periodically pushed onto supratidal flats, often 

by storm surges or high winds. The highly arid climate necessary for sabkha conditions 

means that seawater becomes dense and saline due to intense evaporation, usually 

above the saturation point of gypsum.  It then sinks through the carbonate platform, 

similar to the reflux model described above, causing very early or penecontemperaneous 

dolomitisation (Machel, 2004). Furthermore dolomitisation can also occur as a result of the 

upward movement of evaporated water above the water table (Mackenzie, 1980). The 

lateral extent of dolomite bodies associated with sabkha dolomitisation are often smaller 

than that seen within active reflux dolomitisation with dolomite bodies reaching a 

maximum size of ~1.5km (Bush, 1973).  Due to repeated flooding and exposure, 

dolomitisation often occurs at the top of thin 2-3m thick peritidal cycles which range from 

undolomitised transgressive facies at the base to anhydrite-rich and dolomitised supratidal 

facies at the top of cycles (Mackenzie and Morse, 1992). In addition to removal of 

sulphate as a result of gypsum precipitation, significant amounts of sulphates are removed 

due to sulphate reduction by microbes (Sadooni et al., 2010).  

The modern day Arabian Gulf is an excellent example of a modern day sabkha 

environment (Alsharhan and Kendall, 2003). The Holocene sabkha is characterised by 

thin shallowing cycles. The lower parts of cycles are typically composed of subtidal grain 

shoals or low energy lagoonal deposits overlain by intertidal deposits composed of algal 

laminated, organic rich mats capped by anhydrite/halite cap (McKenzie et al., 1980, 

McKenzie, 1981, Warren, 1991). Dolomite forms at a depth of <1m below the surface of 

the sabkha most commonly in the supra- and inter-tidal environments although minor 

amounts are also seen within the sub-tidal facies (Warren, 2000). Laterally, the areas with 

greatest dolomite abundance also correlate to the areas that are also commonly covered 

by seawater as a result of marine floods and storm surges (Gunatilaka, 1991). 

Sabkha dolomitised strata can form excellent hydrocarbon reservoirs, including the 

Ordovician Knox Group of eastern United States (Montanez and Read, 1992a, Lumsden 

and Caudle, 2001). The Knox Group is composed shallowing, peritidal cycles consisting of 

shallow subtidal facies shallowing to supra tidal algal laminites (Montanez and Read, 
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1992a). There are 3 principle controls on the amount and distribution of dolomite within 

shallowing cycles (Montanez and Read, 1992a): 

¶ Cycles with a higher proportion of supratidal algal laminites tend to have a higher 

total amount of dolomite with respect to cycles that have a higher proportion of 

subtidal facies. 

¶ Shallowing cycles that are located on palaeogeographic highs and located near 

the inner platform have a higher percentage of dolomite to those in topographic 

lows or more in a more distil position on the ramp. 

¶ Cycles located within regressive part of 3rd order cycles tend to have a higher 

percentage of dolomite than those located within the transgressive part of 3rd order 

cycles. 

Due to the greater amount of dolomite in the inner platform, the total thickness of dolomite 

bodies is considerably larger than those in a more distil location. In the Knox Group, 

cycles deposited on the Virginia Arch topographic high all show >75% replacement by 

dolomite. Due to the amalgamation of multiple cycles the total thickness of dolomite 

bodies can reach up to 200m. In the Tennessee topographic low however the amount of 

partially dolomitised or undolomitised cycles increases and dolomite bodies exhibiting 

<75% dolomite reach a maximum thickness of ~40m (Montanez and Read, 1992a). This 

case study demonstrates the importance of linking dolomitisation to the sequence 

stratigraphy as well as the location of the sediments on the carbonate margin. 

2.4.2 Microbial dolomitisation 

Microbial dolomitisation is considered to be a syn-depositional process (Machel, 2004), 

supported by the discovery of dolomite precipitated in modern alkaline lakes in Brazil 

(Vasconcelos and McKenzie, 1997), in the Coorong alkaline lake, Australia (Wright, 1999) 

and the preservation of fossilised bacterial cells within Permian synsedimentary dolomite 

(Riding, 2000, Perri and Tucker, 2007). Dolomitisation by microbes takes place in 2 main 

settings, with 2 different mechanisms dominating: 

(i) via sulphate reduction which dominates environments where there is abundant 

SO4
2- usually in the upper part of the sediment stack.  In the presence of low 

dissolved oxygen (i.e. reducing fluids) with abundant organic material. 

Sulphate reducing bacteria remove dissolved sulphate via sulphate reduction, 

commonly forming pyrite as a by product: 
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15CH2O + 8SO4
2- + 2Fe2O3 Ӱ 4FeS2 + 7H2O + 15HCO3

- +OH- (equation 2.4 (Mazzullo, 

2000)) 

(ii) through methanogenesis, which occurs when diffusion is not high enough to 

replenish SO4
2- leading to the reduction of carbonate and sulphate (Claypool, 

1974): 

2CH2O + 2H2O Ӱ 2CO2 + 4H2  

4H2 +HCO3
- + H+ Ӱ CH4 + 3H2O 

CH4 + SO4
2- +2H+ Ӱ H2S + CO2 + 2H2O                              (Equation 2.5 (Mazzullo, 2000)) 

As a result of these reactions, pore fluid pH is increased and there is a general increase in 

the amount of CO3
2- (or HCO3

- as a result of the reaction of CO2 with H2O) which is 

needed for dolomitisation (see equation 2.2). Furthermore, the strong ion pairing of Mg2+ 

and SO4
2- ([MgSO4]0)  will be dissociated, increasing the number of Mg2+ ions available for 

dolomitisation (Warthmann et al., 2000, Van Lith et al., 2003).     

Bacteria also provide a site for dolomite precipitation and essentially acts as a catalyst for 

the dolomitisation process (Mazzullo, 2000, Wright, 2000, Sánchez-Román et al., 2008, 

Bontognali et al., 2010). Studies of microbial dolomite within the sabkha of Abu Dhabi 

show dolomite is still being formed in the supratidal environment where there is low 

microbial activity. SEM studies of dolomite show a close association of dolomite with 

exopolymeric substances (EPS) which constitute the microbial mats and are excreted by 

microbes. This suggests that rather than just changing pore fluid chemistries, bacteria can 

form EPS which in turn provides a site for dolomite precipitation (Bontognali et al., 2010). 

In addition, dolomite precipitated in laboratory experiments under ambient conditions is 

covered by a thin film of EPS that has been secreted by the bacteria Halomonas 

meridiana (Sánchez-Román et al., 2008). 

Laboratory experiments have also suggested that microbial dolomite can precipitate 

without the presence of organic matter, for example by the deamination of amino acids. In 

aerobic environments bacteria effectively release NH3 from proteins, raising the pH. 

Carbon dioxide is also released into fluids immediately around microbes (Sánchez-Román 

et al., 2008) and as a result of the increased pH, CO2 is converted to HCO3
- or CO3

2- and 

dolomite is precipitated (see equation 2.2) (Sánchez-Román et al., 2008). Dolomite has 

also been precipitated at low temperatures without the presence of microbes but in the 

presence of carboxyl groups (R-COOH) which dehydrate Mg2+ ions that are then available 
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for dolomitisation (Roberts et al., 2013). The lack of microbes but the presence of carboxyl 

groups on EPS material may account for the formation of dolomite without the presence of 

microbes such as that seen in the Abu Dhabi sabkha (Bontognali et al., 2010).  

Organogenic dolomite has been documented to form thick successions of dolomitised 

strata that are considered extensive enough to form a reservoir horizon up to 38 meters 

thick (Mastandrea et al., 2006). Organogenic dolomite has been considered to have 

caused extensive dolomitisation within the Triassic Kurrachine Formation of North-West 

Iraq (Sadooni et al., 2010). It is more likely that pervasive dolomitisation occurred via a 

different mechanism (i.e reflux dolomitisation) although organogenic dolomite may have 

formed an initial nucleation point for later dolomite to grow (Machel, 2004). In RTM 

dolomite nucleation has been shown to occur at a very slow rate where there is no initial 

dolomite to act as a seed for further dolomite replacement (Garcia-Fresca, 2009).  

2.4.3 Mixed seawater-meteoric dolomitisation 

The mixed seawater-freshwater model refers to dolomitisation from fluids that have a 

lower salinity than that of seawater (i.e. <35ă). This mechanism for dolomitisation was 

first proposed by Hanshaw et al. (1971) based on observations of dolomite precipitated 

within freshwaters aquifers from the Yucatan Peninsula and Florida aquifer. This 

hypothesis was further refined and called the Dorag mechanism (based on the Persian 

term for mix blood or hybrid) (Badiozamani, 1973). Mixtures of between 5% seawater/95% 

freshwater and 50% seawater/50% freshwater can be under saturated with respect to 

calcite and a supersaturated with respect to dolomite (Badiozamani, 1973) and in theory 

dolomite should replace calcite. This is based on the fact that dolomite solubility is non-

linear with increases in salinity, in this case as a result of mixture of fresh and marine 

fluids.   

Many objections have been raised to the process of dolomitisation via hyposaline fluids.  

Firstly the majority of modern mixing zones, there is no dolomite replacing host limestone 

and, secondly, where it is found only minor amounts (<20%) is observed and so unlikely 

that pervasive dolomitisation can occur (Machel et al., 1990).  In the salinity range for 

freshwater and seawater mixing zones, the main process is that of CaCO3 dissolution 

rather than dolomitisation (Sanford and Konikow, 1989). Secondly the initial work by 

Badiozamani (1973) assumed that dolomite produced within mixing zones was well 

ordered, where as dolomite observed in Holocene sediments is often poorly ordered and 

often Ca-rich. Taking into account poorly ordered and Ca-rich dolomite leads to a 

considerably narrower range of salinity for mixing zone dolomite to form (Hardie, 1987).  
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The mixing zone model has also been used to explain, in part, massive dolomitisation 

within Upper Cretaceous carbonates of North Africa over hundreds of kilometers (e.g. Al-

Aasm (2005), Abdallah (2003)). However due to the limited geographical extent of mixing 

zones dolomitisation over a wide geographical area is unlikely. Changes in relative sea 

level will cause continual movement of mixing zones over relatively short time periods and 

so the amount of time carbonate strata are positioned within mixing zones is not long 

enough to cause pervasive dolomitisation. This is particularly true as the rate of 

dolomitisation within mixing zones is very low (Machel, 2004). In addition mixing zones 

are unlikely to move over large geographical areas given the lack of high amplitude and 

high frequency sea level cycles particularly during greenhouse periods such as the Upper 

Cretaceous  (MacLeod et al., 2013). 

A recent modification of freshwater-sea water mixing model has been proposed by Li et al. 

(2013) for dolomitised Miocene strata in the South-East Spain. It has been proposed that 

mixing of freshwater and partially evaporated, mesohaline seawater has caused pervasive 

dolomitisation. The pervasiveness of dolomite increases both downwards and basinward, 

and so reflux dolomitisation is unlikely. The upper contact of dolomitisation is a sharp 

boundary with undolomitised Pliocoene carbonates, which locally have dolomitised clasts 

of Miocene dolomites at the base, suggesting dolomitisation occurred prior to the Pliocene 

but post deposition of Miocene carbonates (Li et al., 2013). The lower unit of the 

succession consists of hemipelagic and heterozoan carbonates lying above highly 

fractured volcanic basement rocks. The middle unit is characterised by shallower fore-reef 

slope and reef facies and the upper unit consists of oolitic grainstones and microbialites. 

Petrography, geochemistry and fluid inclusion analysis all suggest that dolomitisation took 

place via mixing of freshwater and partially evaporated mesohaline seawater (Li et al., 

2013). It has been proposed that meteoric fluids have ascended through the highly 

fractured volcanic basement rocks into restricted embayments. The freshwater fluids are 

driven by hydraulic head from local recharge areas and the lower density of freshwater 

compared to the evaporated seawater promotes circulation of fluids through the platform, 

providing a delivery mechanism for Mg2+. In addition degassing of CO2 from freshwaters 

increases the saturation with respect to dolomite but not necessarily for calcite, promoting 

the replacement of calcite by dolomite (Li et al., 2013).  

2.4.4 Seawater dolomitisation  

By far the most abundant and common source of magnesium for dolomitisation is 

seawater (Land, 1985, Machel, 2004). In addition Land (1985) recognised that there also 

had to be a mechanisms whereby large amounts of seawater could be moved through 
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carbonate platforms and kinetic barriers such as hydration of Mg2+ ions and salinity effects 

could be overcome and cause dolomitisation. Several mechanisms have been proposed 

that can drive seawater through carbonate platforms.  

It has been proposed that the movement of mixed freshwater-seawater within a mixing 

zone can cause movement of seawater through a platform. Mixed waters move from the 

deeper parts of a mixing zone towards the shallower depths point where freshwater lens 

meets the sea at the edge of an island. As a result of this fluid movement, seawater within 

the mixing zone needs to become replaced. Seawater will therefore move through the 

lower parts of the carbonate platform below the mixing zone and freshwater lens 

(Vahrenkamp and Swart, 1994). This should not be confused with the seawater-

freshwater mixing zone dolomitisation as the dolomitised body upper extent is roughly that 

of the lower parts of the mixing zone, and the fluid that is responsible for dolomitisation is 

seawater, not mixed seawater-freshwater (Vahrenkamp and Swart, 1994).   

The depth at which seawater dolomitisation occurs varies dependant on the mechanisms 

of fluid movement but is generally <100m. Vahrenkamp and Swart (1994) have identified 

extensively dolomitised bodies of over 50m in thickness associated with seawater 

dolomitisation with fluid movement driven by an overlying mixed seawater-freshwater lens. 

Whitaker et al. (1994) found partially dolomitised strata over a thickness of at least 14m, 

however samples could not be taken at further depth to further constrain dolomitised body 

thickness.  

A process known as tidal pumping has been proposed by Carballo et al. (1987) to account 

for dolomitisation of Holocene sediments in Florida. The process involves rising tides 

where high tide is actually above the ground surface and forms large puddles on the 

ground surface. At this point there may or may not be some microbial sulphate reduction 

and/or slight evaporation that help develop a dolomite crust at the ground surface. Then 

as tides begin to retreat, tide level will move below ground level. The continued movement 

of tides allows large pore volumes of seawater to move through the platform and provide 

the necessary magnesium for dolomitisation (Carballo et al., 1987). While this single 

process has not been attributed to large scale dolomitisation, it is thought to have a least 

played a partial role in dolomitisation of the Devonian Upper Knox Group (Lumsden and 

Caudle, 2001). The distribution of dolomite from tidal pumping is likely to be highly 

localised to the intertidal and supratidal zone, and is likely to be more extensive where 

there is a large tidal range and a wide area is flooded during high tide. This mechanism 

has also been used to explain partial dolomitisation of Holocene sediments in northern 

Belize (Mazzullo et al., 1995).  
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2.4.5 Burial dolomitisation 

Burial dolomitisation does not consist of a single model of dolomitisation, rather a 

collection of models that all have one thing in common; they all occur at depths where 

processes and reactions are no longer governed by near surface processes (Machel, 

2004). The follow section will briefly detail the processes involved in the variety of 

mechanisms for burial dolomitisation. 

2.4.5.1 Fluid expulsion dolomitisation 

During burial, smectitic clays can become transformed to illite. As a result of this reaction, 

Mg2+ ions become released and become available for conversion of CaCO3 to 

Ca,Mg(CO3)2 (Irwin et al., 1977). There is a large temperature range for which this 

reaction occurs (60°C - 140°C), which means this reaction cannot occur at depths of 

<2km assuming a normal geothermal gradient (Freed and Peacor, 1989). There are 

however many fundamental questions as to whether sufficient fluids can be maintained to 

these depths, or whether fluids are expelled due to earlier compaction. In Carboniferous 

strata of the Derbyshire platform, large volumes of fluids were trapped within synrift 

mudrocks and lime mudstones deposited in the Craven Basin. Overpressures developed 

and were maintained until basin inversion at which point large amounts of fluid were 

expelled along open faults and fractures given the majority of primary porosity was 

cemented by meteoric fluids. As a result of early meteoric cementation primary porosity 

did not act as a fluid migration pathway and so fluids were expelled along open fractures 

and faults (Hollis and Walkden, 2012). Recent RTM suggests that insufficient fluid 

volumes can be maintained to depth to cause dolomitisation and that an additional fluid 

source is required (Frazer et al., 2014). 

Other sources of Mg for burial dolomitisation are fluids interacting with evaporites (Machel, 

2004) but there still needs to be viable way of delivering these reactants to the site of 

reaction, over a sufficient time length to cause dolomitisation (Morrow, 1982b, Machel, 

2004). In the burial realm this can be achieved in several ways (i) compaction driven flow, 

(ii) tectonic squeezing or (iii) topography driven flow (Machel, 2004).  

2.4.5.2 Geothermal convection dolomitisation 

One particular case of geothermal convection that occurs is known as Kohout convection. 

This is a process whereby a half convection cell is formed as a result of geothermal 

heating in carbonate platforms causing the rise of seawater through the platform, and 

subsequently cooler seawater is entrained into the platform to replace convected 



68 
 

seawater (Kohout et al., 1977). This is a very slow process and is has been modelled that 

even a small carbonate platform cannot be pervasively dolomitised in the time that a 

platform is connected to the open ocean (~40Ma ï 60Ma). Kohout convection can only 

occur if there is sufficient permeability to allow the flow of fluids through the platform, any 

aquitards will act as barriers to convective flow, equally high permeability layers can act as 

conduits for flow (Whitaker et al., 2002, Whitaker et al., 2004, Whitaker and Xiao, 2010). 

 2.4.5.3 Hydrothermal dolomitisation 

Hydrothermal dolomitisation refers to the process whereby limestone become replaced (or 

cemented) by dolomite sourced from fluids that are 5°C - 10°C warmer than the 

surrounding country rock (Machel and Lonnee, 2002). Fluids will rise a result of being 

heated as part of a convection cell into the overlying cooler strata (Machel, 2004). 

Hydrothermal dolomitisation can also occur where there is no seawater as a potential 

source of Mg2+. There are various sources of Mg for dolomitisation including illite-smectite 

reactions (Irwin et al., 1977), from fluids that are associated with magmatic intrusions and 

volcanism (also provides a source of heat to drive convection) (Lavoie and Morin, 2004) or 

interaction of hydrothermal fluids with evaporites (Davies and Smith, 2006). It has also 

been noted that hydrothermal fluids often move through open faults and fractures. 

Commonly, dolomite replacement occurs as an aureole around open faults and fractures, 

with dolomitising fluids moving along more permeable strata forming ñChristmas treeò 

shaped dolomite bodies (Davies and Smith, 2006, Sharp et al., 2010, Lapponi et al., 

2011). 

2.4.6 Concluding remarks 

Figure 2.11 shows simple cartoon of expected dolomite geobodies that may potentially be 

observed in the subsurface. This is however a gross over simplification and merely shows 

a snapshot in time of potential shapes of dolomite bodies. It is quickly becoming clear that 

dolomitisation, by whichever mechanism, is a complex process and constantly evolves 

with time. In addition there are both internal and external controls on the dolomitisation 

process which simple cartoons in figure 2.11 do not take into account. For example with 

near surface dolomitisation such as reflux or sabkha type dolomitisation, changes in 

relative sea level will also cause changes in size and position of the brine pool, and 

subsequently the source of reflux brines will migrate. Likewise changes in climate will 

mean that reflux via hypersaline vs mesosaline brines will change and subsequently as 

the extent and timing of dolomitisation will change. 
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In addition internal factors will also play a key role in controlling dolomitisation. Firstly it is 

apparent that RSA exerts a major control on how rapidly dolomitisation occurs. It is 

unlikely that RSA will be consistent across entire platforms as a result of changes in facies 

and depositional environments, and dolomitisation is unlikely to be consistent across the 

entire platform. Secondly changes in permeability of sediments will affect the flux of fluids 

through the carbonate platform with high permeability beds acting as conduits for 

dolomitising fluids and aquicludes acting as barriers to flow.  

In addition it is possible that multiple mechanisms of dolomitisation have occurred within 

the same sediment stack. This will mean that the subsequent distribution of dolomite will 

reflect all stages of dolomitisation, not a single phase. In addition earlier of phases of 

dolomitisation will act as seeds for later dolomitisation, increasing the rate at which 

dolomitisation occurs. 
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Figure 2.11 Chart showing the expected geometry, conceptual model, source of Mg 
and delivery mechanism for the described mechanisms of dolomitisation. Adapted 
from Machel (2004) and Tucker and Wright (1997). 
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2.5 Dedolomitisation ï fluid sources and mechanisms 

Given the abundance of dedolomite it is surprising to note the lack of published literature 

that present case studies or attempt to understand the dedolomitisation process. 

Dedolomitisation is the process whereby dolomite is replaced by calcite, the product of 

which is commonly referred to as dedolomite. This occurs via a reversal of equation 2.1. 

Dedolomitisation is a one step process whereby dolomite is simultaneously replaced by 

calcite with no intermediate step of porosity creation. The process where dolomite is 

dissolved, leaving open porosity and then filled by calcite cements, either precipitated 

from fluids associated with dedolomitisation or a separate fluid phase, is referred to as 

calcitisation (James et al., 1993).  Commonly, the process of calcitisation leads to the 

precipitation of calcite cements, subsequently occluding porosity (Back et al., 1983, Ayora 

et al., 1998). The change in reservoir properties as a result of dedolomitisation makes 

understanding the controls and mechanisms of this process of particular interest to the 

hydrocarbon, water and mineral industries. Reactive transport modelling (RTM) of 

dedolomitisation via meteoric fluids has shown to reduce porosity, potentially as a result 

ion the difference in density of calcite and dolomite (Escorcia et al., 2013).  

The process of dedolomitisation has been attributed to two main processes: (i) 

dedolomitisation of meteoric fluids which have commonly interacted with evaporites 

(Bischoff et al., 1994, Fu et al., 2008, Nader et al., 2008, Vandeginste and John, 2012)  or 

(ii) oxidation of ferroan dolomite under sub aerial conditions (Al-Hashimi and Hemingway, 

1973, Frank, 1981).  

2.5.1 Meteoric dedolomitisation and gypsum dissolution 

Meteoric dedolomitisation occurs as a result of meteoric fluids dissolving evaporites, 

which raises the Ca/Mg ratio of meteoric fluids which will then precipitate calcite while 

dissolving dolomite (Back et al., 1983, Fu et al., 2008): 

MgCa(CO3)2 + CaSO4.2H2O = 2CaCO3 + Mg2+ + SO4
2- +2H2O. (equation 2.6 (Bischoff et 

al., 1994)) 

The equation predicts that dedolomitisation can only occur with the presence of evaporites 

as Ca2+ supplied via the precipitation of gypsum is needed to precipitate calcite (Back et 

al., 1983). Without additional Ca2+ ions, equilibrium would quickly be reached with respect 

to dolomite and no dedolomitisation will occur (Back et al., 1983). However there is 

geochemical evidence to support dedolomitisation from meteoric fluids where no 

evaporites are present in the area and no evidence for oxidation of ferroan dolomite 
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(Theriault and Hutcheon, 1987, Ronchi et al., 2004, Nader et al., 2008). RTM has shown 

that the presence of fluids saturated with respect to anhydrite will cause more rapid 

dedolomitisation than fluids that are less saturated with anhydrite (Escorcia et al., 2013). 

The distribution of meteoric dedolomite is often controlled by fractures and karst that act 

as conduits for dedolomitising meteoric fluids (Zeeh et al., 2000, Ronchi et al., 2004, Fu et 

al., 2008, Vandeginste and John, 2012). Dedolomitised strata in the Winnipegosis 

Formation in Saskatchewan (Fu et al., 2008), Triassic platform sediments in Italy (Ronchi 

et al., 2004)  and Cretaceous dolomites in Oman (Vandeginste and John, 2012) all show a 

reduction in the abundance of calcite and dedolomite away from fractures. Reactive 

transport models of dedolomitisation associated with fractures have also shown this same 

distribution of dedolomite (Ayora et al., 1998). In addition to fracture related fluid flow, 

matrix dedolomitisation does occur and has been related to advective fluid flow of 

dedolomitising fluids through connected pore networks within the matrix dolomite (Ayora 

et al., 1998, Fu et al., 2008). 

2.5.2 Dedolomitisation via oxidation of iron minerals 

The second mechanism by which dedolomitisation occurs is as a result of oxidation of iron 

minerals within a sub aerial environment. Firstly the oxidation of ferroan dolomite (strictly 

this equation shows stoichiometric ankerite but will effectively be the same in ferroan 

dolomite) can cause dedolomitisation via: 

4Ca(MgFe)(CO3)2 + 2H2O + ½ O2 = 4CaCO3 + Fe2O3 + 2Mg2+ + 2CO-
3 +2H2CO3                                                              

(equation 2.7 (Al-Hashimi and Hemingway, 1973)) 

And: 

Fe2O3 + H2O = 2FeOOH                        (equation 2.8 ((Al-Hashimi and Hemingway, 1973)) 

This type of dedolomite commonly has a red/brown colour due to presence of iron 

hydroxides (FeOOH) (Al-Hashimi and Hemingway, 1973). The oxidation of ferroan 

dolomite in Northumberland, UK occurred due to the movement of seawater through 

dolomitised strata (Al-Hashimi and Hemingway, 1973). A similar process has however 

been noted in ferroan dolomite in Oman although oxidation was as the result of meteoric 

fluids moving through fractures (Vandeginste and John, 2012). The Eh of dedolomitising 

fluids will determine the types of alteration products that form with high Eh fluids 

precipitating goethite rather than limonite  (Al-Hashimi and Hemingway, 1973). The 

oxidation of pyrite can provide sulphate ions, which have been shown to drive 
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dedolomitisation (Folkman, 1969). However no mechanism or further discussion on how 

the oxidation of pyrite causes dedolomitisation is provided.  

2.5.3 Burial dedolomitisation 

While dedolomitisation is often thought of as a near surface process, there are examples 

of dedolomitisation occurring during deep burial. In the Mississippian Madison Group of 

Wyoming and Utah there is strong evidence to suggest that dedolomitisation occurred 

after substantial burial (Budai et al., 1984). Firstly dedolomite is concentrated along 

stylolites and is often strongly associated with late stage hydrocarbon charge, this 

suggests that stylolites occurred prior to dedolomitisation and acted as conduits for 

dedolomitisation fluids. Secondly depleted oxygen and carbon isotope signatures are 

interpreted to be as a result of high temperature dedolomitising fluids and CO3
2- derived 

from hydrocarbons  (Budai et al., 1984). 

The rate of dedolomitisation via either of these methods is very slow. RTM have shown 

that after 100,000 years only 50% dedolomitisation is achieved within a 10 meter zone. To 

cause 100% dedolomitisation of a 200m section can take ~1,000,000 years (Escorcia et 

al., 2013). There are of course other factors that can change the precipitation rate of 

dedolomitisation including (i) fluid flow rate, (ii) fluid chemistry and (iii) temperature. An 

increase in fluid flow rate will increase the rate at which dedolomitisation occurs. However 

simulations have shown that flow rates of > 80m year-1 are to high cause dedolomitisation 

given the high rate of fluid flux versus carbonate precipitation/dissolution kinetics. As 

predicted by equation 2.6, an increase in the concentration of Ca2+ causes more rapid 

dedolomitisation. Due to the retrograde solubility of calcium carbonate, dedolomitisation 

actually occurs more rapidly at 25°C than 50°C (Escorcia et al., 2013). 

2.5.4 Concluding remarks 

Currently the dedolomitisation process is very poorly understood and requires a significant 

amount more research to understand the process and products of this reaction. As with 

dolomitisation, this is likely a very dynamic process and so predicting the distribution, 

timing and geometry of dedolomite bodies will be difficult. Given the common association 

of dedolomite with meteoric fluids, both changes in eustasy and climate are likely to have 

a huge control over thedistribution and timing of dedolomtisiation. Furthermore it is is 

important take into consideration structural elements such as faults and fractures that are 

likely to act as conduits for meteoric fluids, and strongly influence the size and shape of 

dedolomite geobodies.  
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3. METHODOLOGY 

This chapter documents the different methodologies used both in the field and in the 

laboratory. The study uses observations and data from various scales, from scanning 

electron microscopy to outcrop and basin wide observations. Data sets of different types 

including petrography, sedimentology and geochemistry have been integrated to fully 

evaluate the diagenetic history and dolomitisation of Cenomanian and Turonian strata. 

Figure 3.1 aims to show how different data sets were used and integrated in order to 

determine the controls and mechanism on dolomitisation. 

 

Figure 3.1 A workflow showing how different data sets are integrated to determine 
controls on dolomitisation. 

3.1 Sample location selection 

Two field areas were selected in order to evaluate the controls on dolomitisation in North 

Africa and the Western Mediterranean. Firstly, Cenomanian-Turonian strata were logged 

and sampled in 5 different localities around the town of Tataouine in southern Tunisia 

(Figure 3.2). These 5 locations were chosen as they give a north-south transect which 

roughly equates to a dip section. In addition the sections were chosen for their 

completeness of the studied section, excellent lateral exposure and ease of access.  
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Figure 3.2 A digital elevation model of modern day Tunisia showing (a) the Jeffara 
escarpment and location of field area and (b) the location of logged sections 
around Tataouine. 

 

A second field location was chosen to study Cenomanian-Turonian strata within the 

Iberian Basin of central Spain. This location was chosen for the following reasons: 

¶ Dolomitised strata within the Iberian Basin are age equivalent to previously studied 

section in southern Tunisia.  

¶ Variability in the pervasiveness of dolomitised strata in order to help determine the 

overall size of dolomite bodies. This contrasts with pervasive dolomitisation in 

Tunisia. 

¶ Similar depositional environments seen within the Iberian Basin compared to 

Tunisia. 

¶ Iberian Peninsula has a similar climate during the Cenomanian-Turonian to that 

seen on the Saharan Shield. 

¶ There are significant differences in the tectonic regime allowing the effects of 

tectonism on dolomitisation to be assessed. 
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Within the Iberian Basin twenty sections were logged within the Iberian Basin located 

roughly between the cities of Madrid and Zaragoza (Figure 3.3).  

 

Figure 3.3 Modern day maps showing the location of the field area in Spain and the 
location of logged sections. 

The logged sections were chosen to give two NW-SE profiles which are profiles along dip. 

A logged section at Anquel del Ducado has aided in correlating between transects. In 

addition the sections were chosen due to their completeness of the Cenomanian-Turonian 

sequence and ease of access. 

3.2 Field methods 

Sections were logged using traditional field methods using a Jacob staff to measure bed 

thicknesses. Textures were classified according to the scheme proposed by Dunham 

(1962). During logging systematic samples were taken for petrographical and 

geochemical analysis. Over 400 orientated samples were taken throughout both field 

areas of pristine limestone, dolomitised strata, fault/fracture cements and sediments.   
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3.3 Microscopy Laboratory methods 

3.3.1 Transmitted light techniques 

Over 200 samples were selected for analysis using transmitted light petrographical 

methods. Samples were made into covered, 30µm thin sections that were stained using 

potassium ferricyanide and alizarin red s (Dickson, 1966).  Staining was used to 

differentiate between dolomite and calcite phases as well as qualitatively determine the Fe 

content of carbonate minerals. In addition, samples were impregnated with blue resin to 

highlight porosity within each sample. Petrographic analysis was carried out using a Nikon 

Optiphoto 2-POL using 2x, 4x, 10x and 20x magnifications. Photos were taken using a 

ProgRes 10 microscope mounted camera using ProgRes Capture Pro imaging software. 

3.3.2 Cathodoluminescence (CL) 

A subset of approximately 40 samples was selected for analysis using 

cathodoluminescence. Polished, unstained and uncovered sections that had been 

impregnated with blue resin were analysed using an Olympus BH-2 microscope attached 

to a Citl 8200 mark 2 cold cathodoluminescence machine. Observations were made using 

4x, 10x and 20x magnifications. Luminescence was achieved using an accelerating 

voltage of 10-12kV, a vacuum of 0.2 Torr and a cathode current of between 310-335µA. 

Photos were taken using a ProgRes 10 microscope mounted camera using ProgRes 

Capture Pro imaging software. 

Luminescence in carbonates is essentially controlled by the inclusion of Mn2+ and Fe2+ 

into the crystal lattice, with Mn2+ acting as an activator and Fe2+ acting as a quencher of 

luminescence. There are however other elements that can act as activators, sensitizers 

and quenchers (for a full list see Machel (1985), table 1). The inclusion of these ions into 

the crystal lattice can only occur under reducing conditions where the valence state of 

Mn4+ and Fe3+ are reduced to Mn2+ and Fe2+. Mn is reduced at higher Eh than Fe, so a 

bright luminescence (high Mn2+ and low Fe2+) followed by dull to non-luminescence (high 

Mn2+ and high Fe2+) is a common luminescence pattern seen in burial cements (Machel 

and Burton, 1991). The zoning of carbonate crystals therefore reflects redox potential of 

pore fluids and how fluid chemistries fluctuated during cement precipitation. 

Cathodoluminescence can give a good first indication of the diagenetic environment. Care 

should however be taken when interpreting cathodoluminescence in terms of the redox 

potential of formation waters as there are at least twenty six different factors that are 

known to govern the colour and intensity of luminescence in carbonates (Machel and 

Burton 1991).  
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3.4 Geochemical techniques 

3.4.1 X-ray diffraction (XRD) 

Samples were tested for their bulk rock mineralogy using X-ray diffraction methods (XRD). 

Powders were extracted using a Dremel hand held microdrill or bulk rock samples were 

powdered using a pestle and mortar. Approximately 1g of each was placed on a slide after 

mixing with ~1ml of amyl acetate to ensure that sample did not fall off the glass slide 

during analysis. XRD was carried out using a Bruker D8 Advanced instrument and Cu KŬ1 

radiation. Data was collected over a range of 5Á2ɗ-70Á2ɗ with a step size of 0.02Á2ɗ. 

Standards of known composition were ran prior to and post analysis to ensure results are 

reliable. Quantification of mineral composition was carried out using Siroquant software 

which uses the intensities and area under peak of XRD results to determine the 

percentage of each mineral within the sample (Hutton and Mandile, 1996, Omotoso and 

Mikula, 2004), however due to software limitations there is likely to be ±5% (personal 

communication, John Waters). 

Stoichiometry of the dolomite sample was calculated by using the equation: 

Mole % CaCO3 = md + b                                            (equation 3.1 (Lumsden, 1979))  

Where m = 333.33, b = -911.99 and d = the observed d-spacing.  

This equation can be used due the linear relationship between the amount of excess Ca in 

the dolomite lattice and the shift in the d[104] peak of dolomite. This method has been used 

by several authors as a way of calculating dolomite stoichiometry (El-Bakai, 1997, 

Lumsden and Caudle, 2001). This method does assume that each sample contains a 

single phase of dolomite; whereas samples with multiple phases will give erroneous 

results. However this is still recognised as a cheap and effective method for calculating 

dolomite stoichiometry (Jones et al., 2001). 

3.4.2 Electron microprobe analysis 

Electron microprobe analysis was carried out on selected samples in order to determine 

the concentration and distribution of trace, minor and major elements within individual 

dolomite crystals. Uncovered, polished and unstained 30µm thin sections selected for 

analysis using electron microprobe were carbon coated prior to analysis. Analysis was 

then carried out using a Cameca SX 100 electron microprobe using a beam current of 

19.9nA, an accelerating voltage of 15kV and a beam width of approximately 1µm. A 

wollastonite standard was used to for calibration. Initially, trace element maps were 
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created for elements Ca, Mg, Sr and Fe to determine chemical zones. Based on element 

maps, transects were picked to determine absolute concentrations of elements. In 

addition to Ca, Mg, Sr and Fe; Ba, Mn, S, Na, O, Si, K and Al were also analysed for. 

3.4.3 Mixed dolomite-calcite sample leaching techniques 

Powders drilled for geochemical analysis inevitably contained mixtures of both calcite and 

dolomite. As a result, analysis will give the geochemical signature of all the carbonate 

phases present, not a single carbonate phase, and so results will be unreliable. When 

trying to determine dolomite isotopic, REE or trace element signatures it was necessary to 

remove any calcite contaminating the sample. In order to remove calcite impurities a 

method adapted from Tessier et al. (1979) was employed. Firstly, 1.0g of each sample 

was collected using a Dremel hand held drill. Each sample was reacted with 5ml of 1M 

sodium acetate (CH3COONa) adjusted to pH 5 using 1M acetic acid (CH3COOH). This 

was left to react for 2 hours before the acid-buffer solution was removed and the 

remaining solid sample was washed and filtered. The remaining solid is considered to be 

pure dolomite along with any insoluble impurities, while the solution contained the 

dissolved calcite solution. Remaining powders were analysed by XRD to ensure purity. 

Methods similar to this have been used by previous workers as a method of obtaining 

pure dolomite samples (Burns and Baker, 1987, Mackenzie and Morse, 1992, Nader et 

al., 2008). There are however some limitations of this method: 

¶ Due to similar solubility of dolomite and calcite, it is likely that coarser crystalline 

calcite will dissolve at a similar rate to finely crystalline dolomite meaning that at 

least some dolomite will dissolve during leaching. 

¶ The final solution will inevitably contain products as a result of the dissolution of 

dolomite and calcite, not just from calcite. 

¶ The total remaining dolomite is always less than that predicted from either XRD or 

point counting due to the dissolution of dolomite. 

Care has therefore been taken when interpreting geochemical data obtained from 

samples that have a mixed mineralogy. 

3.4.4 Major, minor and trace element analysis 

Further to geochemical analysis by electron microprobe, bulk elemental analysis was 

carried out at the Ruhr University, Bochum. Rock powders were collected using a Dremel 

hand held microdrill or obtained via leaching techniques described in chapter 3.4.3. Care 

was taken to avoid calcite cemented vugs when sampling dolomite and likewise only 
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calcite vugs were drilled when calcite samples were required. Approximately 0.15mg of 

sample was weighed and dissolved in 3M nitric acid (HNO3). The solution was then diluted 

with 2ml of deionised water (>18.2 Mɋcm-1). The concentration of the elements Ca, Mg, 

Fe, Mn, Sr and Ba were analysed using a Thermo Scientific iCAP 6500 DUO inductively 

coupled plasma optical emission spectrometer (ICP-OES). Eight reference samples were 

also analysed (BSC-CRM-512, dolomite and BSC-CRM-513, limestone) to ensure 

accuracy. The %RSD for all elements and all samples was <5%. 

Trace elements can be incorporated into dolomite in several different ways (Banner, 

1995): 

¶ Present as impurities such as in fluid inclusions. 

¶ Adsorbed on the surface of dolomite crystals. 

¶ Can be located in lattice defects of the dolomite crystal. 

¶ Can be substituted in to dolomite if the ionic radii and charge of the trace element 

ion is similar to that of Ca2+ or Mg2+. 

For lattice substitution, the concentration of each trace element within dolomite is 

governed by essentially by two factors (i) the concentration of the trace element within 

the precipitating fluid and (ii) the distribution coefficient (KD) of the elements with 

respect to dolomite and fluid phase. The distribution coefficient quantifies the ratio of 

the amount of trace element between the mineral phase and the fluid phase (Land, 

1980). Trace elements with KD that are >1 are preferentially incorporated in to the 

mineral phase (such as Mn2+ and Fe2+) and elements with KD  <1 are preferentially 

concentrated into the liquid phase (such as Sr2+) (Veizer, 1983, Machel, 1988). Due to 

the difficulty in precipitating dolomite under Earth surface conditions in the laboratory, 

determining distribution coefficients for trace elements in dolomite is difficult. Some 

coefficients have been proposed based on high temperature experimental data (Katz 

and Matthews, 1977) but are potentially unreliable (Machel, 1988).  Other factors 

affecting KD include pressure, temperature and precipitation rates which mean that 

calculating the original composition of fluid is impossible (Land, 1980). Despite this 

fact the concentrations of some elements give a good indication of the chemistry of 

diagenetic fluids responsible for precipitation of dolomite. Firstly, high concentrations 

of Mn and Fe can only occur where fluids are sufficiently reducing to cause reduction 

of Fe3+ and Mn4+ to Fe2+ and Mn2+ suggesting that dolomite was precipitated by 

reducing fluids (Machel and Burton, 1991). Strontium is also thought to be more 

highly concentrated in evaporated fluids, and so dolomite high in Sr could potentially 

be precipitated from saline fluids (Vahrenkamp and Swart, 1990, Banner, 1995).  
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3.4.5 Rare Earth Element analysis (REE) 

REE analyses were carried out by induced coupled plasma mass spectrometry (ICP-MS) 

at the University of Manchester, UK. Rock powders were collected using Dremel hand 

held microdrill from pure dolomite samples with care taken to avoid calcite cemented 

pores. Approximately 0.1g of sample was weighed and dissolved in 2ml of 6 M HCl and to 

react for 24 hours. This was then diluted with 10ml of deionised water (>18.2 Mɋcm-1) and 

left for a further 24hrs. A further 8ml of deionised water (>18.2 Mɋcm-1) was added. The 

samples were then centrifuged and the supernatant collected for analysis by ICP-MS. The 

elements La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb and Lu were analysed for 

using a Agilent 7500cx induced coupled plasma mass spectrometer. The %RSD for all 

elements and all samples was <5%. All REE concentrations were then shale normalised 

to post-Archean Australian shale (PAAS) according to the method of Nance and Taylor 

(1976). 

During diagenesis, large fluid:rock ratios are needed to alter the REE signature of 

carbonates, modelled to be >104. While dolomitisation also requires large fluid:rock ratios, 

REE are significantly less mobile than other elements such as Sr and Mn, and the 

isotopes of 13C and 18O and so are less susceptible to change during diagenesis (Banner 

et al., 1988, Qing and Mountjoy, 1994).  Despite complex diagenetic histories and multiple 

stages of dolomitisation, early replacive dolomite of the Cayman Islands still exhibits a 

seawater signature suggesting that the REE pattern of dolomites can be used to assess 

the source of dolomitising fluids as well as the physio-chemical conditions of the 

precipitating fluid (Bau and Möller, 1992, Zhao and Jones, 2012). However REE data 

must be used in conjunction with other geochemical and petrographical data as it shown 

that REE patterns of carbonates can be reset (Hecht et al., 1999). There are several 

features of REE patterns that are characteristic of diagenetic fluids, which are discussed 

in further detail below. 

Firstly, the overall pattern of the REE can be used to determine the potential source of 

dolomitising fluids. The consistent change in ionic radius from La to Lu (with the exception 

of Ce and Eu), means the REE have a predictable behaviour with regards to fractionation 

between mineral and fluid, particularly in seawater (Sholkovitz et al., 1994). Firstly the 

greater affinity for heavy rare earth elements (HREE) to become complexed in seawater 

compared to light rare earth elements (LREE) means that LREE are preferentially 

adsorbed onto mineral surfaces, particularly of Mn- and Fe-oxides. This is particularly true 

in alkaline solutions were HREE become complexed by CO2
2- and OH- ligands (Bau and 

Möller, 1992). HREE will remain in solution and/or become incorporated into mineral 
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phases. This gives a REE pattern that is enriched in HREE compared to LREE (Sholkovitz 

et al., 1994, Haley et al., 2004) (Figure 3.4). In addition, decreasing ratios of LREE to 

HREE suggests there is remobilisation of LREE  as a result of reduction of Mn-oxides 

which release adsorbed LREE (Hecht et al., 1999, Haley et al., 2004). Under gradually 

increasing reducing conditions Fe-oxides become reduced and eventually all REE that 

were adsorbed onto the surface become released to pore fluids and lead to a convex 

middle rare earth element (MREE) bulge (Figure 3.4) (Hecht et al., 1999, Haley et al., 

2004).  

Secondly, REE patterns show distinct and predictable anomalies for the elements Ce, Y 

and Eu (German and Elderfield, 1990, Bau, 1991). Both Ce and Eu behave very 

differently than the other REE under conditions of varying redox potential. Firstly Ce is 

oxidised from Ce3+ to insoluble Ce-oxides under conditions within the water column 

(German and Elderfield, 1990) with a process that can also be facilitated by microbes 

(Moffett, 1990). Due to the ease at which Ce is oxidised to insoluble Ce-oxides it is quickly 

removed from solution and so commonly dolomite seawater REE patterns exhibit distinct 

depleted Ce anomalies (Figure 3.5). In addition, there is commonly a positive Y anomaly 

associated with seawater with marine signatures exhibiting Y:Ho ratios of superchondritic 

values (>56). This is due to Ho being scavenged from seawater by Mn- and Fe-oxides 

under oxic conditions (Bau and Dulski, 1996). Eu also shows distinct anomalies due to the 

fact that Eu3+ maybe reduced to Eu2+ under strongly reducing conditions (Shields and 

Stille, 2001). This reduction cannot occur at earth surface conditions as this process also 

requires temperatures upwards of 200°C. Positive Eu anomalies are common in high 

temperature, hydrothermal fluids (Bau, 1991) and negative Eu anomalies are sometimes 

observed in seawater REE patterns (Banner et al., 1988). The reduction of Eu is also 

controlled in part by the pH of fluids. Fluids with acidic pH (<7) show significantly more 

enrichment of Eu2+ than fluids with neutral to alkaline pH (>7) suggesting that alkaline 

fluids responsible for precipitating carbonates may not necessarily show significant Eu 

anomalies even if precipitated from high temperature reducing fluids (Michard, 1989). 
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Figure 3.4 REE patterns for dolomite exhibiting (a) normal seawater signature and 
(b) strongly reducing fluids with or without an Eu anomaly dependant on pH of 
dolomitising fluids. For details see text. 

3.4.6 Stable carbon and oxygen isotopes 

Stable isotope analysis was carried out via multi-collector induced coupled plasma mass 

spectrometry (MC ICP-MS) at the Ruhr University, Bochum. Rock powders were collected 

using a Dremel hand held microdrill or obtained via leaching techniques described in 

chapter 3.4.3. Care was taken to avoid calcite cemented vugs when sampling dolomite 

and likewise only calcite vugs were drilled when calcite samples were required. For the 

analysis, 0.30mg +/-0.04mg was weighed out and analysed using a ThermoFinnigan MAT 

253 mass spectrometer attached to a Gasbench II and a PAL auto sampler. All values are 
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reported relative to the Vienna-Pee Dee Formation belemnite (V-PDB). Certified 

carbonate standards NBS 19, CO-1, CO-8 and an internal standard (RUB) were used to 

ensure accuracy and precision. The standard deviation of five measurements of the RUB 

standard measured for samples are 0.05ă for carbon and 0.11ă for oxygen.  

 

Figure 3.5 A graphic showing the effects on oxygen and carbon stable isotopic 
signature of carbonate minerals during diagenesis. Note red line represents the 
difference in oxygen isotope signature of co-precipitated limestone and dolomite 
from the same marine fluid (~3.00ă PDB (Budd, 1997)).  

The stable isotopic composition of carbonate minerals is useful in determining the 

conditions and fluids responsible for precipitating minerals. This is particularly true of the 

isotopic composition of oxygen. The temperature of fluids from which carbonate minerals 

precipitated will cause a depletion of the oxygen isotope signature (i.e. ŭ18O becomes 

more negative) (Figure 3.5). The relationship between the isotopic composition of the 

carbonate mineral and fluid is well studied and can be calculated by the equations: 

1000 lnŬ = 2.78 (106/ T2) ī2.89          (for calcite equation 3.2 (Friedman and O'Neil, 1977) 
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1000 lnŬ = 3.14 (106/T2) ï 2.00                                (for dolomite equation 3.3 (Land, 1985) 

Where Ŭ = (1000 ī ŭ18O mineral) / (1000 īŭ18O water) 

The ŭ18O of the solid mineral phase is expressed relative to the Vienna-Pee Dee 

belemnite (V-PDB) and the ŭ18O of fluid is expressed relative to standard mean ocean 

water (SMOW).  

An enriched ŭ18O signature (i.e. more positive ŭ18O) can form as a result of interaction 

with fluids derived from 2 main sources. Firstly carbonates that have interacted with 

evaporated fluids become enriched in 18O and as a result of the preferential evaporation of 

16O, causing the fluid phase to become enriched in 18O and vapour phase enriched in 16O. 

Secondly clay reactions, particularly the transition of smectite to illite can cause formation 

waters to become enriched in 18O, and so carbonate minerals precipitated from these 

waters will be preferentially enriched in 18O (Irwin et al., 1977) (Figure 3.5). 

The ŭ13C of carbonates can be enriched (i.e ŭ13C becomes more positive) as a result of 

the methanogenesis. This occurs due to the fermentation of organic matter under anoxic 

conditions. The ŭ13C of carbonates can also become depleted in 13C as a result of 

bacterial or thermal decay of organic matter, with sulphate reduction a common process 

(Mazzullo, 2000). Depleted ŭ13C signatures that are coupled with a depleted ŭ18O 

signature are typical of meteoric diagenesis as a result of 18O depleted meteoric fluids and 

12C sourced from soil derived CO2 (Allan and Matthews, 1982, Vandeginste and John, 

2012). Meteoric diagenesis often forms an inverted J-curve type signature (Figure 3.5). 

The amount of depletion of carbon isotopes is dependent on the thickness of soil cover 

which is dependent on several factors including climate, time for soil development and 

plant colonisation. In addition, meteoric fluids at the poles are significantly more depleted 

in 16O than at the equator and so palaeogeography also controls on the signature of 

meteoric diagenesis (Lohmann, 1988). 

3.4.7 Sr isotopes 

Measurements of  87Sr isotope values from were carried out at the SGIker-Geochronology 

and Isotopic Geochemistry facility of the University of the Basque Country UPV/EHU 

(Spain). Samples were digested and Sr was isolated according the methods of Pin and 

Bissin (1992) and Pin et al. (1994). Rock powders were taken up in 2ml of 3% HNO3 and 

diluted to a concentration of about 200 ppb Sr. Samples were then introduced into the 

Neptune mass spectrometer using an ESI 50 µl min-1 PFA nebulizer and a dual cyclonic-

Scott double pass spray chamber. Analysis using the Neptune mass spectrometer 
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comprises a static multi-collection routine of 4 blocks of 12 cycles with an integration time 

of 8s per cycle. At the beginning of each block, baselines of the amplifiers were reset. 

The accuracy and reproducibility of the method was verified by periodic determinations 

under the same conditions of the NBS 987 strontium standard.  The average 87Sr/86Sr 

ratio of this standard for 4 determinations during the course of the study was 0.710269 ± 

0.000015 (2 SD).   

Unlike with 13C and 18O isotopes, there is no natural fractionation of 87Sr isotope between 

fluid and mineral, or natural fractionation of 87Sr and so the Sr87/Sr86 of the mineral will 

directly reflect the 87Sr/86Sr ratio of the precipitating fluid (Banner, 1995). The 87Sr/86Sr of 

seawater has fluctuated through geological time but is thought to be consistent throughout 

the entire ocean at any given time (Figure 3.6) (Burke et al., 1982). This is as a result of  

short mixing time of the oceans and long residence time of Sr (~19 x 106 years (Veizer 

and Compston, 1974). The variation in 87Sr/86Sr occurred as a result in the change in the 

relative amount of Sr from two main sources (i) the continental crust and (ii) the oceanic 

crust. During times of increased continental area, weathering supplies an increased 

amount of radiogenic 87Rb, of which 87Sr is a daughter product, into the oceans and so 

leads to a higher 87Sr/86Sr ratio. During times of increased oceanic spreading Sr with a low 

87Sr/86Sr will contribute to Sr of the oceans, lowering the 87Sr/86Sr signature (Burke et al., 

1982). This method allows carbonate rocks to be dated based on the changing Sr87/Sr86 of 

the oceans (Figure 3.6). Increased 87Sr/86Sr signatures may reflect external fluid sources 

from outside the marine realm as continental fluids interact with 87Rb rich continental and 

clay rich rocks. 
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Figure 3.6 A graph showing the variation in 87Sr/86Sr of the oceans. Taken from 
McArthur et al. (2001). 
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Abstract 

The Albian-Turonian sequence of the Central Iberian Basin is dominated by 

carbonate strata deposited in a narrow shallow seaway bordered by massifs to the 

east and west. The basin stretched across the Iberian Peninsula and periodically 

linked the Tethys and Atlantic Oceans. Sediments were deposited in a number of 

environments (tidal flat, shallow shoreface, lagoon, shelf edge sand shoals, rudist 

shoals and mid-ramp shelf) all with distinct sedimentological characteristics.  

Based on microfacies analysis and detailed sedimentary logging, three 3rd order 

transgressive-regressive cycles are recognised and correlated with the global sea 

level cycles. Sequence boundaries are defined by exposure surfaces and maximum 

flooding surfaces are represented by the most landward expression of distal facies 

and can be correlated across the basin. 

The distribution of fluvial facies and clastic shoreface facies towards the west in 

the Lower-Middle Cenomanian grades into arid to semi-arid tidal flat and lagoonal 

facies in the east, with evidence for elevated salinities and interpreted to be the  

result of changes in local climate. Winds moving onshore from the Atlantic Ocean, 

coupled with topography on the exposed Massif to the west, formed a rain shadow 

effect meaning that the Iberian Basin itself experienced minor amounts of rainfall 

compared to exposed massif. The rain shadow effect is interpreted to have been 

present until at least the Middle Turonian. Furthermore, the Iberian Basin 

experienced tectonic tilting during the Upper Cenomanian. The resultant change in 

architecture of the basin has been determined to have occurred between 93.9Ma 

and 91.7Ma based on a dramatic change in the distribution of deepest facies from 



103 
 

the southernmost outcrops to the northernmost outcrops during the transgressive 

part of the UZA 2.5 sea level cycle. 

4.1 Introduction 

In recent years many studies have focussed on the cyclicity of shallow water carbonate 

sequences. Commonly, cyclicity is placed into a sequence stratigraphic model relating 

stacking pattern and sedimentary architecture to changes in relative sea level (Pomar, 

1991, Montanez and Read, 1992, Segura et al., 1993a, Brandano and Corda, 2002, 

Garcia-Hidalgo et al., 2007). However, changes in the stacking pattern of cycles in 

carbonate strata are caused by the complex interaction of (i) tectonism, (ii) global sea 

level, (iii) sea floor topography, (iv) environmental factors affecting biological production 

and (v) source of carbonate sediments (Pomar, 1991, Handford and Loucks, 1993), and 

are unlikely to be due to a single external or internal factor. This is particularly true 

because of the highly sensitive nature of shallow marine carbonate systems to even small 

changes in relative sea level (Immenhauser, 2005, Gil et al., 2009). The partially 

dolomitised shallow water carbonates of the Iberian Basin in the northern Iberian Range 

provide an excellent opportunity to determine how global sea level change, climate and 

changes in local tectonism interacted to control facies distribution in a shallow marine 

carbonate succession.  

The Iberian Basin (Figure 4.1) developed as a result of an important global sea level rise 

during the Upper Albian to Lower Turonian, culminating in the highest sea levels of the 

Phanerozoic (Haq et al., 1987, Segura et al., 1993a). The basin was subject to flooding 

from the Tethys Ocean to the south and the Atlantic Ocean from the north, separated by 

an exposed topographic high such that and the two oceans were only connected during 

the Upper Cenomanian (Alonso et al., 1993). Rotation and tectonic tilting of the Iberian 

Peninsula once again led to separation of the oceans in the Upper Cenomanian, with 

flooding of the basin from the north (Floquet, 1991, Alonso et al., 1993, Gil et al., 2006, 

Garcia-Hidalgo et al., 2007, Caus et al., 2009).  

Many previous studies have focussed on detailed sequence stratigraphy of the Iberian 

Basin and macro-scale facies distribution (Floquet, 1991, Alonso et al., 1993, García et 

al., 1993, Segura et al., 1993a, Martin-Chivelet, 1995, Floquet, 1998, Garcia-Hidalgo et 

al., 2007) with little focus on microfacies analysis. In this paper the effect of local 

tectonism combined with changes in eustasy on the distribution of facies are examined in 

order to fulfil two main objectives. Firstly, a sequence stratigraphic framework based on 

microfacies distributions, correlation of logs and bed bounding surfaces is proposed. This 
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is compared to current sequence stratigraphic models that are based on outcrop 

observations. Secondly the distribution of facies within the basin, combined with 

sedimentary architecture, will be used to evaluate the timing of tilting of the Iberian 

Peninsula and the effect climate has had on facies distribution, to develop 

palaeogeographical maps for Lower Cenomanian to Lower Turonian strata of the Iberian 

Basin.  

 

Figure 4.1 A palaeogeographical map showing Western Europe during the Middle 
Cenomanian. Abbreviations: SH ï Seuil High (adapted from Torices et al. (2012)).  

4.2 Geological setting 

4.2.1 Palaeogeography and palaeoclimate 

During the Upper Cretaceous, the Iberian Basin was situated around 27°N (Figure 4.2) 

within a hot and arid climate belt (RodriguezȤLopez et al., 2010). The Iberian Basin was 

characterised by a narrow seaway that stretched across the Iberian microplate, flanked to 

the east and west by the exposed Ebro Massif and Hesperian Massif respectively 

(Floquet, 1991, Alonso et al., 1993, Garcia-Hidalgo et al., 2007). Throughout the Albian to 

Upper Cenomanian, the Atlantic Ocean to the north and the Tethys Ocean to south were 
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separated by an exposed land bridge between the flanking massifs known as the Seuil 

High (figure 4.1) (Floquet, 1991, Floquet, 1998). During the Upper Cenomanian a global 

sea level rise led to complete flooding of the basin and connected the Atlantic and Tethys 

Oceans across the peninsula (Floquet, 1991, Wilmsen, 2000, Caus et al., 2009). As well 

as this major eustatic sea level rise, during the Albian to Turonian (Vissers and Meijer, 

2012) the entire Iberian microplate rotated around 35° anticlockwise as a result of the 

opening of the North Atlantic (García-Mondéjar, 1996), resulting in tilting towards the NW 

(Floquet, 1991, Van Wees et al., 1998). This caused increased subsidence in the Basque-

Cantabria region (Platzman and Lowrie, 1992) leading to deposition of thick (over 2000m) 

section of sediments in an outer shelf/upper bathyal environment (Peryt and Lamolda, 

1996). The central and southern part of the microplate acted as a solid block and became 

uplifted and exposed  (Floquet, 1991, Martin-Chivelet, 1995). As a result of tilting, the 

Iberian Basin became separated from the Tethyan domain  with flooding exclusively from 

the Atlantic Ocean to north (Floquet, 1991).   

 

Figure 4.2 Panorama showing the 5 formations of the Upper Albian to Lower 
Turonian sequence in the Iberian Basin. Photo panorama taken at the Ibdes section 
in central part of the basin. 

4.2.2 Stratigraphy and sedimentology 

The Upper Albian to Lower Turonian sediments in the central part of the Iberian Basin 

were deposited during the 2nd order UZA 2 megacycle which is split into six 3rd order 

cycles (UZA 2.1 ï 2.6) of the global sea level curve of Haq et al. (1987) (Figure 4.3) 

(Segura et al., 1993a, Segura et al., 2014). The studied interval roughly comprises the 

middle part of the UZA 2 cycle, comprising the 3rd order cycles UZA 2.2 ï UZA 2.5 and 

can be divided into 5 different formations (Figure 4.3) (Gil et al., 2004). The lowest part of 

the section is characterised by the Utrillas Formation, composed of continental 

sandstones which show a general fining upwards sequence. The upper parts of the 

Formation exhibit evidence of an increased marine influence, with the top Utrillas 

Formation characterised by a regional exposure surface (Floquet, 1998). The central part 
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of the basin became flooded in the upper part of the Lower Cenomanian (Figure 4.3) and 

is marked by the carbonate rich, shallow marine Santa Maria de los Hoyas Formation, 

which sits unconformably on the Utrillas Formation (Floquet, 1998). The Santa Maria de 

los Hoyas Formation is composed of oyster and benthic foraminiferal-rich shallow marine 

wackestones. Further towards the west, the Santa Maria de los Hoyas Formation 

becomes more arenitic and composed of coarse-grained, well sorted sandstones (García 

et al., 1993). The upper parts of this formation contains common Praealveolina cretacea, 

Praealveolina debilis and Praealveolina brevis suggesting an uppermost Lower 

Cenomanian to lowermost Middle Cenomanian age (García et al., 1993). The transition 

between the Santa Maria de los Hoyas Formation and overlying Villa de Ves Formation is 

relatively sharp but conformable and is characterised by a change in sedimentation from 

open marine, inner ramp facies to tidal flat deposition. The Villa de Ves Formation is 

composed of stacked, metre-scale shallowing peritidal cycles and has been pervasively 

dolomitised (Calvo, 1982, Floquet, 1991, García et al., 1993). The upper boundary of the 

Villa de Ves Formation is represented by a type-2 sequence boundary when the platform 

became exposed as a result of the change in coastal onlap at the end of the UZA 2.4 

global sea level cycle (Haq et al., 1987, Alonso et al., 1993, Segura et al., 1993a). 



107 
 

 

Figure 4.3 Stratigraphic columns showing the Formations of the Upper Albian to 
lower Turonian of the south and north of the Seuil High in the Iberian Basin. 
Sequence stratigraphic model taken from Segura et al. (1993). Formation names 
and dating of cycles based on data from Gil et al. (2004). 

 

Deposition of the overlying Picofrentes Formation occurred during the third 3rd order UZA 

2.5 global sea level cycle, occurring in 3 individual pulses (Alonso et al., 1993, Segura et 

al., 1993b). Initial flooding covered the Seuil High and connected the North Atlantic Ocean 

and the Tethys Ocean (Segura et al., 1993a, Garcia-Hidalgo et al., 2007). The Picofrentes 

Formation is characterised by pelagic forams, oyster and ammonite rich mudstones and 

wackestones deposited in a mid-ramp environment. At this time, increased tectonic 

activity in the Bay of Biscay caused rotation of the Iberian microplate and tilted the entire 

basin towards the NW. Titling, coupled with northward progradation at the end of the first 

transgressive pulse, led to exposure of the southern part of the peninsula, once again 

separating the Atlantic and Tethys Oceans. Marine sediments of the second and third 
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transgressive pulses are only observed in the central and northern parts of the basin 

respectively, suggesting that during the third and final pulse, the southern part of the basin 

was at least partially exposed (Alonso et al., 1993). The presence of Upper Cenomanian 

ammonites including Metoicoceras geslinianum and Vascoceras gamai indicate upper but 

not uppermost Cenomanian age for the lower parts of the Picofrentes Formation (Segura 

et al., 1993a, Peyrot et al., 2011). Transgression reached a maximum in the lowermost 

Turonian at the base of the Mammites nodosoides ammonite biozone (Segura et al., 

1993a, Segura et al., 1993b) marking the maximum flooding surface of the UZA 2 global 

sea level cycle. Maximum flooding in Spain is coincident with maximum flooding seen 

across the globe including North Africa (Lüning et al., 2004), Western Interior Seaway 

(Sageman et al., 1997) and Middle East (Buchbinder et al., 2000). 

As the rate of sea level rise slowed, and changed from a transgressive systems tract into 

a highstand systems tract, the Ciudad Encantada Formation prograded northward over 

the underlying Picofrentes Formation (Segura et al., 1993a). The Ciudad Encantada 

Formation is pervasively and heavily dolomitised making detailed facies analysis, 

sequence stratigraphy and biostratigraphy difficult. Ghosts of rudist bivalves and rudist 

fragments have been noted (Floquet, 1991). The rudists Radiolites peroni and Durania 

arnaudi are recorded in the lower parts of the formation indicating a lower Turonian age 

(Floquet, 1991, Segura et al., 1993a). Sections further north contain the Lower Turonian 

ammonites Choffaticeras barjanai, Wrightoceras munieri and Wrightoceras submunieri 

which can be correlated with the Ciudad Encantada Formatino further to the south 

(Wiedmann, 1975, Segura et al., 1993b). The upper parts of Ciudad Encantada Formation 

contain abundant paleosols horizons and microkarst horizons dated as middle Turonian 

based on the presence of Hippurites requieni and Vaccinites rousseli  in lateral equivalent 

strata (Floquet, 1991, Alonso et al., 1993). In the more central and northern parts of the 

basin, the Ciudad Encantada Formation is not present, but Lower to Middle Turonian 

strata are characterised by marls of the Picofrentes Formation. The presence of Fallolites 

subconciliatus and Paramammites postaenzi suggest an upper Lower Turonian age for 

the upper parts of the Picofrentes Formation (Wiedmann, 1975, Floquet, 1991). Dating of 

these formations shows that the shallow water carbonates of the Ciudad Encantada 

Formation are clearly older than the deep water facies of the Picofrentes Formation 

(Segura et al., 1993a). 

 

 

 



109 
 

 

Section 
Location 

Latitude Longitude 

Llumens N41°08014 W01°46507 

Ibdes N41°13381 W01°49043 

Alhama N41°18048 W01°52564 

Embid de Ariza N41°22573 W01°57577 

La Quinoneria N41°33492 W02°02495 

Ciria N31°37197 W02°00382 

Picofrentes N41°46596 W02°33480 

Anquel del Ducado N40°59381 W02°06121 

Conredondo N40°47097 W02°32236 

Sacecorbo N40°49464 W02°24542 

Abanades N40°53392 W02°29371 

Siguenza N41°02043 W02°41380 

Ventosa N41°10088 W02°33324 

Marazovel N41°18329 W02°44094 

Rello N41°20362 W02°47040 

 

Table 4.1 A table showing GPS co-ordinates for logged sections. 

 

Figure 4.4 Location map showing the location of the field area in Spain and location 
of logged sections in the field area. Map also shows location of Hesperian Massif 
and Seuil High and lines of transects (Floquet, 1991).  
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4.3 Methods 

The Upper Albian to Middle Turonian sediments were studied in 15 logged sections along 

2 NNW-SSE transects which is roughly parallel to depositional dip (figure 4.4). All logged 

sections are located either south of or on the Sueil High with the exception of the 

Picofrentes section which is to the north of the high (Figure 4.4).  A single section (Anquel 

del Ducado) has been logged between the two transects to aid with correlation. Logging 

was carried out using traditional field methods with use of a Jacob staff. Limestone texture 

was determined according to the classification of Dunham (1962). GPS co-ordinates for 

each logged section are given in Table 4.1. During logging, sections were systematically 

sampled to ensure that all observed facies were collected. Approximately 284 samples 

were collected of which 210 were made into 30µm covered thin sections stained with 

Alizarin Red S and potassium ferricyande following the method of Dickson (1966). The 

remaining 74 samples were made in to polished, uncovered and unstained thin sections 

for analysis using luminescence techniques. Microfacies have been defined by texture, 

abundance of allochems, sedimentary structures and trace fossils. Each microfacies was 

then grouped into facies associations which are associated with a particular depositional 

environment. Relative sea level changes for each logged section were defined based on 

changes in depositional environment as determined from microfacies and outcrop 

observations. In addition attention was also paid to surfaces between beds to help with 

correlation between logs. Sequence stratigraphic classification was then proposed based 

on the nomenclature of Van Wagoner (1988) and palaeogeographical maps have been 

drawn. 

4.4 Facies and depositional environments 

The Upper Albian to Lower Turonian succession has been divided into 8 facies 

associations, with most associations subdivided into two or in one case 3 subfacies (Table 

4.2 and Figures  4.5 , 4.6 and Plates 4.1 and 4.2). In addition, key surfaces within the 

sections have been identified and put into a standard sequence stratigraphic framework 

and their relationship to the different depositional environments is shown (Figures 4.7a 

and b).  

4.4.1 Supratidal, sub-aerially exposed setting (1) 

4.4.1.1 Dolomitised algal laminations (11) 

This facies is composed of thin (~10cm to 30cm) red-orange beds that rarely stack into 

thick (~2m) units, commonly sperated by units of facies 2 (Plate 4.1a). Each bed is 



111 
 

composed of crinkled to planar algal laminated units, with rare domal structures observed 

at Alhama and Ciria. Fenestral fabrics and birds-eye structures are common in this facies, 

across the entire field area. Rarely, the surfaces of laminated beds show evidence for 

sub-aerial exposure in the form of mud cracks and tepee structures (Plate 4.1b).  The 

base of overlying beds of facies 21 or 22 occasionally contain clasts of underlying algal 

laminites, likely representing rip-ups during transgressions and/or storm events. These 

beds have subsequently become completely dolomitised by finely crystalline planar-e to 

planar-s non-ferroan dolomite with the exception of this facies observed in the Picofrentes 

Formation. Bioclasts are rare within facies 11 with only very rare shell fragments and 

miliolids observed. Bioturbation was never observed within this facies (Figure 4.5a). 

4.4.1.2 Brecciated and dedolomitised Dolostone/limestone (12) 

Rare ~30cm thick beds of fissile, brown mudstone are observed in the uppermost part of 

the Ciudad Encantada Formation. Over the distance of an individual outcrop, beds of this 

facies are laterally discontinuous, pinching over a distance of ~5m. The base of beds of 

facies 12 commonly exhibit micro-karstification and cut into the underlying beds of facies 

11 (Plate 4.1c). Fenestral fabrics are common, often showing elongate shapes interpreted 

as decayed rootlet traces. Rarely, spar filled elongate fenestrae show micritic envelopes 

that are interpreted as alveolar structures resulting from calcification of rootlet structures 

(Adams, 1980, Joachimski, 1994). Common circumgranular cracking is common around 

breccias grains as well as bioclasts (Figure 4.5b). There is a low population and low 

abundance of fauna with only rare gastropods and rare miliolids observed. These are 

often present as fragments and within breccia clasts (Figure 4.5b). Rarely this facies 

shows partial dolomitisation by planar-p dolomite which has subsequently been partially 

dedolomitised.  In addition crystal silts are observed filling secondary porosity. 

4.4.1.3 Interpretation 

Facies 11 is interpreted to have formed within the shallow intertidal and supratidal zone on 

the edges of tidal flats. Lack of evidence for evaporites suggests that evaporation was 

never sufficient to reach gypsum saturation of marine fluids. Abundant fenestrae were 

formed by the decomposition of organic material and the trapping of gas bubbles within 

the mat as well as shrinkage of sediments during desiccation (Logan et al., 1974, Flugel, 

2010). The presence of mud cracks and tepee structures provide strong evidence for 

periods of sub-aerial exposure and supports the interpretation of deposition within the high 

intertidal and supratidal zone. Lack of bioturbation and minor volumes of bioclasts suggest 

a stressed environment, likely due to increased salinity levels, suggested by the presence 

of rare bioclasts of salinity tolerant fauna. The dominance of planar to crinkly laminations 
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indicates that energy levels were relatively high and/or there was low accommodation 

space (Andres and Pamela Reid, 2006).  

The observation of exposure features in facies 12 such as the microkarstic base to beds 

and circumgranular cracks formed due to dessication suggest that deposition occurred 

predominantly sub-aerially. The presence of alveolar structures and irregular spar filled 

fenestrae suggest that plants were able to colonise and there was a small amount of soil 

cover (Martín-Chivelet and Giménez, 1992).  The presence of crystal silts are also typical 

of pedogenic processes further suggesting sub-aerial exposure and the presence of 

paleosol (Martín-Chivelet and Giménez, 1992). Brecciation of underlying marine 

carbonates also suggests there may have been prolonged exposure, allowing reworking 

of clasts of facies 11, 21 and 22 into breccias. 

4.4.2 Restricted marine, shallow subtidal lagoon setting (2) 

4.4.2.1 Dolomitised foram and ostracod mudstone/wackestone (21) 

Red to orange coloured beds of this facies are composed of pervasively dolomitised 

foraminferal and ostracod wackestones. Beds are thin, with a maximum thickness of 

~30cm and are commonly capped by beds of facies 11, forming metre-scale, upward-

shallowing peritidal cycles. The base of beds rarely contain rip up clasts of underlying 

facies 11. Micrite has been replaced by very finely crystalline (15µm - 40µm), planar-

e/planar-s to mimetic, non-ferroan dolomite (Figure 4.5c). Bioturbation is minor and rare, 

discreet Thalassinoides burrows are observed. Bioclasts are common, including abundant 

unidentifiable shell fragments, ostracods, textulariids and miliolids (Figure 4.5c). Forams 

are commonly replaced by dolomite whereas other bioclasts are only identifiable as 

abundant moulds. Other allochems include very fine grained,rounded to sub-rounded, 

spherical quartz grains and very rare peloids. There is no evidence of evaporites in this 

facies. Furthermore this facies often contains bored, dolomitised hardgrounds suggesting 

dolomitisation occurred penecontemperaneously. 

4.4.2.2 Dolomitised gastropod wackestone (22) 

Thin (~30cm) orange coloured beds are composed of pervasively dolomitised gastropod 

wackestones. Micrite is replaced by very finely crystalline (15µm - 40µm) planar-e to 

planar-s, non-ferroan dolomite. Other allochems include rare peloids and unidentifiable 

shell fragments, which are likely from gastropods (Figure 4.5d). No original shell material 

is present and bioclasts are only identifiable by mouldic porosity. No bioturbation or 

evaporites are observed within this facies. 
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4.4.2.3 Interpretation 

Facies 21 and 22 are interpreted as having being deposited in a shallow subtidal, protected 

lagoon. The presence of salinity-tolerant fauna such as ostracods and miliolids (Flugel, 

2010, Iannace et al., 2013), as well as relatively minor amounts of bioturbation, suggests 

that salinity levels were elevated above normal levels (Lézin et al., 2012) but lower than 

facies 1. No evidence for evaporites is noted in this facies suggesting evaporation was not 

sufficient to reach gypsum saturation. Rounded, very fine quartz fragments are likely 

aeolian in origin suggesting close proximity to a clastic source.  

4.4.3 Shallow shoreface (3) 

4.4.3.1 Herringbone and trough crossbedded sandstone (31) 

Thick ~50cm beds of medium to coarse-grained sandstone are noted in the western 

transect of the basin. Sandstones are predominantly made of well-sorted, rounded to sub-

rounded quartz grains (~90% of total grains). There are minor amounts of feldspar (~7%) 

and very rare grains of muscovite present (~3%). Feldspar grains show strong alteration 

and dissolution (Figure 4.5e). Intergranular porosity has subsequently been occluded by 

blocky non-ferroan calcite cements which commonly show remnant dolomite or ghost 

rhombs (Figure 4.5e). Trough cross-bedding is common (Plate 4.1d), particularly at the 

Conredondo section, and shows a westerly transport direction. Herringbone cross-beds 

are also observed at Siguenza and Abanades sections, indicating a west-east transport 

direction with a dominant westerly transport direction. No bioturbation was observed within 

this facies however whole and articulated oysters were common at the Marazovel and 

Siguenza sections. 

4.4.3.2 Interpretation 

The dominantly coarse grain size of the facies suggests that deposition occurred in a high 

energy environment.  The presence of low angle trough cross-beds are commonly noted 

in the upper shoreface environment, above fair weather wave base  (Clifton, 2006). The 

presence of bi-directional sedimentary structures such as herringbone cross bedding 

suggest the presence of bi-directional currents, indicative of tidally influenced deposits, 

indicating that the area was at least peridoically affected by tidal currents. Given the 

common abundance of wave dominated bed forms, a wave dominated upper shoreface 

environment is interpreted (Seidler and Steel, 2001). The lack of bioturbation and lack of 

fossils at the southernmost outcrops are potentially representative of a brackish 

environment, associated with terrigenous input from large fluvial systems noted in 
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Valdemorillo approximately 130km to the west (Garcia-Hidalgo et al., 2007). Normal 

salinity conditions gradually became more established towards the north, away from the 

estuary. In addition, rapid sedimentation rates and rapid changes in salinity from marine to 

brackish created conditions that were hostile to marine fauna. Presence of remnant 

dolomite and ghost dolomite rhombs indicates that pervasive dedolomitisation has 

occurred. 

4.4.4 Normal marine salinity, shallow subtidal lagoon setting (4) 

4.4.4.1 Dasyclad and echinoid limestone (41) 

Facies 41 is defined by white and light grey coloured limestone in thick units measuring 

~1m thick. In outcrop, this facies has a highly nodular appearance, interpreted as being 

due to abundant bioturbation, although no discrete burrows are observed. Dasycladacae 

(Actinoporella?) fragments are common and other bioclasts include echinoid plates and 

spines, Alveolinids, Miliolids, rare oyster fragments and rare gastropod moulds (Figure 

4.5f). Fragmentation within this facies is low. No dolomite replacement has been observed 

within this facies. 

4.4.4.2 Oyster rich bioclastic limestone (42) 

White and light grey coloured limestones of this facies occur in ~50cm thick beds, 

whichare commonly strongly bioturbated with a highly mottled appearance (Plate 4.2a). 

Abundant Thalassionoides burrows are observed and are commonly dolomitised by 

planar-e, non-ferroan dolomite. The facies is characterised by bioclastic wackestone to 

floatstone with abundant articulated oysters, suggesting relatively minor amounts of 

transportation. Other bioclasts include peloids, echinoid plates and spines, serpulid worm 

tubes, ostracods and forams including Praealveolinids, Cisalveolinids and Miliolids. Rare, 

fine-grained, rounded to angular, spherical quartz grains are also present. Bioclasts 

commonly exhibit micrite envelopes although these are often only very thin (~10µm). In 

addition larger bioclasts are commonly bored, particular thicker oysters shells (Figure 

4.6a).  

4.4.4.3 Symmetrically rippled peloidal and bioclastic limestone (43) 

Symmetrical, ~5cm rippled grainstones are observed in the upper parts of the Santa Maria 

de los Hoyas Formation in the Ciria section with crests roughly trending north-south, 

suggesting an east-west current direction. Ripples have sub-millimetre mud drapes within 

ripple sets. The bi-directional current responsible for forming symmetrical ripples (Plate 

4.2b), as well as the presence of mud drapes, suggests a tidal influence during deposition. 
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Ripples are composed of peloids and abundant bioclasts including Miliolids, ostracods 

and rare shell fragments. Silt sized quartz fragments are also rarely observed. In addition 

u-shaped Arenicolites burrows are associated with this facies (Plate 4.2b).   

4.4.4.4 Interpretation 

Facies 4 is interpreted as being deposited in a shallow, protected lagoon environment. 

The wackestone to floatstone texture of sediments suggest low energy levels, 

concomitant with the low fragmentation and high articulation of bioclasts, indicating that 

transportation was minimal. The abundance of shallow marine fauna such as 

Dasycladacae green algae and common benthic forams suggests deposition occurred in a 

shallow subtidal environment within the photic zone, likely within a protected embayment. 

The presence of echinoids, oysters and dasyclads also suggests that salinity levels did 

not vary significantly from normal marine conditions (Flugel, 2010, Navarrete et al., 2013) 

and so communication with the open ocean must have been good. Abundant bioturbation 

also indicates that oxygen levels were good, supporting burrowing infaunal organisms in 

the upper parts of the sediment column.  

Symmetrically rippled peloidal limestones represent high energy deposits and suggest 

that wave energy affected the sea floorvia bidirectional currents. Mud drapes above 

ripples would have been deposited during slack tides with the grainier laminations 

deposited during flood tides (Coughenour et al., 2009). Tidal ripples have been noted in 

subtidal, intertidal and even supratidal environments as a result of storm surges (Lasemi 

et al., 2012). Given a lack of exposure features in facies 43 and open marine fauna, 

deposition is interpreted to have occurred in a subtidal environment. The presence of 

Arenicolites burrows is typical of very shallow marine, high energy environments and is 

commonly found in shallow subtidal environments (Fürisch, 1975). Given the carbonate 

margin dips roughly NW-SE in this locality, the E-W transport may represent deposition 

under the influence of longshore drift, with currents oblique to the margin. 

4.4.5 Back shoal barrier protected an elevated salinity lagoon (5) 

4.4.5.1 Cross bedded Peloidal and bioclastic limestone (51) 

Thin (~30cm), beds of strongly cross-bedded peloidal and bioclastic limestones are 

observed in the Picofrentes Formation at the Picofrentes locality. Palaeocurrent 

measurements suggest a transport direction of roughly east to west. Cross beds are 

planar and low angle (~15°). The unidirectional nature of cross beds suggests that there 

was no tidal influence during deposition. Beds are laterally discontinuous and pinch out 
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over a distance of ~30m (Plate 4.2c). Cross bedded strata have a grainstone texture and 

show a restricted fauna, including super abundant miliolids, serpulid worm tubes, spirobid 

worm tubes, ostracods and rare peloids (Figure 4.6b). No bioturbation was observed in 

this facies. 

4.4.5.3 Gastropod and ostracod packstone (52) 

Beds of facies 52 appear white to dark grey in colour and are present in units measuring 

~1m thick and predominantly observed in the lower parts of the Picofrentes Formation. 

Beds are massive with no bioturbation or sedimentary structures observed. Bioclasts 

include abundant gastropods, ostracods and shell fragments with minor numbers of 

echinoid plates.  

4.4.5.4 Interpretation 

Facies association 5 has been deposited as part of a shelf edge shoal environment, likely 

with the absorption of wave energy and potentially creating a barrier to a shoreward 

protected lagoon. Subfacies 51 was deposited via unidirectional currents moving from east 

to west. The absence of bi-directional current indicatorssuggest there was no tidal 

influence during deposition. The laterally discontinuous nature shows that the barrier to 

the protected lagoon was not continuous, and gaps in shelf edge shoals would have 

allowed high energy currents to influence deposition in the back shoal environment. 

Palaeocurrent direction indicates an east to west transport direction suggesting that 

currents were moving along the Seuil High potentially due to longshore drift. Deposition is 

interpreted to have taken place in a high energy tidal bar, and given the super abundance 

of salinity tolerant fauna, protected a lagoon with elevated salinity levels.  

4.4.6 High energy normal marine subtidal shoals (6) 

4.4.6.1 Bioclastic grain-rich limestones (61) 

Facies 61 is most commonly observed within the lower to middle parts of the Picofrentes 

Formation, particularly in the central parts of basin. The facies consists of ~1m thick, 

massive, white to grey limestones units. Textures range from packstone to grainstone and 

contain abundant and diverse open marine fauna including echinoid plates and spines, 

ophiuroid plates, oyster fragments, gastropods and unidentifiable shell fragments. 

Bioclasts are also commonly abraded and rounded. Intraclasts and grapestones are also 

present but are very rare. No bioturbation or other sedimentary structures are observed 

within this facies.   
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4.4.6.2 Peloidal and ooid grainstones (62) 

Ooid and peloidal grainstones form thin ~30cm thick beds, but can reach a thickness of 

~2m in the southern and eastern parts of the basin. Ooids measure ~150µm in diameter 

and are commonly replaced by mimetic or very finely crystalline dolomite (Figure 4.6d). 

Original texture of ooids is not always preserved, but rare radial fabrics are observed. 

Intergranular porosity is partially occluded by thin, isopachous, fringing cement which has 

also been subsequently replaced by dolomite. Peloids are generally fine grained (~75µm) 

although structureless grains of a similar size and shape to ooids are observed, 

suggesting that some peloids are fully micritised ooids. Bioclasts are rare, with only fine, 

unidentifiable shell fragments observed. No bioturbation is observed. The bases of ooid 

beds are often scoured and sharp. In addition thicker units of ooid grainstones are often 

interbedded with muddier units of subtidal bioclastic wackestone (facies 21 and 22). 

4.4.6.3 Interpretation  

The sparcity of micritic material, abraided bioclasts and early marine cements all suggest 

that deposition took place in a high energy environment. The high energy conditions along 

with loose sedimentation do not provide favourable conditions for habition by infaunal 

organisms, hence the lack of in-situ bioclasts and bioturbation. Furthermore, the presence 

of fringing cements suggests early marine cementation commonly associated with high 

energy shoal deposits (Tucker and Wright, 2009). Deposition likely occurred as part of a 

shelf edge sand shoal. The presence of rip up clasts and intraclasts in facies 61 may be 

indicative of periodic storm events affecting the environment and provide strong evidence 

of early cementation.  The packstone texture of facies 61 suggests that there were periods 

of relative low energy, possibly suggesting deposition in a back shoal environment with 

some protection from wave energy. Given the presence of radial fabrics it is interpreted 

that ooids had an originally precipitated as calcite, suggesting that normal marine 

conditions prevailed (Tedesco and Major, 2012). 

4.4.7 Shelf edge rudist build-ups (7) 

4.4.7.1 Dolomitised rudist lithosomes (71) 

Facies 71 is only observed in the lower Turonian Ciudad Encantada Formation at the 

Llumens, Ibdes and Embid de Ariza sections. Bedding is often massive and structureless 

measuring up to 3 meters thick. The facies is heavily dolomitised by coarse (~250µm), 

planar-e to planar-s dolomite that exhibits cloudy core, clear rim dolomite. Dolomitisation 

is fabric destructive and only ghosts of rudist are seen in outcrop and thin section (figure 
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4.7e), no other bioclasts are recognised. In the section at Ibdes clear, large scale (~30m) 

clinoforms are observed downlapping on to the underlying Picofrentes Formation. 

4.4.7.2 Interpretation 

The presence of whole rudists and rudist fragments suggests that facies 71 was deposited 

in a high energy rudist shoal environment. Given the fabric destructive nature of 

dolomitisation it is difficult to give more detailed interpretation of depositional environment.  

4.4.8 Distil mid to outer-ramp with open marine conditions (8) 

4.4.8.1 Pelagic foram and ammonitic limestones (81) 

Facies 81 is commonly seen within the upper parts of the Picofrentes Formation in the 

northern most outcrops, particularly in the central parts of the basin. The facies makes up 

thick units (up to 3m) of massive to nodular white to grey limestones (Plate 4.2d). Rarely, 

this facies can be dark grey. The facies exhibits mudstone to wackestone texture with 

common open marine fauna including echinoid plates, ophiuroid plates, articulated 

oysters, thin-shelled bivalves, rare calcispheres and pelagic forams (Globogerinids) 

(Figure 4.7f). In addition whole ammonites have also been found at the Picofrentes 

location. The amount of bioturbation is variable but often alternates between beds from 

intense to minor. 

4.4.8.2 Interpretation 

The abundance of fine-grained material and mudstone texture suggests deposition 

occurred in a low energy offshore environment below storm wave base. This is supported 

by the presence of abundant pelagic fauna such as ammonites and pelagic forams. The 

occasional dark colour of the limestone may be as a result of high organic content. 

Alternations between nodular and massive limestones also suggest that periodically, 

conditions were favourable for colonisation by burrowing infaunal organisms. 



119 
 

 

 

T
a
b

le
 4

.2
 A

 ta
b

le
 o

f fa
c

ie
s

 d
e
s

c
rip

tio
n

 a
n

d
 in

te
rp

re
ta

tio
n

 o
f d

e
p

o
s
itio

n
a
l e

n
v

iro
n

m
e
n

ts
. A

b
b

re
v

ia
tio

n
s

: v
r ï

 v
e
ry

 ra
re

, r ï
 

ra
re

, m
 ï

 m
in

o
r, a

 ï
 a

b
u

n
d

a
n

t, s
a

 ï
 s

u
p

e
r a

b
u

n
d

a
n

t. 

 



120 
 

 

T
a

b
le

 4
.2

 c
o

n
tin

u
e

d
. 



121 
 

 

 

 

 

 

 

 

 

T
a

b
le

 4
.2

 c
o

n
tin

u
e

d
. 



122 
 

 

Figure 4.5 Photomicrographs showing microfacies of the Iberian Basin (a) facies 11 
fenestrae rich algal bindstones, (b) facies 12 breccciated calcrete horizon, (c) 
dolomitised foram mudstone of facies 21, (d) dolomitised gastropod wackestone 
with abundant biomouldic porosity of facies 22, (e) moderately sorted coarse sands 
of facies 31 and (f) dasyclad and gastropod rich limestones of facies 41. 
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Figure 4.6 Photomicrographs showing microfacies of the Iberian Basin (a) facies 42 
oyster rich limestones with common borings in oyster shells, (b) cross bedded 
peloidal and biocalstic grainstones of facies 51, (c) bioclastic grain-rich limestone 
(facies 61), (d) dolomitised ooid grainstone of facies 62 (e) dolomitised rudist 
grainstones of facies 71 and (f) pelagic forma and echinoid wackestones of facies 81 
deposited in a mid- to outer-ramp environment. 
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Plate 4.1 Outcrop photos showing (a) typical shallowing cycle in the Villa de Ves 
Formation consisting of facies 21 at the base and 11 at the top, (b) tepee structures 
observed in facies 11, (c) karstic base of beds of facies 12 and (d) trough cross 
bedding in facies 31. 
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Plate 4.2 Outcrop photos showing (a) abundant oyster s and bioturbation in facies 
42, (b) Symmetrical ripples and paired holes interpreted as Arenicoliotes  burrows in 
facies 43, (c) laterally discontinuous beds of cross bedded peloidal and bioclastic 
graintones of facies 51 and (d) field panorama of Marazovel section showing SB1 
and SB2 (black dashed lines ï see Figure 4.7b) and change from strata dominated 
by facies 4 to facies 8 (white dashed line).  



126 
 

 

   

Figure 4.7a Correlation panel showing facies variation and sequence stratigraphy for eastern transect of Iberian Basin as shown in Figure 4.4. Note that cyclicity relates to 2nd, 3rd, 
4th and 5th order cycles from left to right. 
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Figure 4.7b Correlation panel showing facies variation and sequence stratigraphy for western transect of Iberian Basin as shown in Figure 4.4. Note that cyclicity relates to 2nd, 3rd, 4th and 5th 
order cycles from left to right.  
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4.5 Platform geometry 

The Lower Cenomanian succession of the Iberian Basin shows minor facies variations, 

particularly in the Santa Maria de los Hoyas Formation where only minor variations 

between facies 41 and 42 in the eastern transect of the basin occur. In addition, there is 

relatively little facies change within the clastic dominated part of the Santa Maria de los 

Hoyas Formation, with tidally- influenced deposition visible across the western transect 

from Conredondo to Siguenza, a distance of ~40km. This is interpreted to reflect relatively 

little change in bathymetry throughout the basin. A similar situation is observed in the 

Middle Cenomanian Villa de Ves Formation. High energy ooid and peloidal shoal deposits 

(FA5 and FA6) are noted over a wide geographical area over a distance of at least 70km 

across both the eastern and western transects of the basin. This suggests that conditions 

above fair weather wave base (FWWB) were spread over a geographically wide area, 

here interpreted to be due to a very shallow dipping ramp. Furthermore the thickness of 

ooid shoal deposits in the western transect of the basin is relatively constant suggesting 

that there is no significant shelf break.  

Into the Lower Turonian, the Ciudad Encantada Formation shows clear, northward-dipping 

clinoforms down lapping onto the maximum flooding surface for the UZA 2 global sea 

level cycle at the top of the Picofrentes Formation. Top-lap geometries have also been 

observed in the upper parts of the Ciudad Encantada Formation where clinoforms are 

composed primarily of rudist fragments, now visible as ghosts (FA7), that abut against 

horizontal, thinly bedded shallower marine lagoonal and peritidal facies (FA1 and FA2).  

Nevertheless, given fabric destructive dolomitisation it is impossible to reconstruct the 

facies distribution within the Ciudad Encantada Formation in detail. The change in 

geometry from flat ramp to rudists shoals associated with ~30m clinoforms imply a change 

in platform geometry from a flat, homoclinal ramp to a distally steepened ramp (Segura et 

al., 1993a). This occurred due to flooding of the platform during the transgressive part of 

the UZA 2 cycle and created significant accommodation and open marine conditions.  

Consequently, rudist shoals developed, responsible for over steepening of the distil parts 

of the platform, and shedding of rudist grainstones created clinoforms as frontal aprons to 

build-ups. A similar distribution of facies is noted in coral-algal-rudist build-ups in 

Santonian aged strata of the Pyrenees (Booler and Tucker, 2002, Pomar et al., 2005). 

There is a lack of evidence of slope instability throughout the basin with no evidence of 

slumping or synsedimentary breccias as might be expected in over steepened ramps 

(Read, 1982). This, in part, may due to intense fabric destruction of the entire Ciudad 

Encantada Formation or relative stability of the over-steepened margin.    
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4.6 Systems tracts and surfaces   

4.6.1 Sequence boundaries 

The sequence boundary capping UZA 2.3 (SB1 on Figure 4.7a and b) is marked by the 

surface between the Santa Maria de los Hoyas Formation and the overlying Villa de Ves 

Formation. On the basin margin, in the western transect, this sequence boundary is 

located within peritidal facies defined by FA1 and FA2 (Figure 4.7b and Table 4.2), but 

dominated by supratidal facies 11. This particular surface was picked as it is the first 

evidence of exposure within the sequence, represented by tepee structures, broken algal 

mats and thin breccia horizon (Figure 4.8a and b). Other authors have noted that further 

to the south (around Maestrazgo), this sequence boundary is actually defined by marl 

deposition rather than exposure of the platform interpreted due to the result of differential 

subsidence. Increased subsidence in the south was more rapid than sea level fall 

meaning the platform never reached emersion (García et al., 1996).  

 

Figure 4.8 Field photos showing (a) location of SB1 at Embid de Ariza section with 
blue area dominated by FA4 and green area dominated by beds of FA1 with minor 
beds of FA2 and (b) thin exposure breccia horizon representing SB1. 

The sequence boundary at the top of the UZA 2.4 cycle (SB2 on Figure 4.7a and b) also 

marks the upper limit of the Villa de Ves Formation in the field area. This is the lateral 

equivalent of the sequence boundary between the Atienza and Patones sequences 

defined by Garcia-Hidalgo et al. (2007). In outcrops located within the central part of the 

basin (Figure 4.4), SB2 is defined by a sharp contact between metre-scale, upward-

shallowing peritidal cycles composed of FA1 and FA2 and high-energy grain shoals of 

FA5 and FA6 (Figure 4.9), with the exception of Alhama de Aragon section where peritidal 

carbonates are overlain by facies 22. In the western part of the basin peritidal cycles of the 

Villa de Ves Formation are overlain by open marine shallow subtidal sediments of facies 

52 and 43. In outcrops located on the Seuil high (Figures 4.7a and b) the underlying 
































































































































































































































































































































