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ABSfRACT 

METEORIC PHREATIC AND BURIAL DIAGENESIS OF THE 
DINANTIAN PLATFORM UMESTONES OF NORTH-EASf eLWYnj 

NORTH WALES 

These limestones were deposited on a spasmodically subsiding 

shallow marine platform. This study documents their diagenetic 

evolution and their lithification history. 

The limestones are found to include five main lithologies: 

a) calcisiltite. b) biomicrite. c) biomicrosparite. d) biosparite and 

e) biosparrudite. The biosparites and the biosparrudites (the grain

.stones) were lithified by dominantly echinoderm-syntaxial. calcite 

rims and polyhedral sparry calcite. Three cementation episodes are 

recognised in these two lithologies: E.I) an early near surface 

«200m), pre-compaction episode characterised by non-ferroan 

syntaxial rims and prismatic crusts. These clear rims comprise three 

major cathodoluminescent zones (from oldest to youngest: Zones 1 

non-luminescent, 2 dull luminescent, 3 brightly luminescent). E.n) an 

intermediate burial episode (200-300m) dominated by polyhedral spar 

and syntaxial, dull luminescent Zone 4. The cements of episode n 

are both ferroan and non-ferroan. The syntaxial Zones 1-4 can be 

correlated over a distance of 16km and a stratigraphic thickness of 

180m. E.III) a deeper burial episode (within 1000m) introduced 

non-ferroan non-luminescent drusy blocky calcite. mainly intraskeletaI. 

The first and possibly the second episodes were syn-Dinantian whereas 

the third episode was not later than Westphalian. Total cements, in 

crinoidal biosparites, make up 47.5% of the total rock volume. of which 

syntaxial rims make up an estimated 85-90% of the total intergranular 

cements. Cements of the first two episodes were precipitated in a 

meteoric phreatic environment, on the basis of crystal clarity, Mn2+ 

and Fe2+ content, cement morphology, substrate selectivity,< low Mg2+ 



d 2+ an Sr contents. The different luminescent characteristics of 

Zones 1-3 and their regional distribution are attributed to different 

phreatic aquifers which were established during periods of low sea

level stands. which resulted in the development of a number of 

palaeokarst surfaces within the sequence. 

Geochemical and isotopic data of the different constituents 

reflect depletion in Mg2+ (0.4 mole %). Sr2+ (200ppm) and' g180 

(-8%oPDB), and an enrichment in Mn2+ (200ppm) and to a lesser 

extent in Fe2+ with respect to low-Mg calcite in equilibrium with 

Recent sea water. These chemical variations indicate a diagenetic 

evolution in a partially closed meteoric phreatic system. 

Mechanical and chemical compaction played a minor role in 

decreasing the primary porosity of the grain-supported beds. Near

surface cementation inhibited the development of fitted fabrics but 

did not prevent the development of stylolites. Although stylolites 

were important in stratigraphical shortening, they probably were not 

important in the porosity occlusioo in the grainstones. since they 

developed after most of the intergranular compaction and after 

essentially mature cementation. Virtually all the compactive features 

are late Dinantian to late Westphalian in age and were formed under 

less than 1000m of overburden. 

It is estimated that karstification supplied 25% of the total 

cement and more than 50% of the calcite for the first cementation 

episode. 
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CHAPTER ONE 

INTRODUCTION, GEOLOGICAL SETTING 

AND BURIAL HISTORY 
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INTRODUCTION 

The great proliferation of carbonate research in the post-1950s 

focused on two major aspects of carbonate sedimentology: 

1) Understanding of carbonate depositional environments, and 

2) Understanding of carbonate diagenesis. The earliest of these 

modern studies dealt with depositional processes; they have continued 

to the present and have resulted in such outstanding works as those of 

Illing (1954) on the Bahamas, Ginsburg (1956) on Florida, Purdy (1963 

a & b) on the Bahamas, Newe)~ et al (1959) on the Bahamas, 

Logan et al (1969) on the Yucatan Shelf, Purser (ed. 1973) on the 

Arabian Gulf, Hs ij & Jenkyns (eds. 1974) on pelagic sediments, James & 

Ginsburg (1979) on the Belize Shelf. Added to this effort, in the post-

1960s, has been an increased emphasis on the diagenesis of carbonate 

sediments and roc"ks. These post-1960 studies have clearly demonstrated 

the massive diagenetic changes attendant on lithification of carbonate 

sediments. These changes comprise mineralogical transformation from 

aragonite and high-Mg calcite, as in Recent sediments, to low-Mg 

calcites and dolomites typical of ancient carbonates. Equally important 

is the massive porosity destruction from the original 40-70% observed in 

Recent calcareous sediments to the few per cent observed in most ancient 

carbonates (Choquette & Pray, 1970). 

The porosity occlusion and lithification of carbonates is accomplished 

primarily by four processes: 1) mineralogical transformation, 2) cementa-

tion, most commonly by calcite, 3) compaction, and 4) dolomitization. 

(I) The conversion of aragonite to calcite during diagenesis results in 

a 8.6% increase in specific volume. Assuming a lime mud is originally 

composed of 50% aragonite and 50% porosity, this mineralogical transformation 
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would eliminate only about 4% of the porosity. This is clearly 

inadequate to account for the large porosity decreases cited above. 

(2) Cementation is believed to be the prime mechanism for 

porosity reduction and lithification of calcareous sands... To quote 

Bathurst's eloquent SlJatement (197S, p.4IS): 

We are forced, therefore, to conclude that the high primary 
porosity has been reduced to its present low value of about 
3% almost entirely by the introduction of cement. This 
means that, as we gaze spellbound at the towering carbonate 
peaks in the southern Apennines or the Canadian Rockies, we 
must realize that at least half the volume of these mighty 
mountains is CaC03 cement which has been transported in 
solution to the place where we now find it. The questions 
of source and transport of such enormous quantities of CaC03 have proved extremely difficult to answer.... These are 
topics of which our knowledge is as yet superficial and 
rudimentary: most of the work of understanding is still to 
come. 

In summary, our knowledge of carbonate depositional processes is 

much ahead of our understanding of diagenetic processes, the principal 

one of which is cementation. The understanding of cementation not 

only has academic importance in filling a major gap in our knowledge 

of carbonate rock genesis, but clearly has economic importance in 

understanding porosity genesis. A predictive model(s) of porosity 

genesis in carbonate rocks, that includes history of the palaeo-fluid 

systems and cement chronology, would be of great value in exploration 

for reservoirs of any subsurface fluids, be they water or hydrocarbons. 

In particular, such a model would allow interpretations of timing of 

cementation relative to hydrocarbon. generation, migration, and 

L. 

accumulation, and prediction of areas most likely to have retained some 

primary porosity or to have developed a secondary one. 

(3) Compaction (grain readjustment, intergranular pressure

dissolution, grain breakage) is an additional mechanism. for decreasing 
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porosity and for lithification. Experimental compaction (Ebhardt, 

1968; Miller & Richards, 1969; Fruth et ai, 1966; Terzaghi, 1940; 

Shinn et ai, 1977; Shinn & Robbin (1983) has shown that lime 

muds are nearly as compactible as clay muds, yet, Pray (1960), 

Zankl (1969), Bathurst (1975, p.439) and Steiner (1978) have pointed 

out that ancient lime muds often appear to show little or no 

evidence of compaction. Observations on clay bearing carbonates 

by Zankl (1969), Shinn et al (1977) among others have shown that 

compaction does indeed occur in some mud-supported, argillaceous 

limestones. The role of compaction, both mechanical and chemical 

as a general and common mechanism in lithification of ancient lime 

muds is as yet unknown; although it is receiving considerable attention 

in chalks (e.g. Kennedy and Garrison, 1975; Schlanger, et al., 1973; 

Neugebauer, 1973; Scholle, 1974). 

Compaction in grain supported limestones has received little 

attention froom workers on carbonate diagenesis. Observational data 

on the sequence of events and amount of grain breakage in limestones 

of all ages are scarce. The notable exceptions include works of 

Kahle (1966), Coogan (1970), Bhattacharyya & Friedman (1979), Wanless 

(1979), Meyers. (1980), Bathurst (1980), Buxton & Sibley (1981), and most 

recently Meyers & Hill (1983). Theoretical consideration of compaction 

of spheres has been published by Jeyl (1959), Rittenhouse (1971), Manus 

& Coogan (1974) and de Boer (1977). 

These works are inapplicable to the bulk of natural calcarenites 

(without modification) because the derived models apply only to a perfect 

geometrical arrangement of spheres. Accordingly a great need has risen 

to evaluate intergranular compaction, and to assess the role of clays as 
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catalyst in natural rocks. 

In spite of its probable importance in many limestones, compaction 

{both mechanical and chemical} appears to be inadequate to account by 

itself for the total porosity destruction of most carbonate sands, as is 

clearly indicated by the ubiquity of intergranular cements in these 

ancient carbonates. 

Purpose of Research 

This research was initially planned to investigate the following 

questions, related to grain-supported carbonate rocks: How important 

was compaction relative to other porosity-destroying processes (mainly 

cementation) ? What chemical and mechanical processes affected 

compaction and which of these processes was most important? When, 

in the overall post-depositional history, did compaction occur? What 

were the main variables that influenced the distribution of compaction 

within a carbonate sequence? 

As work progressed, it was found that the problems of compaction 

are inseparable from those of other pro~esses of lithification of 

carbonate rocks. Accordingly, a wider approach was adopted, to look 

into the lithofacies, the petrography, possibly the stratigraphy and 

chemistry of cements, and compactional features in the Dinantian strata 

of North Wales. Trace element and isotope geochemistry of calcite 

cements were examined in an attempt to reconstruct pore-water 

chemistry responsible for cementation of the selected carbonate sequence. 

The ultimate objective is to document diagenetic evolution and 

lithification history of grain-supported shelf-carbonates. 
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Problems Outline 

A major problem of the genesIs of limestones is understanding 

their lithification and the attendant massive porosity destruction, the 

main processes of which are cementation and compaction. 

The major questions about lithification are: (1) What were the 

chemical and physical characteristics of the fluid system(s) that 

delivered the CaC03 to the site of precipitation, and what was the 

precipitational environment? (2) How important was compaction in 

reducing initial porosity and supplying CaC03 for cements? Is the 

compaction history primarily a function of lithology, chemistry of pore 

waters, or overbu,den? (3) What is the relationship between the 

palaeofluid systems affecting cementation, and major stratigraphical 

setting? (4) When in the geological history of a carbonate sequence 

did the major cementation episodes occur? (5) What was the source of 

the huge volumes of CaC03 for the cements? 

Present day theories delineate, basically, three main compositions 

of pore-waters: meteoric, marine and saline, while dynamic physical 

characteristics are related to three environments: vadose, phreatic and 

Mesogenetic (Choquette and Pray, 1970). 

vadose 

phreatic 

mesogenetic 

meteoric 

x 

X 

X 

marine 

X 

X 

saline 

X 

Water derived from shale compaction IS believed to be a possible fourth 

composition of pore-water, and its effect has been detected locally, 

especially on burial cementation. 
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The process of compaction is two-fold: mechanical by granular 

readjustment, fracturing and crushing, and chemical by pressure-dis-
I 

solution. The role of mechanical compaction in reducing primary 

porosity is still controversial. It is possibly influenced by primary 

components such as clay minerals, by grain size, sorting, grain shape 

and nature of the larger allochems. Chemical compaction, on the 

other hand, is influenced by the extent of earlier cementation, by 

lithology and matrix distribution, by strain inhomogeneity as a result 

of fabric variations, by chemistry, rate of flow and pressure of pore-

fluid, and probably by rise in formation temperature. 

The information gathered from a detailed assessment of the 

geological evolution of a carbonate sequence provides the essential 

framework for the interpretation of chemical and isotopic composition 

of cements, to relate them to diagenetic environment(s), and to 

establish a chronological sequence of events. 

The source of the huge volume of CaC03 needed for the cements 

is still uncertain. Many processes have been stipulated as possible 

contributors of CaC03: (a) Marine cementation, with CaC03 

precipitating from seawater within the pore-space after burial or near 

the water-sediment interface. (b) Meteoric cementation, the waters 

being vadose or phreatic meteoric, their dissolved ions derived from 

intraformational sources, i.e. the groundwaters were recharged through 

limestone dissolution and/or through weathering of non-carbonate 

sediments forming land areas exposed during and after sedimentation. 

When meteoric groundwater comes in contact with seawater, cementation 

may occur in the mixing zone of the phreatic groundwater system. In 

this case dissolved ions come from seawater and from allochthonous or 

autochthonous sources. (c) Water derived from shale compaction is 
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reported to have affected burial diagenesis though on a local scale; 

the shale acting as a source of ions and water. (d) Pressure-solution 

is believed to make available a significant amount of autochthonous 

CaC03for burial cementation. (e) Migrating formation - waters 

associated with sedimentary basin evolution could either hamper 

cementation or supply considerable quantities of CaC03 for deep 

crustal cementation, depending on the chemical conditions encountered. 

The above problems are intimately interrelated and any approach 

to carbonate lithification must deal with all five. Most limestones 

almost certainly experienced more than one phase of cementation and 

compaction and thus there can be multiple ages, sources and 

precipitational environments. 

Geographical Location 

The carbonate sequence, investigated in this study, forms part of 

the eastern outcrop of the Dinantian limestones of North Wales 

(Fig. 1). The outcrops examined run in an arc along the eastern 

flank of the Clwydian Range from Prestatyn by Halkyn mountain to 

Llandegla. The limestones form a series of low-lying hills at an 

elevation of 200 - 300m above sea level; bounded on the west by the 

valleys of the rivers Wheeler and Alyn and on the east by a steep 

slope eroded into the Coal Measures of east Clwyd bordering the River 

Dee (Fig. 1 ). 

The beds are exposed in a number of large industrial quarries such 

as Hendre, Pant-y-Pwll Owr and Graig (Fig. 3 ), thus facilitating 

examination of the sequence. 

Research was restricted to the Middle White, Upper Grey and 

Black (Aberdo) Limestones of the Asbian-Brigantian age (01 - 02 
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Subzones) (George et aI, 1976 ; Neaverson, 1946). ' 

Field-work 

This study is based on field-work started in Autumn of 1978 and 

continued through the Summers of 1979 and 1980. During these periods 

14 quarries, stream sections and exposures were visited and their rocks 

were examined (Fig. 3 ): 

Locality Map Reference 

1. Grange quarries S1 174 760 

2. Waen Brodlas quarries S1 187 733 (Abandoned old quarries) 

3. Bryn Gwiog quarries S1 192 735 (Chert quarries) 

4. Bryn Mawr quarries S1 191 730 (Chert quarries) 

5. Pant-y-pwll Dwr quarry S1 190 720 

6. Hendre quarry S1 197 678 

7. Nant Alyn quarry SJ 191 660 

8. Ty drew Nursery SJ 202 625 

9. Gwernymynydd SJ 215 622 (Abandoned old quarries) 

10. Coed y Fedw SJ 203 619 

11. Graig quarry SJ 205 565 

12. Pistyll Gwyn quarry SJ 190 575 

13. Bryngwyn SJ 213 615 (Abandoned old quarry) 

14. Loggerheads SJ 196 630 (Stream section) 

Work was concentrated on localities 2, 5, 6, 11 and 14 where detailed 

measured sections were logged to a scale of 1:100. Localities 7, 8, 9 and 

10 were also logged but not with the fine detail of the other five. 

Samples were collected from individual massive beds especially at 

the lower part of the sequence, while towards the upper part of the 
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sections within the thinly bedded beds, samples were collected at a 

maximum of 5 m intervals, wherever accessible. 

Beds' continuity could not be ascertained beyond the outcrop of 

the individual quarry, a distance of about 0.5 - 0.8 k.m. 

Plan of Work 

This thesis represents the results of research into the lithology, 

diagenetic evolution and porosity occlusion in the Dinantian platform 

carbonate sequence over the north-eastern area of Clwyd, North Wales. 

In the first chapter, besides the introduction, the thesis deals 

with the geological setting and presents an attempt to reconstruct the 

stratigraphical burial history of the sequence of rocks under study. 

Chapter 2 is concerned with the nature and preservation of the 

main carbonate constituents, their distribution both stratigraphically and 

regionally, the extent of their abrasion and micritization. 

Chapter 3 discusses the main types of limestone microfacies 

recognised within the area of study. It also describes the main 

primary sedimentary structures found in these limestones. In this 

chapter an interpretation of the probable depositional environment in 

which these microfacies were accumulated, is given. The topic of 

cyclicity . is touched upon briefly and the evidence for subaerial 

exposure is _ reported in some details. 

Chapter 4 deals with the diagenetic evolution of the Dinantian 

limestones of the area of study. It includes detailed petrographical 

description of neomorphic fabrics of the dominant skeletal grains and 

the microcrystalline lithofacies, description of types and fabrics of 

cements. The aspects of cementation zoning episodes and environments 

are covered in detail. The stratigraphical distribution of the different 
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cement types is established. The silicification of the skeletal grains 

and the development of chert nodules within the limestone under study 

is mentioned briefly. 

Chapter 5 provides chemical and isotopic data for different 

components of the limestones and discusse's possible inferences. regarding 

the chemical maturity of these limestones and a possible chemistry of 

the porewater during the diagenetic evolution of these limestones. 

Chapter 6 includes petrographic observations regarding compactive 

features, their mode of occurrence in the different lithofacies and 

their inhibition by early cement. In this chapter also an evaluation of 

compaction {both mechanical and chemical} as a viable porosity destroying 

mechanism, is given. 

Finally Chapter 7 includes a synopsis of the results of this study, a 

proposal for a lithification model. 

Main Findings 

The Dinantian limestones of north-east Clwyd were found to comprise 

five main lithologies: calcisiltite, biomicrite , biomicrosparite , biosparite 

and biosparrudite. These lithologies are believed to be the products of 

diagenetic evolution of primarily shallow marine platform carbonate which 

had accumulated on a spasmodically subsiding shelf, resulting in the 

development of a number of shallowing-upward sedimentary cycles topped 

by emersion surfaces. 

Cementation was found to be the dominant process in lithifying 

these limestones, '!Vhile mechanical and chemical processes were found 

important in a few pressure-welded grainstones and with predominantly 
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argillaceous biomicrite beds. 

Cements in biosparites, packstones to grainstones, are exclusively 

low-Mg calcite dominated by inclusion-free syntaxial overgrowths on 

echinoderm fragments. Three episodes of cements were recognised : . 

l. An early near-surface «200m?) pre-compactive (shell fracturing) 

calcite, which can be divided into three major compositional zones (from 

oldest to youngest: Zones 1, 2, 3) based mainly on varying Mn2+ 

contents; 2. An intermediate episode ferroan and non-ferroan 

calcite (faintly subzoned) mainly post-corrpactive fractming; and 

3. a third episode of deep burial (within 1000m) non-luminescent 

drusy calcite. 

The first and second episode cements in crinoidal grainstones ' 

make up 30-40% of total rock volume, 55 - 75% of total cement, and 

an estimated 85 - 90% of total intergranular cements. These cements 

are interpreted as having 

on the basis of Mn2+ and 

precipitated in a meteoric phreatic environment, 

2+ 1 1 . Fe content, crysta canty, cement 

morphology, substrate selectivity. low Mg2+ and 5r2+ contents, and 

absence of marine and meteoric-vadose diagenetic fabrics. The 

different luminescent characteristics of Zones 1-3 and their areal 

distribution are attributed to different meteoric-phreatic regimes which 

were established during periods of low sea-level stands, resulting in the 

development of a number of palaeokarst surfaces within the sequence. 

Geochemical and isotopic data of different constituents of these 

limestones reflect depletion in Mg2+, 5r2+ and 180 and an enrichment 

. M 2+ d I . F 2+ . h . In n ,an to a esser extent In e ,WIt respect to pnmary low-Mg 

calcite in equilibrium with Recent seawater. These chemical 

variations indicate diagenetic evolution in a partially closed meteoric 
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phreatic system, whereas third episode cement was probably 

precipitated from deep formation waters. 

Re-equilibration of the primary low-Mg calcite of the brachio

pod shells within the meteoric environment is regarded as having been 

a result of mixing of the biogenic fibrous calcite of the shell with 

calcite cement. 

The narrow range of Sl3C values in all of the cements suggests 

a rock-dominated (partially closed) diagenetic system unaffected by 

soil carbon dioxide. 

Mechanical and chemical compaction played a minor role in 

decreasing the primary porosity of the grain-supported fabrics. In 

general, chemical compaction is manifested in the development of 

pressure-dissolution features: stylolites, dissolution-seams, and inter-

granular penetration. Stylolites were found in all lithologies; 

dissolution-seams are usually found in clayey biomicrites whereas 

intergranular penetration are found in crinoidal grainstones and 

packstones with little intergranular cement. Early near-surface 

cementation restricted the development of intergranular penetration but 

did not prevent the development of stylolites. 

Although stylolites were important in stratigraphical shortening, 

they probably were not important in porosity occlusion tocally in the 

hiospar ites, since they occurred after most intergranular compaction 

and after essentially advanced cementation. 

Virtually all compactive features are probably late Dinantian to late 

Westphalian in age and took place at less than lOOOm of overburden. 
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PREVIOUS WORK 

The earliest information about the Dinantian limestones of North 

Wales was included in a series of papers published between 1870 and 

1886 by G. H. Morton, which included detailed ithological and faunal 

characteristics of these limestones. Morton (1870) introduced the 

tripartite subdivision of the sequence: 

The Upper Grey Limestone 

The Middle White Limestone 

The Lower Brown Limestone (The Lower Grey and Brown) 

This tripartite classification, based upon the colour of the rocks, 

was successfully applied by Morton (1878) to the Dinantian limestones 

exposed in the Eglwyseg rocks north of Llangollen, and later extended 

northwards (Morton 1886) to the Dinantian limestones in the Mold 

District (Fig. 1 ). Although a great amount of palaeontological data 

was included in Morton's papers, no attempt was made to establish a 

zonal system of the succession. 

In 1906 Hind and Stobbs applied Vaughan's (1905) zonation of the 

Bristol sequence to the numerous quarry sections of the Dinantian 

limestones in Flintshire and Denbighshire (now Clwyd). Using much of 

the information obtained earlier by Morton, it was concluded by Hind 

and Stobbs (1906) that the Dinantian limestones of North Wales lay 

entirely within the Dibunophyllum Zone. They established that the 

Upper Grey Limestone lay within the Upper Dibuno~hyllum (02) Subzone, 

and that the Middle White and Lower Brown Limestones corresponded 

to the Lower Dibunophyllum (01) Subzone. 

The earliest Memoir of the Geological Survey, covering the area of 

study, was published in 1890. The area was later resurveyed (1910-1913) 
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. by Wedd, Smith and Wills and their work published in the Memoirs for 

sheet 108 (Flint, Hawarden and Caergwrle) in 1924 and sheet 121 

(Wrexham) in 1927. Neaverson, in a series of papers between 1929 and 

1946, examined the succession around Denbigh, Prestatyn and Colwyn Bay 

and established their lithologies and faunal assemblages. Neaverson 

(1946) reaffirmed the D1/D2 subzonal boundary at the Middle White/ 

Upper Grey Limestone junction. 

T. A. Jones (1921) published the earliest detailed petrographic 

investigation of these limestones. He emphasised the importance of 

organi.,ms as sediment contributors for the carbonate rock of North Wales. 

From thin section examination he suggested that the Dinantian limestones 

had accumulated in a restricted shallow marine depositional environment 

The earliest mention of the overlying bedded chert was in papers 

of Hall and Hardman (1878), Hind (1888) and Sargent (1923). Jones and 

Lloyd (1942) established that the overlying quartzose grit and bedded 

cherts were at least in part Namurian in age and represented a 

transitional phase between carbonate deposition and deposition of the 

Millstone Grit. A detailed petrographic study of the bedded cherts and 

the silicification of the underlying limestone beds appeared in the work 

of Oldershaw (1967). 

The regional survey of the Geology of North Wales was published by 

Smith and George (1948), and a revised third edition in 1961. Most of 

the published works till the late 1950s dealt with stratigraphic, faunal 

and env(ronmental aspects of these limestones. The same theme 

continued at later dates in works of Banerjee (1958, 1959, 1969), 

Oldershaw (1967, 1969) and more recently George (1974), George et ai, 

(1976) and Somerville (1979) who described for the first time minor 

cyclicity within the Asbian and Brigantian limestones of North Wales, 
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and introduced two new formation names: Cefn Mawr Limestone (D
2

) 

equivalent to Morton's Upper Grey Limestone and Loggerhead Limestone 

(Late Asbian-D1) equivalent to Middle White Limestone. 

Attention was directed to carbunate diagenesis by the publication 

of the outstanding work of Bathurst (1958), which unravelled the 

diagenetic fabrics of some of these Diagenetic limestones, followed in 

1959 by his paper on the diagenesis of the calcilutite facies. Certain 

features of the diagenetic fabrics of some of the Dinantian limestones 

of North Wales were referred to by Orme and Brown (1963). Oldershaw 

and Scoffin (1967) attempted to decode certain aspects of the 

cementation process of these limestones. Since this last paper no 

new work has been carried out on any petrographical aspects of this 

carbonate sequence. 

This study is an attempt to look at the Dinantian rocks of North 

Wales in the light of recent development in the study of carbonate 

sequences and to investigate their lithification history using modern 

approaches and techniques. 
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THE ROCK RECORD 

The surface distribution of the main groups of rocks in north-east 

Clwyd is shown in Fig. 1. They are separable into three main 

superimposed units each with its distinctive lithology and structure, 

consisting of Lower Palaeozoic, Carboniferous and Permo-Triassic rocks. 

The lowest includes Ordovician and Silurian rocks. These are intensely 

folded, dislocated and compressed slates, mudstones, sandstones and grey

wackes; their structure is the result of the Caledonian earth movement. 

On a deeply eroded surface of these rocks rests the middle unit which 

comprises the Carboniferous rocks; their lowest part, the Carboniferous 

Limestone sequence - the object of this research - rests discordantly on 

Silurian or Ordovician rocks. The Carboniferous l.!.imestone is overlain by 

the shales and quartzitic sandstone of the Millstone Grit facies, the shales, 

mudstones and sandstones with a number of coal seams of the Grey 

Measures, and these are overlain by red and green marls and red sand

stones of the Red Measures. The contact between members of the 

Carboniferous rocks are believed to be conformable, despite the 

occurrence of local disconformities and hiati. The Carboniferous and 

underlying rocks were. together dislocated, slightly folded and tilted by 

the Hercynian earth movements. Subsequently, North Wales stood as a 

landmass and was subjected to lengthy periods of erosion. The uppermost 

unit consists of red Permo-Triassic rocks which rest unconformably on the 

Carboniferous rocks, but have themselves been dislocated and warped by 

the Alpine movements. The only other sediments found in the area are 

boulder clay and some other glacial deposits which are seen strewn on the 

rock floor. Fig. 2 shows rocks outcropping in the area set against the 

geological ti me scale. 
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Fig. 2 Rock record in north-east Clwyd, North Wales 
and the adjacent areas. 
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GEOLOGICAL SETIING 

Ca) Palaeogeography 

The Lower Carboniferous sediments in Britain were deposited along 

the southern margins of an inferred landmass (the. Atlantean Continent) 

where four major depositional provinces were separated by upwarps 

(Fig. 4 ) (George, 1958, 1969). 
~ 

The North Wales site of the Dinantian accumulation lay at the 

south western margin of the Central Province, which was established 

as a result of sustained subsidence of the Old Red Sandstone Continent 

and the subsequent marine transgression. 

The Central Province is bounded on the north by the Manx-Cumbrian 

ridge and the Askrigg and Alston Blocks (Fig. 4 ), while to the south 

St. George's Land and the Mercian Highlands form its southern shoreline. 

This province is typified by development of shelly limestones, with 

bioherms and limestones of basinal facies accompanied by shales 

(George, 1969). 

The results of Dinantian transgression southward on to St. George's 

Land are still discernible in the manner in which outcrops of the 

limestones wrap round cores of older rocks despite subsequent orogenic 

movements. Overlaps onto St. George's Land define the southern 

depositional limits of the province i\nd inicate the position of local 

shorelines (George, 1969). 

(b) Stratigraphical framework 

Lower Carboniferous deposition on North Wales began later than in 

many other parts of Britain. The sequence, despite its great thickness, 

is not readily divisible into faunal zones, and lithostratigraphical terms 
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are still used. According to George (1972) "the allocation of rocks in 

North Wales to Avonian Zones is best avoided". Nevertheless there is 

a general concensus that the Dinantian limestones of North Wales are 

mainly or wholly within the Dibunophyllum Zone (Hind and Stobbs 1906). 

A hundred years ago Morton (1878, 1886, 1897, 1898) subdivided the 

Dinantian sequence, lithostratigraphically, into the following five 

formations: 

Black (Aberdo) Limestone ~ Sandy Limestone Beds 

Upper Grey Limestone 

Middle White Limestone 

Lower Brown Limestone 

Basement Beds 

Based on Vaughan's (1905) zonation of the Bristol sequence, Hind and 

Stobbs (1906), using Morton's detailed palaeontological evidence, assigned 

the Upper Grey Limestone to the Upper Dibunophyllum (02) Subzone (now 

in the Brigantian), and the Middle White and Lower Brown Limestones to 

the Lower Dibunophyllum (D
1
) Subzone (now in the Asbian). This 

designation was accepted by later workers, (Neaverson, 1929, 1946; George 

et ai, 1976; Somerville, 1979). 

Banerjee (1959, 1969) and Oldershaw (1967, 1969) established four 

lithological units, which could be correlated laterally in the e:astern 

outcrop of the Dinantian limestones. The four units A1, A2, B1, and B2 

(Oldershaw, 1969) and the corresponding units of Banerjee (1969), fall 

within the Upper Grey Limestone and the Black Limestone of Morton 

(Somerville, 1979~ 
The Basement Beds, which are a mixed suite of sandstones and shales 

with some conglomerates, suggest, in being red, a primary encroachment 

onto a subsiding coast (George, 1974). These Basement Beds, which rest 
"I 

unconformably on Lower Palaeozoic (mainly Silurian) strata, show 
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variable thickness, from relatively thick (max. 30 m) in the contemporary 

troughs, to thin to missing on the intervening swells. This suggests _ ... 

a topographically-controlled fluvial, ~ estuarine or embayed containment 

of the terrigens. The paucity of fossils in these beds, and occasional 

occurrence of calcareous concretions, suggest intermittently marine 

conditions along the margins of the cuvette (George, 1974). 

The overlying limestones overstep unconformably on Lower Palaeozoic 

rocks, as seen in the cores of the anticlines of Cyrn-y-Brain and Berwyn, 

to the south of the area of study (Smith and George, 1961). Near the 

axis of the Berwyn anticline the Upper Grey Limestone oversteps the 

Lower Brown and Middle White Limestones onto Lower Palaeozoic rocks. 

This successive overlapping indicates a greater extent for the later 

transgressions. The coincidence of high axes, which remained emergent 

until a relatively late date, with anticlinal cores as in the Lower 

Palaeozoic suggest possibly continued, gentle, arching during the 

Dinantian sedimentation (Smith and George, 1961). 

The limestone beds show little difference in content of CaC03• The 

Lower Brown Limestone with nearly 98% calcite, compares closely with 

the Middle White Limestone with nearly 99% calcite (Morton, 1897 ,p.196) and 

the Upper Grey Limestone with nearly 98% calcite (this study). 

The Black Limestone at the top of the sequence has its thickest 

development in the northern part of the area of study. Following the 

sweep of the present-day outcrop southwardly, the limestones appear 

to pass laterally into quartzose-sandstones, sandy limestones and black 

carbonaceous shales (the Sandy Limestone Group), presumably at the 

approaches to the source area of the terrigen~ous detritus (Fig. 5 ). 

The greatest thickness of the Carboniferous Limestone in North Wales 

is seen in the outcrops about Llandegla, where 850 m was reported. {Wedd 
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et ai, 1927, p.108; 1929, p.SS; 1924). The limestone continues northward 

with only relatively minor reduction to about 640m at Gwernymynydd 

(near Mold), 720m at Halkyn and 530m at Prestatyn (Fig. 5). (Wedd 

et ai, 1924, 1927; George, 1976; Somerville, 1979~. 

The boundaries between the four limestone formations are not 

always readily distinguishable over the great part of the eastern outcrop. 

Accordingly the precise delineation of the limestone formation rests on 
I 

subjective judgment, with the result that various thicknesses have been 

given for individual members (e.g. George, 1959, 1974 and Somerville, 

1979). The variation of thicknesses is partly due to transgression on to 

a landmass of some relief, with residual hills, standing for a long time 

as islands in the advancing sea, but some variation is' attributed also to 

contemporary tectonics, and relative subsidence, the thicker accumulations 

occupying downwarps in the Lower Palaeozoic floor, the thinner resting 

on swells (George, 1974). 

In the northernmost outcrops near Prestatyn, Neaverson (1946) 

described knoll reefs within the Upper Grey Limestone, or perhaps as high 

as the Black Limestone, containing calcite-mudstone (calcisiltite) with 

well-preserved abundant brachiopods and molluscs, similar to the knoll 

reefs of Derbyshire and Yorkshire. 

Within the study area, the Dinantian sequence is overlain conformably 

by the Namurian sequence (Millstone Grit facies). This facies shows 

marked lithological variation: black carbonaceous shale, with chert beds, 

at the base (Holywell Shales) in the north passing laterally into 

quartzose-sandstones (the Cefn-y-Fedw Sandstone), in the south (Lloyd 

and Jones, 1930). The contact between the Black Limestone and the 

chert beds around Waen Brodlas (SJ/187 733), and possibly further north, 

could well be an erosional surface. Neaverson (1946) reported Millstone 
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Grit resting on a pitted surface of the Dinantian limestone, in the area 

around Prestatyn, which may indicate an erosional break. 

(c) Depositional Framework 

The transgressive Dinantian shore showed a variety of features. 

While in Anglesey it was 8steeply shelving shore with embayed and 

gulfed coastline (Green Iy, 1919) it was a gentle, open coast in the 

Mold area. Further south the effects of the Llanelidan and Bryneglwys 

faults are reflected in an irregular coastline indented by a number of 

swells and shallows resulting in great variations of thicknesses and stages 

of overlapping (Fig. 5 ). 

The outcrops examined in this thesis fall within the depositional 

trough about Mold. The defining isopachs of the trough (Fig. 7 ), 

show a late Dinantian shoreline not far (about 25 km) to the West, 

about the re.;idual outlier of coral limestones, high in the Dibunophyllum 

Zone, near Corwen (Fig. 1 ) (George, 1958). 

The Mold trough had received an exceptionally thick carbonate 

sequence (now nearly 800m) (George, 1969). The thickness of the 

Dibunophyllum Zone diminishes eastwards to 500m or less in the 

Derbyshire dome (Fig. 7) (George, 1958). To the south, across the 

Bryneglwys - Llanelidan faults, the pre-Car~oniferous uplift (around 

Minera) resulted in a fault scarp which was only gradually submerged; 

movement along the faults may have continued during deposition 

(Shackleton, 1953; Smith and George, 1961; George, 1974). 

The most likely model that ca~ be used to explain this sequence 

is the classic, shallowing-upward progradational system with the 

quartzose-calcarenite and calcareous sandstone facies, at the top of the 

sequence,· representing a high energy shoal-shoreline sequence {james, 
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1979, p •. 109). The thick bioclastic packstones and grainstones could 

represem nultiple progradational packages progressively deposited across 

a slow subsiding shelf. The build-up was not gradual, but spasmodic, 

and was interrupted by numerous regressions resulted in the 

developmer.I·t of a number of emersion surfaces. 

(d) Structure 

The .. rcuate layout of the Dinantian limestones in its peripheral 

outcrops about the Lower Palaeo7.':)ic rocJ.:s behaves -as the flanking 

apron of a dome that formed the basic_ Hercynian structure in North 

Wales. The Vale of Clwyd downwarp on the north-eastern flank has 

combined syncline and rift structures as indicated along its faulted 

margins (Smith and George, 1961). 

The present-day structure of the eastern outcrop, within the area 

of study, is relatively simple; it forms a faulted eastern limb of an 

eroded Clwyd Anticline (Fig. 6 a). The limestones outcrop in a number 

of faulted blocks in which the beds dip in north-east, east, or south-

east at angles about 200
• Local dip faults with small displacements have 

further adjusted the structural pattern and modified the amount of dip of 

these beds. A major strike fault is the Nant Figillt fault, which runs 
<If 

from Cae Grugog (Sj/250 560) north-northwestwardly to qronant (Sj 1090 830), 

east of Prestatyn, a distance of more than 50 km (Fig. 3). This 

fault divides the limestone outcrop into two parts; the Halkyn Mountain 

to the east and low lying hills of the Delyn district to the west (Fig. 3 ). 

Further south a number of N-S trending strike faults are also present 

within the limestone outcrop: e.g. the group of faults around Nant Alyn 

(s 1,'196 660), east of Maeshafn (S1/21O 610) and Llanarmon-yn-Ial (Sj/194 565). 

These faults have relatively small displacements, and they are extensively 
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FIG . 7: Isopachs (in metres) of the Dibunophyllum Zone in 
sediments of North Wales. The zero isopach, although 
conjectural in many places, indicates the layout of 
original coastline . 

.. ... indicates the present day western limits of the 
Dinantian limestones in North Wales. T0wn names as in 
Fig. 1. 
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mineralized (Smith and George, 1961). 

The general easterly dip is interrupted in few areas by minor 

structural reversals: the arching just north of Brynford (SJ/185 745); 

a small syncline bordering the Nant Figillt fault at Moel-y-Crio 

(Sj/195 698) {Oldershaw, 1967; and another minor anticline at 

Bryngwyn (SJ/215 610) observed within the Sandy Limestone Group. 

The area of study is bordered to the south by the Llanelidan fault, 

which trends nearly east-west and has displaced the Carboniferous 

Limestone outcrop from Llandegla to Minera, a distance of about 15 km 

The main orogenic phase, which shaped present-day structures of 

the Carboniferous Limestone of North Wales, was the Hercynian; though 

the later Alpine orogeny rejuvenated movements along some of the major 

faults. The main tectonic episodes are post-Carboniferous and pre-

Triassic. This was concluded from the over-stepping of Triassic Beds 

on to folded Carboniferous rocks (Smith and George, 1961). 
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ROCKS OVERLYING THE DINANTIAN LIMESTONES 

The following review is an evaluation of available stratigraphic 

data on rocks overlying the Carboniferous Limestone of North Wales. 

This is aimed at estimating thicknesses and nature of the overlying 

cover in order to reconstruct the burial history of the carbonate 

sequence. Further, the information gathered is used to set up a 

geological framework for the interpretation of subsequent diagenetical 

changes in the Dinantian limestones and to relate them to the actual 

realm of certain geological environments. 

(a) Conformable Cover 

Namurian 

The Dinantian transgression reached its most westerly extent in 

Wales at about the time of the late Brigantian (02) stage (Fig. 7 ). 

During the following Namurian, the shore-line regressed slightly to the 

east (Fig. 8). Otherwise, the geography remained similar. The area 

of study included part of the northern coast of St. George's Land, 

forming the south-western edge of the Central Province Namurian basin. 

The Namurian (Millstone Grit) facies var~es considerably.- within the area. 

It consists in the south chiefly of quartzite pebbly beds and calcareous 

sandstones with shales and cherts (Cefn-y-Fedw Sandstone), topped by a 

few tens of metres of felspathic sandstones (Aqueduct Grit); while 

further north, near Mold, the facies is black marine shales (Holywell 

Shales). Further north still there are some cherts at the base of the 

Holywell Shales and feldspathic sandstones (Gwespyr Sandstone) at the 

top. The two types of sandstones are believed to reflect their 

provenances. The quartzitic Cefn-y-Fedw Sandstone was derived from 



FIG . 8: Isopachs (in metres) of the Namurian sediments of North 32 

Wales. (After Ramsbottom, 1974 and Wills, 1961) . 
.. ... indicates the present day western limit of the Dinantian 
limestones . The map also shows present day outcrops of the 
Namurian rocks of North Wales . Town n~mes as in Fig. 1 . 

o 
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St. George's Land in the early Namurian, while the feldspathic 

Gwespyr Sandstone in the north and Aqueduct Sandstone in the south 

came into the Central Province from the north-east and did not 

reach North Wales until Late Namurian (Ramsbottom, 1974). The 

Cefn-y-Fedw Sandstone is characterised by the presence of a benthonic 

fauna, usually productoid, spiriferoid and other brachiopods and of 

benthonic ~olluscs, which is indicative of near coastal shallow waters. 

This is in contrast to the basinal non-benthonic goniatites and bivalves 

found within the Holywell Shale (Jones and Lloyd, 1942). The Namurian 

sediments thicken north-eastwardly (Wills, 1948). Over the area of 

study it is estimated that the present thickness of total Namurian 

sediments ranges between 150 to 250m. (Fig. 8 ). Sedimentation was 

fast enough to keep up with the rate' of subsidence, thus maintaining a 

shallow depth of water which resulted in the development of a few thin 

coal seams (Trotter, 1952). 

Westphalian 

East of the Carboniferous Limestone and "Millstone Grit outcrops in 

North Wales, lie wide tracts of Coal Measures, running from Point of Ayr 

along the southern bank of the Dee estuary southwards by Flint and Mold 

to Wrexham and Oswestry (Figs. 1 &6b). Farther west, the Upper Coal 

Measures outcrop within the Vale of Clwyd. 

The basin-fillings which started in early Namurian time had continuoo 

through the Westphalian. This resulted in a transformation of the 

Namurian areas of marine flats and deltas into brackish and freshwater 

swamps with exuberant vegetation which gave rise to numerous coal seams 

within the Grey Measures (Productive Coal Measures). In North Wales the 

landmass at this time was the residual mountains of "St. George's Land" 



FIG . 9 : Isopachs (in metres) of Westphalian (Grey Measures) sediments 34 

of North Wales. Numbers indicate spot thicknesses of the 
Red Measures (After Wills, 1956) . 
. ... indicates present day limit of the Dinantian limestones. 
Also shown in , present day outcrops of the Westphalian rocks 
in North Wales . 
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which had been undergoing continuous peneplaination since the closing 

phases of the Caledonian orogeny. This hinterland was drained by 

rivers into a basin of sedimentation that lay to the east and north 

(Smith and George, 1961). The whole area lay within a wide 

subsiding region which extended across the Pennine area into Yorkshire. 

The relatively thin North Wales deposits, compared with those of 

Lancashire and Yorkshire, reflect a slower rate of subsidence (Wills, 

1956). The subsidence was spasmodic; the growth of vegetation was 

often interrupted by relatively rapid inundation (Smith and George, 1961). 

The lithological succession of the Coal Measures reflects the varying 

environments of deposition during the Westphalian. The earlier sediments 

appear to have accumulated under warm humid conditions with prolific 

vegetation. The beds are grey pyritous shales and clays with abundant 

coal seams forming the Grey Measures. The later sediments, on the 

other hand, reflect more continental conditions unfavourable to the 

growth of dense vegetation, and plant preservation. This is probably 

the reason for the very few Coal seams in the Red Measures (The 

Barren Measures). The Grey Measures consist largely of cyclic sequence 

of marine shales, brackish-water shale, freshwater shale, sandy shale, 

sandstone, fire clays (fossil soils) and coal occurring ideally in that order 

from bottom to top. The marine incursion resulted in the deposition of 

dark mud with marine fauna occurring in the roofs of coal. The rest of 

the cycle was deposited for the most part in fresh water, or. brackish, 

shallow water stagnant swamps with abundant decaying humus. 

The Red Measures are mainly made of red and purple mudstones and 

sandstones with rare thin freshwater limestones, and purple, red and green 

mottled marl occurring at the top. The Red Measures were evidently 

laid down under oxidising conditions unfavourable for the preservation of 
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vegetation, and in faster-moving waters in which peats could not 

accumulate. The fauna in the Red Measures includes non-marine 

lamellibranchs, ostracods, annelids and fishes. The redness indicates 

an increasing aridity of climate towards the end of Westphalian times, 

which was a prelude to the desert conditions of the Permo-Triassic. 

During the accumulation of these non-marine paralic sediments, 

epeirogenic subsidence took place by cyclic sedimention and widespread 

deposition of a number of marine bands. Slight earth-movements, 

occurring along tectonic lines established in pre-Carboniferous times, were 

in evidence. And while in the subsiding basins a more complete sequence 

of the coal measures is now preserved and thickly developed, along the 

interve .ning highs the Coal Measures are thin or have been actually 

eroded, with the development of local unconformities. Contemporaneous 

erosiqn is especially. manifested at the base of the Red Measures where 

they straddle the crests of folds (Smith and George, 1961). The intra

Carboniferous movement that resulted in slight flexturing during the 

deposition of the Grey Measures, were of sufficient magnit!Jde to give 

rise to doming on the north- east Clwyd area. Contemporaneous move~·. 

ment along the Llanelidan Fault (Fig. 3 ) resulted in a splitting of the 

local Coal Measure basin into two areas of different facies, especially 

during Red Measures time. While deposition was practically continuous 

South of the fault, around Wrexham, the upper part of the Grey Measures 

suffered erosion in the north around Flint, and only the upper beds of the 

Red Measures are now present, resting unconformably upon eroded Grey 
• 

Measures (Smith and George, 1961 ; Wedd et ai, 1924, 1928, pp.71-74, 1929, 

p.l23 -4, 144-5). 

In eastern Clwyd, the Grey Measures now total nearly 600rn at their 

maximum and include eighteen workable seams of coal (Smith and George, 

1961). Fig. 9 shows estimated isopachs of the original Grey Measures 

accumulation (after Wills, 1956). No allowance for compaction was made.' 
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In the area of study and, in fact, throughout the whole region, 

the isopachs pattern reproduced on the map is ~ubject to the present 

author's conception of the original geological setting. Having said 

that, the isopachs on the figure have been drawn with due regard to all 

available information. The supposed position of the coastline of the 

coal swamp deltas is conjectural (Wills, 1956, p.30). Fig. 9 shows that 

the area of study had a possible cover of 300-400m of Grey Measures. 

The Red Measures thicknesses are very variable, while around Wrexham 

500m and 1400m :were reported (Wedd et ai, 1929). They are 

estimated to be in the order of 200-300m north-west of Hawarden 

(Calver and Smith, 1974). Thus no attempt to construct isopachs for 

the Red Measures was made. In the Vale of Clwyd, south of the 

Denbigh area, the total thickness of the Westphalian rocks is estimated 

to be of the order of 300m (Wilson, 1959). A number of boreholes had 

reached Westphalian rocks, proving up to nearly 200m of mainly Red 

Measures (e.g. St. Asaph Borehole. Ann. Rep. Inst. Geol. Sci. for 1968-

1969, p.29). This rapid lateral variation in thickness indicates tectonic 

control of sedimentation and subsequent differential denudation north and 

south of the Llanelidan fault as. a result of structural position. In the 

slightly domed northern area (Hawarden to Flint) the relatively thin 

primary accumulation of Red Measures was subsequently stripped off 

completely. Meanwhile the southern area (Wrexham to Oswestry) formed 

part of a playa lake which received considerable thickness of sediments 

(Wills, 1956, p.77). The low-lying position of the area was maintained 

during the pre-Permian tes=tonic episode with little or no uplift. This 

resulted in the preservation of relatively thick Red Measures around 

Wrexham. Accordingly it b reasonable to assume that the area of study 

which is situated to the north of the Llanelidan fault, was originally 
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covered with an intermediate thickness of 200-300m of Red Measures. 

The Post-Westphalian phase of the Hercynian orogeny had a 

marked effect on the geography of the area. A regional, broad uplift 

transformed nearly the whole of Britain into a continental landmass 

(the Permian continent). On a local scale the area of study stood up 

as high hills with the area of the Vale of Clwyd as intermont 

depression; while to the e,ast lay the wide Cheshire-Shropshire intermont 

desert plain (Wills, 1956). This configuration resulted in extensive 

denudation of North East Wales and the accumulation of Permian 

desert sand and conglomerates on the intermont plain. 

In North Wales, the level of Hercynian erosion was so deep as to 

expose Dinantian limestone. This is reflected in the occurrence of 

Dinantian chert and limestone pebbles in the Bunter Pebble Beds (e.g. 

south of Wrexham). These calcareous pebble beds and other 

calcareous conglomerates and breccias were interpreted as piedmont 

gravel-fans grouped near the edges of intermont plains surrounded by 

uplands from which their pebbles were derived (Wills, 1956, p.74). In 

south Lancashire and Merseyside, Bunter beds have been found resting on 

Namurian, indicating that at least 1500m of Westphalian rocks were 

eroded (Shackleton, 1953). Wills (1956, Fig. 13) set the Post-Westphalian 

geographic limits of the Coal Measures very near to their present-day 

limits. This suggests that the Dinantian limestone of the area of study 

must have had only part of the Namurian rocks as a cover. It is also 

likely that the most westerly positioned beds of the Dinantian limestone 

were exposed and eroded at that time. 
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(b) The Unconformable Cover 

The Hercynian movements brought to a close the period of 

subsidence and deposition represented by the Carboniferous rocks. 

Permian times were ushered in by the uplifting of the Welsh and 

Mercian regions to form part of a large continental mass, the shore 

.' 

of which lay many hundreds of kilomet res to the east and south. 

Conditions now gave way to an arid desert continental environment during 

the Permian. During early Permian times, the area of study stooq 

up as a positive landmass and was subjected to intense erosion. It 

was flanked to the north and east by an inland sea (or lake) in which 

late Permian and later Triassic deposits accumulated. The shoreline 

position, during Permian and early Triassic (Bunter) times, was 

situated just west of the Dee valley (Wills, 1956). During late 

Triassic times (Keuper) the sea floor had subsided sufficiently for the 

sea to encroach on eastern Clwyd by progressive drowning of the 

marginal lowlands of the adjoining landmass to the west (Audley-Charles, 

1970). During these late Triassic times, the downwarped region to the 

west of the area of study was rift-faulted giving rise to the Vale of 

Clwyd. A gulf extended southward from the Irish Sea Basin into the 

Vale (Smith & George, 1961). 

Permian 

Red eolian sands accumulated in the fault trough ,of the Vale of 

Clwyd. They are banked against Dinantian limestones and rest 

unconformably upon Coal Measures. Their exact age is uncertain, but 

based on lithological similarities, t hey were correlated with the Lower 
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Mc:uled Sandstone of the western margin of the Cheshire Basin. Wills 

(1948) Audley-Charles (1970) and Ivimey-Cook (1974) have regarded them 

as of Permian age. From borehole data, it was estimated that there 

are 200 - 300m of "Dune Sandstone" resting on Coal Measures in the Vale 

(Wedd et ai, 1928; Wilson, 1959). The Permian deposits of the western 

margin of the Cheshire Basin overlap westwards on to the Carboniferous 

rocks of east Clwyd, where it is estimated that they are 300m thick 

(Poole & Whiteman, 1966). The sandstones are similar to those of the 

Vale of Clwyd: the soft, red, subangular, well-polished sands are 

characteristic of those found in arid deserts. Dune bedding shows that 

they were deposited by wind probably blowing from the east 

(Shackleton, 1953, Shotton, 1937). 

The presence of these eolian sandstones on both sides of the area 

of study, and their similar lithology and comparative thicknesses, suggests 

that 200-300m of sandstone covered the area of study. However, Wills 

(1956, p.106 and Figs. 15-16) argued that sand accumulations were 

restricted to the collapsed rift-valleys and depressions below the 

penplain level, while erosion of the upstanding areas had continued. 

According to Wills (1956) the area of east Clwyd between the Vale of 

Clwyd and the Cheshire Basin was such a positive rock desert. 

Trias 

During the start of Triassic times eastern Clwyd formed the 

north-eastern extension of the Welsh Uplands. It was rocky, hilly 

country bordering the inland sea of the Cheshire Basin, in which thick 

sequences of Triassic continental deposits accumulated. The general . 

lithology suggests accumulation in shallow waters into which fluctuating 
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FIG. 10 

Isopachs (in metres) of total Triassic sediments. The 
area of study represents the western.margin of the 
Cheshire Basin. The strand line of the basin was just west 
of'the Dee Valley during the deposition of the Bunter 
Pebble Beds, Upper Mottled Sandstones and Keuper Sandstones. 
The encroachment on North Wales was only achieved during the 
deposition of Waterstones and Keuper Marl. This explains the 
much reduced thickness of the Triassic sediments over the area 
of study (compiled from Audley-Charles, 1970) • 
••••• indicates present day limit of the Dinantian limestones. 
Also shown is present day western limit of the Cheshire Basin 
and Triassic outcrops. Town names as in Fig. 1. 
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and seasonal torrents from nearby land carried flood deposits that piled 

up as irregular and impersistent wedges and lenses near the confluences 

of rivers and lakes (Smith & George, 1961). Many of the beds are of 

well-tounded and well-sorted sandgrains, and owe their textures to 

wind transport. These lithologies are typical of sedimentation in an 

inland basin under continental desert conditions (Smith & George, 1961). 

Not until late Triassic times (Keuper Marl) did the sea finally transgress 

on to the eastern and northern flank of eastern Clwyd. North of 

Wrexham the Trias now oversteps Coal Measures on to an upwarp of 

Millstone Grit (Wedd et aI, 1928). According to Audley-Charles (1970, 

plates 7-13), the western limit of the Cheshire Basin, during Bunter and 

early Keuper times, was just west of the Dee Valley; this suggests 

that the Halkvn mountain and the area to the south was a rock desert 

bordering the sea. Thus no sediments of the Bunter pebbles and 

sandstones were deposited in the area of study (Fig. 1). Also the 

Keuper Sandstone is missing owing to non-deposition. By extrapolating 

the isopachs of Plates 10-13 (Audley-Charles, 1970), it is estimated that 

300 - SOOm of Keuper Marl could have been deposited in the area of study 

(Fig. 10). These Keuper sediments were subsequently removed by later 

Mesozoic and Tertiary denudation of the Welsh Upland. 

Jurassic 

The nearest evidence of Jurassic rocks close to the north-easterly 

region of Wales is the small outlier at Prees in Shropshire (40 'km south

east of the area of study). It is estimated that there are about 150m 

of shale, calcareous mudstone, sandy beds and ferruginous limestones of 

Lower and Middle Liassic age. Farther west, in Cardigan Bay, the 

Mochras borehole penetrated an exceptionally thick Lias, nearly 600m 
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(George, 1974). The Liassic shales and clays of Prees bear no sign of 

having been deposited near a shore-line. This i!:lcited Ager (1974) to 

suggest that North Wales was largely submerged beneath the sea in 

early Jurassic times. George (1974, p.34S) drew a similar inference 

that the Liassic sediments had covered much or all of North Wales. 

o. T. Jones (1956) went further and surmised that the sustained 

Triassic subsidence continued in later Jurassic time and that Jurassic 

clays may also have been deposited in North Wales. There is no 

evidence to support this suggestion, since in Mochras borehole Tertia'IY 

sedim~nts rest directly on Lias. Owing to lack of direct evidence, it 

is pure speCUlation to assume that post-Liassic Jurassic rocks were 

inconsiderable in North Wales. Nevertheless, t~e thinning, the lithology 

and facies changes of these rocks, as traced northwestwardly from their 

Central England outcrops, suggest a limited extension over North Wales. 

Accordingly it is surmised that the Liassic rocks, 'covering the area of 

study, were of the same order of magnitude as those in Prees outlier, 

i.e., 150m thick. Post-Liassic-Jurassic rocks contributed little or no 

cover to the north eastern region of the Welsh massif (George, 1974). 

Cretaceous 

George (1974) concluded that the Lower Cretaceous rocks were 

limited to southern and eastern England, and that during late Jurassic 

and early Cretaceous times, North Wales stood as a positive area. The 

Cenomanian transgression resulted in the drowning of a great part of 

northern Europe. This was caused by world-wide changes of sea-Ieael. 

The hypothesis of a Chalk cover blanketing most of the Welsh Massif, 

except perhaps its highest summits, goes back to Ramsay. (1881), Lake 

(1900), Strahan (1902) and Jones (1930) postulated that any early Eocene 
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to post-Oligocene uplift of the Chalk Cover established a drainage 

pattern which was later imposed on the major elements of Triassic 

features and influenced present-day landforms (George, 1974). 

The Chalk. in its nearest resic"Jal escarpment of the Wiltshire 

Downs is about 350m thick (George, 1974, p.346). The core of the 

Welsh Massif may have suffered pulsed emergence above Jurassic and 

early Cretaceous sea-levels, and any remaining Jurassic and Triassic 

sediments were eroded, locally perhaps down to Palaeozoic base. The 

core of the Welsh Massif may have been a restless foundation for 

Upper Cretaceous sediments, which then formed an incomplete cover 

(Hancock, 1975). This theory (which is conjectural) maintains the 

concept that the Hercynian St. George's Land had retained its influence 

as a positive block intermittently throughout Mesozoic time, and the . 

Cretaceous rocks behaved as marginal deposits. They might have 

transgressed westward, over whatever Jurassic and Triassic rocks had 

survived, to rest as a thin veneer on the Palaeozoic rocks. Accordingly 

it is exceedingly difficult to set a figure to the thickness Of the Chalk 

cover. However, 200m is taken as a mean value compared to 350m 

reported in Wiltshire as mentioned above. 

The absence from the present-day landscape of any relics of the 

Chalk is ascribed to the intensity of post-Cretaceous erosion. These 

speculations are based entirely on circumstantial evidence; while it is 

probably that the Chalk covered much of North Wales, evidence of this 

having done so is still lacking. 

Tertiary 

During Tertiary times North Wales was above sea level and undergoing 

. intensive erosion. No deposits older than the Pleistocene glacial deposits 
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have been found covering the Triassic and Palaeozoic rocks, with the 

exception of the Palaeogene sediments encountered in the Mochras 

borehole in Cardigan Bay. Here a residual 550m of mainly non

marine, probably Oligocene, sediments were penetrated (Woodland, 

1971, p.95). They are yellow and grey clays, sometime red, mottled 

and plastic with silty and sandy layers. The fine-grained fabric of 

the sediments suggests gentle transport and deposition in a region of 

subdued relief. They are considered to occupy a tectonic basin 

bordering the Welsh Highland to the east. Pebbles of quartz and 

gritty rock fragments of Lower Palaeozoic were found in some 

conglomerate horizons in the Mochras sediments. These indicate a 

provenance of an exposed oldland from which all mesozoic rocks had 

been removed (O'Sullivan in Woodland, 1971, p.20I). 

In the area of study, pockets of Tertiary clays and sands with 

some pebble beds have been found to occupy solution cavities in the 

Carboniferous Limestone (Walsh & Brown; 197I). In resting directly 

on Palaeozoic floor, they indicate the removal of any Mesozoic sediments 

and the outcropping of the limestones as a result of Post-Cretaceous 

earth movement. 

The Cretaceous cover; actual or notional, and whatever Jurassic 

and Triassic rocks were underlying it, were uplifted, domed and faulted 

in early Palaeogene times, over the whole of the Welsh Massif between 

Tremadoc Bay and the Cheshire Basin. Eocene erosion reached the 

Palaeozoic floor with cumulative removal of the order of hundreds, even 

thousands, of metres of sediments (George, 1961, 1974, p.352). 

The Neogene environment was mainly erosional and no sediments 

belonging to these times are known in Wales. 
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Pleistocene 

Two glacial deposits are present in the area: early sediments 

belonging to the Welsh Ice (Lower Boulder Clay), and later ones 

belonging to the Irish Sea Ice (Upper Boulder Clay). Interglacial 

sand deposits are also known in the area. The sediments are glacial 

drifts anC: sand tills of fluvioglacial and alluvial fans. Two glacial 

advances, correlated with Wurm I and Wurm II of North Europe (Poole 

and Whiteman, 1966), with a period of retreat were recorded in the 

Pleistocene sediments in the area of study. The second advance 

(Irish Sea Ice) is the more extensive. It penetrated the Vale of 

Clwyd and deposited about 300m of glacial drifts on Halkyn Mountain, 

Wrexham and Oswestry (Strahan, 1886, Wedd et ai, 1929). Greenly, 
, 

(1919) estimated that the thickness of the ice was about 500m • 

. . 
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BURIAL HISTORY OF THE DINANTIAN LIMESTONES 

The following is an attempt to reconstruct the stratigraphical 

burial history of the Dinantian limestones within the area of study 

in North Wales. The reconstruction is based on the most recent 

data available. ,Conjectural ideas are evaluated and the most widely 

accepted hypothe~s are adopted. Isopach maps are compiled from 

many authors; isopach configuration is based on a wider regional 

setting, ~tny local variations are omitted. The burial curve (time 

versus depth- Fig. 11) has been constructed on the following bases: 

mean sedimentary thicknesses are extrapolated for the area of study; 

rate of sedimentation is assumed to be uniform throughout - which 

may not have been the case; durations of sedimentations and erosions 

are approximate; the magnitude of uplift and degree of erosion are 

extrapolated from values of neighbouring areas which are themselves 

approximate. 

Any other post-depositional changes which may have taken place 

in the limestone beds, as a result of variations in burial environments, 

will be discussed later under relevant sections. 

Stratigraphical Burial 

The Dinantian limestones of North Wales are believed to have 

accumulated within about 10 million years, between 33S!6 and 32S!S 

million years 'BP {Fitch et ai, 1975}. These shallow-marine shelf 

carbonate sequences were overlain conformably by ISO-250m of 

Namurian sediments. It is postulated that the Namurian sediments 

did not have the areal extent of the underlying limestones and that 

the western reaches of the limestone beds could well have stayed 

without cover during Namurian times (Figs. 7 and 8 ). This is seen in 
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FIG. 11: Depth of burial curve of the Dinantian limestones 
and the prevailing surface conditions of the area 
of study throughout geological times. 
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Anglesey where Coal Measure sediments are found to overlie 

Dinantian limestones directly (Calver and Smith, 1974, p.l69). This 

offlap of the Namurian sediments from those of the Dinantian 

limestones is important since the exposed carbonates and their near

shore equivalent could have acted as a catchment area for an offshore 

meteoric aquifer within the more easterly Dinantian limestones during 

Namurian and Westphalian times. 

The Namurian coastal shallow waters gave way to the Westphalian 

brackish and freshwater swamps. In these environments, it is 

estimated that 300-400m of paralic, cyclic sediments of the Grey 

Measures were conformably deposited on Namurian rocks in the area 

of study (Fig. 9). Wills (1956, Fig. 1, p.26) analysed the rhythmic 

sedimentation of the Main Coal Belt in South Staffordshire and indicated 

that the total time spent depositing non-marine sediments makes up 

more than 90% of the total duration for depositing nearly 300m of Grey 

Measures - based on equal rate of sedimentation for different members 

of the cycles. These long stands under non-marine conditions will be 

further discussed when considering palaeoaquifers within the Din~ntian 

limestones. 

The humid tropical conditions of the early Westphalian were changed 

to semi-arid to arid conditions in the late Westphalian. Sediments were 

deposited under freshwater conditions. This is reflected in the 

predominantly freshwater fauna found in the Red Measures and the inter-

bedded freshwater, limestone bands. As discussed previously, the 

distribution of the Red Measures was strongly affected by intra-

Carboniferous earth movement. The Red Measures are believed to rest 

with an erosional unconformity on the Grey Measures within the coal 

fields of eastern Clwyd. An estimated original thickness of 200-300m 

of Red Measures were deposited in the area of study. The level of uplift -
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FIG.13: 

Imbricated lensoid packets of crinoidal debris 
with argillaceous partings withma massive 
crinoidal packstone bed with well levelled top 
and bottom contacts. Pant-y-Pwll Dwr (loc. 5). 
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and erosion of the Grey Measures is very difficult to assess. Neverthe-

less, the earth movements could not have affected the depth of burial 

for more than a few tens of metres. This is deduced from comparing 

the residual Grey Measures of eastern Clwyd coal-fields north of the 

Llanelidan fault with those to the south of it. 

Probably the most influential event in the burial history of the 

Dinantian limestones was the post-Westphalian-early Permian phase of 

the Hercynian Orogeny. The regional uplift created a wide expanse of 

hilly desert country in North Wales, with intermont 'desert plain (Wills, 

1956). This resulted in extensive denudation of the hills and a thick 

accurrulation of eolian sands and conglomerates in the intermont plains, 

as in the 300m of eolian sandstone of the Vale of Clwyd. The level 

of denudation is taken to be very deep, since most of the Coal Measures, 

1500m of them, were stripped from Southern Lancashire, a similar case 

is being advocated for the area of study. About 600m of Coal Measures 

is estimated to have been removed, leaving the Dinantian limestones with 

only a Namurian cover. Present-day rates of erosion depend on how 

seasonal the climate is (Wilson, 1975). A non-seasonal arid climate 

results in little erosion. Nevertheless, the lithology of the Coal Measure; 

and the long duration of the interval of erosion, could have balanced the 

slow rate of erosion, resulting in partial stripping of the Coal Measures 

from the area of study. This made Wills (1956, Fig. 13) inclined to set 

the post-Hercynian limit of the Coal Measures in the proximity of . 
present-day outcrop boundary (Fig. 9 ). 

In constructing the burial curve (Fig. 11 ), 300m of late Permian 

sediments were assumed to have covered the area. This is based on the 

occurrence of Permian rocks resting unconformably on Coal Measures in 

the Vale of Clwyd as mentioned earlier. 



51 

Erosion of the p~st-Hercynian landmass continued throughout the 

Permian and much of the Trias. Not until late Triassic times (Keuper 

Marl) did the sea finally transgress on to the landmass of eastern 

Clwyd, as stated earlier (Audley-Charles, 1970). About 500m of 

Keuper Waterstones and Keuper Marls are assumed to have covered the 

area of study. These Upper Keuper sediments were subsequently 

eroded by late Jurassic and durin~ early Cretaceous time. 

There is a general concensus of opinion that the Liassic sediments 

covered much or all of North Wales (George, 1974, p.345; Ager, 1974, 

p. 337; Arkell, 1933). The figures of 150m for the Liassic thickness in 

the area of study is conjectural, but the order of magnitude is believed 

to be valid. 

The earlier existence of post-Liassic Jurassic deposits is very 

questionable. George (1974) suggested that during Post-Liassic Jurassic 

and early Cretaceous times, North Wales stood as a positive area. Here, 

it is assumed that Post-Liassic Jurassic sediments had contributed no 

cover to the Dinantian limestones in the area of study. The time from 

post-Lias to pre-Cenomanian is taken as a period of continuous uplift and 

denudation (Wills, 1961; George, 1974). During this period, (nearly 80 

million years), the Welsh Massif might have suffered sporadic, if not 

continuous, emergence, above late Jurassic and Triassic sediments, estimated 

at nearly 700m in the area of study. 

The hypothesis of a Chalk cover over most of the Welsh Upland has 

been discussed earlier. According to Hancock (1975), the Chalk seas may 

have transgressed, westward, over remnants of whatever Jurassic and 

Triassic sediments survived the late Jurassic-early C~etaceous erosion, to 

rest as a thin sediment on the Palaeozoic rocks. Hancock (1975, Fig. 2) 
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went further to suggest that north-west Wales probably stood as a 

landmass at the highest sea-level during the Upper Campanian and that 

the late Cretaceous rocks might have been of marginal facies. As' 

mentioned earlier, it is guess-work to assign a figure to the Chalk 

cover; nevertheless, 200m has been used in this study. 

The absence of Chalk and flint pebbles in North Wales is 

attributed to the extensive post-Cretaceous denudation (mainly Eocene). 

During Palaeogene times North Wales was a positive landmass undergoing 

intensive erosion. This resulted in the removal of any Mesozoic sediments 

which may have accumulated there. No sediments of Neogene age have 

been observed in North Wales except for the Pleistocene glacial deposits. 

More than' 300m of fluvio-glacial and alluvium fan deposits have been 

reported in the area, although their lateral extent is uncertain (Wedd et 

aI, 1929). 

Summary of Burial 

The Dinantian limestones, in the area of study, have been subjected 

to two major burial episodes - and an uncorroborated third - and three 

major uplifts with denudation. Durations of uplifts above sea-levels and 

denudation periods are long compared with periods of submergence and 

depositions. It is estimated that the area of study was above sea-level 

for 70% of • ..its Post-Devonian geological history. 

From the constructed burial curve (Fig. 11) it appears that the 

base of the Brigantian limestones were buried to a maximum depth of 

about lS00m. 

During the prolonged periods of uplift above sea-level, the area of 

study must have had ground-water aquifers which were repeatedly 

replenished with meteoric water. The marine transgression s, on the 

other hand, could have modified these aquifers or even removed them 

completely. 
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MINERALIZATION 

Post-Hercynian mineralization along faults and joints is observed 

in the Carboniferous limestone and in the Cefn-y-Fedw Sandstone 

(George, 1974). Metallic ores are found particularly on Halkyn 

mountain within the Brigantian limestones and only sparingly in the 

underlying Asbian and Basement beds (Smith and George, 1961). 

Although no contemporaneous igneous activity is known in the neigh

bourhood, it is believed that magmatic solutions from deep-seated 

sources, moving under pressure along the fractures, deposited their 

metallic contents - mainly zinc blende and galena - wherever 

lithologically suitable country rocks were encountered (especially lime

stones). The occurrence of these mineral lodespost,-dates faulting and 

jointing in the limestones, which are believed to be Hercynian, and 

pre-date Trias; this is based on the occurrence of derived fragments 

of galena in the Permo-Triassic sandstones in the neighbouring Cheshire 

Basin (Smith and George, 1961). 

. , 
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CHAPTER TWO 

THE MAIN CARBONATE CONSTITUENTS OF THE DINANTIAN 
LIMESTONES OF NORTH-EASTERN CLWYD, NORTH WALES 
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INTRODUCTION 

Almost all the Dinantian limestones are in more or less degree 

autochthonous, endogenic, the products of biological and inorganic 

chemical agents whose activities reflect the internal environments of 

the shelf seas. 

The thick limestone beds are the products of fragmentation on 

death of generations of crinoids that grew in abundance to dominate 

their biotopic neighbours over very wide areas. In niches in the 

crinoid thickets and in the clearings between them there flourished a 

mixed community of corals, brachiopods, bryozoans, foraminifers, even 

some trilobites. Depth of water was not great, within wave action 

zone (O-SOm), and in the open seas wave agitation, tides, and current 

movements were not inconsiderable (George, 1972). Many crinoid 

plates show abrasion to a . greater or. '-'lesser' degree; '. and many of the 
. ------ --- - - -----------

brachiopods are found as separated valves, (although this may have 

come about in part by the activities of bottom scavengers). In bulk 

the accumulatmreflect kind of organism and place of origin rather 

than influx of debris, even if sorting and current transport imposed 

sedimentary structures on them. The other important constituent of 

these limestones is matrix material. The term "matrix" has an 

ambiguity of meaning in its application to carbonate rocks. It is 

com monly and crudely no more than the finer content in which 

coarser grains lie. The upper limit of matrix material is set here 

arbitrarily at 62pm (Swinchatt, 1965; Purser, 1980, p.S3). As such, 

matrix is a primary constituent of the limestone as a sediment, whose 

occurrence and kind can be explained in terms of endogenic grain-

source and the local hydrodynamics of sedimentation. It is nominally 

a distinctive element of the sediment complex in terms of relative 
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grain size. 

To apply methods of classification developed in the study of 

non-calcareous sediments is to impose parameters on rocks that are 

in fact far removed from sands, silts and clays both in origin and 

the nature of their constituents, and in the manner of their formation. 

Thus Grabau's "calcilutite" and "calcarenite", early members of a 

grain -size nomenclature, are non..committal terms lacking much 

content except in reference to grain size. It is true that their 

constituents are commonly sorted, redistributed, and abraded by waves 

and currents, and they are bedded and display a number of sedimentary 

structures like the structures in sands and clays. It is false to 

attribute the lutitic or the arenitic nature of most Dinantian 

limestones merely to abrasion and transport conditions of a relatively 

"high energy" environment, for grain size is predetermined in the 

skeletal nature of the contributing fossils, and inherent in the source 

rather than in the "energy" output. 

The basic terminology used in this study takes into account an 

"energy" index measured by the grain/"micrite" ratio (e.g. Folk, 1959, 

1962; Wolf, 1961; Dunham, 1962). A combination of grain-sizes in 

poorly sorted sediment mayor may not indicate partial winnowing. 

Descriptive names, as in Dunham's classification, commonly emphasize 

grain proportions - mudstone, wackestone (mud-supported coarse grains), 

packstone (grain-supported with mudstone matrix), grainstone (grain

supported mud free), and boundstone. 

In another concept the term "matrix" Js applied to the cement 

that lithifies the rock after primary sedimentation is completed. All 

Dinantian limestones are indurated, with a very low porosity remaining 

(c.3%). The position of ·cement as "matrix" in a classification of 

limestone types (Folk, 1959, 1962) marks the contrast with sedimentary 
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rocks as sediments (as rocks measured by the nature and origin of the 

constituents brought together by the process of sedimentation) and 

lithified sedimentary rocks as diagenes (George, 1972). 

Diagenetic changes in the Dinantian limestones are commonly 

recognisable in intergranular cementation, overgrowth rim cementation, 

the filling of voids, both intra-granular and inter-granular, by drusy 

crystals of calcite, point-contact dissolution and rewelding of grains, 

neomorphic recrystallisation and aggrading neomorphism. Folk's 

terminology of 1959 and 1961 is adopted for describing the micro-facies 

in conjunction with terms advocated by Dunham (1962). Calcisiltite 

(term equivalent to Oldershaw's (1967) calcite siltstone) is used to 

describe limestones whose primary sedimentary grains are micro

crystalline calcite of about 20pm in diameter with little or no large 

allochems. 

SKELETAL GRAINS 

Nature and Preservation 

In the majority of the Dinantian limestones there is no difficulty 

in identifying what the rocks are composed of, and in many cases, how 

they originated. Most of the beds are the product of autofragmentation 

on death of generations of crinoids that grew in abundance to dominate 

their biotopic neighbours over very wide areas. The dominance of the 

crinoid remains as rock builder is challenged by the brachiopod fossil 

shells in a few horizons towards the upper part of the sequence (Fig. 18a). 

The third most common fossil remains are those of the bryozoans which 

are found relatively evenly distributed throughout the sequence. Corals 

of both solitary and colonial forms are common and certain species have 

been used as index fossils in correlating different outcrops in the area. 
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PLATE 1 

(Scale in this plate is in centimetres) 

(a) Polished slab of a karstified biomicrospar!te. The 
surface is overlain by black carbonaceous shale. 
Fractures and vugular cavities below the palaeokarst 
are also filled with the black shale. This confirms 
the lithification and fracturing of the biomicrosparite 
before the preCipitation of the shale. 
S.24, Pant-y-Pwll Dwr (loc. 5). 

(b) Top view of a palaeokarst, notice the close fitting of 
the overlying bed (e) into the pits of the surface. 
S. 1.2, Pant-y-Pwll Dwr (loc. 5). 

(c) A karstified biomicrosparite with whitish friable upper 
surface due to partial decalcification; overlain by 
little sand-sized limestone debris set in a black 
carbonaceous shale. 
S.l, Pant-y-Pwll Dwr (loc. 5). 

Cd) Palaeokarst surface on top of fine well sorted 
biosparite overlain by biosparrudite without any clay 
between the two lithologies. S.16, Pant-y-Pwll Dwr 
(10c.5). 

(e) Polished slabs of brecciated biosparite (packstone) with 
clay intraclasts and calcite fibrous vein found just 
below a karst surface, a possible calcrete (1); 
S.14, Graig (10c.11). 

(f) Karstified biosparite with well developed low amplitude 
stylolites close to the palaeokarst surface. 
Pistyll Gwyn (loc. 12). 

(g) Polished slab of the laminated layer (see Fig. 20a) with 
brecciated upper part of a biosparrudite (packstone) 
overlain by extensively pressure welded brachiopod 
shells in an argillaceous micritic matrix. 
S.31, Hendre (loc. 6). 

(h) Brecciated biosparrudite with decalcified outer rims of 
the intraclasts mixed with argillaceous micritiC matrix. 
S.12, Graig (10c.11). 



59 

PLATE 1 
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Forams are very common and occur at most horizons. Other minor 

components are those of molluscan casts, calcispheres, ostracods, few 

algal debris, and a few trilobite remains. 

Crinoids 

These constitute the most abundant skeletal grains found within 

the sequence and they crowd most of the limestone beds. Oldershaw 

(1967) estimated - using point counts - that crinoid remains constitute 

between 10-40% of total rock volume, depending on the type of micro-

facies examined. Generally crinoid allochems seem to have been 

sorted and abraded in more or less degree, and this resulted in the 

fragmentation of the animal remains to the level of single plates. 

However at certain horizons' (e.g. samples 16-18 Hendre, and 30 Pant-y

pwll Owr; Figs.31,32), long crinoid columnals (5-lOcm in length) are 

found densely accumulated in poorly sorted, slightly argillaceous 

biosparrudite (packstone); (Bioaccumulate type I, Older shaw, 1969; and 

crinoidal calcarenite, Banerjee; 1959, 1969). This type of accumulation 

indicates derivation from sources in the immediate environment of 

sedimentation. 

The mode of preservation of the crinoid remains is generally 
., 

good: this is especially noticeable in the biosparrudites - mentioned 

above - where parts of the crinoid stems with up to 20 ossicles are 

preserved intact (Plate 11C-f). The main alterations to the fossil 

remains are micritization of the outer surface, and partial replacement 

by silica in certain horizons. 

Skeletal particles of echinoderms are usually preserved as large 

0-2mm average) single crystals of calcite. This mode of preservation 

is so common that it seems to be the sale mode of their fossilization 

except in a few samples where the honeycomb cavity (st.o r rna) 

(Neugebauer, 1978)is 
"-- - .-
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filled with microcrystalline calcite (Plate 2 a,e). The syntaxial calcite 

fill of the storma is generally non-ferroan low Mg-calcite as indicated 

by two samples analysed (Table 1 ). Nevertheless syntaxial ferroan 

calcite was observed to fill a few crinoid ossicles (Fig. 24e). 

Brachiopods 

The second most common allochems are brachiopod shells and spines. 

They are widely distributed stratigraphically and are found in most 

lithofacies except a few micritic beds. It is estimated that brachiopod 

remains make up 5-12% of rock volume depending on microfacies. In 

certain beds brachiopod remains are abundant forming up to 20% of the 

rock by volume (Oldershaw, 1967). There is a wide diversity of forms 

and numbers of brachiopods. The lower part of the sequence is 

characterised by a variety of genera ranging from small forms (2-5mm in 

diameter) which are preserved intact, to large (5-lOcm in diameter), 

which are only preserved as abraded and fragmented shells. The upper 

beds (e.g. Sample 41 Hendre, beds at the top of P/ant-y-pwll Owr, and 

Waen Brodlas sections, Fig.1 sa) show restricted forms dominated by the 

large (5-15cm) Gigantoproductus Spp. shells. A number of these 

brachiopods are found with both valves still attached together and some 

are also observed to have been preserved in their concave up living position 

(Oldershaw, 1969; Somerville, 1979~. The crowding of certain beds at the 

top of the sequence with innumerable large gigantoproductid' shells 

(Bioaccumulate type II of Oldershaw, 1969), has given these beds a rubbly 

appearance and irregular bedding, especially on weathered surfaces. 

Brachiopod shells are preserved with their primary fibrous low 

Mg-calcite layers, few forms show two-layered shells with a coarsely 

prismatic first layer and a cross bladed second layer tangently oblique 
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PLATE 1A 

(Scale in this plate is in centimetres) 

(a) Black Limestone (Aberdo) made of calcisiltite with 
large Gigantoproductus Sp. The shells are 
silicified while the internal cavity is filled with 
geopetal internal sediments and ferroan dolomite 
(white) see (Fig. 30b) for details. 
S.501, Waen Brodlas (loc. 2). 

(b) (e) The Upper Grey Limestone: argillaceous 
biomicrites and biomicrosparites (packstone to 
wackestone). These are actual polished slabs of 
individual beds. (b) & (d) have common dissolution 
seams developed throughout the bed while (c) & (e) 
dissolution seams and microstylolites are restricted 
to the upper and lower parts of the beds. 
S.895 & 825, Pant-y-Pwll Dwr (loc. 5) and 37 & 44, 
Hendre (loc. 6). 

(f) Biosparrudite bed within the Upper Grey Limestone. 
The rock is made entirely of crinoidal and brachiopod 
debris set in a finer bioclastic matrix with little 
clay content. (See Fig. l5c). 
S.30, Pant-y-Pwll Dwr (loc. 5). 

, 
(g) Calcisiltite with abundant silicified brachiopod and 

coral remains. The white material filling the 
corallum is ferroan dolomite. 
S.555, Waen Brodlas (loc. 2). 

(h) & (i) Crinoidal biosparrudite (packstone) from a 
crinoidal mound; the allochems are embedded in a 
bioclastic silt mixed with some clays (in h). 
S.17 & S.28 respectively, Hendre (loc. 6). 



63 

PLATE 1A 



64 

to the first. The shells reflect primary calcite composition. 

Nevertheless, diagenetic calcite filling of the interstitial space within 

the fibrous calcite bundles is likely as a result of decomposition of 

interve ning organic matter (Plate 23d). 

Brachiopod shells reflect a number of post-depositional alterations. 

The most commonly noticed is micritization of outer rirr.s; this is 

observed to have affected to more or less degree most of the shells 

irrespective of form or bioclast size. Silicification of the brachiopod 

shells is stratigraphically variable, being more common towards the top 

of the sequence. Boring and encrustation of shell fragments by 

benthonic biota is observed in many samples (Plate 2e, f). 

Bryozoans 

Bioclasts with fenestrate structure belonging to these animals are 

observed in most beds and they are a common constituent of most 

microfacies. Oldershaw (1967) estimated that 4-12% of the sequence is 

made of bryozoan bioclasts with the beds at the top of the Dinantian 

sequence having the higher content of bryozoan remains. The bryozoan 

branches are found fragmented to pieces not longer than, 2mm. The 

fossilized part of the animal is the z oarium which is made of the 

sclerenchyma which is laminated calcite enclosing the colonial plexus or 

wall of granular calcite (Bathurst, 1975, p.7l). The empty zooecia in 

which the single individual lived are now filled with granular calcite 

cement. The fenestrate zoaria are fossilized as laminated calcite 

(Plate 2A-a). 

Corals 

A rich faunal assemblageisobserved throughout the sequence with 

diverse genera: both solitary and colonial forms are present. The 



65 

(Skeletal Grains) 

(a) & (c) Uncommon mode of fossilization of echinoderm 
remains, is the filling of the storma with micritic 
mud (a) or microcrystalline calcite (microspar?) 
(c) as compared with the common dusty monocrystalline 
grains (see Plate 13 a & b). 
T.S. 8011. Scale = 0.1mm. 

(b) Girvanella Sp. a cyanophyte alga encrusting large 
brachiopod shells and restricted to bands of about 
10cm thick. 
T.S. 32552. Scale = 0.1mm. 

(d) Algal encrustation around a brachiopod shell giving 
a pseudo-oncolitic appearance. 
T.S. 80814. Scale = 0.5mm. 

(e) Brachiopod shells extensively bored and the vacated 
bores are filled with microcrystalline calcite. 
The large diameters of the bores suggest that the 
shell might have been bored by sponges and not algae. 
T.S. 9091. Scale = 0.5mm. 

(f) A brachiopod shell with a possible "constructive 
micrite envelope", notice that the algae have 
penetrated only about 5-10pm in the shell while it 
built a 70 ~m encrusting envelope. 
T.S. 8010. Scale = 0.1mm. 

. I 
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main Dinantian fauna include: Dibunophyllum Spp., Orionastraea Sp., 

Lonsdaleia Spp. and Lithostrotlon Spp. and many others. These genera 

are found well preserved within the stratigraphic column with little or 

no distortion as a result of subsequent burial. Most of the colonial 

forms are present as nodular coral bioherms (Somerville, 1979~ or as 

in situ colonies forming the lower part of irregularly bedded biomicritic 

beds. Such colonies of about one metre in diameter are observed in Hendre 

quarry (Sample 43). 

The mode of fossilization of these ctU'als is reflected by the septa 

showing linear centres of calcification with fibrous calcite oriented to these 

centres, either normally or at an angle. The corallum is usually filled 

with drusy mosaic of calcite cement. Few show ferroan calcite cement and 

in one sample quartz was found filling the corallum (Fig 25 d). 

Corals are important rock builders when they form small bioperms, and 

might have contributed to the bioclasts within the sequence, but as far as 

can be distinguished from thin sections of the limestone samples, there is 

less than 2% by volume of coral debris within the beds in immediate 

vicinity of the bioherms. 

Algae 

The presence of algae is manifested in two manners, first as skeletal 

remains, and second by the extensive micritization of other skeletal grains. 

Remains of the dasycladacean Koninckopora Sp. is common and is found in 

most microfacies. Skeletal remains form about 1% by volume of the lime-

stone at certain horizons. Part of the thallus of these algae is preserved 

as micritic wall with clear drusy calcite filling the cells. Length of the 

fragments varies between 1-2mm usually. A second common alga is the 

cyanophyte Girvanella ·Sp. which is restricted to about IOcm bands of 
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nodular encrustation on brachiopod shells and other skeletal grains 

(Plate 2 b). Its calcified remains consist of f1exous filamentous tubes 

having circular cross sections (Bathurst, 1975, p.66). Oldershaw (1967) 

used these girvanellid bands as correlation data for the Halkyn mountain 

exposures. Kobluk and Risk (1977) brought to attention the similarity 

between Girvanella common in micrite envelopes and encrusted on 

skeletal grains, and calcified filaments described from intergranular 

fills. They advocated that Girvanella Sp. may be a diagenetic taxon, 

produced from many algal genera, rather than a discrete biologic form. 

No stromatolotic structures were observed within the Dinantian of 

the area of study. Nevertheless, a few brachiopod shells show multiple 

encrustation around them giving a pseudo-oncolitic appearance (Plate 2d). 

Micritization of the skeletal grains will be discussed in a later 

section. 

Foraminifera 

Benthonic forams of many genera are very common both 

geographically and stratigraphically, and are found as a minor component 

(about 1% by volume) of nearly all lithofacies. The main Dinantian 

fauna include: Endothyra Spp. Tetrataxis (Valvulina) Spp. Archaediscus 

Spp., and many genera of trochamminids and textulariids. All genera 

present have either agglutinating or non-laminar microgranular wall 

fabrics (Plate 4 c); the chambers are usually filled with calcite cement, 

in very few the cement is ferroan. The wall fabrics - in thin sections -

have given the forams a misleading appearance of being highly 

micritized, and when slices are relatively thick a number of the 

globular forms are mistaken for peloids. This wrong identification is 

overcome by using 1O-ISpm polished slices. 

As mentioned earlier, fa rams are found in nearly all microfacies. 
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In certain samples individuals crowding certain parts of the limestone 

bed might indicate a primary ecological situation. In contrast the 

presence of others within the cavities of other shells and associated 

with internal carbonate silt indicate a certain degree of agitation, 

reworking and sediment infiltration. 

The special abundance of textulariids and endothyrids in certain 

horizons indicates a possible fluctuation between normal marine lagoon 

and carbonate shoal environments (Brasier, 1980). 

Molluscs 

Casts of Bivalvia, Gastropoda and a few Cephalopoda were 

observed (Plate 2A-e). All show an early dissolution of the shell 

carbonate and the filling of the moulds by blocky drusy calcite with no 

traces of the early shell structures. The exception is in two 

cephlapod samples, where dusty inclusions reflecting original shell 

banding were noticed (Plate 3 c,d). Also in two samples of bivalve casts, 

ferroan calcite crystals were found as part of the cement mosaic (Fig 25b). 

Micritization of the molluscan shells was observed but is not common 

with micrite envelopes of not more than 101lm thick: such feature 

possibly predate dissolution of the primary shells (Plate 4 a,b). 

Molluscan debris is a minor component and forms less than 1% of 

the limestone by volume. Its occurrence is further restricted to 

grainstones and packstones lithofacies. Stratigraphically, it was 

observed within the lower beds of the sequence. 

Cal cisphe res 

These are spherical bodies SO-200pm in diameter, made of 

concentric layered micritic walls with some radial spines enclosing a 

chamber usually filled with drusy calcitic cement. These calcispheres 
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punt 2' 

(Skeletal Cralns) 

(a) Bryozoan remains with fenestrate structure of the 
zoarium. The zooe1c1a 1n wh1ch the Indlvidu41 
lived are filled with polyhedr4l aparry calcite 
(see a1:5o fig. 3~. 
T.S. 8302. Scale. O.Smm. 

(b) BrachIopod shell bored by organism. The shapes of the 
bores are similar to those of present day barnacles. 
The bores are filled with micritiC lime mud. 
r.s. 8302. Scale. O.Smm. 

(c) & (d) Different modes of calc1tization of the 
aragonitic shells of molluscs. (c) cast of a 
shell with clean outer rim. Cd) slIghtly mlcrltlzed 
shell which was calcltlzed later by large sparry 
CiUs. 
T.S. 9121 & 94011. Scale. O.Smm. 

(e) In situ calCItIzatIon of a molluscan shell with the 
preservation of relics of the original shell laminae. 
r.s. 9021. Scale a 0.1mm. 
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PLATE 3 

(Skeletal Gra1ns) 

(a) Gastropod cast made of polygonal sparry calcite. 
T.S.82811. Scale = O.5mm. 

(b) Epitaxial growth of pseudospar on neomorphic calcite 
of a molluscan shell. The pseudospar (outlina4)is 
replacing pelletoidal matrix. 
T.S. 801443. Scale = O.5mm. 

(e) In situ calcitization of a molluscan shell. The 
gro~of the neomorphic calcite was controlled by 
geometry of the original shell laminae, hence the 
development of elongated crystals parallel to the 
lamellar shell fabricjcrossed polars. 
T.S.9021. Scale = O.lmm. 

Cd) The calcitized molluscan grain has a eircumgranular 
prismatic crust which did not prevent the growth of 
epitaxial cement crystal across the crust (outlined). 
T.S.9021. Scale = O.lmm. 
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PLATE 4 

(a) A molluscan cast encrusted with algae especially on the 
lower surface; yet this surface was slightly bored. 
The upper surface is heavily bored and the voids are 
filled with microcrystalline calcite. The calcite is 
a coarse void filling cement. 
T.S.82511. Scale = 0.1mm. 

(b) A molluscan grain extensively bored and the bores are 
filled with micritic lime mud; these fills are 
preserved in the cast as dark inclusions within the 
calcite filling the molluscan mould. 
T.S~ 82511. Scale = 0.1mm. 

ec) Details of a chamber within a textular~d foram. The 
wall is made of polycrystalline fabric of 5-10 pm 
crystals el). Certain parts of the wall (2) show a 
coalescence of these crystals possibly as a result 
of neomorphism. The chamber is filled with 
microcrystalline ferroan calcite fringe (F) and 
coarse drusy calcite. 
T.S.82511. Scale = 25 ~m. 
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are widely distributed stratigraphically and more common within the 

biomicritic microfacies. 

Ostracods 

The remains of these crustaceans are commonly found as ovate 

carapaces 200-500pm in diameter, made of two valves partially over

lapping. The ost racods are usually preserved with both valves intact 

and she internal cavity filled with drusy mosaic of calcite. The 

calcified layer of the carapace is made of radial fibrous calcite 

(p late 7). Ostracods are widely distributed stratigraphically but 

they do not constitute an important proportion of the rock volume. 

OTHER ALLOCHEMS 

Peloids 

These are allochems 150-500J.1m in diameter, made of micro-

granular calcite. They appear as dark micritic rounded pellets. 

Some are faecal pellets, others are extensively micritized skeletal 

grains with their skeletal structure nearly obliterated by the micritiza-

tion process'. Larger peloids (O.5-2mm in diameter), which include mud 

intraclasts and composite pellets (lumps), are also recorded from certain 

beds (Plate 5). 

Ooliths 

Calcite ooliths (200-500J.1m in diameter) showing both concentric 

and radial structures around nuclei of detrital quartz grains are 

observed in more than one bed within the sequence (Plate 6 a ). 

A three metre thick bed (Sample 45, Fig. 32 Hendre) at the top of 

Hendre quarry is a grainstone where the allochems are predominantly 

ooliths and well sorted crinoid debris. 
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PLATE 5 

(Non-skeletal Allochems) 

(a) & (b) Coarse mud lithoclasts extensively bored,.and the 
voids are filled with internal sediments, some showing 
polyhedral sparry cement. 
T.S. 8302. SCale = 0.5mm. 

(c) Odliths showing both concentric and radial structures. 
Ooliths are commonly associated with well sorted 
crinoidal debris in grainstones. 
T.S. 8161. Scale = 0.5mm. 

Cd) Peloids with isopachous circumgranular crusts. These 
are covered by micritic internal sediments which might 
suggest a marine cement precursor of the cement crusts, 
which were later neomorphosed to low Mg calcite. 
Alternatively, the crusts represent early meteoric rinds 
around the peloids, covered by infiltered silt as a 
result of submergence due to marine inundation_ 
T.S.8181. Scale = O.lmm. 
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Detrital quartz 

Angular to subangular quartz grains (100 - 200pm in diameter) 

are commonly found as nucleii for ooids or as a terrigenous component 

of certain beds where they get up to more than 20 - 30% of the rock 

by volume. 

MICRITIZATION OF THE SKELETAL GRAINS 

Previous work 

The role of endolithic algae as biologic agents of erosion 

throughout the Phanerozoic is well understood and documented (Purdy & 

Kornicker, 1958; Bathurst, 1964, 1966; Kendall & Skipwith, 1969; 

Schroeder, 1972; Golubic et ai, 1975; Kobluk & Risk, 1977; to mention 

a few). At present there is a broad concensus concerning the 

geologic effects of boring algae in modifying components of modern and 

ancient carbonate rocks. The boring of the grains by algae renders 

them vulnerable to ahrasion. Bathurst (1967) reported that the most 

densely bored grains in Bimini Lagoon, Bahama, are also the most rounded. 

Bathurst (1964, 1966, 1975, p.38I) described the process of 

"Micritization" as progressive, centripetal replacement of the skeletal 

fabrics by micritic carbonate fills of vacated borings of filamentous 

cyanophyte and chlorophyte algae, and probably some. borings of 

endolithic fungi and bacteria (Bathurst, 1975, p.382), which takes place 

at the water sediment interface or just below it. The process starts 

by the development of a rind of micrite at the grain periphery and 

proceeds to complete micritization of the grains. 

The common occurrence of endolithic algae in the peritidal zones 

and its presence down to the light-compensation level (Colubic et ai, 

1975) has resulted in a significant geologic effect in most modern or 

ancient shallow-water marine carbonate sediment (Swinchatt, 1969 ; 
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PLATE 6 

(a) Ooliths grown on a foram and detrital quartz nu~lei. 
The quartz nucleus attracted syntaxial overgrowth 
of silica which replaced the cortex. 
T.S. 9452. Scale = O.1mm. 

(b) Reworked echinoderm grain with heavily micritized 
rind •. The reworking is inferred from the non-micritized 
brachiopod remains seen in the same slide. 
T.S. 8302. Scale = 0.5mm. 

(c) & (d) Micritized crinoidal columnals showing two 
varieties of micritized grains: sample (d) shows 
typical micritization by boring algae and fungi, 
whereas (c) is of uncertain origin and resulted in 
the replacement of the monocrystalline grain by 
polyhedral calcite fabric. 
T.S. 82311 & 8091 (crossed polars) Scale = 0.5mm. 
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PLATE 7 

(a) & (b) An ostracod with radial fibrous carapace (1) 
lines with first prismatic crust (3 pm) of calcite 
(2) overgrown by polygonal (10-15 pm) ferroan calcite, 
while the main cavity is filled with drusy, blocky 
calcite. 
T.S. 8066 11. Scale for (a) = 0.5mm and (b) = 25 pm. 

(c) An ostracod carapace showing a collapsed skeleton. 
The internal cavity is filled with (A) polyhedral 
spar, (B) neomorphosed calcite replacing lime mud 
geopetal fill (C) topped by drusy blocky·calcite 
(D) with scattered micrite fills. The relationship 
among these components is complex. 
T.S. 8191. Scale = O.lmm. 
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PLATE 8 

(a) A Heterocoral with tiny cement crystals on (.~) 
the dissepiments buried into larger polyhedral spars 
(Fabric c). 
T.S. 92121. Scale = 0.5mm. 

(b) Lithostrotion Sp. with prismatic encrustation (Fabric b) 
(.~) on the dissepiments covered by coarser polyhedral 
spar of (Fabric c) In a few corrallum the spar is 
ferroan calcite (F). 
T.S.9231. Scale = 0.5mm. (see also Fig. 25d). 

(c) Biosparite (grainstone) showing competitive 
cementation. The syntaxial overgrowth (Fabric a) 
on crinoidal spine have occupied most of the pre
existing porosity. On the calcitized molluscan shell 
only a single row of circumgranular prismatic crystals 
(Fabric b), in spite of the fact that these two fabrics 
are both shown by cements of the same episode (E.I). 
T.S. 9021. Scale = 0.5mm. 

(d) A broken cement cast of a molluscan remain with 
encrusting prismatic layer (.~) buried into a coarse 
drusy blocky calcite (Fabric d). Scale = 0.5mm. 
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Alexandersson. 1972; Golubic et aI, 1975). Perkins and Halsey (1971) 

reported that endolithic fungi became relatively more abundant than 

endolithic algae as light penetration decreased with depth. Swinchatt 

(1969) reported a change of abundance of algal bored grains in carbonate 

sediments with depth of water. These observations are to be expected 

because algae photosynthesise. 

The emplacement process of cryptocrystalline carbonate within the 

vacated algal bores is unknown. One suggestion is that algae, by their 

metabolism, may be important in the precipitation of carbonate matter 

in boring (Bathurst, 1975; p.388; Kobluk and Risk, 1977). The mineralogy 

of the micrite fills of the algal bores in Recent carbonate grains is 

variable from one locality to another. Many workers, Bathurst (1966, 

1975, p.387); Purdy (1968); Glover and Pray (1971); Alexandersson (1972); 

Schroeder (1972); Kobluk and Risk (1977) have found a direct relationship 

between the composition of the substrate and the precipitated fills. 

However, Winland (1968) disputed such a relationship and advocated that 

the micrite bore fills are made of high Mg- calcite. 

The experiment of Kobluk and Risk (1977), with Iceland Spar crystals 

immersed in a shallow subtidal marine environment, showed a 100% 

infestation of the surface of the crystals and complete removal of carbonate 

material to a depth of 30mm in about 213 days. Vacated algal borings 

commonly showed precipitation of low Mg-calcite on the boring wall by 

95 days.. Nevertheless, none of the borings was filled completely by 

precipitated micrite even up to 257 days after placement in the sea. It 

is concluded that years, rather than hundreds of years, are requi red for 

filling algal bores by micritic carbonate material (Friedman, 1964); Fuchtbauer 

1969; Ginsburg et aI, 1971). The unknown variable is how fast this process 

can be expected to take place with increasing depth, as compared to that 

within shallow tropical seas. Bathurst (1966) and Alexandersson 
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(1972) concluded that algae do little else than provide the holes in 

which crystal growth takes place, and that precipitation is a function 

of the level of carbonate saturation of the ambient seawater; Purdy 

(1968) and Kobluk and Risk (1977) suggest that the process might be 

more complex and that the mediating effects of algal mucous coats 

and/or bacteria may be important (Margolis and Rex, 1971). 

In the same experiment mentioned earlier, Kobluk and Risk 

(1977) described what they called "constructive micrite envelopes". 

These envelopes are made of coalesced calcified dead algal thalli 

which grow as projections of the endolithic filaments within the grains. 

The calcified filaments consist of dead algal thalli filled with 

rhombohedral and acicular low-Mg micritic calcite and covered by 

low-Mg palisade cement. The boundaries between adjoining 

calcified filaments are distinct only under high magnification but are 

visible under the scanning electron microscope. The end product of 

such a process is complete or nearly complete coverage of the grains 

by a coalescent mass of calcified filaments. The constructive micrite 

envelopes differ from those described by Bathurst (1966) by forming on 

the external surface of the grains, although some boring of the grains 

and subsequent filling of the borings takes place as well. A control 

on the development of "constructive micrite envelopes" is the degree 

of agitation of the sediment... This type of micrite envelopes will not 

develop under agitated conditions and such conditions will, probably, 

favour the destructive type of Bathurst (1966). 

Another feature described by Kobluk and Risk (1977) from their 

Iceland Spar experiment is the development of patches (about 30J-lm in 

diameter) of microporous calcite surrounded by algal borings on the 

surface of the Iceland Spar crystals used in the experiment. The 

patches consist of rhombic and irregular remnants of spar from under 
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O.lpm to 5pm in diameter (op.cit.). Similar features were earlier 

described by Alexandersson (972), an1 he called them "Residue 

micrite". These are porous microcrystalline fabrics produc~d by 

selective leaching of the substrate which leaves behind a residue of 

the original substrate material composed of micrite size mesh (Kobluk 

and Risk, 1977). Residue micrite has been described as a feature of 

subaerial meteoric diagenesis (Land, 1967) or undersaturated waters 

(Alexandersson, 1972) or etched substrate under the algal-mucous 

coats. 

The role of micrite envelopes in the diagenesis of aragonitic 

skeletal grains is discussed by Bathurst 0975, p.333). It is often 

observed that micrite envelopes have preserved rough moulds of the 

aragonitic grains. The fabric of ancient casts of these moulds is 

generally a drusy mosaic of sparry calcite cement and, not 

inf requently, the envelopes show signs of fracture and collapse 

(Bathurst, 1964). These features suggest that the skeletal material 

had been dissolved prior to the precipitation of the cement (Bathurst, 

1975, p.333). Such a process raises two questions: since mostRecent 

micrite envelopes have the same mineralogy as their substrates (Purdy, 

1968, p.l88), then when dissolving an aragonite grain why should its 

micrite envelope survive? The second question is, why are the 

envelopes so stable? Kendall et al (1966) suggested that the residual 

organic matter in the micrite envelope acted as a mould. Bathurst 

(1975, p.334, discussion with Shearman) suggested that the leached 

micro-cellular structure of the organic matter could perhaps behave as 

a template in which subsequent micritic calcite is precipi~ated. An 

alternative solution was proposed by Winland (1968), based on the 

assumption that Recent micrite envelopes are high-Mg c.alcite. He 

suggested that high-Mg calcite does not dissolve but would simply lose 
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its Mg ++. However, this does not explain how an aragonitic micrite 

envelope would be transformed to a calcitic envelope without 

dissolution. Taylor and Hling (1975) proposed an intermediate 

transformation of aragonite to high-Mg calcite as a way out of this 

difficulty. 

Neugebauer (1978) described micritized echinoderm ossicles from 

the Cretaceous chalk of Kansas. He attributed the diagenetic 

transformation of the skeletal grains to micrite to a process di fferent 

f rom that elucidated by Bathurst (1966). Neugebauer proposed that 

dissolving fluid preferentially attacked the ochinoderms as the most 

soluble calcareous component of the chalk sediment. Subsequently the 

residues and irregular remains of the echinoderm grains attracted 
, 

syntaxial cement resulting in micritic stereom of 1-2pm-diameter 

grains. Accordingly the layer containing the echinoderm remains 

changed to a hard band of lim est one within the chalk. 

This study 

The Dinantian limestones of North Wales, typical of shallow 

tropical marine carbonates, reflect extensive micritization· of skeletal 

grains by endolithic algae and boring fungi. The boring-cementing type 

of micritization affects all kinds of skeletal carbonate grains, including 

echinoderm remains. However, ossicles of echinoderm are less 

affected by boring-cementing process than the other particles around 

them. Commonly crinoid remains are free of any micritization showing 

fresh outer surfaces, while in the same sample - even within the same 

slice - brachiopod and foraminifera show extensive micritization. 

Nevertheless, crinoid fragments within certain beds do show micritized 

outer peripheries (Plate 6b.d). Certain crinoid storma are observed 

to contain microcrystalline cement in place of the usual epitaxial 
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calcite (Plate 2 c). This type of cementing storma might have been 

induced by a similar process to that of filling the voided bores and 

yet the stereom in these samples are free of micritization and reflect 

a mono crystalline texture. 

The most susceptible skeletal grains to the action of the boring 

algae are foraminifera, brachiopods, mollusca, and bryozoa. The walls 

of most of the forams present show equant microcrystalline texture. It is worth 

noting that the walls of most genera present within the Dinantian 

limestones are of agglutinated character, e.g. Endothyracea, 

Textulatiina (Brasier, 1980). Accordingly the extensive monocrystalline 

fabric is partly produced by micritization process and partly innate. 

Brachiopod shells were readily bored and micritized by endolithic algae 

and fungi. Grains with incipient micritization are found in the same 

sample with others in a more advanced state of replacement. . It is 

not clear why such a thing should happen, probably as a result of the 

inhibition of algal growth by the presence of lime mud matrix. A 

number of brachiopod shells show micritic calcite encrustation around 

them (Plate 2 d,f), and probably reflect constructive micrite envelopes 

similar to those described by Kobluk and Risk (1977). Molluscan 

shells also show a wide range of micritized envelopes ranging from 

non-existent around molluscan casts to extensive resulting in near 

complete micritization of the grains (Plate 4b). Bryozoan remains 

also show varied alteration of the outside surface of the grains. 

Highly micritized skeletal debris with a high degree of roundness is 

common and produces a variety of peloids similar in appearance to 

the "Bahamite" (Pelsparite) of Beals (1958) (Plate 13d). This 

influenced Oldershaw (1967, p.34, Fig.l3) to set aside such types of 

limestone in a separate lithofacies which he called "The Biopelsparite 

Group". Although some of the pellets are faecal, or "muddy" 
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intraclasts, the majority are extensively micritized skeletal grains. 

This is evident when examining polished ultra thin slices OO-15}.1m) 

of these limestones. Many of what look like peloids in normal (30}.1m) 

slice revealed relics of skeletal fabrics in the ultra thin slices (Plate 5 d ). 

Extensive micritization is observed more commonly in the well

sorted grain-supported biosparite lithofacies, while the skeletal grains 

in poorly-sorted lithofacies with abundant matrix show limited 

micritization. This is probably due to hindrance of algal growth by 

matrix material, most likely by reducing sunlight which is vital for algal 

proliferation. 

Banerjee (1959) described dust-like particles OOO-150}.1m in diameter) 

that float on the surface of acid extracts of digested limestone samples 

from the area of study. They are brownish, spherical and have a 

wrinkled appearance. These were recognised as compound, possibly 

algal bodies or related types with evidence of fungal hyphae. 

ABRASION OF SKELETAL DEBRIS 

Earlier work 

Two fundamental processes are found to result in the abrasion of 

skeletal grains: biological attack by feeding or boring organisms like 

fishes, echinoderms, crustaceans, bivalves, sponges and algae; and 

mechanical fragmentation as a result of wave action and bottom 

current agitation. Breakdown of the skeletal grains by predatory 

animals, in their search for food, is a widespread phenomena on the 

sea floor. One such example is the effectiveness of the attack by 

parrot fishes on living corals in producing coralline sands and silts. 

Another example is the breaking down of molluscan shells by certain 

species of crabs off the coast of Florida (Ginsburg, 1957). The most 
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aggressive destroyers of reefs are the echinoderms (Purser, 1980). They 

were found to be exceedingly efficient in breaking down coral colonies 

and producing coral particles of sand and silt size. Shinn (1968) . 

noticed that even in laboratory aquaria an echinoid produces a few 

grains of sand and silt per day from corals placed in the tank. 

The modification of the skeletal grains by micro-organisms is 

extensive and well documented. The extensive perforation of skeletal 

grains by endolithic algae, fungi and sponges alters the grains by 

removing m~terial from the skeletons, resulting in a weakened fabric 

which render~ the grains vulnerable to mechanical abrasion. Bathurst 

(1966) noticed that a high percentage of the micro-bores in molluscan 

shells in Bimini Lagoon, Bahama are empty. A similar observation was 

made by Purser (1980, p.7) on lamellibranch shells from the Arabian 

Gulf. The role of endolithic algae and fungi in producing micrite 

envelopes has been already discussed in the previous section. 

Mechanical fragmentation of the carbonate skeletons usually takes 

place in agitated waters as a result of wave action and down to wave 

base. The product of this process is controlled by the type, size and 

inherent morphological factors of the organisms. Resistance to 

breakage varies among species and thus selective breakdown leads to 

further distortion of the constituent composition of the produced sand 

and silt (Bathurst, 1975, p.l20). Similar to quartzo-detritus, abrasion 

of carbonate sediments decrease with their size; the finer components 

are invariably more angular than coarser grains of the same taxonomic 

affinity. 

This study 

The Dinantian limestones reflect very strong inherent characteristics 

of the dominating biota. Crinoids are the most abundant organisms and 
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dominate most lithofacies except the biomicritic mudstones. The 

disc-shaped ossicles of the arms and stems of the crinoids and their high 

proportion relative to other types of plates, like those in the cup, 

supplied the crinoidal biosparite beds with highly rounded skeletal grains. 

Subsequent abrasion on the sea floor has merely produced fragmentation 

of the crinoidal remains to single plates without any important 

sculpturing of the ossicles. On the other hand, brachiopod shells 

break down to angular elongated flat fragments (0.5 - 2mm long) with 

length to width ratio of about 20 - 10:1 as seen in thin section. 

Similar forms are also shown by bivalves and bryozoan remains. Certain 

biosparite beds ref;ect a higher degree of abrasion with sub rounded 

molluscan casts, bryozoans and rounded crinoid remains. The most 

abraded g r a ins . are the biopelsparites (grainstones). The peloids 

reflect both biogenic micritization and a high degree of roundness, whilst 

the least abraded gralns- are of crinoid columnals that are made 

of a number of ossicles .still joined together. The same applies to 

gigantoproductid beds towards the top of the sequence, where the whole 

shell has its two valves still attached, and even some shells are preserved 

in their living position (Plate 1A.a). 

GRAIN ORIENTATION AMONG ALLOCHEMS 

Certain packstone and wackestone beds reflect a preferred planar 

orientation of skeletal debris. Most of the bioclasts are broken: the 

brachiopod shells and bivalve casts appear in thin-sections as angular 

fragments alongate parallel to bedding. However, it is rather difficult 

to determine whether there is a directional orientation of these 

elongated shell fragments in a horizontal plane. Banerjee (1959) 

attributed the planar arrangement of the grains to the absence of 

subsurface scavenging and burrowing. Shinn and Robbin (1983) 
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produced experimentally such a preferred planar orientation of shell 

fragments within their artificially compacted cores of fine-grained 

shallower water carbonates. In this study, close examination of the 

grain/matrix contact revealed incipient pressure-solution and the 

drooping of clayey mat rix material around some skeletal grains (Plate 9 a). 

These observations suggest that skeletal grain readjustment might have 

contributed to the apparent planar orientation. 

MATRIX MATERIAL 

Earlier work 

The term "matrix" is used in this study to describe the fine 

sedimentary, mechanically deposited material between grains, vis-a-vis 

precipitated cement (Bathurst, 1975, p.566). The upper limit of grain 

size was set arbitrarily at about 62flm for the fine fraction of carbonate 

sediments (Bathurst, 1959; Lees, 1975; Purser, 1980, p.53). The fine 

fractions are frequently modified by subsequent diagenesis. In certain 

cases the mineralogy of the matrix is completely different from that of 

the allochems (e.g. some of the CarboniferousLimestones of the Midland 

Valley of Scotland have a dolomite matrix while the allochems are still 

calcite). This suggests that the matrix materials reflect only a little 

of their primary sedimentary environment. On the other hand, owing to 

their susceptibility to post-sedimentation processes, a study rather of 

the fabric of matrix material could promote a better understanding of 

the diagenetic evolution of the ancient carbonates. In Recent carbonate 

sediments matrix material reflects three primary textures: (a) biogenic 

debris made of microbioclastic remains and microfossils: these make 

most of the fractions between 1O-62}.lm according to Purser (1980); 

(b) microcrystalline calcite-mud of 1-4pm of chemical and/or organic 
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origin; (c) nano-grains less than l~m without obvious crystalline or 

organic form. The ,fine material « 62pm) has three possible origins: 

(0 direct precipitation from seawater, (ii) disintegration of skeletal 

carbonate grains, (iii) terrigeneous transportation from allochthonous 

source. 

Microcrystalline carbonate or micrite is by far the most common 

constituent in carbonate rocks (Blatt et ai, 1980, p.460). The crystal 

sizes in ancient limestones usually are less than 5J.1m in diameter. It 

is the microcrystalline ooze of Folk (1959, p.8) with crystal diameters 

1-4J.1m, the mudstone of Dunham (1962, p.1l7) and mudstone (clay grade) 

of Bathurst (1975, p.8S). In Recent seas direct inorganic precipitation 

of aragonite may take place; such a precipitate, if it formed, could 

produce a sediment composed of aragonitic needles. Evaluation of 

seawater, which is supersaturated with respect to aragonite, as a 

potential source of aragonite needles has been clouded by the "Whiting" 

controversy (Bathurst, 1975, pp.l37, 188; Blatt et ai, 1980, p.461; Purser, 

1980, p.56; Cloud, 1962; Brocker and Takahashi, 1966; Wells and II ling , 

1964). However, Loreau (1980) demonstrated that the Bahamas and 

Arabian Gulf aragonitic muds are direct precipitates from seawater. 

Lowenstam and Epstein (1957) observed that the organic tissues of 

calcareous algae contain abundant needles of aragonite similar to those 

found in sediments on the sea floor of the Bahama platform. On the 

death of the plants and the decay of the organic tissues the needles are 

liberated and deposited with bottom sediments. Production of matrix 

micrite from organic skeletal debris is also reported from the back reef 

lagoonal sediments from Belize (Matthews, 1966; James and Ginsbutg, 

1979, p.l30). Matthews (1966) measured Sr content within the fine 

fractions «62~m). It was found that the concentration of Sr tended 

to increase on approaching reefal shoals. Such variation was also 
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observed in the coarse fraction (>62pm) associated with these fine 

micrites. Since the only important skeletal debris, volumetrically, with 

high Sr content are corals and Halimeda found within the reefs, Matthews 

concluded that these fine fractions are produced from within the reef 

complex and spread across the lagoon, landward. He listed four causes 

of physical breakdown of skeletal grains: (1) decomposition of organic 

matter, (2) the action of boring algae, (3) feeding of predators, 

(4) breakage and abrasion by wave-action. 

In the Arabian Gulf Hughes et al (1973, p.33) reported that matrix 

micrite is essentially of carbonate silt (16-62pm) of microbioclastic 

origin, fractions less than lOpm are relatively minor volumetrically. 

Purser (1980, p.60) reported that terrigenous carbonates (dolomites) 

are eroded from the Zagros mountains and deposited within the Arabicln 

Gulf. This is based on the increase of calcite/aragonite ratio and 

dolomite content within the fine fraction in the proximity of the Shatt 

AI-Arab delta at the northern end of the Gulf. Also in the Arabian 

Gulf, an important volume of terrigenous carbonates is brought in and 

deposited by wind. These are believed to be more important, 

volumetrically, than those brought in by rivers (Kukal and Sadallah, 19731 

This study 

The basic occurrence of the intergranular matrix material in the 

Dinantian limestones of North Wales is a twofold division of calcite 

into particles of micrite and calcisilt wholly or partly mixed up with 

a coarse calcite mosaic. This type of occurrence appears in thin section as 

a fine aggregate lying in a coarse granular cement, and can be mistaken for 

relics of micrite particles after neomorphic recrystallisation. Many of 

the fabrics are not obviously detrital in origin and uncertainty still exists 
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regarding their diagenetic evolution. If ·the original carbonate mud 

was aragonitic, then all traces of the needle-shaped grains has been 

lost. The mineralogical transformations, if they happened, took place 

before the particles were rim-cemented. Although there is no fabric 

evidence for an aragonite origin, it is difficult to exclude aragonite 

deposition from Carboniferous marine environments judging by the 

importance of this mineral in modern carbonate muds (Bathurst, 1959). 

Secular variation in seawater composition with respect of aragonite or 

calcite precipitation is a controversial subject and no clear conspectus 

have been established yet (Sandberg, 1983). 

Banerjee (1959) recorded a series of "shelly calcite-silstone" beds 

differing only slightly from one bed to another; these show a grain-

size range of about 5-35pm. They are made of equant silt-sized 

calcite grains with a small amount of abraded skeletal debris, and little 

material intermediate in size between siltstone proper and skeletal debris. 

Oldershaw (1967) working on the Halkyn mountain area (the northern end 

of the area of study), described similar rocks of equant calcite particles 

with (1-10%) allochemical debris and ranging in grain-size from 12-45pm. 

In this study five samples of these beds were examined from both 

northern and southern quarries. 500 particle size measurements 

indicated that apparent grain-size diameter ranged from 10 to 40pm 

(mean 20pm). 

Calcite silt components occur in most lithofacies examined, and are 

also observed throughout the sequence. Their mechanically deposited 

origin is recognised based on two main diagnostic criteria: (a) uniformity 

of texture (Plate 118); and (b) where calcite- silt occupies the lower part 

of cavities, vugular 01 intra-skeletal, as geopetal deposits with a relatively 

flat upper surface (Plate 11B). The retention of calcite-silt within the 
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different lithofacies can be a synsedimentary or a post-sedimentary 

feature. Turbulence responsible for the abrasion of most bioclasts 

would have prevented the deposition of fine silt and micrite particles. 

On the other hand trapping and baffling of sedimentary particles by 

organisms (e.g. seaweeds, crinoid thickets) could well counterbalance 

turbulence (Banerje e, 1959; Friedman and Sanders, 1978, p.l26). 

Post-sedimentary infiltration of calcite-silt similar in appearance to 

the vadose calcite-silt of Dunham (1969) also possibly took place in 

certain samples of dissolution cavities within the biomicrite facies from 

the area of study (Plate 11 B ). 

The Original Particle Size of Matrix Material 

Two particle sizes of matrix material were observed: calcitic-

micrite (2.5pm) and calcitic-silt (1O-40pm). It appears thus that the 

original carbonate-mud particles were of similar size to those found now 

in the mosaic of most Recent biomicrite facies. However, in numerous 

beds, neomorphic recrystallization has created sub-equant grains with 

sub-straight to curved boundaries with crystal size of IO-20Jlm in 

diameter interlocking with coarser granular mosaic of 30-60pm in 

diameter (Plate 10). At this stage it is hard to sort out. how many of 

these crystals were the result of epitaxial rim cementing around detrital 

calcite grains or even granular calcite cement as compared to those 

produced by aggrading neomorphism. In this study rocks with such 

diagenetic fabric are set aside as separate diagenetic microfacies 

(Plate 12). 

The comparative particle size of calcitic-micrite to present day 

carbonate mud suggests little or no increase in grain size. Subsequent 

cements have done little but modify particle shape. Also the calcitic-

micrite is similar in particle-size to aragonite mud (Plate 11 A) from which 
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some of them may have evolved (Bathurst, 1959). 

Calcite-siltstone appears to have plane intercrystalline boundaries. 

This type of surface is an important criterion for the recognition of a 

rim-cemented mosaic (Bathurst, 1975, pAI7). This diagenetic act seems 

to have introduced a stabilizing material around discrete calcite crystals. 

Accordingly the original sedimentary particles were anything but a 

slightly finer silt (Bathurst, 1959). Subsequent neomorphic 

recrystallisation had little effect on the calcite-siltstone mosaic. 

The uniformity of fabric in calcitic-micrite and calcite-siltstones 

stratigraphically and geographically suggest strongly inherent sedimento

logical characteristics only slightly modified by subsequent diagenetic 

alterations. 
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CHAPTER THREE 

THE DINANTIAN LlMESfONES OF NORTH-EASTERN CLWYD, 
NORTH WALES 
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INTRODUCTION 

Lithofacies here refers to a dispersion of sediment with lithological 

characteristics that distinguish it from other adjacent sediments (Bathurst, 

1975, p.l02). These characteristics are two-fold: (a) primary 

depositional features, like the nature of its constituents, their proportions, 

the grain-size and shape, the sorting, degree of abrasion, micritization, 

bioturbation, etc; and (b) diagenetic overprints, like cement types and 

texture, neomorphic recrystallization, dolomitization and so on. One of 

the important properties which determine the fabric of a rock is its 

clasticity, i.e. combined grain-size, shape and type (Carozzi, 1960). 

Carbonate sediments undergo the same mechanical process as their 

clastic' equivalent; however, the fabrics of carbonate rocks are more 

complex because of the heterogenous nature of the primary components. 

It is not only that there is great taxonomical variation among the 

skeletal grains but also that the skeletal grains themselves exhibit 

differential resistance to abrasion depending on their variable internal 

structure, and' thus selective breakdown leads to further distortion of 

the constituent composition (Bathurst, 1975, p.l20; Purser, 1980, p.6l). 

Tl:e elasticity of skeletal grains depends on a number 'of 'inherent 

factors like: morphology, microstructure, size, density, mode of life of 

the organism and the mode of abrasion by other organisms or by 

mechanical action (Purser, 1980,p.2). These factors were recognised as 

early as 1879 by Sorby who suggested that granulometery of bioclastic 

elements depended greatly on the inherent characteristics of organisms. 

In the Dinantian limestones of North Wales, the in situ production 

of carbonate sediments predominated over carbonate detritus by volume. 

Having said that, towards the top of the sequence this situation is 

reversed in a number of beds. Previous works on the area of studYI,. 
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(Banerjee, 1958, 1959, 1969; and 0ldershaw, 1967, 1969) were based on 

relative abundance of micrite (calcite-mudstone) and calcite-siltstones 

to allochemical remains, although Oldershaw (1967, Fig.12) tried to 

incorporate calcite cement as a third component but this diagenetic 

addition merely preserved the primary lithological subdivision of the 

sediments. 

COMPARATIVE NOMENCLATURE USED IN THIS STUDY TO THOSE 
OF PREVIOUS WORK 

Banerjee (1958) Oldershaw (1967) This Study 

Castel to Rhydymwyn Halkyn Prestatyn to Llandegla 

Bioclastic Limestone Biopelsparite Group Biopelsparite and 
types I and II Biospari te (Packstone to 

Grainstone) 

Calci te-mudstone Microcrystalline Matrix Micrite, Biomicrite 
and Coquina lutite Group, micritic type Biomicrosparite 
(types I, II & III) (Mudstone, Wackestone 

some packstone) 

Calci te-Sil tstone Microcrystalline Matrix Calcisiltite 
Group, calcite-siltstone 
type 

Crinoidal Limestone Probably Bioaccumulate Biospar rudi te 
Group type I (Packstone-G rainstone) 

Bioaccumulate type II Biosparrudite 
(Packstone) 

Micro-
Facies 

No. 

4 

2 
3 

5 

5 
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Dunham's (1962) textural criter ia are used in this study to show 

whether the fabric is grain or mud supported. These criteria are 

further intertwined with those of Folk (1959) (0 describe inter-granular 

pore-fills. The end result is a dual terminology which should depict 

reasonably the present-day microfacies. Quantitative data used in the 

following descriptions of microfacies are based on point-count analysis 

published by Banerjee (1959), work by Oldershaw (1967) and visual 

estimates carried out during this research,using charts in FlUgel,1982,p.247. 

The lithological characteristics of the Dinantian limestones of 

North Wales show considerable gradation between the individual micro-

facies. Accordingly any attempt to delineate these microfacies is 

purely subjective. 

Rapid variations of lithologies vertically reflect more lateral 

variation than stratigraphical changes in composition (Walther, 1893; 

Wilson, 1975, p.50). Similarly, the vertical variations of the Dinantian 

limestones of north- eastern Clwyd also reflect lateral fluctuation of 

the micro-environments within the general framework of sedimentation, 

a phenomena which Asquith (1979, p.8) called "crazy quilt" distribution 

of environments. 

Sorting terminology (classes) used in this text are after FUchtbauer 

(1959) and FlUgel (1982, p.l93, Fig. 25). 

THE L1MESfONE MICROFACIES IN THE DINANTIAN 
OF NORTH-EASfERN CLWYD 

1. Calcisiltite (Mudstone) 

These are perhaps microbioclastic calcite grains with a mean average 

diameter of 20pm (range 1O-40pm). They are made up of equant 

silt-sized microcrystalline calcite with a small amount of abraded 

skeletal debris and angular detrital quartz in certain beds (Plate 11 a). 
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Banerjee (1959) has recorded a grain size range of 5-35pm, while 

Oldershaw (1967) gave a range of 12-45pm with skeletal debris making 

up 1 to 10% of the rock by volume. The skeletal remains are usually 

angular crinoidal grains, brachiopod debris, bryozoans, and foraminifera 

with a maximum allochem size of about 2mm. Nevertheless, much of 

the skeletal debris lies in the size range of the matrix particles and 

cannot be recognised specifically. Entire foram tests are found to 

occur abundantly. Clays occur sporadically giving a local appearance 

of lamination. There is no planar shape orientation of the grains 

except in a few beds where the crinoid debris fonTS the main bioclasts 

and the planar arrangement is reflected by bryozoan remains. 

Grabau's terminology "Calcisiltite" is adopted here mainly to 

emphasise two main textural criteria: near uniformity of matrix 

particles and the close similarity of integral individual beds with the 

characteristics of mechanically accumulated sediments. These 

characteristics are cross bedding, inter-bedded terrigenous clays and 

intermixed quartzose silt and fine sand (about 5% by volume in 

certain beds). 

In the field this microfacies predominatES within the exposures 

of Waen Brodlas (loc. 2) and is recorded from the lower beds at 

Graig quarry (Ioc. ll) (Fig.1~)" It occurs as dark grey regular beds, 20-40cm 

thick, with interbedded thin «2cm) calcareous shales. These limestones 

show aflatlenticular arrangement locally (Fig.18b). The contact surface 

of these limestone beds with the shale partings show undulating 

appearance, especially where the beds are thin. Large scale cross 

bedding is characteristic of these limestones. 

Variation on this type of microfacies is the increase of the dispersed 

clayey components to about 30% giving the rock a laminated appearance, 

with the clays occurring as whisps and stringers. Oldershaw (1967) 
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FIG. 14 

(Waen Brodlas Quarry) 

(a) General view of the quarry face at Waen Brodlas (loc. 2). 
The section is about 25m high and extends to about O.5km. 
The beds are predominantly calcisiltite (lithofacies No.1), 
biomicrosparites (lithofacies No.3) and biosparites 
(lithofacies No.4). Note the large scale cross bedding 
in the centre. .. 

(b) Chert nodules in cross bedded biosparite (packstone). 
Laterally extending elliptical nodules. Horizontal 
banding within the chert nodules is similar to that in 
the host limestone. Waen Brodlas (loc. 2). Hammer is 
40cm long. 

(c) Irregularly bedded biomicrosparite (lithofacies No.3) 
interbedded with thinly bedded highly calcareous shale 
(2-3cm thick). The upper and lower borders of the 
limestone beds are crowded with low amplitude stylolites 
(microstylolites) and dissolution seams. Waen Brodlas 
(loc. 2). Hammer is 40cm long. 
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recorded the occurrence of microdolomite rhombs within these facies. 

Another variation is where the skeletal grains are predominantly 

crinoidal with an increase in mean grain-size to about 60pm giving the 

rock a slightly coarser appearance. 

Insoluble residues in these microfacies vary from 3% in the coarse 

grain non argillaceous calcisiltite to 30% of the total rock by weight in 

the more argillaceous variation. The residues consist of clay, organic 

matter, pyrite and quartz (Sample ME Table 1 ). 

The accumulation of such large quantities of carbonate silt, so 

different from the normal calcitic micrite, and in an integral sequence 

of beds with visible characteristics of mechanically accumulated sediment, 

poses a major problem for the genesis of such microfacies. 

2. Biomicrite (Mudstone to Wackestone) 

These microfacies are generally mud supported made of entire or 

angular skeletal material (5-30% of the rock by volume) contained in a 

microcrystalline calcite matrix with particle-size of mean-diameter of 3pm 

(range 0.5-5pm) (Plate 11 A). The skeletal remains are usually angular 

to subangular, unabraded crinoid remains, brachiopod debris (few cases of 

entire small brachiopods - 2mm - with the two valves intact), bryozoan 

skeletal shreds, casts of bivalves, shell fragments and entire foraminifera, 

calcipheres, a few ostracods and occasionally whole solitary corals. The 

grain-size of the skeletal remains varies (0.1 - lmm, max. 4mm). 

Allochems are generally poorly sorted with poorly developed micrite 

envelopes. 

The matrix is generally featureless and unlaminated. In thin section 

under high magnification matrix particles (3-5pm) show curved boundaries 

in polyhedral mosaic of micritic calcite (Oldershaw, 1967, Figs. 76-80). 

Intraskeletal cavities are normally filled with clear sparry calcite of 
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fIG. 15 

(Pant-y-Pwll Dwr Quarry) 

General view of the northern quarry face at Pant-y-pwll 
Dwr (loc. 5). The section is about 20m high, made 
mostly of biosparites and biosparrudites (lithofacies 4 
and 5) (grainstones and packstones) of the Middle White 
Limestone. 

Detail of a biosparrudite lithology interbedded with well 
sorted biosparite, in some of the beds at (a) above. 
Coin is 2.5cm in diameter. 

General view of the topmost beds at Pant-y-Pwll Dwr 
quarry (loc. 5). The section belongs to the Upper 
Grey Limestone which is dominated by evenly bedded 
argillaceous biomicrites. The light coloured bed is 
1.5m biosparrudite (packstone) crowded with poorly sorted 
crinoidal debris occurring as imbricated packets (see 
Fig. 13). 

Evenly bedded grey argillaceous biomicrites (lithofacies No. 
2) of the section at (c) above interbedded with 1-2cm 
calcareous black shale. Hammer is 40cm long. 



FIG. 15 
107 



108 

10 - 30J,lm crystals. 

This microfacies IS the dominant rock type within the outcrops 

of the Loggerheads stream-section (Ioc. 14) and the upper parts of 

Pant-y-pwll Dwr (Ioc. 5) Hendre (Ioc. 6) and Waen Brodlas (loc. 2) quarries 

(Figs.14'17). The limestones exposed in the Loggerheads section are buff 

to beige dense uniformly bedded with bed thicknesses ranging from 

1.5 - 2 m except the lowest 10 m where bed thickness varies between 30 

to BOcm. Bedding planes are commonly sutured, possibly stylolitic; 

alternatively bedding planes are clean plaile joint surfaces. No variation 

in grain-size or composition was observed between the middle of the 

massive beds and the edge close to the bedding plane. In hand specimen 

mottling, in the shape of 1 to 2cm dark brown patches arranged parallel 

to bedding, was observed indicating a probable bioturbation origin for 

these dark mottled patches (Plate 10A). 

Fenestral fabric of vugular dissolution cavities floored with 

infiltrated sediments, mainly calcite-silt and topped by sparry calcite 

cement (Plate 11 B). are observed to occur in many of the beds of this 

microfacies, indicating a probable emergence of these beds and exposure 

to meteoric water action. 

A variation on this microfacies is a grain-supported biomicrite 

(packstone) (Plate 9d) containing 40 - 50 % by volume of angular skeletal 

remains which vary considerably in size and shape between beds. Shinn 

and Robbin ( 12 B 3 .) reported the development experimentally of grain

supported biomicrite by virtue of pure mechanical compaction of a Iime-

mud. Although mechanical compaction caused by over-burden pressure 

cannot be ruled out, in the case of the biomicrite (packstone) samples 

examined, the presence of sheltered cavities filled with sparry cement, 

the limited intergranular penetration and few microstylolites, all suggest 

a primary depositional dense packing of the grains in the few beds that 
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FIG. 16 

(Hendre Quarry) 

(a) General view of the top 20m of the limestone succession 
at Hendre quarry (loc. 6). The lower beds are made of 
relatively irregularly bedded biomicrites intercalated 
with thin black shale. The light coloured bed is 3.5m 
thick well sorted oosparite grainstone with abundant 
detrital quartz. The top of the grainstone bed is 
karstified with extensive bioturbation. The upper 
12m of the sequence are thinly bedded (10-20cm) highly 
clayey biomicrite interbedded with 5-10cm black 
calcareous shale. 

(b) Detail of the oosparite bed at- (a) above and the clayey 
limestone and shale sequence on top. The shown section 
is about 12m. 

(c) General view of the northern face at Hendre quarry 

"''''''~_4¥_.''''''''' __ _ 

(loc. 6). Section shown is about 45m predominantly 
biosparite and biosparrudite grains tones and packstones. 

Cd) Large scale cross bedding in biosparite and biosparrudite 
at Hendre quarry (loc. 6). Crinoidal mound can be seen 
at the bottom right hand corner of the photograph. 
Foreset bedding is also seen adjacent to the mound. 

',> J 
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FIG. 16 



,'<' f 

t ; 

1 11 

FIG. 17 

(Graig Quarry) 

(a) General view of the top 30m of Graig quarry (loc. 11). 
The succession is dominated by biosparite and biosparrudite 
(lithofacies 4 and 5). The major bedding plane (dark 
shadows) in the photograph is a palaeokarst surface with 
overlying bentonitic clays. 

(b) Two working faces at Graig quarry, the foreground level 
is about 12m high made entirely of evenly bedded 
calcisi1tite with large scale cross bedding. Whereas 
the second level is biosparites and biosparrudites with 
two palaeokarst levels showing as in (a) above. The rocks in the 
left side of the picture is tectonically disturbed. 

(c) Biosparites and biosparrudites overlain by calcisiltite 
beds and underlain by argillaceous biomicrosparite 
(wackestones). The upper contact is a palaeokarst 
surface (see Fig. 23d for details). Section is about 
8m thick. 

(d) Large scale cross stratification in evenly bedded 
calcisiltites of lower level of (b) above. Hammer is 
40cm long. 

. . 
. . 

-· ... ""'~J .. </r"'~.·~..,. .. ;-, .. ' .... ~ ... f'''''i-4 .. ,.~~-''t.t.~,..:.z.,._ .......... __ .&.'-,b._ 
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PLATE 9 

Ca) Mechanically compacted packstone showing evidence of grains 
gliding on each other as reflected in the draping of the 
platy skeletal remains around the crinoidal columna I 
which resisted the stress. Note pressure shadows on 
both sides of the crinoid ossicle. 
T.S. 93721. Scale = O.5mm. 

(b) A sUbcircular patch of sparry calcite with fine micro
crystalline mosaic of irregularly curved intercrystalline 
boundaries. Note that this mosaic is completely devoid 
of any skeletal debris and it has a sharp border with 
microcrystalline groundmass (M). The genesis of this 
fabric is uncertain, they might be large borings filled 
with lime mud and later this was neomorphosed to 
pseudospar(?). (See plate 10d). 
T.S. 81112. Scale = O.lmm. 

{c} A planar arrangement of the platy shell debris in a 
packstone. Such an orientation was interpreted by 
BanerJee (1959) as a product of bottom traction of the 
original sediments. However, in the light of the 
experiment of Shinn and Robbin (1983) such arrangement 
of platy skeletal debris might be produced by 
mechanical compaction. 
T.S. 93722. Scale = O.5mm. 

(d) A microspar patch developed within biomicrite lithologies. 
Note how the microspar replaces the micritic encrustation 
on the brachiopod shell. 
T.S.82511. Scale = O.1mm • 

.... 

• ; • C$( 
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PLATE 10 

(Neomorphic Fabrics) 

(a) & (b) Relatively coarse mosaic of pseudospar partly 
embedded in a finer microsparitic groundmass with 
large floating allochems. See text for details. 
T.S. 93012, 9231'. Scale = 0.5mm. 

(c) Clotted fabric "structure grumuleuse". See Bathurst 
1959, p.368 for detailed description of this fabric •• 
T.S. 8091. Scale = O.l:mm. 

(d) Contact between a dark patch of a pseudobreccia (top) 
and microstalline groundmass (bottom) (Also plate lOA). 
See text for discussion. 
T.S. 8016612. Scale = 0.5mm. 
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PUTE IDA 

(Mottling) 

(Scale in this plate is in centimetres) 

(a) & (b) Polished slabs of pseudobreccia with dark 
patches (lumps in 3D) of pseudospar, of different 
sizes and shapes in zones parallel to bedding, set 
in a buff microcrystalline host rock (micritic & 
minrospar). 
S.188 & 1664,Pant-y-Pwll Dwr (loc. 5). 

(c) Mottling in biosparrudite (packstone) as a result of 
burrows. 
S.312, Hendre (loc. 6). 

(d) Stylolitization is not impartial to zones of 
pseudobreccia fabrics and may occur in any part of 
the rock. 
S.111, Pant-y-Pwll Dwr (loc. 5) 

(e) Mottling with diffused borders in a biomicrosparite 
(Facies 3). S.35, Hendre (loc. 6). 

(f) Biosparrudite (packstone) with irregular mottling 
probably due to bioturbation. 
S.6.1, Hendre (loc. 6). 
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PLATE 11 

(Microfacies 1 & 2) 

Calcisiltite (Microfacies 1) 
Equigranular microcrystalline calcite silt with an 
average diameter of 20 pm containing some dispersed 
skeletal debris and angular detrital quartz. 
T.S.5061. Scale = 0.5mm. 

& (a2) E.M. replica of fractured surfaces of these 
calcisiltite showing the plane intercrystalline 
boundaries. Scale = 6 pm. 

(From Oldershaw, 1967, figs. 83 & 84). 

(b) Biomicrite (Microfacies 2) 
Featureless, micritic calcite mUdstone with subordinate 
entire or angular skeletal material. 
T.S. 93322. Scale = O.lmm. 

& (b ) SEM microphotograph of 3 pm micritic calcite 
partfcles making the mass of micrite mudstone beds. 
S.201 Loggerheads(loc. 14). Scale b1= 20 ~m & b2 = 
10 pm. 

.. '+ + 
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PLATE l1A 

(Mlcrite particle shapes) 

(a) SEM microphotograph of featureleRs un laminated 
micritic mudstone, shows bulbous granules 2-4 pm 
in diameter with amorphous calcite cement (1) 
covering them. S.205, Loggerheads (loc. 14). 
Scale = 20 pm. 

(b) SEM microphotograph of biomicrite with pressure welded 
echinoderm grains; notice the irregular shape of the 
matrix grains as compared with (a) above. 
S.401. Scale = 10 pm. 

(c) & (d) SEM micrograph of a microstylolite within the 
micritic lithology. Notice the growth of stubby 
calcite scalenohedra on micritic particles indicating 
a dilatation of the microstylolite. 
S.3011. Scale (c) = 10 pm & (d) = 4 pm. 

(e) - (1) EM replicas showing variations in shape and size 
of micrite particles. 
Scale (e, g & h) = 2 pm; (f) = 1.5.J.lm; (i) = 1 pm. 
(From Oldershaw, 1961, figs. 16, 18 - 80, 82). 
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FIG. 118 

(Dissolution cavities within biomicrites) 

Microcavities in biomicrites believed to have been caused 
by percolating meteoric water. These cavities later 
received internal silt (probably vadose silt) and finally 
filled with drusy calcite. Dissolution around the 
brachiopod spine (a) is of interest, since such a 
dissolution might be invoked in creating microcavities 
around echinoderm fragments in micritic matrix. 
T.S. 28188, 2112, 2113, 2114. Scale = O.5mm. 
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PLATE llC 

(a) & (b) The development of euhedral quartz crystals along 
stylolitic planes in micrite. Note the poor orientation 
of the long axis of the crystals with respect to the 
stylolite. 
T.S. 8043 & 8031 (cross polars). Scale: (a): 0.5mm 
(b) 0.1mm. 

(0) Calcisiltite intermixed with angular detrital quartz (Q) 
and angular bioclasts. 
T.S. 508. Scale = 0.5mm. 

(d) Graded bedding in calcisiltite fining upward. 
T.S. 35484. Scale = 0.1mm. 

(e) Channel structure in biopelmicrosparite. Depth of 
erosion of the channel is about 1m. The channel is 
filled with crinoidal calcite siltstone and clays •• 
St. Elizabeth Cottage (SJ/168 159). 
(From Oldershaw 1961, fig. 31). 

(f) & (g) Massive beds of crinoidal biosparrudite with the 
columnals still showing 10-15 ossicles still intact 
indicating local derivation of the skeletal material and 
little agitation. Interbedded with the biosparrudite are 
crinoidal siltstone beds and little shale. 
Hammer is 30cm long. Pant-y-Pwll Dwr (loc. 5). 
(From Oldershaw, 1961, fig. 19 & 38.) 

(h) Massive bed of brachiopod biosparrudite. Nearly all 
of the large shells are gigantoproductid brachiopods 
mixed with crinoidal columnals within a matrix of fine 
grained skeletal debris and calcite silt. 
Coin = 3cm in diameter. Catch (SJ/204 705). 
(After Oldershaw, 1961, fig. 20) 

\ 
l 
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PLATE 12 

(Microfacies 3) 

Biomicrosparite: This microfacies is both matrix supported 
(ar & (b) and grain-supported (c) & (d).' An assortment of 
abraded and entire skeletons are embedded in a matrix, 
which is made of a mixture of equant microcrystalline 
(microspar?) calcite with an average particle size of 10 ~m 
with patches of equant polyhedral calcite crystals (50 ~m). 
Some of the crinoidal grains are incompletely covered with 
syntaxial overgrowth (c) overlying only a portion of the 
grain surface. 
T.S. 91211, 30455, 91011, 16902. Scale = 0.5mm. 



1 28 

PLATE 12 



129 

exhibit such variation. 

The limestones are highly calcitic with insoluble residues less than 

10% by weight (Sample MB Table 1). These residues are predominantly 

clays, organic matter, pyrite and galena with a very few detrital quartz 

grains. The dark grey to black, thinly bedded (20-30cm) biomicritic 

limestones at the top of the Dinantian sequence (Fig.1S) containahigh content 

5-10% by weight dispersed clays, quartz silt and pyrite. Skeletal debris 

is coarser (up to IOmm) than that in the lower part of the sequence 

but still angular and slightly abraded. Bioturbation is common. A 

freshly fractured surface of these limestones emits H2S odour. The dark 

colour, the common presence of pyrite and the H2S odour may suggest a 

stagnant muddy bottom condition for the accumulation of these microfacies. 

3. Biomicrosparite (Wackestone to Packstone) 

The limestones belonging to this type are commonly grain-supported. 

Nevertheless, matrix-supported limestones are also present (Plate 12 ). 

The matrix is a mixture of equant microspar with mean average grain 

size of IOfJm in diameter (range 5-30}lm), with patches of equant granular 

spar with mean crystal size of 50fJm in diameter (range 30-70pm) (Plate 

12 b). The skeletal remains are abraded crinoidal debris (O.2-0.5mm), 

bryozoans, brachiopod shells (0.2-lmm) and entire foraminifera, making 

10-30% of the rock by volume. In the case of the packstone varieties, 

matrix is mostly intergranular and in some intragranular cavities. The 

matrix fabric is frequently disrupted by the presence of clear patches of 

fitted sparry calcite mosaic with average crystal size of lOOpm diameter 

(Plate 10). The fabrics merge together without clear boundaries. 

Some of the crinoid grains are i!1completely covered with syntaxial over-

growth overlying only·a portion of the grain surface (Plate 10b). Details 

of the fabrics in this type of limestone will be discussed further in a later 
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chapter. 

These limestones form an intermediate ra:1ge, as far as matrix particle 

size is concerned, between the biomicrite on one hand, and the biosparite 

on the other. Nevertheless, their genesis is probably more complex. 

The abundance of matrix indicates little or no winnowing, thus 

setting these limestones in a relatively different environment from that of 

the biosparite. While matrix particle size, though, might have a compon

ent of micritic mud within it, its fabric and intergranular boundaries, 

which are frequently curved specially in the coarse type, indicate probable 

diagenetic aggradation of the primary particles, distinguishing them from 

the biomicrite type. 

In the field this type of limestone dominates the measured sections. 

It makes about 60% of the massive White Limestone (lowest 80m of the 

exposed sequence) at Pant-y-pwll Dwr (loc. 5), and about 30% of the 

Upper Grey Limestone at Hendre quarry (loc. 6). The limestones occur 

as massive, uniformly bedded, buff to beige beds of 2-5m thick, inter

bedded with thin black shale «lcm) and greenish clay overlying frequent 

e mersion surfaces, especially in Pant-y-pwll Dwr. These beds maintain 

their thickness within the limit of exposure of the individual quarry (Fig.1s). 

Local variations within single bed thickness are the development of mottled 

horizons, the development of biosparite (grainstone) levels of a few 

centimetres thickness, and the relatively coarser skeletal remains in a few 

centimetres thick bands spread over tens of metres exp3;nse. 

The limestones are highly calcitic with less than 1% insoluble residue 

(SampleN10Table 1 ), mainly clay, authigenic quartz, pyrite and galena. 

The contact with the interbedded shale is sharp indicating a probable 

hiatus in carbonate accumulation. 
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4. Biosparite {Packstone - Grainstone} 

This type of limestone is totally grain supported, characterised by an 

abundance of skeletal remains predominantly of crinoidal debris, 

brachiopod shell fragments, molluscan shell casts and bryozoan remains, 

plus benthonic forams, corals, ostracods and a few trilobite remains, 

embedded in fine to medium crystalline (Folk, 1959) sparry calcite cement 

and interstitial microbioclastic calcisilt-matrix (Plates 13. 25). The 

fragmentation of the biota resulted in skeletal remains of 0.5 to 2mm in 

diameter. Sorting of the allochems varies from well-sorted to moderately 

sorted (terms after Friedman, 1962), while roundness is very much 

influenced by the inherent characters of the original biogens: crinoidal 

remains are rounded while brachiopod fragments are angular. Nearly all 

skeletal fragments show a certain degree of micritization except the 

crinoidal ossicles which appear in thin section as having dusty inclusions 

without any evidence of micritized rims except in a few samples. Dense 

packing of the allochems (i.e. packing index >60%, Coogan, 1970) is 

common, indicating constant wave action or bottom traction. However, 

no planar shape arrangement of skeletal particles was observed. 

Matrix is present made of microbioc1astic calcisilt making 2-25% of 

the volume of the rock. Some fine-grained crinoidal debris of an 

average 15011m grain size is also observed in certain samples. The 

presence of matrix indicates that winnowing process was inefficient. 

Cement is pervasive, syntaxial around most crinoidal grains (Plate 

1 3 ) and finely crystalline equant intergranular and intragranular drusy 

mosaic of calcite and ferroan calcite. Silica replacement of some 

skeletal grains was observed in many samples. Replacement started 

from central points within the grains and spread outward. Selective 

silicification was observed with brachiopod shell remains being the most 
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PLATE 13 

(Microfacies 4) 

Biosparite and Biopelsparites 

(a) & (b) Crinoidal biosparite (grainstone). 
These are well sorted rounded allochems cemented by 
extensive development of syntaxial overgrowths 
(Fabric a). Subordinate allochems are bryozoans, 
brachiopods, foram and molluscan shells. This 
microfacies has on average 47.2% of its volume as 
cement. 
T.S. 8161, 8313. Scale = 0.5mm. 

(c) & (d) When the dominant allochems are of multicrystalline 
wall structure, with little or no crinoidal debris, the 
allochems then were cemented by polyhedral sparry calcite 
forming polygonal mosaic in the intergranular pore space. 
Certain beds are dominated by micritic peloids (d) some 
of which might be micritized bioclasts. 
T.s.80521 8011. Scale = 0.1mm. 
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silicified and crinoidal particles being the least affected. Compaction 

is reflected by minor shell fracturing, stylolitization and extensive 

interparticle penetration, especially in the densely packed crinoidal 

grainstones. 

Variations of this type of limestone reflect the kinds of allochems 

present. These are pellets, micritic lithoclasts and detrital quartz with 

or without concentric oolitic coating. Biopelsparite (Plate13d) shows 

rounded to sub rounded hardened micritic pellets and skeletal grains in a 

drusy calcitic cement with subordinate interstitial micritic matrix, never 

greater than 10%. The pellets vary in size 100-S00Jlm. The associated 

bioclasts are generally larger than the pellets and may be as big as 2mm. 

In most samples examined skeletal grains of the same kind have a 

similar grain size indicating an effective sorting process. In ultra thin 

sections many of what were thought to be faecal pellets revealed that 

they were highly micritized forams or rounded bryozoan debris. Having 

said that, there are still numerous grains which are difficult to distinguish 

from faecal pellets or mud intraclasts. Rounded micritized lithoclasts, in 

which the margins of the clast transect some of the included allochems, 

are observed in some examples of the biopelsparite (Oldershaw, 1967, Fig. 

16). 

Quartzose biosparite was observed in beds at the top of the sequence 

where subangular to angular detrital quartz grains O.Smm in diameter form 

half of the allochems, the other half being mainly crinoidal debris, 

brachiopod fragments and bryozoan remains. Bioclasts grain size ranges 

from O.S-2mm in diameter. These allochems are embedded in clear 

sparry calcite mosaic. In Hendre quarry (Ioc. 6) a 3m thick massive- bed 

(Sample 45, Fig. 32 ) was observed to have fine detrital quartz (I50pm) 

coated with concentric oolitic layers of about 50-ISOpm thick. Many of 

these ooliths have an authigenic silica overgrowth which has replaced part 
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of the oolitic layers (Plate 6a). Oolith diameters range from 200 to 

300pm. The rock is cemented with a clear sparry calcite with extensive 

epitaxial overgrowth on the crinoidal grains and enclosing the quartz 

grains poikilotopically . Equant :lparry • calcite cement was 

also observed. Quantitatively within the measured sections, these 

biopelsparite, oosparite and quartzose-sparite beds are much fewer in 

number and thickness than those of normal crinoidal biosparite described 

in the previous paragraph. (Figs. 31 - 33 ). 

These microfacies occur as massive beds I-3m thick, generally 

homogenous with no preferred planar shape orientation. Primary 

sedimentary structure includes large scale cross-bedding, with fore set 

measured in a few metres (Fig.16), channelling as in Oldershaw (1967, 

fig. 37), rare flute casts in underlying thin shale (Banerjee, 1959), and 

mottling as a result of bioturbation below karst surfaces. Bed 

contacts are commonly sutured and occasionally they are emersion 

surfaces. 

s. Biosparrudite (Packstone-Grainstone) 

These microfacies are characterised by the abundance of crinoidal 

or brachiopod remains with little or no evidence of prolonged bottom 

traction. This is reflected in the large size of the allochems, moderately 

fragmented and intermixed with fine bioclastic debris and micro-

crystalline matrix (Plate 1 A - f, h, I). This mode of preservation of the 

large allochems, the strong biomodiality and poor sorting, all suggest, 

probably, an in situ accumulation and limited reworking on the sea-floor. 

These microfacies are the equivalent to Bioaccumulate type I and II of 

Oldershaw (1967, 1969). 

The crinoidal biosparrudite consists almost entirely of cemented 

crinoidal remains with subordinate fragmental skeletal material which 
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include brachiopod debris, bryozoan particles, foraminifera and ostracods. 

The crinoidal remains consist of 5 -lOcm long columnals with up to 20 

ossicles still intact, and calices with plates still attached together in 

many samples. 

This microfacies IS found in the field as massive beds about 2m 

thick. Each bed has a tabular or lensoid form about 0.5 to 1m thick and 

a few metres wide, juxtaposed against each other with thin partings of 

black shale between them and a few intercalated calcisiltite bands, giving 

the beds an apparent continuity over distances up to 0.8 km (Fig.15C). 

The prolificacy of crinoids in thickets, in depressions and in places more 

or less protected from active wave action (Banerjee, 1959), could well 

explain the geometry of this microfacies in the field. 

In thin sections ( Fig. 2gb), the central canals of crinoidal columnals 

show geopetal deposits made of fine bioclastic debris mixed with calcisilt 

matrix and overlain by coarse sparry calcite epitaxially grown within the 

interstitial space of the central canals. Further, it is worth noting that 

commonly there is little or no syntaxial overgrowth on the outside surface 

of the columnals. In numerous samples the crinoidal remains reflect 

extensive interparticle penetration and sutured contacts, indicating extensive 

dense packing as a result of over-burden pressure (Plate 25). 

Interparticle space is normally occupied by matrix material similar to 

that found in the central canals of the crinoidal columnal and clear sparry 

calcite cement. The volume of matrix material makes 10-30% of the 

total rock. Interbedded shale and dispersed clayey material make certain 

crinoidal packets (p.143) argillaceous, giving the rock an earthy greyish 

appearance on polished surfaces. 

The brachiopod biosparrudite consists largely of entire Gigantoproductus 

Sp. and other brachiopod shells inte:rmixed with subordinate, much finer, 

crinoidal bioclastic debris, with up to 30% by volume of interstitial calcisilt 
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and micritic matrix. The total is cemented by clear sj)arry calcite 

(Oldershaw, 1967, Fig. 20). Entire brachiopod shells are very common, 

especially those of Gigantoproductus Sp. which attain a size of up to 

15cm in diameter. They appear to be current stacked in lenses with a 

few large crinoidal columnals. The high concentration of the brachiopod 

shells give the beds irregular undulose surfaces which when weathered 

give a rubbly appearance. Matrix and cement distribution is variable 

within this type of limestone, resulting in the development of well

cemented lenses 20-30cm in diameter surrounded by. a relatively higher 

concentration of matrix. This produces on the exposure of surfaces a 

pseudo-nodular structure. 

This microfacies is common within the upper beds of Pant-y-pwll Dwr 

(loco 5), within the irregular bedded Upper Grey Limestone of Hendre 

(loco 6) and also the upper beds of Graig (loc. 11) and Waen Brodlas 

(loco 2) (Figs. 31_33) 

The Overlying Siliceous and Quartzose Beds 

The carbonate sequence is capped by a calcareous sandstone litho-

facies forming the main constituent of the Passage Beds. These extend 

north to a;ound~ Hendre (Fig. 5). Further .north the sandstones change 

laterally into thinly bedded cherts. The sandstone is medium to fine 

grained, subangular to rounded, polycrystalline quartz with a few quartzitic 

pebbles cemented by both calcite and silica. Certain rounded grains 

have an oolitic coating around them. Highly micritized rounded carbonate 

allochems are found dispersed among the quartz grains making about 10% 

of the rock by volume. 

The bedded chert further north is mainly microcrystalline and 

cryptocrystalline silica with patches of chalcedony interbedded with 

silicified carbonate debris and shaly chert. This lithofacies was not 
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examined in any detail and is considered here merely as the closing 

episode of the carbonate domain. 

PRIMARY SEDIMENTARY SfRUCTURES 

The Dinantian limestones show a number of sedimentary and organic 

strllctures. Some are common, occurring in a multiple of lithofacies, 

while others are more restricted. 

Bedding 

Beds of varying thickness from uniformly thick massive strata of 

I-3m to thin beds less than 20cm interbedded with very thin (l-2cm) 

shale, are a common feature of all lithofacies examined. The thick 

massive beds are commoner in biomicrosparite and biosparite lithofacies, 

while thin beds are characteristics of the calcisiltite and grey biomicrite 

lithofacies (Fig. 1 6). Flat lensoid subplanar beds which taper over 

distances of many metres were observed in the calcisiltite microfacies 

(Fig.18 b), interbedded with shale partings. Nodular to wavy 

irregular bedding, with abundant shale intercalation, is found within the 

biomicritic packs tones and biosparrudite packstones. They consist of 

undula:r beds grading to loosely packed nodular bodies (result of local 

concentration of cement) in matrix of calcisilt, micrite and clayey 

material (Fig.14c). 

Crinoidal mounds 

These are small, rounded accumulations of calcite silt and micrite, 

a few metres in diameter, crowded with crinoidal debris. 

generally within well-bedded biomicrosparite microfacies. 

They occur 

The mounds 

are sometimes draped over by relatively finer material thinly bedded with 

som e shale partings (Fig. 16 d) • 

• 
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FIG. 18 

(Bedding) 

(a) Biosparrudite (packstone) the beds are crowded with 
gigantoproductid shells 10-15cm in diameter giving an 
undulating bedding, interbedded with 1-2cm calcareous 
shale. The shell~ are extensively silicified. Bed 
thicknesses vary between 25-40cm in the picture. 
Waen Brodlas (loc. 2). 

(b) Flat lensoid subplanar beds interbedded with 1-2cm 
calcareous shale, in calcisiltite lithofacies. Hammer 
is 40cm long. Waen Brodlas (loc. 2). 

(c) Large scale cross bedding in biosparite lithofacies, 
3-5m sets and beds of O.5-1m thick. Hendre quarry 
(loc. 6). 

(d) Lensoid bedding in biomicritic lithofacies (No.2). 
The lowest surface below the hammer position is a 
palaeokarst surface with very thin bentonitic clays. 
See Fig. (20b) for details. Hammer is 40cm long. 
Hendre (loc. 6). 
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Cross-bedding 

These are of two types, large scale (3-Sm) sets and beds 0.5 to 

1m thick truncating underlying beds over tens of metres distance and , 

foreset-bedding similar to that described by Wilson (1975, p.78) off 

flanks of the crinoid mounds, some as ,inclined beds at above 300 to the 

original horizontal. Cross-bedding is well developed in both the 

calcisiltite and the biosparite lithofacies while foreset bedding is found 

in the biosparite and biomicrosparite lithofacies (Figs.16d,17d,18C) 

Channel Structure 

This is ,observed on top of biopelsparite beds (Oldershaw, 1967, fig. 37), 

with depth of erosion of the channel about one metre. The channel is 

caused by scour and subsequent fill with festooned cross-bedded crinoidal 

calcisil tite. 

Bioturbation, burrows and borings 

The development of thoroughly homogenised massive beds is 

attributed to the action of burrowing organisms. Burrows are commonly 

preserved as colour mottling and texture differences within an otherwise 

homogenous rock. Mottling as a result of subsequent recrystallization is 

very common in the biomicrite and biomicrosparite microfacies and less 

common in the biosparite microfacies. Burrows and borings are commonly 

found below e mersion surfaces. However, some of the mottling is 

believed to be due to rootlets penetrating both vertically and horizontally 

(Fig. 23 a). The problem of mottling will be discussed in a later chapter. 

Geopetal deposits 

Geopetal deposits are partial fillings of biomicritic solution cavities 
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and of intraskeletal voids in biosparite and biosparrudite (Plate 118). 

These sediments have textural differences with the host rock; the interstitial 

upper space is normally filled by sparry calcite cement and indicates 

the upright position of the bed. Internal sediments are generally marked 

by colour changes, textural variation and cross-lamination and may also 

occur in several generations. Internal sediments in vugular dissolution 

cavities within biomicrite microfacies may be produced by breakdown and 

deposition of partly'lithified lime mud, presumably under conditions of 

meteoric water flow (Dunham, 1969). 

Karst surfaces and vugular dissolution cavities 

(Figs. 19 - 22): these are common in most lithofacies and indicate 

lowering of sea level so that the limestones were exposed to subaerial 

conditions and dissolution by meteoric water. Subsequent transgressions 

resulted in the abrasion and truncation of the surfaces by marine currents, 

removing most of the loose debris accumulated on the exposed surface. 

Most of these karst surfaces are covered by thin green bentonitic clays 

( p. 1 6 7) which are believed to have been deposited subaerially from 

volcanic ash. These karst surfaces will be discussed in more detail in 

a later section. 

Vugular dissolution micro-cavities in some biomicrites are here 

believed to havei been produced by percolating meteoric water: These 

cavities were later filled with clear drusy calcite. A number of these 

vugs have internal sediments flooring them as mentioned earlier (Plate 118). 

Lag deposits 

These are represented by 5-10cm sub rounded to rounded biomicritic 

pebbles embedded in the greenish clays overlying most emersion surfaces 

and are usually found in hollows and shallow sink holes on the karst surfaces. 
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Local patch coral colonies 

These are recognised as small subequidimensional or irregularly 

shaped flat topped coral build-ups ranging in diameter from I-3m. 

They are closely spaced locally, and appear as unbedded lensoid biolithite 

0.5 - 3 m thick. 

Soft sediment slump 

Minor slumps occur within biomicrite and calcisiltite lithofacies suggest 

sliding of fine sediments off the flanks of crinoid mounds. 

Crinoid packets 

These are irregularly imbricated lensoid bodies of poorly sorted 

crinoidal debris with argillaceous partings separating the different packets (Fig. 13 ) 

DEPOSITIONAL ENVIRONMENTS 

Earlier work 

The more extensive of present day realms of carbonate sedimentation 

are in warm shallow marine waters, on or bordering shelves in tectonically 

o 0 h stable areas between 30 north and 30 sout. A few minor carbonate 

accumulations are in temperate waters. In such tropical and SUbtropical 

regions, sedimentation is mostly autochthonous and the organic remains 

produced accumulate close to their sites of origin (Wilson, 1975, p.24). 
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A single common carbonate facies pattern is consented to by most 

sedimentologists. It consists of an inner, shallow, low-energy zone 

shelf, an intermediate, shallow high-energy zone (shelf margin) and an 

outer, deeper, low-energy zone (basin). This trio .of environmental 

zones may be subdivided into at least nine facies belts. This pattern 

is formed by accumulation down-slope, from, and in many cases peripheral 

to, a landmass (Wilson, 1975, p.26, Fig. 11-4 & p.351, Fig. XII-I). This 

sedimentary pattern is typically initiated following a marine transgression 

and the inundation of a shelf., In the early stages a carbonate ramp 

may develop with a high energy zone close to shore, but a platform with a 

seaward prograding margin rapidly forms (Wilson, 1975, p.348). 

The Dinantian limestones of North Wales are believed to have 

accumulated'in tropical waters as shallow marine shelf carbonates when 

Britain was within 100 _200 of the Equator (Smith et aI, 1973). This fact 

was recognised by Jones as early as 1921. He concluded that the Lower 

Brown and Upper Grey lithologies were accumulated in "quiet, shallow 

and partly land locked waters", while the Middle White Limestone reflects 

"deeper though still shallower sea conditions". Banerjee (1958, 1959) 

grouped the limestones into three major associations which he related to 

three depositional environments; (a) deep shelf facies - this includes 

bioclastic calcarenites, (b) lagoonal facies - the sediments of this facies 

include coquina 'Iutites (types I & II), shelly calcite mudstones, shelly 

calcite siltstones and shales, (c) shallow shelf facies - this includes 

mainly the quartzose sandstone at the top of the sequence and, the inter-

bedded oolitic and bioclastic limestones. Oldershaw (1967) confined his 

lithofacies to two main zones of high or low energy environments without 

specifying their exact position on the shelf. Somerville (1979 b) referred 

generally to a shallow, muddy relatively low-energy shelf environment for 

most of the Brigantian facies. 
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Current Work 

In this study detailed petrographical examination of too grain type, 

depositional texture, biota distribution and associations, coupled with 

field observations of type and nature of bedding and sedimentary structures, 

suggest a composite suite of carbonate beds most likely associated with 

facies belts Number 6 - "winnowed platform edge sands" and Number 7 _ 

"open platform facies" (Wilson, 1975, Fig. 11-4, p.26), probably more with 

the latter than the former. The wide variety of texture present in 

these beds suggests lateral variation of micro-environments within the 

open shelf zone by local development of shoals and ridges which 

restricted seawater circulation, resulting in the development of muddy, 

low energy ill-ventilated lagoons. 

In modern settings complex facies mosaics are produced by 

topographic variations on the shallow platform. Such "topography" may 

be caused by sand banks, channel level and lagoonal depressions such as 

on Abu Dhabi Shelf or by relief on the underlying strata as in the case 

of the Belize Shelf Lagoon where a Pleistocene karstic topography exists 

(Perkins, 1977). There is no evidence of large scale channelling in the 

Dinantian limestones of North Wales but individual limestones do overly 

karstic surfaces, which might cause thickness variations. Because of 

scattering of exposures, it is difficult to relate facies patterns to 

specific topographic features but there is a possibility that topographic 

effects were important. 

The microfacies are conveniently examined in a reverse order from 

that described earlier. 

Microfacies No.5: Biosparrudite (Packstone to Grainstone) 

This is here believed to be the product of fragmentation on death of 
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mUltiple generations of crinoids that grew in abundance in wide meadows 

that flourished in some sheltered localities possibly within the open 

platform zone Number 7 about, or just below, wave action. This is 

based on the strong biomodial sorting fabric, the abundance of crinoids 

exclusive of other important biota, and mode of preservation of the 

crinoidal columnals which shows little or no abrasion and winnowing, the 

lensoid type of bedding and the' interfingering of thin calcisiltite bands. 

Microfacies No.4: Biosparite-Biopelsparite (Packstone-Grainstone) 

These are believed to have accumulated within a shallow (down to 

light compensation I eve I) , high energy shoal belt (Wilson's Zone No.6) 

"the winnowed platform edge sands" • This resulted in well-sorted, 

abraded, highly micritized skeletal grains and reworked intraclasts, 

massive bedding with large scale cross-bedding and limited bioturbation. 

Irregular lensoid bodies are, probably, equivalent to modern carbonate sand 

banks. Extensive micritization and inclusion of fine matrix could well 

reflect periods of relatively less turbulence or rapid burial. 

Microfacies No.3: Biomicrosparite (Wackstone-packstone) 

..,. 
Although this microfacies reflects a strong imprint of diagenetic phase, 

its primary sedimentary particles are believed to have accumulated in an 

intermediate region between platform edge (Zone No.6) and open platform 

belt (Zone No.7) probably at or just below wave base. Evidence for 

such a position is demonstrated by the great variety of primary textur.es 

(mudstone to packstone, extensive burrowing, intermixing of abraded and 

subangular skeletal grains, medium micritization, authigenic quartz on 

probable detrital quartz silt nucleL The primary sediments show little 

or no winnowing indicating limited wave action, while micritization 
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indicates a depth within photic zone. A close examination of the matrix 

shows 10-20% by volume micritic calcite intermixed with the microspar. 

Microfacies No.2: Biomicrite (Mudstone to Wackestone) 

This microfacies shows two main varieties based on colour: the buff, 

beige slightly massive bedded, and the dark grey-black thinly-bedded 

limestones. Both types are believed to have accumulated in a low energy 

regime below the normal wave base within an open platform (Zone. No.7) 

and/or, possibly, within lagoons with restricted circulation developed as 

local environments within the open platform framework. 

The general environment in which the biomicrites were formed was, 

probably, characterised by a low energy zone where bottom traction, and 

mechanical breakdown of skeletal material were neglible. Most of the 

skeletal material is indigenous. This is reflected in restricted number 

of species. The allochems to matrix ratio would have been controlled by 

many factors. The most important are: (a) the rate of lime-mud 

deposition vis-a.-vis rate of skeletal grain production, (b) distance from 

shoal banks and reefal buildups, (c) degree of reworking by burrowing 

organisms, and (d) salinity and depth of water which affects both 

factors (a) and (c). Other factors such as bottom topography, local 

current patterns and storm frequency within the area would have had 

minor and possibly local inf Juence on allochem distributions. These 

aspects of the environment in which these biomicrites were deposited 

can be suggested but not demonstrated. The origin of the micritic 

calcite particles has already been discussed under the section dealing 

with the nature of matrix material (p. 94 ). Although the aragonite 

origin of carbonate muds is still favoured by many researchers, the work 

of Folk(l974); Wilkinson et al (1982) who described low-Mg c.alcite marine 

cement for certain Ordovician hardgrounds of Ontario, Canada and the 
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work of Schlager and James (1978) who reported a low-Mg calcite marine 

oozeand cement from recent sediments from the tongue of the ocean, 

Bahama, could well set a case for a low-Mg calcite primary origin for 

these Carboniferous micrites. This controversy will be further reviewed 

in a later section. 

Restricted circulation l~'ithin the shallow Dinantian platform resulted 

in the development of relatively stagnant lagoons which received 

terrigenous deposits in the form of clays mixed with organic material. 

On these muddy bottoms lived limited renthonic communities. These 

periods of terrigenous clay influx alternated with periods of carbonate 

mud precipitation probably as a result of better oxygenated waters 

flooding the lagoons. This fluctuation of depositional environments 
) 

produced a sequence of biomicrites interbedded with thin clayey shale 

dominating the top of the sequence examined. It is not certain whether 

the supply of organic and terrigenous suspended matter fluctuated or 

whether it was constant and at times swamped by carbonate precipitation. 

An alternative diagenetic model has been invoked to explain this cyclic 

alternating shale-micrite succession (jones, 1971). This model advocates 

the precipitation of carbonate marine cement around skeletal fragments 

forming concretions below sediment/water interface, which once initiated 

continued to grow until they eventually coalesced and formed a continuous 

layer. The cyclic nature of the succession is attributed to either (a) 

variations in the carbonate concentration of the seawater, or (b) variations 

in the rate of supply of the terrigenous sediments., This diagenetic model 

will be discussed further in a later section. 
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Microfacies No.1: Calcisiltite (Mudstone) 

The depositional environment of this microfacies is problematical and 

its position among the facies belts of Wilson 0975, p.26) is uncertain. 

However, owing. to circumstantial evidence, it is believed to have 

accumulated on the inner platform slope within the open platform belt 

(No.7). The evidence for this is: (a) uniformity of grain size and the 

close similarity of individual beds; (b) flat lensoid subplanar beds 

tapering over distances of few metres, (c) interbedding with terrigenous 

clays and intermixing with detrital quartz silt and fine sand, (d) well 

sorted fabric and scarcity of coarse allochems, (e) association in the 

field with microfacies No. 5 (Biosparrudite) and No.2 (Biomicrite) 

which are both regarded as open platform facies. 

As stated earlier the mechanical accumulation of such large quantities 

of calcitic silts vis-a-vis the deposition of normal micritic carbonate poses 

a problem for the gene£is of such lithofacies. It is unlikely that the clay 

grade material would· be deposited under the same hydraulic conditions as 

the silts which are cross-bedded. Yet field association of these micro-

facies is common indicating a fluctuating condition between a quiet 

shallow platform receiving normal micritic carbonate and periods of 

prevailing currents and fast accumulations of calcite silts winnowed down 

from carbonate sand banks on to the platform. 

Folk (1965) indicated that many of the calcite siltstones reported 

in the literature (e.g. Bathurst, 1959; Banerjee, 1959) may have been 

formed by aggrading neomorphism of primary micrites and therefore 

secondary in origin. Oldershaw (1967, p.53) invoked the expulsion of clay 

and other impurities at the calcite grain boundaries and patchy variations 

in grain size (Oldershaw, 1967, Fig. 29) as evidence of neomorphic 

recrystallization. I find it difficult to comprehend how particles coated 
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with argillaceous material can recrystallise and push aside its coat. The 

more natural thing is that the argillaceous material either hampers 

recrystallization or the new particle would incorporate the impurities. 

Particle size variation is to be expected, since silt depositing hydraulic 

regimes can also support fine sand grains. The visible characteristics 

of mechanical deposition are far more convincing than those of a 

secondary origin. 

CYCLICITY WITHIN THE DINANTIAN LIMESfONES 
OF NORTH WALES 

Earlier Work 

Cyclicity in shelf carbonate sediments is the norm rather than the 

exception. Most thick shelf limstone sequences are recognised to consist 

of cyclically repeated strata and are not homogenous units (Wilson, 1975', 

p.49). Cycle boundary recognition depends largely on distinguishing 

abrupt stratigraphical contacts. These could well be emersion surfaces 

or depositional hiatii in deeper marine facies. The repetition of rather 

complex carbonate sequences suggests systematic causes which are, basically, 

repeated marine transgressions and regressions resulting from eustatic 

sea-level changes. Causes of sea-level fluctuations are probably as follows 

(Wilson, 1975, p.5I): '(a) Glaciation or periodic large scale tectonism; 

(b) filling up of basin of sedimentation with a built-in mechanism for 

stopping sedimentation as in the case of prograding platform carbonate 

sheets; such filling is brought about by periodic climatic changes 

controlling development of reefs, carbonate banks, and intertidal evaporitic 

facies; climatic changes and/or local tectonism on the hinterland 

controlling the influx of terrigenous clastics; (c) episodic isostatic 

adjustment of the shelf area either vertically or in a seasaw action along 

a hinge line with gradual fill in of steadily produced carbonate-evaporite 

sediments. 
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Analysis of the Carboniferous transgression shows that it was 

composite and pulsed with many repeated advances and retreats of 

the sea-level (Ramsbottom, 1973). The Dinantian platform limestones 

of north- east Clwyd belong to the upper part of the Asbian (0
1 

subzone) 

and the lower part of the Brigantian (02 subzone) (George et aI, 1976), 

which approximately correspond to the OSb, 06a and 06b mesothems of 

Ramsbottom (1973, 1979). These are transgressive-regressive sequences, 

which are widespread over large shelf areas of north- west Europe 

(Ramsbottom, 1979), and are regarded by Ramsbottom as having 

developed in response to eustatic sea -level fluctuation. 

Boundaries of such mesothems are time significant and correlate closely 

with chronostratigraphical series and stages. Ramsbottom (1979) 

emphasised the restriction of the application of his cyclic nomenclature 

to cycles of eustatic origin. Minor cyclicity (cyclothems) within the 

mesothems' of the area of study was first described by Somerville (l979·b) 

who recognised eight cyclothems varying in thickness between 3-27m 

thick. These, too, are trangressive-regressive sequences. Each begins 

with a transgression and ends with a regression when emergence of the 

limestones took place. These emersion surfaces are distinguished by 

signs of subaerial exposures, such as palaeokarstic pits and hollows over

lain by thin K-bentonite clays (volcanic ash) and rare laminated calcrete 

(caliche) crusts. 

Somerville (I979b) described a typical sedimentary cycle as beginning 

with thinly bedded dark grey micrites or crinoidal biomicrites and shales 

at the base, succeeded by massive or thickly bedded pale grey biosparites 

with interbedded dark grey biosparites. The biomicrite facies commonly 

has mottled upper and lower boundaries while the massive biosparite has 

skeletal concentrations especially of brachiopods, crinoids and corals. The 

topS of these cycles invariably show some evidence of subaerial exposure. 
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Such a progressive facies association is only reflected by four of 

Somerville's eight cyclothems; the other four, though they have emersion . 
surfaces as boundaries, show massive biosparite facies with considerable 

development of terrigenous shales in two of them. 

Current Work 

A close examination of the cyclothems in the field during this 

study revealed certain discrepancies: (a) It was found that there are 

a number of emersion surfaces not recorded by Somerville (1979), 

especially in Pant-y-pwll Owr quarry (loc. 5), Hendre quarry (loc. 6). 

Some of these surfaces fall within established cyclothems; (b) 1he 

comparison of the biosparrudite beds at the base of Cycle 2 at Graig 

(loc. 11) and Hendre (loc. 6) to a "basal transgressive conglomerate 

deposit" is unjustifiable, since these limestones show abundant micritic 

matrix occupying intergranular pore space among unabraded coarse 

allochems showing little reworking: (c) Grouping all the thinly bedded 

dark grey beds as micrites, representing a transgressive phase, is only 

occasionally valid, since some are calcisiltite and associated with 

biosparite grainstones and possibly deposited during a regressive phase; 

(d) The vertical distribution of the lithofacies within the cyclothems is 

highly irregular; e.g. Graig quarry (loc. 11): Cycle 4 is not" recognised, 

Cycle 2 and Cycle 3 are made entirely of fine micritic facies; Pant-y

pwll Owr quarry (loc. 5): no micritic facies except in Cycle 7; Hendre 

quarry (loc. 6): Cycle 5 is only 3m of massive biosparites, Pandy 

quarry: Cycle 3 has biosparite in the lower part and biomicrite on top 

••• etc. Such distributions render the description of a "typical 

cyclothem" a highly subjective characterization; (e) in spite of the use 

of certain coral taxa to correlate the different quarry sections, the 

degree of palaeontological refinement does not yet allow recognition of 
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an exact correlation. Accordingly correlation of emersion surfaces 

has an innate weakness. Although Somerville (I979b)traced some of 

the emersion surfaces for as far as 16 km from Pant-y-pwll Dwr in 

the north to Graig in the South, hardly any of his cycles retained its 

microfacies stacking beyond a single quarry. Even distinctive units 

like crinoidal biostroms or calcisiltite beds could not be traced further 

than 2-3 km. This rapid lateral facies variation is believed to be the 

result of locally irregular distribution of micro-environments within a 

broad shallow platform bordering the northern slope of St. Georges Land. 

Consequently with every transgression the microenvironmental mosaic is 

rearranged resulting in an intricate setting for the microfacies, which is 

also reflected vertically. This "crazy quilt" distribution of micro-

environments (Asquith, 1979, p.8) played a decisive role in distributing 

the microfacies both vertically and laterally. Having said all that, one 

is inclined to conclude that the Brigantian cyclothems as defined by 

Somerville (1979) need better controls, and that the microfacies forming 

the sedimentary cyclic units have to be closely studied. 

EVIDENCE OF SUBAERIAL EXPOSURE 

(a) Palaeokarstic Surfaces 

These are ancient. landscapes with characteristic surface morphology 

associated with dissolution activities of meteoric waters, especially 

developed on emergent limestones upper surfaces during low stands of 

sea-level (Walkden, 1974; Walls et aI, 1975; Somerville, 1977, 1979 a, b; 

Wright, 1982). Traced visually along main quarry faces during this work, 

karstified surfacer, are essentially planar horizons and seen as no more 

than a shallow modification of the original emergent surface. These 

palaeokarsts are undulating uneven surfacc!. ~ith irregular bumps, pits 
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FIG. 19 

(Palaeokarst surfaces at Pant-y-Pwll Dwr Quarry) 

(a) Palaeokarst surface hollows filled with greenish 
bentonitic clays. This mammilated surface is stained 
red with ferric oxide to a depth of about 5cm. It is 
not certain whether this red staining was 
contemporaneous with karstification episode or of a 
later date. Hammer is 40cm long. 

(b) Undulating uneven surface of a palaeokarst with 
irregular humps, pits and hollows. Overlain by about 
3cm green bentonitic clays which show evidence of 
compaction. Note how the upper bed follows the 
outline of the karst surface. Hammer is 40cm long. 

(c) Frequency of the occurrence of these palaeokarst surfaces 
is irregular. In this photograph a bed of about 1.2m 'is 
underlain and overlain by emersion surfaces. Hammer is 
40cm long. 

(d) The undulose surfaces usually have more bentonitic clays 
in the hollows and nearly missing from the upstanding 
pinnacles. Scale at the centre of the picture is 30cm. 
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FIG. 20 

(Palaeokarst surfaces at Hendre Quarry) 

(a) Palaeokarst surface overlain by laminated highly 
brecciated and extensively pressure-dissolved 
brachiopod debris in micritic matrix mixed with 
black carbonaceous shale. In thin section, 7 
microsty101ites were counted within 1cm. Coin is 
3cm in diameter. 

(b) Undulating palaeokarst surface in biomicrite 
(wackestone). Note the absence of bentonitic clays 
from the humps and their ppesence in the hollows; 
also note the behaviour of the overlying beds with 
respect to the undulating surface. Amplitude of 
the undulation is about 60cm. 

(c) The bed below the palaeokarst surface is ferrogenous 
biosparite (packstone) and is about 3m thick. 
Bentonitic clays are filling hollows in the 
palaeokarst surface and very thin at the high 
shoulder. The absence of the staining from the 
bed above could suggest that the introduction of the 
ferric oxide to the bed is contemporaneous or prior 
to the karstification episode. Fe-oxide is commonly 
within the matrix and around the allochems. Hammer 
is 40cm long. 

(d) Closely occurring palaeokarst surfaces in biosparite 
beds. Hammer is 40cm long. 
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and hollows which vary in dimensions ranging from O.2-1m deep and 

O.3-2m in diameter (Fig.22a). These mammilated surfaces of upper 

contacts sometimes are stained red with iron oxide (Fig.19 a) and 

commonly strewn with pebbles 1-2cm in diameter especially in hollows, 

and have their outermost parts friable due to a possible partial 

decalcification. The palaeokarst surfaces are locally invaded by 

abundant pyrite crystals (Fig.21c). In certain localities (Hendre, 

Graig, Pant-y-pwll Dwr) thin patchy layers of brown laminated 

carbonate crusts are found covering the mammilated surfaces 

(Somerville, 1979). In the hollows and pits of these surfaces thin 

greenish K-Bentonitic clays (Walkden, 1972) had accumulated. Normally 

these clays fill the irregularities of mammilated surfaces (Fig. 20). 

However, frequently the upstanding pinnacles are not covered (Fig.20b), 
I. 

and in some cases the clays may be almost completely absent. 

Discussion 

Walkden (1974) invoked the following criteria to demonstrate their 

contemporaneous origin and to differentiate surface-developed palaeokarsts 

from interstratal karst surfaces which usually form in the subsurface 

along lithological boundaries such as unconformities and limestone contacts 

with overlying permeable beds (especially sandstone): 

(0 The filling of the hollows and pits of mammilated surfaces by 

the limestone bed above (Fig 20). 

(ii) The development of pits and hollows on the palaeokarstic 

surfaces bears no relationship to joint systems. 

(iii) . Pits in dipping limestones have their axes oriented perpendicular 

to bedding and not vertical as expected with modern dissolution 

features. 

(iv) The overlying clays are normally dry and hard in freshly 

exposed pits (Fig.21a). 
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FIG. 21 

(Characteristics of palaeokarsts at Hendre) 

(a) Bentonitic clays filling a hollow in the palaeokarst 
surface. Notice the blocky appearance of the clays 
as compared with those of FIG. 20 b&d which show 
compactive cleavage within the clays. Hammer head 
width is 3 cm. 

(b) Red clays overlying the greenish bentonitic clays within 
a hollow in a palaeokarst surface. Hammer is 40cm long. 

(c) Palaeokarst surface strewn with pebbles 1-2cm in 
diameter, and the whole thing is covered with abundant 
pyrite which lithified these pebbles in place. Hammer 
head width is 3cm. 

Cd) Two palaeokarst surfaces(~ ) with about 3.2 m of 
irregularly bedded biomicrite beds in between them. 
Some of the intervening bedding planes~Dshow certain 
similarity and extension which might suggest karstifi
cation. However these surfaces are without 
bentonitic clays. 
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FIG. 22 

(a) Large pot-hole 2m across and 1.lm deep filled with 
big boulders and pebbles strewn in a greenish 
bentonitic clays. No other holes were observed 
along the palaeokarst surface. Hammer is 40cm long. 
Pant-y-Pwll Dwr quarry (loc. 5). 

(b) Megastylolite with vertically sided cones and an 
amplitude of about 10cm occurring below a palaeokarst 
surface. Scale is 10cm. 
Pant-y-Pwll Dwr quarry (loc. 5). 

(c) Palaeokarst surface (at hammer) with a possible 
O.5-lcm brown laminated crust (1) overlain by 
greenish bentonitic clays. Hammer is 40cm long. 
Graig quarry (loc. 11). 

(d) Biosparite bed immediately below palaeokarst surface 
showing bentonitic clays and black carbonaceouS shale 
along fractures indicating a possible perculation 
along these fractures. However, this is only found at 
a few decimetres below the palaeokarst surface. 
Hammer is 40cm long. 
Hendre quarry (loc. 6). 
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FIG. 23 

(a) Palaeokarst surface with rounded 2-3mm mottled tubes 
possibly due to rootlets penetrating from the 
volcanic soil above. Coin is 3cm in diameter. 
Graig quarry (loc. 11). 

(b) Burrows and borings below a palaeokarst surface appear 
as dark mottled spots (in section). Hammer head is 
3cm wide. 
Hendre quarry (loc. 6). 

(c) Thin (one centimetre) greenish bentonitic clays overlain 
by black carbonaceous shale. The order of black shale 
on top of green clays is consistent in all sections 
examined. Hammer head is 3cm wide. 
Graig quarry (loc. 11). 

(d) Palaeokarst surface on top of a massive bed of 
biosparite, with thin greenish bentonitic clays. The 
overlying limestone is evenly bedded calcisiltite. 
Note the planar bedding of the overlying beds which were 
not affected by the undulating nature of the karst 
surface (compare with those of Fig. 20b). 
Hammer 1s 40cm long. 
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Somerville (1979b) recorded the down cutting of a palaeokarst 

surface into an underlying pre-existing mammilated surface at Hendre 

quarry (loc. 6). Wright (1982) added, (a) the presence of terrestrial 

deposits overlying palaeokarst surfaces and the association of such surfaces 

with features indicating near surface subaerial exposures such as vadose 

cement, (b) the truncation of the palaeokarst surface by the overlying 

bed, (c) absence of solution and collapse features from the overlying 

bed. None of the criteria described by Wright (1982), though valid, were 
,) 

observed in the palaeokarsts of North Wales except, probably, the 

K-bentonitic clays which might be considered as terrestrial deposits. 

Mottled calcified spots and elongated patches which occur a few 

centimetres below the palaeokarstic surfaces in north- eastern Clwyd 

(Fig.23a) are interpreted as possible root casts which could possibly 

extend down from the overlying palaeosols. It is noticed that 

palaeokarsts are more common atop biosparite beds than other micro-

facies. At Hendre (loc. 6) six out of eight palaeokarsts are on top of 

biosparite or biosparrudite and one was seen atop a quartzo-oosparite 

bed, while at Pant-y-pwl1 Dwr (loc. 5) and Graig (loc. 11) six out of 

eight emersion surfaces at each are on top of biosparites. This 

suggests shoaling prior to the emergence of the limestone beds. 

The palaeokarst surfaces, which are widespread in the Asbian and 

Brigantian platform limestones of Britain (Walkden, 1974; Somerville, 1977, 

1979 a ,b: Wright, 1982) and probably elsewhere (Walls et ai, 1975), are 
~ 

interpreted as having formed as a result of meteoric solution processes 

beneath a vegetation cover, with each pit probably found initially around 

single root systems possibly enlarged subsequently by dissolution action of 

percolating vadose water (Wright, 1982). 
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(b) Calcareous Laminated Crusts 

These are fenestral patchy brown veneers coving the palaeokarst 

surfaces. They are very thin, 2-5mm thick. Somerville (1979) reported 

rare examples of 50-100mm thick layers. The lamination within the 

crust is caused by the alternation of light and dark brown micrite 

laminae, parallel or subparallel to bedding (Somerville, 1979). Unfortunately 

most of the samples examined in this study are very thin and impersistent, 

interstratified with or grading into brecciated peloidal biomicrites. 

However, Somerville (1979) recorded crusts showing pelleted fabric, coated 

grains and "Alveolar texture" (Esteban, 1974) which are narrow tubelike 

structures containing curved "septa". These textures are interpreted to 

be calcification of roo t hairs (Klappa, 1980). 

Discussion 

Similar but much thicker and better developed Carboniferous calcretes 

than those in the area of study, have been described by Walkden (1974) 

from Derbyshire, Wright (1982) from the Gower Peninsula, and Walls et al 

(1975) from Kentucky. Somerville (1979) emphasised the similarities of 

the Dinantian crusts to the subaerial weathering crusts described from 

Pleistocene and Recent limestones of the Florida Keys by Multer and 

Hoffmeister (1968), of the Bahamas by Kornicker (1958) and especially 

of Barbados by James (1972). 

The poor development of the calcrete crusts in North Wales might. 

have been directly related to the nature and limited extent of the over

lying soil profile as reflected by the palaeoso I which is believed to have 

accumulated as wind-blown volcanic ash. Therefore, it is concluded that 

the laminated carbonate crusts coating the palaeokarst surfaces in North 

Wales were the result of contemporaneous in situ subaerial degradation 
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of carbonate rocks, most probably beneath soil cover, accompanying 

karstic dissolution (Walkden, 1974). 

(c) K-Bentonite Clays 

These are commonly green, blue sometimes red clays forming thin 

partings between limestone beds. They usually have homogenous texture 

but some mottling is observed. When placed in water these clays de-

flocculated and disintegrated indicating a swelling property characteristic 

of the montmorllonite (smectite) group. These clays vary from non

existent over high pinnacles to over 50cm thick in deep pits (normally 

2-5cm thick). They commonly contain decalcitized sub rounded pebbles 

and cobbles a few centimetres in diameter. They commonly fill hollows 

and pits of the underlying mammillated palaeokarst surfaces. In a few 

localities these clays were observed to underlie black carbonaceous shale 

but were never on top of them. 

Discussion 

Geochemical analysis of these clays (Somerville, 1977) indicated 

high potassium content (4 to 8% K20) whilst heavy mineral analysis shows 

the presence of zircon, apatite and secondary pyrite (Somerville, 1979). 

XRD studies of these clays revealed mixed-layering (illite/smectite) of the 

clay minerals, typical of Palaeozoic bentonite beds. 

There is a wide consensus concerning the origin of these bentonitic 

clays (Weaver, 1953; Trewin, 1968; Walkden, 1972). They are believed to 

have formed by the devitrification and subsequent diagenesis of tuff or 

volcanic ash (Weaver, 1978, p.59). Their mode of deposition, as thin beds 

in limestones, was probably the result of wind blown volcanic ash, which 

settled and accumulated on the subaerially exposed limestones. Continued 

exposure would have modified the bentonitic clays to form a soil (Walkden, 
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1972). This mode of formation is postulated by Somerville (1978, 1979) 

for the Dinantian palaeosols of North Wales. 

A thin local coal seam Ocm) was observed during this study to overlie 

the bentonite clays at Graig ! loc. 11). This occurrence of coal was 

considered by Somerville (1979) as conclusive evidence of subaerial mode 0 f 

formation of these bentonitic clays. Similar occurrences were described 

from Derbyshire (Walkden, 1974). 

In some places the bentonitic clays were found along shallow cracks 

within the karstified lower limestone beds. Nevertheless, no pervasive 

clays were ever found in the intergranular space of these limestones. 

This suggests that the limestones had impervious upper surfaces, probably 

produced by early cementation or that the subsequent meteoric aquifer 

movement had dispersed these interstitial clays. 

SUMMARY AND CONCLUSIONS 

I. The Dinantian limestones of north- east Clwyd primarily accumulated as 

autochthonous, endogenic carbonates produced by biological and possibly 

inorganic chemical processes operating within the internal environment of 

shelf seas. 

2. Skeletal particles are dominated by fragmented crinoidal remains. 

Brachiopod, bryozoa, mollusca and corals make variable proportions of the 

other bioclasts. Most of the skeletal remains show a certain degree of 

abrasion and commonly are extensively micritized by algal and fungoid 

action. 

3. The Dinantian limestones are divided here into five main carbonate 

microfacies, based on grain elasticity and matrix/grain ratio: 

(a) calcisiltite, (b) biomicrite, (c) biomicrosparite', (d) biosparite, 

(e) biosparrudite. Matrix material within the microfacies is of two types 
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calcitic micrite and calcitic silt. The limestones have among them 

integral sequences of calcisiltite beds with visible characteristics of 

mechanically accumulated sediments. The accumulation of such a 

large quantity of calcitic silt is problematic. 

4. The Dinantian limestones of North Wales are believed to have 

accumulated on shallow open marine platforms within the" winnowed 

platform edge sands" (Zone No.6) and "inner open platform" (Zone 

No.7), model of Wilson (1975). However, certain microfacies, 

especially toward the top of the sequence, indicate restricted lagoonal 

environment. 

5. A number of mammilated surfaces are present within the Dinantian 

limestones of north- eastern Clwyd. They commonly underlie bentonitic 

clays and in places are covered by thin calcite crusts. These surfaces 

are interpreted as being produced by contemporaneous palaeokarsting 

phenomena which formed under vegetation growing in volcanic-ash soil 

cover. 

6. Re-examination of the Brigantian cyclothems, recorded by Somerville 

(l979b) revealed that the lateral persistence of these cyclothems is 

questionable, and that a closer scrutinization of the lithofacies is needed 

to better define these cyclothems. Also, it was found that the shoaling 

upward stratigraphical setting was influenced and in certain cases masked 

by the intricate micro-environmental setting which also controlled the 

lateral distribution of the lithofacies. 
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CHAPTER FOUR 

DIAGENETIC EVOLUTION 

OF THE DINANTIAN LIMESTONES 

OF NORTH-EAST CLWYD, NORTH WALES 
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DISCUSSION OF PREVIOUS WORK 

Many concepts of carbonate diagenesis have their roots in works 

of Sorby (1879) and Cullis (1904). For nearly 60 years the subject 

of carbonate diagenesis received little attention till the publication in 

1958 of Bathurst's work on diagenetic fabrics when interest was raised 

in different aspects of carbonate diagenesis. In the 1960s· attention 

was directed largely toward delineating processes and products of 

carbonate diagenesis (Bathurst, 1964; Friedman, 1964; Land, 1967; Land 

et ai, 1967; FUchtbauer,1969). In the late 1960s the field of interest 

was switched to diagenetic environments (Purdy, 1968; Friedman, 1968; 

Matthews, 1967; Sh inn, 1969). The proliferation of carbonate diagenetic 

studies since the late 1960s and continuing to the present have discussed 

in detail the concept of diagenetic environments and described diagenetic 

textures formed in each environment (Land, 1970, 1971, 1973; Schroeder, 

1972b,1973; Matthews, 1974; Folk, 1973, 1974; Bathurst, 1974; Meyers, 1974, 

1978; Moore, 1973; Scholle, 1977; Schlager and James, 1978; Moore and 

Druckman, 1981; Wagner and Matthews, 1982; Wilkinson et ai, 1982; to 

mention few). Although much work already has been done on specific 

aspects and problems in carbonate diagenesis, much remains to be done 

in defining and characterizing the products and processes of carbonate 

in diagenetic environments of both the shallow and deep subsurface. 

The great bulk of carbonate diagenetic studies has focussed on 

cementation through (I) study of Pleistocene and Holocene carbonates 

that are . in the process of being cemented, and (2) study of cements 

in Palaeozoic and Mesozoic carbonates that are considered to be 

extensively lithified. Studies of diagenesis in Quaternary carbonates 

have yielded a great deal of information and enhanced our understanding 

of early meteoric and marine diagenetic processes especially in near-
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surface settings. These studies have had the obvious advantage of 

being able to monitor pore-water chemistry (Plummer et ai, 1976; 

Moore, 1973) and detailed chemical and mineralogical re-equilibration 

(Matthews, 1968, 1974; Steinen, 1974; Schlager and James, 1978). Also, 

they have given us most of our knowledge on cement fabrics (Bricker, 

1971; Fiichtbauer; 1969), and, in some our current models for diagenesis of 

carbonate sediments have evolved largely from studies of these 

Quaternary sequences. However, when considering the diagenetic 

alteration of these Quaternary carbonates, one has to bear in mind that 

most of them contain only early stages of lithification (even in the 

most advanced stages of cementation they often have 15-20% porosity, 

(Land et ai, 1967; Steinen, 1974). Further, most of these studies of 

Quaternary limestones have been carried out on high-terrain oceanic 

islands, (e.g., Barbados, Jamaica and Bermuda) that have steep 

depositional slopes, cover geographically small areas and have experienced 

geologically rapid glacio-eustatic sea-level changes and in some cases, 

rapid tectonic events. Accordingly, diagenetic models derived from 

studies of Quaternary carbonates will require modification to be 

applicable to the wide-expanse of epicontinental carbonate strata. To 

quote Bathurst (1975, p.321): "In other words, it has yet to be shown 

that Bermuda and other islands are, diagenetically speaking, the 

microcosm of the vast tracts of limestone formed after deposition in the 

great epeiric seas of the past". 

Studies of pre-Quaternary carbonates, on the other hand, show a 

relatively complete history of lithification up to a usual final porosity 

occlusion of about 3%. Nevertheless, ancient carbonates are noticed to 

be unyielding and only reveal their lithification history under thorough 

scrutinization using multiple investigative approaches (e.g., petrographic, 

geochemical and isotopic analyses). The unravelled history of these 
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ancient carbonates, esp~cially on a regional' scale, could well be more 

applicable to the bulk of carbonate strata in the geologic record 

(Meyers, 1974, 1978; Moore, 1981; Wagner and Matthews, 1982). 

Generally speaking, the diagenetic attributes of all marine 

carbonate rocks can be ascribed to one or more processes of subsea, 

subaerial or subsurface origin. Thus there are three broad diagenetic 

environments: the subsea environment in which diagenetic changes take 

place at, or slightly below, the sediment-water interface; the subaerial 

environment in which diagenetic changes are consequent upon subaerial 

exposure; and the subsurface environment in which diagenetic changes 

result either directly or indirectly from the increases in temperature 

and pressure and reactions with migrating formation-waters accompanying 

progressive subsurface burial. In analysing diagenetic modification of 

carbonate sequence both "type" and "degree" of alteration are important. 

The "type" of changes a given carbonate faciES undergoes is determined 

by its post-depositional environment, while the "degree" of alteration it 

experiences is determined by its residence time in that environment 

(Purdy, 1968). 

The most difficult aspect in ancient carbonate diagenetic studies is 

the determination of the initial pore-water chemistry. This is tackled 

indirectly by assuming that cement composition is directly related to the 

pore-water chemistry from which it precipitated, and that compositional 

zoning in cement crystals records detailed crystal growth histories and 

records changes in pore-water chemistry during crystal growth. 

A major purpose of this study is an attempt to look into 

petrography, including cathodoluminescence, and possible stratigraphy of 

the Dinantian carbonate cements. Further, to test the concept of 

"cement stratigraphy" suggested by Evamy (1969) and expanded by Meyers 
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(1974, 1978). Also discussed in this chapter are other diagenetic 

features such as neomorphic recrystallisation (Folk, 1965), silicification 

and local dolomite development. Geochemistry and isotopic analysis of 

these cements will be discussed in a later chapter. 

MODERN ASPECTS AND STATE OF THE SCIENCE 

Recent studies of carbonate diagenesis have focussed on three 

particular aspects of carbonate cements. First, studies have 

documented, primarily through research into Quaternary sequences, the 

relationship between pore-water composition and the cement phase which 

is precipitated. Second, studies have related cement mineralogy and 

composition to characteristic crystal habits. And three, compositional 

zonings (especially Mn2+ and Fe2+ contents) are interpreted as "time 

stratigraphic" units associated with specific diagenetic environments. 

In the modern near-surface environments, relationships between 

water chemistry and cement mineralogy and composition are relatively 

straightforward: low-Mg calcite is typically precipitated from super-

saturated meteoric water, whereas high-Mg calcite and aragonite 

develop in marine and hypersaline water (Folk, 1974; Wilkinson et ai, 

1982; Bathurst, 1980; James et ai, 1976). 

The relative abundance of Mg2+ and Ca2+ in solution in pore-water 

is believed to be the main parameter controlling cement compositions and 

mineralogy (Folk, 1974; Bathurst, 1975, p.250). Meteoric water typically 

has a Mg2+ /Ca2+ molar ratio less than unity, whereas the Mg2+ /Ca2+ ratio 

in sea water is about 5 and is even higher in hypersaline brine (Folk and 

Land, 1975; White, 1965). The mineralogy and composition of Recent 

carbonate cements can be directly related to the general chemistry of 

the water in which they precipitate, without exception (Folk, 1974). 
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However, the relationships between cement crystal morphology, 

composition and mineralogy are less straightforward, owing to similar 

crystal habits exhibited by several mineralogies. Acicular habits, for 

example, develop in aragonite, low-Mg calcite and high-Mg calcite 

(e.g. james et aI, 1976; Ginsburg and james, 1976). Although similar' 

crystal habits characterize cement of different mineralogies and 

composition, there is a general concensus regarding that, for crystals 

more than about 101lm in size, low-Mg calcite is typically equant to 

slightly elongate in form with crystal size increasing from substrates 

(e.g. Land, 1971; Bathurst, 1964, 1975, p.419) and that high-Mg calcite 

occurs as acicular crystals in isopachous crusts or as micritic layers 

(Longman, 1980); aragonite is also fibrous occurring as isopachous 

crusts or as radiating botryoidal masses (e.g.Assereto and Folk, 1980; 

Ginsburg and james, 1976). 

2+ f I I .. d F 2+ The Mn content 0 c ear ummescmg cements an e content 

of ferroan cements are too high to have been derived from normal 

marine waters. Connate marine pore waters, although they cannot be 

ruled out as a source of ferroan calcite, do not contain enough Mn2+ 

to account for the luminescing cements. This compositional zoning was 

invoked by Meyers (1974) as evidence of a phreatic-meteoric environment 

of cement precipitation. Ferroan calcite compositional zonality in 

•. . h . 13C d Sl8C . d· f aSSOCIation WIt more negatlve S an are strong m Icators 0 

possible meteoric-phreatic origin of many ferroan calcite cements 

(Richter and FUchtbauer ,1978). This aspect will be dealt wi th in the 

next chapter. 

Numerous attempts have been made to infer environments of 

cementation for ancient carbonate sequences from the morphology of 

cement crystals now composed entirely of low-Mg calcite (Longman, 
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1980) using the above stated generalities which relate water chemistry 

to cement compositions and mineralogy, and those which relate cement 

composition and mineralogies to crystal habits. However, inherent in 

such an approach are two basic assumptions: (I) that the physical 

conditions prevailing within .cementation environments of Quaternary 

carbonates were the same as those in ancient sequences, and (2) that 

the chemistry of meteoric and marine water has remained relatively 

constant over geologic time. This uniform i .tarian. model for ancient 

carbonates has been challenged more recently by a secular variation 

concept which advocates that world ocean chemistry changed during 

the Phanerozoic, such that some Palaeozoic carbonates, which were 

primarily calcitic in composition, have been taken over by aragonite 

components in Cenozoic seas (Folk, 1974; Sandberg, 1975; Kahle, 1974; 

Wilkinson et ai, 1982). Many aspects of this concept remain 

unresolved. Such oceanic chemical evolution may have involved changes 

in Mg2+/Ca2+ activities (Folk, 1974), atmospheric PC02 (Pigot et ai, 

(980) or some other variable which influences CaC03 equilibria in marine 

water. 
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DIAGENETIC EVOLUTION OF THE DINANTIAN LIMESfONES 

OF NORTH-EASfERN CLWYD (NORTH WALES) 

(a) NEOMORPHISM OF THE SKELETAL GRAINS 

Present-day mineralogy of most skeletal grains of the Dinantian 

limestones of north- eastern Clwyd is low-Mg calcite, the rest are 

silica and/or dolomite very locally. Based on comparison with 

mineralogy of related Recent taxa , the primary carbonate accumulation 

was characterized by a mixture of high-Mg skeletal calcite, aragonite 

and low-Mg calcite skeletons. The mineralogical transformation of the 

metastable high-Mg calcite and aragonite to low-Mg calcite is 

manifested by: (a) low-Mg calcite stereom of echinoderm after a 

high-Mg calcite precursor (Chave, 1954; Weber and Raup, 1968), and 

(b) low-Mg, blocky calcite replacement of aragonitic skeletal debris 

with the preservation of relics of the 0 rig i na 1 lamellar structure.· 

Studies of Quaternary skeletal carbonates (Bathurst, 1964; Land, 1967; 

Schroeder, 1973 etc), suggest that such polymorphic transformation is 

readily achieved under meteoric-vadose and phreatic environments. 

Echinoderm skeletal remains 

Relics of the primary fenestrate stereom. of the echinoderm 

(mainly crinoidal columnals) are visible through dusty inclusions in spite 

of the enclosing syntaxial cement (Plate 2 ). Skeletal grains are 

colourless and extinguish uniformly. In a few samples calcitic micro-

crystalline particles are found within the fenestrate pores with no 

apparent orientation relative to the skeletal material (Plate 2c). It is 

difficult to distinguish formerly high-Mg calcitic skeleton from primary 

low-Mg calcitic ones, because their primary skeletal structures are not 
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destroyed by the polymorphic tram;ition from high to low-Mg calcite 

(Friedman, 1964; Land, 1967; Bathurst, 1975; p.338, 1980). In stained 

thin sections some of the crinoidal grains show subhedral to euhedral 

microdolomite rhombs; 5-lOum in diameter, which occur in crystallo

graphic continuity with the host calcite grains. Such microdolomite 

inclusions are restricted exclusively to echinoderm skeletal grains. The 

presence of these microdolomite crystals was detected on microprobe 

profile as about lOum high-Mg spikes (Fig.27). These fabric criteria 

are interpreted as being formed during the transformation of high to 

low-Mg calcite and are indicative of a high-Mg calcite precursor 

composition (Land, 1967; Richter, 1974; Lohmann and Meyers, 1977). 

In a few samples, crinoidal ossicles including syntaxial cement, stain 

violet preferentially than other neighbouring brachiopod and bryozoan 

remains (Fig. 24). Such ferroan calcite was interpreted by Richter 

and Fiichtbauer(l978) as indicative of a high-Mg calcite precursor 

skeleton. The transformation of high to low-Mg calcite is commonly 

achieved with no visible microscopic textural changes, though some 

changes have been detected with the scanning electron microscope 

(Bathurst, 1980). 

Molluscan shell fragments 

The molluscan bioclasts, within the limestone beds examined, are 

invariably calcitized. The shell fragments commonly have micritic 

coats which envelope the calcitized shell. Two fabrics were observed 

within these casts: (I) a patch-work of blocky calcite crystals slightly 

elongated parallel to the lamellar shell fabric, with well preserved relics 

of the primary skeletal structure as lines of dusty inclusions (Plate 3c). 

(2) polygonal mosaic of equant calcite cement crystals with plane inter-
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FIG. 24 

(a) Pseudopunctate fibrous calcite of a gigantoproductid 
shell showing streaks of ferroan calcite indicating 
possible mixing of diagenetic calcite with the 
original shell material. 
T.S. 92912. Scale = O.1mm. 

(b) Zoned ferroan and non-ferroan calcite crystals 
within a pseudopunctate fibrous shell, replacement 
of shell material cannot be discounted. (Such an 
occurrence is uncommon). 
T.S. 92421. Scale = O.1mm. 

(c) Ferroan calcite partially filling an echinoderm 
stereom. Such an occurrence is restricted to the 
argillaceous packstones and wackestones. 
T.S. 3042. Scale = 0.5mm. 

(d) Ferroan calcite within a crinoidal columnal. The 
bioclast show evidence of microfracturing, and 
partially replaced by ferroan dolomite (turquoid). 
Matrix is argillaceous dolomitised micrite. 
T.S.5511. Scale = 0.5mm. 
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FIG. 24 
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crystalline boundaries (Plate 3 8 ), with no evidence of primary shell 

structure (see p. 69). The former is a neomorphic calcite 

characterized by its low-Mg content (about 0.7 mole % MgC0
3

, sample 

NK Table 1 ), crystal diameter is up to lOOpm (mean SOpm) and plane 

intercrystalline boundaries. The blocky neomorphic calcite exhibits 

relict structures (Plate 3 b) and, in general, its bound a ries with these 

relics are remanent of boundaries between skeletal layers. These 

boundaries have limited the progress of neomorphism perpendicular to 

the shell -wall, which resulted in the development of sharp boundaries 

of the neomorphic calcite within the original skeletal lamellar space. 

The latter is a cement fabric. 

Processes 

The transformation of high-Mg calcite to low-Mg calcite, in 

meteoric water condition5!, with the preservation of the primary texture 

of the original grains, such as the crystallographic orientation in the 

echinoderm remains, invokes a process of incongruent dissolution from the 

viewpoint of the dissolving water (Land, 1967; Land et aI, 1967; Purdy, 

1968; Friedman, 1964; Gavish & Friedman, 1969; Bathurst, 1975, p.337). 

This is based on observations from numerous studies of Quaternary and 

ancient limestones which indicate retention of a near perfect replica of 

the original fabrics, and a part of the original minor elements and 

isotopic composition (Davies, 1977; Schroeder, 1969; Richter, 1979; Scherer, 

1975). The detailed mechanisms of this incongruent dissolution seem to 

involve congruent dissolution of the readily soluble high-Mg calcite with 

I ••. fl' .. I M 2+ simu taneous preCipitation 0 a ca cite containing ess g • This new 

precipitate would grow epitaxially on adjacent calcite surfaces, thus 

preserving their original crystallographic orientation, while the excess 

Mg2+ is removed by diffusion and flow transport in pore water (Bathurst, 

1980). 
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The calcitization of the aragonitic grains (mainly molluscan and 

coral remains) show the products of two processes: (I) passive 

dissolution and subsequent fill by cement precipitation, and (2) in situ 

calcitization. Generally, the primary grains show evidence of micrite 

coatings which persist after the aragonite had dissolved and farm moulds 

which were later filled with casts of calcite cement. In some cases 

equant granular calcite encrustation had acted in a similar manner in 

providing the moulds for the development of the calcite casts (Plate 2A-c). 

In both cases the end product was the preservation of the form of the 

aragonitic grains though their skeletal fabrics were completely obliterated. 

Some of the aragonitic grains (molluscan shells) were replaced by calcite 

in situ via a process of simultaneous dissolution reprecipitation (Plate 3d). 

This in situ calcitization is a wet polymorphic transformation process by 

means of a solution film which partially preserves the original wall 

structure (Plate 3 b). It is quite distinct from the process leading to the 

development of passive voids (Schlanger, 1963, Bathurst, 1964; Land, 1967; 

Tebbutt, 1969' ;James, 1974, Pingitore, 1976; Wardlaw et ai, 1978). 
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(b) CEMENTATION 

The following discussions focus on cements within the coarse

grained biosparite (grainstone-packstone) microfacies (mainly crinoidal) 

from the Middle White and Upper Grey Limestones of the Dinantian 
" 

rocks of north-eastern Clwyd. Few data are available from cements 

in the other microfacies because of their generally micritic fabrics. 

Plane-light petrography defines four types of cement based on 

morphology and substrate selectivity: (1) inclusion-free syntaxial 

overgrowths on echinoderm grains, (2) fine-grained isopachous, 

prismatic cement crusts (mean 30pm), (3) fine-grained, equant 

sparry cement (50 - lOOpm), and (4) drusy, blocky, clear calcite 

(100 - 500pm). 

Methods 

This study is based on examination of approximately 350 stained 

thin-sections, through conventional petrography, and under cathodolumin

escence. The thin-sections were polished and stained for Fe2+ with 

potassium ferricyanide using stains modified from those published by 

Dickson (1965, 1966) and Evamy (1969), cathodoluminescent petrography 

was carried out on polished, uncovered thin sections using a Nuclide 

Corporation Luminoscope model ELM 2A (Appendix No. m). 
In the following discussion, cement percentages are based on point 

counting 100 - 200 points on each of 130 thin-sections in plane-polarised 

light from three measured stratigraphical sections: Pant-y-pwll Dwr 

(loc. 5), Hendre (loc. 6) and Graig (Ioc. 11) (Fig. 3 ). 

Types of Cement' Fabric 

(a) Inclusion-free echinoderm syntaxial cements 

This is the most easily distinguishable cement within the biosparites 
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(packstones and grainstones). This ease of recognition rests largely 

on the fact that each echinoderm fragment is characteristically 

preserved as a single crystal of calcite. The syntaxial overgrowth is 

by far the most abundant cement type and makes up to 30-40% of 

total rock volume and an estimated 85-90% of total intergranular 

cement (Plates 8e, 1 3 ). Syntaxial rims appear to have outgrown 

most other cement types and have extended so rapidly that they have 

produced a poikilotopic texture, engulfing adjacent non-echinoderm 

skeletal fragments with little or no fringing cement (Plate 13). 

Examples were noted where syntaxial overgrowths were found in 

association with fine acicular or prismatic fringes commonly on 

brachiopod shell remains. The two morphologies reflect substrate 

selectivity and appear to have competed against each other, with the 

syntaxial overgrowth, 50-150pm wide, commonly drowning single rows 

of faceted prismatic crystals of about 20-50pm in diameter, normally 

grown perpendicular to the fibrous calcite substrate of brachiopod and 

bryozoan remains (Plate 1 5 ). Outer boundaries of syntaxial overgrowths 

are commonly in contact with other rims, with intergranular equant 

cement or with detrital particles; also in certain microfacies they are 

in contact with microspar (Pla~e 14). The plane or curved inter

crystalline contacts between syntaxial overgrowth rims are commonly 

believed in this study to represent "compromise boundaries" (Plate. 16 a). 

This is shown by the fact that in the majority of samples examined the 

traces of the boundaries are not parallel to the iron-bearing zones of 

the overgrowth, but instead transgress them. They have a similar 

relationship to the luminescent zones of the overgrowth (Plate 17). A few 

examples of syntaxial overgrowths were noted to have undergone some 

micritization around the pe'riphery (Plate 14). In a number of samples 
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PLATE 14 

(Syntaxial overgrowth in contact with matrix) 

Syntaxial rims around floating echinoderm fragments in an 
originally mudsupported limestone, interrupting micritic 
fabric (b & d). The development of delicate syntaxial spines 
on crinoid fragments and micrite-embaying syntaxial cement are 
suggestive that overgrowth is post matrix deposition, and 
accordingly a replacement. 
T.S. 80410, 9041, 8091, 4032. Scale (a) & (c) : 0.1mm 
(b) & Cd) : 0.5mm. 
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PLATE 15 

Drusy blocky cement (Fabric d) 

(a - d) Fractured brachiopod and molluscan shells with 
first episode prismatic encrustation. This cement is 
pre fracturing since it was not observed on fracture 
surfaceE (.~). These crusts are buried in coarse 
(>200 pm) drusy blocky calcite crystals of episode III. 
T.S. 9021 (crossed polar), 9231, 9022, 9221. 
Scale (a) & (b) = 0.5mm. (c) & (d) = 0.1mm. 

(e) Fractured cement cast of a molluscan shell, it is also 
pressure welded to an echinoderm fragment. The 
interparticle penetration has resulted in the develop
ment of stress cleavages (c~ ) within the molluscan 
cast rather than the echinoderm fragment. 
T.S. 9031. Scale = 0.5mm. 

(f) Intergranular pore-space bet~een two large micrite 
peloids filled with encrusting non-ferroan calcite (N) 
(outlined) buried by coarse polyhedral ferroan calcite 
(F). 
T.S. 80814. Scale = 0.5mm. 
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syntaxial rims were found to have been cut by compactive shell 

fractures and by microstylolites (Plate 25) indicating that the growth 

of these syntaxial cements was prior to the earliest compactional 

episode. 

Cementation in lattice continuity involves not only the 

development of the overgrowth, but also in most cases, the filling of 

the central canals of the crinoidal columnals. In some fragments no 

trace of the canal system can be seen, and it is reasonable to suppose 

that in these canal walls were clean and free from impurities. 

Similarly, where the surface of the fragment was also clean, little 

distinction can be made between the original fragment and the over-

growth. Commonly, however, impurities outline part of the canal 

system or parts of the surface of the fragment. These impurities may 

occur as minute dark specks of dusty inclusions. In many of the 

limestones examined a partial canal fill (geopetal) consists of particles 

of calcitic micrite and silt (Plate1A). Characteristically this calcitic 

micrite and calcisilt filling does not extend throughout the whole of 

the canal system, and extends to greater depths along some canals than 

along others. Where this fine particle filling to the canal occurs, the 

upper surface of these internal sediments are covered by a narrow 

fringe of m\nute calcite crystals covered by the coarse crystal of the 

overgrowth (Fig. 29 b). The crystals of the fringe have grown out from 

this multigranular surface of the internal sediments, whereas the large 

crystal of the overgrowth has grown out from the intervening clean 

surface of the columnal. In many samples particles of 

calcite mud, and relics of organic encrustations, have adhered to the 

surface of the fragments interrupting the syntaxial overgrowth. Unless 

these completely infest the surface they do not inhibit the formation 
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syntaxial rims were found to have been cut by compactive shell 

fractures and by microstylolites (Plate 25) indicating that the growth 

of these syntaxial cements was prior to the earliest compactional 

episode. 

Cementation in lattice continuity involves not only the 

development of the overgrowth, but also in most cases, the filling of 

the central canals of the crinoidal columnals. In some fragments no 

trace of the canal system can be seen, and it is reasonable to suppose 

that in these canal walls were clean and free from impurities. 

Similarly, where the surface of the fragment was also clean, little 

distinction can be made between the original fragment and the over-

growth. Commonly, however, impurities outline part of the canal 

system or parts of the surface of the fragment. These impurities may 

occur as minute dark specks of dusty inclusions. In many of the 

limestones examined a partial canal fill (geopetal) consists of particles 

of calcitic micrite and silt (Plate 1A). Characteristically this calcitic 

micrite and calcisilt filling does not extend throughout the whole of 

the canal system, and extends to greater depths along some canals than 

along others. Where this fine particle filling to the canal occurs, the 

upper surface of these internal sediments are covered by a narrow 

fringe of m\nute calcite crystals covered by the coarse crystal of the 

overgrowth (Fig. 29b). The crystals of the fringe have grown out from 

this multigranular surface of the internal sediments, whereas the large 

crystal of the overgrowth has grown out from the intervening clean 

surface of the columnal. In many samples particles of 

calcite mud, and relics of organic encrustations, have adhered to the 

surface of the fragments interrupting the syntaxial overgrowth. Unless 

these completely infest the surface they do not inhibit the formation 
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of the overgrowth. 

Where the skeletal constituents include echinoderm debris mixed 

with other skeletal fragments, ooliths, peloids and detrital quartz, etc., 

the overgrowths from the echinoderm fragments are often relatively 

large and appear to have swamped the prismatic encrusting cement 

around the other detrital carbonate components (Plate 8e). 

~ 

Occasionally, the overgrowths are so large that they tend to enclose 

neighbouring multiparticle fragments and their fringing cement in a 

poikilotopic manner (Plate 13 ). Patches of microcrystalline calcite 

(5-15pm in diameter) enclosed in the syntaxial overgrowth are observed 

in a few samples; their exact origin is not clear. However, one 

suggestion is that these patches are possibly surface encrustation of 

microcrystalline calcite on non-echinoderm fragments engulfed in the 

poikilotopic overgrowth. 

Overgrowths on some matrix particles of possibly echinoderm origin 

give a polyhedral texture (mean 20 pm) with straight or slightly curved 

inter-crystalline boundaries (Oldershaw, 1967 , figs. 83, 84; Bathurst, 1958, 

Plate 1-6). Such a texture is common in the non-argillaceous calcisiltite 

microfacies, especially at Graig quarry (Ioc. 11, Fig. 3). Similar 

texture of polyhedral mosaic of about 3 pm crystal size with a high ratio 

of straight to slightly curved boundaries (Oldershaw, 1967, Fig. 76) were 

observed in a number of micrite micfbfacies. 

Syntaxial overgrowth around echinoderm fragments occurs in most 

types of limestones examined. In one type, the different skeletal 

constituents, with little or no interstitial fine matrix, have been cemented 

by a medium-crystalline mosaic of calcite (biosparite-biosparrudite, 

grainstone-packstone) (Plate 13). In another, the skeletal fragments, etc. 

are set in a groundmass of microcrystalline calcite (biomicrite-biomicro-
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sparite, wackestone-packstone). In both settings the echinoderm 

fragments may each be surrounded by a rim of syntaxial calcite. In 

the first, there is little doubt that the overgrowths grew freely into 

open pore-spaces and can be described as a true cement. There 

has been some uncertainty about the origin of the second type of 

overgrowth. Bathurst (1958) interpreted them as having been produced 

by replacement of the fine-grained matrix. On the other hand, Evamy 

and Shearman (1965), based on iron-bearing zonation of the overgrowth, 

suggested that these overgrowths have formed during an early phase of 

cementation, curtailed by the subsequent influx of the fine matrix into 

the remaining pore-spaces. More recently, Walkden (1982) and this 

study observed that the syntaxial overgrowth rim has a number of 

luminescent zones, thus raising doubt about their replacement origin. 

(b) Circumgranular equant prismatic crusts 

This cement type comprises fine grained prismatic (sometimes 

acicular) calcite crystals usually 1O-50llm in diameter, and more or less 

isopachous on and wi thin multicrystalline substrates (Plate 15). This 

cement type makes about 1% of the total cement in crinoidal biosparites-

grainstones. Prismatic cement occurs in biosparites commonly in 

sheltered areas encrusting on non-echinoderm skeletal grains as fine 

prismatic fringes on and within brachiopods, bryozoans, ostracods, corals, 

forams, ooliths, pellets. Few of the prismatic crystals show a 

preferred orientation of the longest crystal axes perpendicular to the 

skeletal walls or the multigranular substrate. This first cement usually 

nucleated on multicrystalline substrates and grew outward to produce a 

single row of palisade crystals in isopachous Ii ms (Plate 19 b). These 

appear to have grown simultaneously with some syntaxial rims (Plate16a), 
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and rarely occur on substrate surfaces which are covered by lime mud 

(Plate 15 b ). 

(c) Polyhedral sparry cement 

This cement fills most of the intergranular pore spaces of certain 

microfacies, such as biopelsparite (packstone-grainstone), oosparite 

(grainstone), biosparite (packstone) (with subordinate echinoderm 

fragments). In other words, this fabric prevails wherever the 

dominating skeletal grains have multicrystalline walls (Plate 13c). 

Sparry cement also commonly fills molluscan moulds in micritic 

envelopes as a polyhedral mosaic (Plate 4, a). 

The sparry cement mosaic is commonly made of anhedral to 

euhedral (the latter is identified by parallelism to Fe-z.ones) calcite 

crystals typically 30-100pm in diameter. In anyone sample, cement 

crystals are usually equant adjacent to the nucleation surface with a 

certain degree of coarsening towards pore centres. The mosaic is 

characterised by plane intercrystalline boundaries, (predominantly 

compromise boundaries). This cement type makes about 5-10% of 

the total cement in crinoidal biosparite-grainstone. The relationship 

between the earlier prismatic c rust. and the ,polyhedral sparry cement is 

consistent with the prismatic crystals acting as substrate for the 

overlying polyhedral mosaic. The two types are distinguished in this 

study on the basis of the first appearance of ferroan calcite crystals 

among t~e polyhedral mosaic while no ferroan calcite crystals are 

ever observed among the prismatic fringes. Sparry cement is 

distinguished here from, the drusyblocky cement (below) on the basis 

of the site of crystallization, (sparry cement is predominantly inter

granular while drusy cement grows into all other cavities, e.g. intra

skeletal voids), crystal size, luminescence and relationship to shell 
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PLATE 16 

(Cement Fabrics) 

(a) & (b) Zoned syntaxial cements (fabric a) showing an 
older non-ferroan calcite and younger ferroan. 
T.S. 92811. Scale (a) = 0.5 & (b) = 0.1mm. 

(c), (d) & (f) Drusy blocky calcite cement (fabric d). The 
contact of this fabric with those of earlier fabrics is 
abrupt (d) (.~). Intercrystalline boundaries are 
commonly plane with few enfacial junctions. (c). A pre
stylolitization age is shown by the cross· cutting of the 
fabric by stylolites (d) & (f) (.~). 

T.S. 9231, 80521, 82311. Scale = 0.1mm. 

(e) Stylolite with secondary quartz along it (.~) inter
sected by a vein made of both ferroan and non-ferroan 
mosaic. 
T.S. 807122. Scale = 0.5mm. 
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compactional fractures. 

(d) Drusy, blocky calcite cement 

The second most common cement type after the syntaxial rims 

comprises coarse,' equant, drusy, blocky calcite spar, typically IOO-400pm, 

commonly occupying intraskeletal cavities, sheltered insterstitial inter

granular pore spaces, vugular voids and sealing fractures in the skeletal 

grains (Plates 15 I 16 ). This cement type makes about 15% of the 

total intergranular and int ragranular cements. The drusy blocky mosaic 

shows an abrupt contact with the wall of the enclosing or surrounding 

skeletal grains, plane intercrystalline boundaries, few enfacial junctions 

and occasional coarsening in crystal sizes toward cavity centres, 

producing a tight fitting mosaic that completely fills the void spaces. 

The junctions between this cement and the earlier types are also abrupt. 

In numerous samples the coarse drusy crystals bury the fine prismatic and 

sparry cement crystals (Plate ~ 5), whether they adhere to skeletal walls 

or are seeded on multiparticle matrix substrate. In many instances the 

drusy crystals might be mistaken for a continuous single cementation 

phase with an increase in the crystal size of the mosaic away from the 

substrate. However, in this study it was found that these three textures 

(the fine prismatic and sparry vis-a.-vis coarse drusy mosaic) actually 

reflect two episodes, possibly with considerable duration between them. 

This is based on their respective chemical composition, appearance under 

cathodoluminescence and their crystal attitude towards compactional 

shell fracturing. These criteria will be discussed in detail in a later 

section (p. 215) •. 
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Compositional Zoning of Cements 

.. 1 . f 2+ 2+ COmpOSltlOna zomng 0 cement crystals based on Fe and Mn 

contents provides added criteria for cement interpretation. The Fe2+ 

content is det~rmined qualitatively by staining thin sections with a 

weakly acid solution of potassium ferricyanide and alizarin red-S 

(D,ickson, 1965, 1966; Evamy, 1963). Mn2+ content is determined 

qualitatively through the use of cathodoluminescence (Sipple and Glover, 

1965; Meyers, 1974, 1978). Details of staining technique and 

cathodoluminescence are given in Appendices Nos. n & m . 

Variable ferrous-iron contents of some cements 

Calcite may incorporate a small amount of ferrous-iron, (0.4 mole % 

FeC0
3

, Lindholm and Finkelman, 1972; Richter and Fiichtbauer, 1978), 

substituted for calcium in its lattice. Calcite takes on a stain when 

treated with potassium ferricyanide and alizarin red-So Increasing iron 

concentration in the calcite is shown by stain changes from red (pink), 

mauve, purple through to dark blue (Friedman, 1959; Dickson, 1965). 

Lindholm and Finkelman (1972), attempted a semi-quantitative assessment 

of the colour phases: they found calcite with less than 0.8 mole % 

FeC0
3 

is· stained red, 0.8':"2.4 mole % red purple, 2.4-4 mole % purple, 

and 4-5.6 mole % purple-blue. They also noticed that several para-

meters, including immersion time, acidity and temperature of staining 

solution have a controlling factor on the colour of the stain. 

In the Dinantian limestones examined in this study, the later parts 

of the syntaxial calcite overgrowths and some drusy sparry crystals are 

ferroan. In most cases, the calcite of the echinoderm stereom fragments 

and the early syntaxial overgrowth around them stained pale pink, i.e. 

they consist of calcite with little or no Fe 2+ in its lattice. The lower 
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limit of Fe
2

+ content for the calcite to show iron stain upon treatment 

with potassium ferricyanide and alizarin, red-s, acid solution is 

controversial. Oldershaw and Scoffin (1967) reported that calcite with 

less than 200 ppm Fe2+ (equivalent to 0.04 mole % FeC0
3

) is not 

stained for iron~ while 200-550 ppm Fe
2+ (equivalent to 0.04-0.09 mole % 

FeC0
3

) yields a blue stain. Meyers (1978) using microprobe data on 

Mississipian samples from New Mexico recorded non-ferroan syntaxial 

calcite with the higher FeC03 content of 0.15-0.2 mole %, and 

indicated a' weak staining at about 0.33 mole % FeC0
3

, while Lindholm 

and Finkelman (1972) suggested a value of 0.8 mole % FeC03- In this 

study using the spectrophotometric method (the same method used by 

Oldershaw and Scoffin, 1967) a number of non-ferroan calcite cements 

(as shown by staining) showed 0.04 mole % FeC03, while ferroan calcite 

cement samples with distinctive pu rp Ie hue indicated 0.33 mole % 

FeC0
3 

content (Samples C 6 & C 18 Table 1). It is evident that 

definition of a lower limit depends on techniques used both in staining 

and chemical analysis, and on the subjective judgment of the worker. 

The ferroan calcites examined in the current work without exception 

show a colour range between mauve (i.e. pinkish-purple) and purple, 

suggesting a general low concentration of Fe
2
+ within the calcite crystals. 

No attempt was made to semi-quantify further Fe2+ content of the 

ferroan calcite. 

Syntaxial rims on some crinoid remains, when stained for Fe
2
+, 

show an early non-ferroan zone, and a later weakly ferroan zone 

(Fig. 29). The outer part of these overgrowths, however, shows a 

succession of zones oL varying Fe
2

+ content. This is reflected in a 

succession of relatively light and darkly stained zones (Fig.29 ).0 In near 

vertical sections (parallel to the C-axis), the zones in the overgrowth are 

serrated away from the crinoidal grain surface, that is in the direction of the 
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crystallographic C-axis. In addition to being late stage syntaxial 

cement, ferroan calcite makes up a number of crystals both as 

intraskeletal drusy (Figs. 25, 29 ) and interparticle polyhedral spars 

(Fig.2~), but rarely more than 15% of total cement volume. Ferroan 

calcite was also found as neomorphic replacement of very few skeletal 

fragments (Fig. 24), a corralum and some foram tests. Nevertheless, 

these occurrences are very rare. No ferroan calcite was ever 

observed as a prismatic encrustation on multicrystalline surfaces. 

Luminescent zones of syntaxial calcite rims 

Syntaxial overgrowth rims on crinoid fragments were examined for 

luminescence, using a Nuclide Luminoscope (Mod. ELM 2A) (see 

Appendix ill for instrumental parameters and experimental conditions). 

These cements were found to have four main zones with various degrees 

of luminescence intensity. These zones are believed to be due to 

.., f M 2+ . h' hI' I . varIations In amounts 0 n wit In t e ca cite attlce; 

M 2+. h' . f h h .. Manganese n l~ t e primary activator 0 t e c aracteustlc orange 

luminescence (Sipple and Glover, 19'65), those containing appreciable 

Mn2+ luminesce a bri.ght orange. Characteristics of the zones are 

.as follo~s (Plates 17 - 2 3 ): 

Zone 1 is non-luminescent, dark, internally homogeneous and in 

many samples blends with the neomorphosed echinoderm stereom which 

commonly reflects hairline bright orange calcite -filled fractures. This 

is the earliest overgrowth and is present around most echinoderm debris 

(Plate 17). 

Zone 2 has moderate to dull orange luminescence and is complexly 

subzonal (up to 18). It has a sharp contact with both zones I and 3. 

Zone 3 has a bright orange luminescence and is usually complexly 

subzoned (about 5 subzones) (Plate 18). Luminescence decreases from the 
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bright orange <.olour of the early subzones in Zone 3 to mt:dium orange 

luminescence of the later subzones. Zone 3 has a rather diffused 

contact with Zone 4 in the northern areas, while in the southern parts 

of the study region the contact with Zone 4 is sharp (Plate 20). 

Zone 4 has a dull orange luminescence that is internally uniform or 

broadly and faintly subzoned. (Plate 18 ). 

The late weakly ferroan syntaxial outer zones beyond Zone 3 

reveals a dull orange luminescence similar to that of Zone 4, with 

faintly luminescent subzones corresponding to alternating ferroan and 

non-ferroan overgrowths (Plate 18d). 

Luminescence of sparry and drusy calcite cements 

Polyhedral sparry cement, whether intergranular or intragranular, 

when examined under cathodoluminescence revealed a dull orange colour, 

very faintly and broadly subzoned. This, unfortunately, could not be 

reproduced in a microphotograph because of the small size of the cement 

crystals and the faint luminescence which was beyond the sensitivity of 

the film used. 

The circumgranular prismatic crust also reflects an alternation of 

fine non-luminescent and luminescent zones, although not quite 

correlatable to syntaxial Zone 1-3 above. 

Polyhedral calcite cement, which is mainly intraskeletal, reflects two 

groups of crystals. Both ferroan and some fine non-ferroan crystals 

(50-100 pm) revealed a dull orange luminescence very similar to that of 

Zone 4 above. The drusy, blocky calcite crystals are non-luminescent 

with homogeneous interiors (Plate 19b). The majority of the calcite 

crystals within molluscan casts, both cement fills and neomorphic spars, 

also revealed non-luminescent uniform interior, commonly with bright 

orange micritic envelopes. It remaines to be said that the four 
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PLATE 17 

Luminescence of the syntaxial zones 

(a) & (b) Inclusion-free, non-ferroan syntaxial rims (a) 
under plane polarized light and (b) under cathodolumin
escence. Numbers refer to Zones 1, 2, 3, 4 (oldest to 
youngest). The number 5 refers to the third episode 
cement. Notice the sharp zonal contacts and the 
complexity of Zones 2 and 4. 
P.T.S. 90213. Scale = 0.5mm. 

(c) & (d) )Similar to luminescent microphotograph above. Note 
the dislocated fragment of the echinoderm grain which 
seems to have been healed by Zone 2 cement. It is more 
likely that this dislocation is a junction between two 
ossicles, rather than a fracture since it could not-be 
followed in the adjoining tests. 
P.T.S. 90623. Scale = 0.5mm. 

Both samples are from Hendre quarry (loc. 6) • 

• 

·WI * .. ,. 
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PLATE 18 

(a) & (b) Syntaxial fill of a crinoidal central canal showing 
a complete sequence of the syntaxial zones 1-4. 
P.T.S. 91013. Scale = O.5mm. 

(c) & (d) Syntaxial Zone 3 is either missing or reduced to 
the very thin bright luminescent line between Zone 2 and 
4. Zone 4 also became more homogenous and the younger 
part which is ferroan (4F) still shows a dull luminescence. 
P.T.S. 92332. Scale = 0.5mm. 

The above two samples also came from Hendre quarry (loc. 6). 

(e) & (f) Zonation within a vein cutting biosparrudite. It 
is not clear what gave the rock the competency to develop 
the fracture, probably Zone 1 cement or even some marine 
cement which was later transformed to low Mg calcite. 
P.T.S. 83012. Scale = OSmm. 

This sample is from the upper beds of Pant-y-Pwll Dwr quarry 
(loc. 5). 
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PLATE 19 

Ca) & (b) Prismatic encrustation lining the inside of a small 
brachiopod showing luminescent Zones 1 and 3. These 
crystals are buried in the blocky drusy calcite (5) of 
the third cementation episode. 
P.T.S.251. Scale = 0.5mm. Loggerheads (loc. 14). 

(c) & (d) Zone 3 is in contact with Zone 1 sharply and 
similarly with Zone 4; the latter became complex with 
well defined subzones (P is pore). 
P.T.S. 100211. Scale = 0.5mm. Graig quarry (loc. 11). 

(e) & (f) Similar sequence to that of the above sample. 
Zones 1 & 3 are well developed. 
P.T.S. 10812. Scale = 0.5mm. Bryngwyn (loc. 13). 
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PLATE 20 

(a) & (b) Luminescent photograph of representative sample from 
Graig quarry (see Plate 19d). 
P.T.S. 100711. Scale = 0.5mm. Graig (loc. 11). 

(c) & (d) Luminescent photograph of a sample from the upper 
beds of Hendre quarry. Note how pervasive Zone 4 is 
with rather homogenous nature as compared with the strongly 
subzoned nature of Zone 4 at Graig (b) above. 
P.T.S.93911. Scale = 0.5mm. 

, , 
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PLATE 21 

(a) & (b) Luminescent photograph of representative of a 
sample from the upper beds of Graig quarry. Note the 
similarity to Plate (19d) which is from the lower 
beds. 
P.T.S. 10431. Scale = 0.5mm. 

(c) & (d) An odd occurrence of brightly luminescent calcite 
as rhombohedral crystals interlocking with non-luminescent 
crystals; as if showing dedolomitized crystals (1). 
No petrographical evidence of dedolomitization was 
observed in the sequence. Alternative explanation is 
that the line of section is passing normal to cements 
of the type shown by Plate 19(f). 
P.T.S. 10161. Graig (loc. 11) Scale = 0.5mm. 
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PLATE 22 

Luminescent photographs of representative samples from Hendre 
quarry: 

(b) to (d) to (f) represent beds of an ascending order in the 
sequence. Note the decrease in Zone 3 in the higher bed (f). 
P.T.S. 90713, 90912, 92832. Scale = 0.5mm. 
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PUTE 23 

(a) & (b) Luminescent photograph of a sample from 
Pant-y-Pwll Dwr. Zone 2 seems to nearly completely 
fill the intergranular pore space. Even Zone 1 is 
restricted. 
P.T.S. 801442. Scale = 0.5mm. 

(c) & (d) Luminescent photograph of a gigantoproductid shell 
in a biopelsparite host. The micrltized outer parts of 
the shell show adull luminescence similar to that of 
the peloids (.~). The original biogenic, fibrous 
calcite is non-luminescent but stringers of brightly 
luminescent calcite (Ot» are seen which indicate the 
presence of diagenetic calcite within the shell fibrous 
material. 
P.T.S.251. Scale = 0.5mm. Loggerheads (loc. 14). 

'l. 'L.M~' ',= 
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cathodoluminescent zones recognised in the crinoidal overgrowths have 

not been correlated with any zones in polyhedral spar or drusy blocky 

cement. 

In a few grain-supported biosparites with abundant micrite matrix 

some of the crinoidal remains reflected bright orange luminescence 

instead of the typical non-luminescent dark appearance. Similar bright 

orange luminescence is also revealed by stringers of diagenetic calcite 

crystals (probably cement) among the fibrous fabric of large 

gigantoproductid shells (Plate 23d), which are normally non-luminescent 

dark fibrous calcite, typical of marine biogenically precipitated calcite. 

The micritic calcite of the micritized rinds show a dull orange 

lum inescence. 

Correlation of the Cement Zones 

The luminescence attributes of different types of cements and 

relative positions of syntaxial zones permits correlation of zones with 

those of adjacent samples within a single measured section (Plate 22), 

and with samples of the surrounding outcrops (compare Plate 19 to Plate 20). 

This correlation is based on the observation that the luminescent zones are 

always in the same order. Each zone is believed to represent a time 

correlative discrete episode of cementation. When the sequence is not 

complete, it is assumed that some of the zones are missing rather than 

one or more of the zones having change d characteristics. The 

implication is that there are cement unconformities within the sequence. 

The cement zones are correIa table over several tens of metres of vertical 

stratigraphic interval and over about 16 km between Pant-y-pwll Owr 

(lac. 5), Hendre (loc. 6) and Graig (toe. 11). Zone 1 is evenly distributed 

thrOUghout the area of study. 
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In the northern part of the area of study (Pant-y-Pwll Dwr, 

(Ioc. 5) Zone 2 is areally extensive and volumetrically important. In 

the southern parts (Graig, loco 11; Loggerheads, loco 14 and 

Gwernymynydd, loco 9) Zone 2 is either missing or only poorly 

developed (Plate 19). 

Zone 3 is poorly developed in the extreme north (Waen Brodlas, 

loco 2 and Pant-y-Pwll Dwr, loco 5) and only present as an approximately 

5 pm wide bri6ht orange luminescent zone. Yet, in the southern 

quarries, Zone 3 is very well developed: a 150-200 pm bright orange 

luminescent zone faintly subzoned (Plate 20). 

Cementation Episodes 

Detailed petrographic observations of the different cement types 

indicate a possibly three main episodes of cementation. These episode 

cements are noted to cut across the fabric types, especially first and 

second episode cements. 

(1) First episode (pre-compaction fracturing): this is characterized by 

multizoned non-ferroan calcite (Zones 1-3) occurring as syntaxial, 

circumgranul~'r prismatic, and sometimes polyhedral sparry morphologies 

depending on the substrate they crystallized on. Cement precipitated 

during this episode represents a major component of the crinoidal 

biosparites (packstone-grainstone) making on average 35% of rock volume • 
. ' ... 

At the end of this period the limestone still had about 20-25% porosity 

(total cement minus non-ferroan syntaxial rims), but mainly as 

in~ragranular voids. Cementation proceeded through the precipitation of 
, 

cements of luminescence Zones 1 to 3; Zone 2 being the most 

volumetrically significant cement in the northern parts of the area of 

study, while Zone 3 dominates the southern region. 
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The earliest significant cement (Zone 1) is believed to have 

started precipitating once the sediments had been inundated by a 

meteoric aquifer, super-saturated with respect to calcite, which had 

flushed the connate marine pore waters. First episode cementation 

continued down to a depth where the overburden was enough to cause 

shell fracturing. The relative timing of the closing phases of this 

episode is realized on the basis of transection of cement crystals by 

compactive shell fractures which, although it cannot be determined 

with certainty, is believed to have taken place as a result of about 

200m of overburden. 

This is based on data from DSDP Site 167 described by Schlanger 

and Douglas (1974), where the percentage of broken foraminifera 

increased from 20% to 50% within the first 200m burial. Nevertheless, 

considering the small size of these forams and their spherical shape, it 

'is reasonable to assume that larger shells within coarser bioclastic 

sediments might break at much less burial. Having said that, a common 

'occurrence of longitudinal fracturing of the fibrous calcite of 

. 'gigantoproductid shells was observed; such fracturing, probably, had 

occurred at much shallower depth than the 200m quoted above. 

This is based on a number of observations of broken brachiopod 

;sh~lls which show longitudinal compactive fractures parallel to the fibrous 

shell structure (Plate 27) indicating it is easier to break the fibrous 

calcite bundles along the length of the fibres than across them. 

" (2) Second episode: calcite precipitated during this period is recognised 

'o~ the basis of the appearance of ferroan calcite crystals but some 

'~on-ferroan calcite was also precipitated during this period. The 

o~ransition from the first episode cements to the second was conformable 

~nd gradational and this is reflected by diffused boundaries between 
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ferroan calcite and the earlier non-ferroan phase within some of the 

drusy polyhedral cement of some skeletal cavities (Fig. 25). Similar 

diffused contacts were found within islands of coarse mosaic among 

the very fine microspar aggregates. The contact between syntaxial 

Zones 3 and 4 which correlates with the start of the ferroan phase is 

also transitional, especially in the northern part of the area of study. 

The non-ferroan calcite precipitated during this phase is indistinguishable 

from that of the first episode under plane-light petrography and only 

recognisable under cathodoluminescence where it reflects a dull orange 

tint faintly subzoned as compared with the brightly subzoned calcite of 

Zones 2 and 3. Volumetrically calcite precipitated during this second 

episode makes up about 5-10% of the crinoidal biosparite rock volume 

of certain localitie~ (e.g. Hendre, loc. 6). Second episode calcite 

characterised by similar fabrics to those of the first episode, except for 

the equant circum granular isopachous rinds. The later parts of the 

syntaxial overgrowths show alternating zoned ferroan and non-ferroan 

calcite in certain samples (Fig. 29). Similar zoning is shown by crystals 

within the polyhedral mosaic of the sparry cement and drusy spars are 

also observed. 

The duration within which second episode cement was precipitated 

extended from the time when overburden started producing compactive 

shell fracturing, probably at few tens of metres burial depth, in any 

case less than 200m, to the early stylolitization phase in certain cases, 

probably about 300m depth or slightly deeper (Neugebauer, 1974); 
1.' 

Dunnington, 1967). This is based on the assumption that all ferroan 

calcite was precipitated during a single episode. However, the majority 

of samples examined indicate a pre-stylolitization phase, based on cross

cutting of ferroan calcite cement crystals by stylolites. 
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(3) Third episode: this episode is characterised exclusively by coarse, 

blocky, drusy, non-ferroan calcite filling all or parts of the intraskeletal 

cavities, and sheltered intergranular pore spaces. Common features of 

this cement are the clear coarse crystals (100-400 pm) with well 

developed plane intercrystalline boundaries and frequent enfacial triple 

junctions. Under cathodoluminescence the calcite of this cement is 

commonly non-luminescent and appears as dark blocky crystals with 

faintly light intercrystalline contacts (Plate 17b). In many skeletal 

cavities this cement is observed to overgrow directly the circumgranular 

lining of the first cement (Plate 19 b). The common occurrence of this 

cement around many collapsed skeletons (Plate 15 ), indicates a 

post-fracturing phase. On the other hand, its relationship to 

microstylolites is uncertain. This is because of their restricted mode 

of occurrence. This might suggest a contemporaneous precipitation with 

cement of the second episode (the non-ferroan variety). Nevertheless, 

the non-luminescent nature of this cement (Plate 17), its slight difference 

of chemical composition (Table 1 Sample eM), its morphologies and its 

unconformable relationship to the first cement suggest a probable timing 

later than that of episode 2. Episode 3 cement is unevenly distributed 

stratigraphically depending upon intraskeletal porosities left without cement 

tiII the time of the third cementation episode. On average it makes 

about 5% of the crinoidal biosparite-grainstone rock volume. 
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FIG. 25. 

(a) Coarse amoeboid crystal of ferroan calcite which 
had replaced 15-20 ~m microspar; relics of the 
microspar is seen within the ferroan crystal. 
This might suggest growth of ferroan pseudospar 
from calcite spar (1). 
T.S.92411. Scale = O.lmm. 

(b) A molluscan cast made of both ferroan and non
ferroan calcite indicating that the dissolution 
of some aragonitic shells and the filling of the 
mould took place during the second cementation 
episode (E.!!). 
T.S.91211. Scale = 0.5mm. 

(c) An ostracod internal cavity was partially filled 
with polyhedral sparry calcite, probably of the 
first cementation episode (E.!). The central part 
of the cavity received ferroan calcite of the2~econd 
cementation episode (E.!!). The supply of Fe 
dwindled during the precipitation of the central 
part of the second episode crystals which reverted 
back to non-ferroan calcite. 
T.S. 8017711. Scale = 0.1mm. 

(d) Lithostrotion Sp showing silicified dissepiments with 
a euhedral quartz crystal grown within the internal 
cavity. This followed by polyhedral sparry calcite 
cement (Fabric c) showing an increase in crystal size 
towards the cavity centre. This is followed by 
ferroan calcite cement filling the remaining space. 
Calcite and ferroan calcite replacement of the quartz 
crystal is also apparent. 
T.S.94421. Scale = 0.1mm. 
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FIG. 26 Fabrics of different cementation episodes 

Cementation Pre-compactive Post shell Post- Luminescence 
episode shell fracturing fracturing stylo-

Pre-stylo- litization 
Iitization 

First Circumgranular Distinctively 
equant crust zoned 

calcite, 
rt') bright orange 

Inner parts of to dark non-
syntaxial ri ms luminescent 

calcite 
V) 

Polyhedral tIl Dull orange 
finely Z luminescent 
crystalline 0 but faintly 
spar, both N 

subzoned 
inter and 
intra-
granular 

Second Outer Dull orange 
parts of luminescent 

.~ ....... "' - syntaxial tint, faintly 
rims subzoned 

"<:t ferroan and 
Polyhedral, tIl non-ferroan 
fine- Z calcite 
medium 

0 crystalline 
spar, both N 

inter and 
intra-
granular 

Third Drusy, non-
blocky ? luminescent 
calcite, 
mainly 
intra-

? granular 
and 
sheltered 
inter-
granular 

. · 



222 

________ 500 .. m _______ _ 

I I 

Po'~ Syntaxia' 
apa'i 

rim 

: : 

II Crinoida' 0 aalcl. 

-40 

-30 

-20 

-10 

-0 

u 
• • 
.... 
• + .. ell 
c:: at 
::J :. 
o 
u 

FIG.27:Microprobe profile of a crinoidal ossicle with its 
syntaxial rim. Notice the spikes of high Mg2+ 
counts within the ossicle indicating possibly the 
presence of microdolomite. 
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FIG.28 
Two examples of field relationship of mottled 
horizons (pseudobreccia) with respect to other 
lithologies. See lithological colums for other 
horizons. 
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FIG. 29 

(a) Grainstone cemented with syntaxial overgrowth and 
polyhedral sparry fabrics; both fabrics show zoned 
non-ferroan and ferroan calcite, the latter being the 
younger. 
T.S.92811. Scale = 0.5mm. 

(b) Syntaxial cement filling the remaining void above 
geopetal deposits inside a crinoidal central canal. 
Substrate selectivity resulted in the non-ferroan 
syntaxial overgrowth started on the crinoid test, 
whereas no cement of this episode was precipitated. 
on the upper surface of the internal sediments. 
Cementation continued with the complete filling of 
the canal with the younger ferroan calcite. 
T.S.92011. Scale = 0.5mm. 

(c) Grainstone cemented by polyhedral sparry calcite 
precipitated during two cementation episodes: E.! 
precipitated the non-ferroan polyhedral mosaic and E.!! 
introduced the coarser polygonal ferroan calcite fabric. 
T.S. 92822. Scale = 0.5mm. 

(d) A cavity within a grainstone cemented by coarse zoned 
polyhedral spar; started as non-ferroan then it 
became ferroan and finally reverted to non-ferroan 
calcite. 
T.S. 805511. Scale = O.lmm. 
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FIG. 30 

Ferroan calcite & Ferroan dolomite 

(a) Silicified large gigantoproductid shell fractured and 
the fracture then was healed by ferroan calcite giving 
this cement a post fracturing age. The ferroan calcite 
cement was followed by a non-ferroan drusy calcite 
filling the intrashell cavity (top left corner of the 
photograph). 
T.S. 5012. Scale = 0.5mm. 

(b) Gigantoproductid shell silicified with the development of 
subhedral quartz in the interior of the shell. Ferroan 
dolomite is seen replacing part of the silicif~ed shell 
and filling the shell cavity which is presumed to have 
had a drusy blocky calcite fills as seen in other 
samples of the same bed. 
T.S.5012. Scale = 0.5mm. (see plate 1A-a) •. 

(c) Ferroan calcite and ferroan dolomite replace the 
silicified interior of a Syringopora Spa 
T.S. 92912. Scale = 0.1mm. 

Cd) Ferroan calcite replacing the silica fills of the zooecia 
of a bryozoan. The polyhedral non-ferroan spar in the 
other zooecia are earlier than the ferroan replacement. 
T.S. 9421. Scale = 0.5mm. 
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FIG. 30 
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Stratigraphical Distribution of Cements 

During the current study, an attempt was made to estimate cement 

contents of different beds encountered in three measured stratigraphical 

sections: Pant-y-Pwll Owr (loc. 5), Hendre (loc. 6) and Graig (Ioc. II). 

Two cement components were measured, the non-ferroan syntaxial rims 

and ferroan calcite crystals including ferroan syntaxial outer rims. The 

former, although very much influenced by substrate selectivity, could 

well be taken as a measure of the extent of first period cementation. 

The latter was logged in order to see the pattern of its distribution and 

the extent of its development. Another parameter measured is matrix 

component which included micrite with microspar up to 30pm and in a 

few cases' patches of clear pseudospar. 

The estimate of these cement components is based on examination 

of about 130 stained thin-sections, through conventional petrography and 

about 35 polished sections under cathodoluminescence. These thin 

sections were chosen to represent typical microfacies. Cement 

percentages are based on point counts of the more coarsely crystalline 

spar (>30pm), which can be distinguished with a high degree of 

certainty as cement crystals growing in an open pore space from those 

of pseudospar, very common in the fine granular biomicrosparite and 

biomicrite microfacies. Biased sampling in favour of the grainstones 

and packstones fabrics of the beds resulted in recording slightly 

commoner occurrence of the biosparite (microfacies 4) and biosparrudite 

(microfacies 5) than there actually is in the area of study. 

Figures 31 - 33 show the vertical distribution of total cement 

contents (>30pm), non-ferroan syntaxial overgrowths and ferroan calcite 

cement proportions, .including syntaxial outer rims; the last two are 

presented as percentages of total cement estimates. Accordingly cement 
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FIGS~ 31, 32, 33 

Stratigraphic Distribution of microfacies, cements and 
compactiona1 features in Pant-y-Pwl1 Dwr (loc. 5), Hendre 
(loc. 6) and Graig (loc. 11). 
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values, estimated, are more reliable for grainstones and some packstones 

with low matrix content than those of packstones and wackestones. 

The estimates were grouped in three categories: (I) those with less 

than 10%, (2) 10-30%, and (3) 40-60% of total rock volume. Only 

four samples had cement content between 30 and 40% and they were 

grouped with their nearest category. An inverse relationship between 

matrix and cement is evident and anticipated as an inherent primary 

sedimentological constraint on cement development. 

Detailed examination of the distribution of the above mentioned 

components within the three measured sections under study revealed the 

following features: 

(I) Polyhedral sparry calcite (>30pm) is the only cement common to all 

microfacies. Syntaxial and polyhedral calcite (>30pm) is a prominent 

component of the biosparite and biosparrudite, grainstones to packstone, 

making on average 47.5% (max. 55%) of total volume of the grainstones. 

Two beds at He ndre quarry (Ioc. 6) (samples 16 and 22, Fig. 32) showed 

18 and 15% of total cement compared to 32 and 30% matrix respectively 

in dense packing, (packing index 67 and 69%), produced by interparticle 

penetration and extensive microstylolitization (Plate 25). Dense packing 

rarely occurs in massive biosparite beds but it is more common in thin 

beds especially those interbedded with shales. 

(2) Syntaxial overgrowth (ferroan and non-ferroan) distribution is 

controlled by strong substrate selectivity and abundance of the echinoderm 

fragments. In predominantly crinoidal biosparites (grainstones) it makes 

up to 90% of the intergranular cement (e.g. samples 31-33, Pant-y-Pwll Owr 

quarry, loco 5, Fig. 31). Non-ferroan syntaxial overgrowth from 10 crinoidal 

biosparites (80-90% of the allochems are crinoidal debris), from different 

horizons at Hendre quarry (Ioc. 6) showed that 75-80% of the total cement 
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was syntaxial overgrowth, i.e. 35-40% of the total rock volume. Where 

matrix exceeds 35% of the total rock, hardly any intergranular 

syntaxial cement was observed. It was only found in the central 

canals of some crinoidal columnals. 

(3) Ferroan calcite crystals (including ferroan syntaxial outer rims) 

were observed to occur more commonly in the thinly bedded argillaceous 

mOcrofacies (Fig. 31), but in all samples examined they do not exceed 

15% of total cement. Nevertheless, in the massive biosparitic grain-

stones an increase In the ferroan calcite component of the cement was 

noticed in the vicinity of seven out of twenty emersion surfaces. This 

is apparent in all three measured sections examined (Fig.32 Col. 1 0 ). 

However, at Hendre (loco 6) there is a commoner occurrence of ferroan 

calcite than in the other two quarries (Fig. 32). An increase in the 

interbedded thin shale partings (l-2cm) among the massive biosparite 

beds was also noticed at Hendre as compared to Pant-y-Pwll Dwr and 

Graig sections. Yet, positive correlation of ferroan calcite abundance 

and shale partings in these massive biosparite beds cannot be ascertained 

satisfactorily. The wide distribution of the ferroan calcite cement 

within the biosparite microfacies suggests a good circulation of the 

supersaturated pore waters. This hypothesis is supported by comparatively 

uniform luminescent (unzoned) colour for most ferroan calcite crystals. 

Also the twO samples (Samplesd?d&rable 1 ) indicated comparable chemistry. 

Relationship between the ferroan calcite cement 
precipitation and compactive episodes 

Examples of ferroan calcite crystals cross-cut by microstylolite 

surfaces were observed in many beds (Plate 24); on the other hand, 

examples of ferroan calcite cement which had crystallized along some 
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microstylolite cones were also present (Plate 24b). The former 

examples coupled with occurrences of ferroan calcite in molluscan 

casts suggest a pre-stylolitization age of formation. A few samples 

with iron oxide as insoluble residue along microstylolites have sparry 

ferroan calcite occurring between the opposed stylolitic surfaces in a 

planar arrangement with longer axis parallel to the stylolitic plane. 

This suggests a control of the void in which the cement was 

precipitated by the space between stylolitic planes and indicates a 

post-stylolitization age (Fig.24c). 

As far as the relationship with compactive shell fracturing is 

concerned, which is believed in this study to have preceded stylolitization, 

no evidence of fractures transecting ferroan calcite were ever observed. 

On the other hand, ferroan calcite crystals were found overgrowing 

fracture surfaces as part of a polyhedral mosaic. Yet, coarse ferroan 

cement crystals were noticed within molluscan undeformed casts which 

might indicate a possible pre-shell fracturing age of formation. In order 

to reconcile all this evidence, it is suggested, in this study, that ferroan 

calcite precipitation started, to a limited extent, at a shallow depth of 

burial, while the main part of such cement crystallized at a burial depth 

exceeding that at which shells fracture (this is noticed in numerous 

examples of ferroan calcite overgrowing compactive shell fractures, 

Fig. _30 a) (probably >200m) and continued to a depth at which micro-

stylolitization started to develop (>~pOm). In other parts of the sequenc~ 

where the charged pore water was lacking Fe2+ ions, a non-ferroan 

calcite had precipitated penecontemporaneously with ferroan calcite. 

These twO varieties of cements were precipitated during the second 

cementation episode which was syncompational fracture. 



235 

PLATE 24 

Ca) Microstylolites with steep sided cones developed 
between zoned coarse spar and matrix of the host rock. 
T.S.80911. Scale = 0.5mm. 

(b) & (c) Vertically sided stylolitic cones show precipitation 
of ferroan (F) and non-ferroan (N) ·polygonal spar along 
the cone-sides between the two dissolution surfaces 
indicating dilatation of the stylolites as a result of 
release of pressure due to uplifting and erosion. 

(d) Two sets of microstylolites: a later set O~ inter
secting the earliest set.~ in cement filled crinoidal 
columnal on one side and cemented matrix material on the 
other.~ indicating that stylolites develop in well 
cemented rocks. T.S.8016641. Scale = 0.1mm. 

(e) A crinoidal remain penetrating a foram. Note that zoned 
syntaxial overgrowth is only present on the part of the 
crinoid which had not penetrated the foram. This is 
suggestive that the penetration had taken place prior to 
the development of the overgrowth. T.S. 91911. S~ale 
= 0.5mm. 

(f) Intergranular welding between echinoderm fragments and 
bryozoan skeletal remains; the latter shows no signs of 
plastic deformation of the fibrous skeletal material 
suggesting a competent frame due to cementation before 
the development of pressure welding. T.S.92011. 
Scale = 0.5mm. 
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Cementation Environments 

First opisode non-ferroan calcite cements are interpreted as 

meteoric-phreatic cements on the basis of their morphologies (p.183) 

absence of vadose and marine characteristics, and trace element 

chemistry as reflected by different luminescent zones, as outlined 

below: 

(a) The strong substrate selectivity of the clear syntaxial rims, the 

geometry of the luminescent zones, reflected in cement zonal wrapping 

around allochems and thickening toward pore interiors and thinning 

nearer grain contacts (Plate 22) (Meyers, 1974, p.850) in conjunction 

with the de'!elopment of equant circum granular spar around polycrystalline 

brachiopods, bryozoans and peloid allochems (Plate 15), are indicative of 

precipitation in water filled pores (Meyers, 1974, p.857). 

(b) The lack of definitive pendant morphology and meniscus geometries 

and the presence of syntaxial zonal thickening toward pore centres 

suggest phreatic zone cementation. 

(c) There is no evidence of relics of marine cement nor marine hard-

grounds. 

(d) The presence of orange luminescent zones (2 and 3) within the 

syntaxial rim are indicative of Mn
2
+ inclusion within the lattice of the 

luminescent cement (Sipple and Glover, 1965). The presence of Mn2+ 

is most compatible with low Eh conditions (Carpenter and Oglesby, 1976) 

which in turn are most compatible with below-water table conditions 

(Meyers, 1978). Such presence rules out oxygenated marine water as 

the precipitational fluid (Meyers, 1974, p.855). 

(e) Mn2+ contents of'syntaxial cement (Samples CR-CT , Table 10 ) are 
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too high to have been derived from normal marine waters. Further, 

neither connate marine waters nor deep formation waters can account 

for the luminescing cements because their Mn2+ content is too low 

even if all the dissolved manganese is reduced to Mn2+. This will be 

discussed in detail in the next chapter. 

(0 Field investigations established the existence of a number of 

palaeokarst surfaces at different levels within the measured sections 

(Chapter 3 p.153 and Figs.19.2o). This indicates the establishment of 

active meteoric regimes which resulted in the development of these 

surfaces during the depositional history of the sequence examined. 

(g) Cross-cutting relationship indicates pre-compactional fracture age 

of the first episode cements. This. suggests an eogenetic or very 

shallow burial environment «200m). 

(h) Holocene samples containing both echinoderm fragments and 

marine cements have revealed no obvious syntaxial overgrowths. Instead 

fibrous aragonite or Mg-calcite surrounds the grains (Longman, 1980). 

(0 In the modern literature, Quaternary meteoric-vadose and marine 

cements examined do not luminesce, whereas the phreatic-meteoric 

cements examined contain luminescing zones (Meyers, 1974, p.859). 

(j) Irregular distribution of the cement zones stratigraphically is 

best interpreted as reflecting distribution of meteoric-phreatic aquifers. 

It is hardly conceivable that cement with alternating zones of different 

Mn2+ content is formed in submarine environments, especially if sharp 

transitions between such zones prove a sudden change of composition of 

the pore water. And a meteoric vadose environment would likely 

produce a more erratic and un-correlative sequence of cements. 

(k) Microdolomite inclusions within some of the echinoderm fragments 
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indicate a magnesian calcite precursor of these fragments and a 

mineralogical transformation under meteoric water conditions. 

Stabilization in marine cold waters below the oceanic thermocline 

(Schlager and James, 1978) was excluded because there is no evidence 

of marine crusts and because the Dinantian biosparites had 

accumulated in shallow epicontinental tropical seas. The absence of 

microdolomite from the syntaxial overgrowths also excludes a meteoric-

marine mixing zone (Lohmann and Meyers, 1977). 

(1) Chemical analysis of the syntaxial overgrowth revealed low Mg

calcite (about 0.45 moltl % MgC03) and a low Sr 2+ content (about 

200ppm). Comparison of Mg2+ data from Table 1 with those of Meyers 

(1978) suggests a meteoric-water origin for the Dinantian first cements. 

Specifically the bulk of the Mississippian pre-zone- 5 cements of Meyers 

(1978) contain less than 0.3 mole % MgC03 which he interpreted as 

strictly of meteoric origin. 

(m) The stable carbon and oxygen isotopic ratios of these cements 

were checked by analysing one sample (predominantly Zone 2). It 

indicated Sl3C + 0.8%0 PDB, compared to Sl3C = + 2.5%0 PDB of most 

positive (least altered) fibrous calcite of brachiopod shell. This will be 

further discussed in the next chapter. 

The Sl80 value of the sample analysed is -8.5%0 POB compared to 

-3.5%oPDB of the brachiopod shell. The value -8.5%oPOB falls way 

outside the field of known modern marine cement and within the field 

of non-marine cements (Fig. 36). These two values of Sl,3C and SI8b 

agree with the meteoric interpretation. 

In conclusion crystal morphology, the zonal geometry, and trace

element content argue against meteoric-vadose and marine pr'ecipitational 

environments and for meteoric-phreatic precipitational environment for the 
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first cementation episode. 

The second episode cements (non-ferroan calcite Zone 4 and 

ferroan calcite equivalent) share many features with cements of the 

first episode. Two main fabrics are common: zoned outer parts 

of syntaxial rim and polyhedral sparry calcite with crystals coarsening 

toward pore centres. The latter produces a tight-fitting mosaic that 

fills pore space. This fabric has been observed from Quaternary 

samples and is considered as a distinctive characteristic of early 

cementation in a meteoric-phreatic environment (Longman, 1980). 

Examination of the second ep is 0 d e cements in this study was 

restricted to the ferroan calcite crystals since they can be recognised 

with certainty to represent this second episode. Beside the criteria 

for phreatic-meteoric origin a - k discussed for the first episode, being 

applicable more or less to the second generation cements, calcites 

containing Fe2+ ions were probably precipitated in the phreatic zone 

where interstitial water has a low Eh. Oldershaw and Scoffin (1967) 

suggested that changes in physical and chemical environment with depth 

(temperature, pressure, pH, etc) allowed removal of Fe2
+ ions from clays 

and facilitated substitution of that ion in the calcite lattice. The Fe2+ 

ion which is required for the formation of ferroan calcite cannot be . 
derived from sea water nor will it be available during early diagenesis 

as long as considerable amounts of organic matter are present (Richter 

and Fochtbauer, 1978). It is also hardly conceivable that cement with 

alternating zones of different Fe
2
+ content is formed in a submarine 

environment, especially if sharp transitions between such zones prove 

a sudden change of composition of the pore-water. Having said that, 

the conditions of Fe
2

+ uptake by calcite may be realized late or even 

not at all in marine connate water regimes. 

, f F 2+ ' h' hi' for the incorporatlon 0 e wit In t e ca cite 

Chemical prerequisites 

lattice will be discussed 
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in a later section. 

Many thin sections examined in this study showed ferroan calcite 

crystals which gave a dull orange luminescence 'similar to that of Zone 

4. Although Sipple and Glover (1965) indicate~ that Fe2+ and Mg2+ 

may quench luminescence, the Dinantian samples examined within this 

study (Samples C6 vs.CT, Table 1 B ), had Fe2+ and Mg2+ contents 

greater in ferroan than in non-ferroan calcite cements, and yet, both 

cements show comparative luminescence. Accordingly, the fact that 

the ferroan calcites luminesce suggests they have a level of Mn2+ too 

high for them to be connate marine-water precipitates (Meyers, 1974). 

In summary, there are indications for a meteoric-phreatic 

precipitational environment of ferroan calcite cement at a depth of 

burial slightly deeper than that of the first episode (probably about 

200-400m). 

The third cementation episode is characterized by coarse blocky, 

void filling, non-ferroan calcite. The contacts between this blocky 

spar and the previous cements show an abrupt increase in crystal size 

(Plate 15 ), with the third generation crystals overgrowing the circum

prismatic first generation calcite crystals or the polyhedral sparry 

second episode cement. The large size of the third episode cement 

crystals indicates that precipitation had taken place at few nuclei at 

this stage, possibly as a result of only slightly oversaturated pore-water 

with respect to calcite and poor circulation (Oldershaw and Scoffin, 

1967). Such conditions have been reported from the deeper part of 

many meteoric-phreatic environments and in aquifers of many arid 

climates (Longman, 1980). Stagnant meteoric waters must have 

precipitated the excess CaC03 with the passage of time and an increase 

of depth of burial, reaching an equilibrium with the surrounding rock. 

Thus little additional cementation occurred and only in the interstitial 
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skeletal cavities. In the Dinantian biosparites studied, this amounted 

to about 5% of the .total rock. An alternative mode of formation is 

precipitation as a deep crustal cement from saline formation waters. 

Burial history (Ch. 1, p. 47) indicated an maximum overburden of 

about 1500m (at the base of the Brigantian D1/D2 Nevertheless, the 

amount of overburden during precipitation of the third generation cement 

is not known. Many examples of this cement were observed to be post-shell 

fracturing (Plate 15), a few were found being cross-cut by microstylo-

lites; thus indicating a load far less than that of maximum overburden, 

possibly about 600-BOOm 0). 

In conclusion, the study of cement episodes of the Dinantian 

biosparites reveals that there is reasonable support for a meteoric

phreatic environment for the precipitation of the first generation cement 

which might have taken place at shallow depths not exceeding 200m. 

During this first cementation episode total porosity was reduced to 

about 20-25% of the rock estimated "minus cement porosity". 

A meteoric-phreatic environment might have persisted longer through 
, 

the precipitation of the second episode cement as a result of freSh 

influxes of Fe2+ bearing pore-water with little or no break in cement 

precipitation. At the close of this period, porosity was further reduced 

to about 5-10%. The third and final episode produced a deep crustal, 

void filling, hlocky spar which might have precipitated from a deep 

percolating meteoric aquifer or alternatively deep saline formation water. 

The result was a reduction of the porosity of the Dinantian biosparites 

to a final 3-5%. 
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Cementation of the Fine Grained Lithofacies 

Lithification of lime mud or calcisilt involves a change from solid 

multipolymorphous carbonate particles with 50-70% porosity (Enos and 

Sawatsky, 1981) or more, to a limestone composed of low Mg-calcite; 

this change is associated with a drastic occlusion of the primary 

porosity to 3-5%. In spite of a certain amount of compaction of 

carbonate mud, large amounts of CaC03 are necessary for an inter

crystalline and interparticular cementation, which. together with 

neomorphic processes seems to be responsible for the lithification of 

lime muds. 

Work on the Dinantian biomicrite and calcisiltite microfacies was 

limited to the study of intercrystalline boundaries and particle size 

measurement using conventional petrography and, on certain samples, 

scanning electron microscopy. Observations did not reveal any useful 

evidence of the cementation processes. SEM of a sample from 

massive clean micrite bed yielded a texture of bulbous granules 2-4pm 

across with amorphous calcite cement 0) covering them (Plate 11A). 

Intercrystalline boundaries are commonly curved, and yet, plane inter

crystalline contacts were observed in replicas of the calcisiltite 

microfacies (Oldershaw, 1967, Fig. 84). Plane intercrystalline boundaries 

may be crystal faces and/or compromise boundaries. 

Almost all the intraskeletal c:t.ities within the biomicrites revealed 

varying amounts of cements of different episode, dominated volumetrically 

by the coarse blocky third episode spar. However, some dissolution 

cavities showed the development of ferroan calcite crystals among the 

drusy fills of these dissolution vugs. 

In one micrite sample at a stylolitic plane, within the void created 
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by the opening of the microstylolite either as a result of uplift of the 

bed or by dissolution along this plane, 2-4pm stubby faceted crystals 

with well developed faces were observed (PlatE'11Ad). 

Ferroan Dolomite 

The occurrence of this dolomite is restricted toa few of the 

argillaceous biomicritic beds of the Black Limestone, where it is found 

to occur as internal fills of the cavities of the large gigantoproductid 

shells at Waen Brodlas (loc. 2) and also in the central void of certain 

rugose corals at Hendre (loc. 6). The texture of this dolomite is 

coarsely crystalline, 500 pm, with curved cleavages and undulose extinction. 

The dolomite post-dates the third episode cement and replaces silica 

(Fig. 30). The replacive nature of this dolomite is reflected in the 

ferroan dolomite replacing both polyhedral spar (episode 2) and the 

blocky calcite of episode 3. This is seen at the contact between the 

dolomite crystals with the third episode cement and the crystallized 

quartz inside some of the shells; yet, the centres of the dolomite crystals 

are relatively clear with little or no inclusions. Quantitatively, this 

dolomite is insignificant and constitutes only a minor proportion of the 

beds it happened to be in; it is only interesting from the point of view 

of environmental consideration, since it might indicate a late influx of 

high Mg2+ and Fe2+ water. One sample analysed chemically indicated 

non-stochiometric ferroan dolomite (Sample D17Tabie 1 ). 
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(c) NEOMORPHIC FABRICS 

Nearly all microfacies examined during this research reflect some 

degree of neomorphism (Folk, 1965). This is more discernable in the 

biomicrite, the biomicrosparite and related facies than in the biosparites. 

Neomorphic transformation or calcitization of the metastable carbonates 

of the skeletal grains has already been dealt with in an earlier section 

(p. 177). The following discussion is primarily concerned with 

neomorphic fabrics' of the biomicrosparitic wackestones and packstones 

and certain development of pseudobreccias in them. Most of the 

neomorphic fabrics of the Dinantian limestones have already been 

described in detail by Bathurst (1958, 1959, 1975, Ch.12), and only those 

fabrics with new attributes are discussed below. 

Syntaxial Calcite in Contact with Micritic Matrix, Replacement or Cement 

Replacement of micritic matrix by the outward growth of crystals 

on the wall of allochems has been mentioned earlier (p.191). Patches 

of micritic matrix «5pm) and microspar (5-15pm) within syntaxial 

calcite rim around crinoid ossicles (in thin sections) are common features 

of. many wackestones and packstones (Plate 14a). To ascertain if the 

origin of these rims was neomorphic, . definitive evidence must be sought. 

Irregular outerboundary (sawtoothed) of a rim around floating skeletal 

particle in an originally mudsupported limestone, interrupting micritic 
also 

fabric (Plate 14 b & d); the development of delicate syntaxial spires on 

crinoid fragments and micrite-embaying syntaxial cement (Bathurst 1958), 

are highly suggestive that overgrowth is post-matrix deposition, while 

syntaxial rim transecting the fabric of a skeletal grain within the matrix 

is a conclusive evidence of replacement. Plate (I4b) shows intricate 
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syntaxial overgrowth rims around crinoidal fragments with exceedingly 

irregular outer boundaries ar:d a number of micritic inclusions (in thin 

section) within the rims, some as small as 20 pm. It is very difficult 

to imagine how such micropores could have got filled with matrix 

material, which might have calcisilt of 10-15 pm grain size, if we 

consider that overgrowth is pre-matrix deposition. Walkden (1982) in 

the British Sedimentological Research Group meeting in Liverpool showed 

slides of some syntaxial rims around echinoderm fragments, from the 

Carboniferous limestone of Derbyshire, in contact with micritic matrix 

and having brightly luminescent zones; further, sparry calcite crystals 

were found encrusting on the matrix boundary and growing inward into 

the syntaxial rim suggesting cavity filling cementation. Such micro-

cavities might be produced by action of meteoric water as seen in some 

of the caliche horizons, particularly dissolution around skeletal grains. 

None the less, such microkarst surfaces tend to be relatively smooth and 

continuous, on a scale of few millimetres. Plate (14 b & d) shows an 

irregular contact between the syntaxial rim and the matrix with numerous 

delicate syntaxial spires and a number of micritic patches engulfed (in 

two dimensions) within the rim. Certain samples of these syntaxial rims, 

,when examined under cathodoluminescence, show faint, dull orange 

luminescent zones alternating with non-luminescent zones. The contacts 

between the narrow zones (3-5 pm) are rather diffused. The intensity of 

the luminescent zones is comparable to that of Zone 2 of the cementation 

rim (p. 198). Because of the faint luminescence, it was not possible to 

photograph these zones. 

The developmen~t of the luminescent zones in the svntaxial rims, the 

encrusting sparry crystals on the matrix-rim boundary and ferroan calcite 
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zoning within these syntaxial rims in contact with micritic fabrics 

described by Evamy and Shearman (1965), all suggest that some of 

these rims are of cementation origin. However, in my opinion the 

replacement relationship of these syntaxial rims, like the ones shown 

in Plate (14 b & d), with the surrounding matrix, is probably still valid. 

Extra care has to be taken to differentiate between pre-rim matrix 

and internally infiltrated micrite entering the pore system after the 

precipitation of the syntaxial rims. 

Some of the floating microspar patches within syntaxial overgrowth 

might b~ interpreted as either surface-encrusting microcrystalline calcite 

on non-echinoderm fragments (i.e. cement) engulfed in poikilitopic 

syntaxial calcite cement, or alternatively aggrading neomorphism of 

peloids embayed in a cement rim (Plate 14a). 

do exist. 

Most probably both types 

Plate (3b) shows a coarse fabric of a pseudospar (approx. 300 pm in 

diameter) crystals replacing in situ a molluscan shell. Syntaxial growth 

of neomorphic spar crystals on molluscan neomorphic mosaic was found 

to have replaced a pelettoidal micritic matrix; the matrix was also 

found to contain 50-100 pm calcite crystals. Under cathodoluminescence 

all these neomorphic spars are non-luminescent, probably related to a deep 

. . h . d . hiM 2+ burial dIagenetic p ase assocIate WIt ow n pore waters. 

In conclusion growth of syntaxial rims around skeletal grains (such as 

crinoidal debris) and in contact with matrix material can be produced by 

cementation prior to the introduction of matrix material into the rock, 

cementation within microkarst cavities around the skeletal grains as a 

result of percQlating undersaturated pore· water, or neomorphic replace

ment of matrix material by the syntaxial calcite growing around the 
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allochems. It seems there are few morphological criteria which can 

be used without reservation to distinguish neomorphic spar from that 

of cement. We need to re-examine our petrographic technique and 

means of improving it. Conventional 30 pm thin section might not 

give enough resolution to recognise the different inclusions within the 

crystals, a criteria believed to be very important in recognising 

replacement. Two-sided - polished, ultra-thin sections (10-15 pm) are 

found exceedingly useful in this respect. 

Mottling and the Development of Pseudobreccias in Calcite Mudstones 

Beds of spotted limestone within the Middle White (Asbian) and 

the Upper Grey (Brigantian) Limestones are common in many of the 

localities within the area of study. The most extensive development 

of mottled horizons is observed within the top 30m of the Middle White 

Limestone at Pant-y-Pwll Dwr quarry (Ioc. 5). 

Mottling consists of spots which are usually patches of coarse 

calcite mosaic in a micritic or calcisilt groundmass. Mottling in 

micrites has a great variety of shape and has clearly been formed in 

a number of ways. Coarse mosaics can be a result either of 

cementation in voids in mudstones or of aggrading neomorphism. In 

limestones generally the presence of sharp boundaries between coarse 

mosaic and matrix commonly reflects the existence of initial cavities 

probably produced by solution of aragonitic fragments, decomposition of 

organic matter, burrowing and boring, the evolution of gas in soft mud, 

incomplete sedimentation in voids between the detrital grains and 

internal dissolution by circulating meteoric pore waters (e.g. mouldic 

porosity). On the other hand. porphyroid neomorphic islands (Folk, 
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1965, p~22) rarely gives rise to sharply defined borders of coarse mosaic 

patches; even in pseudobreccias these are more apparent than real 

(Bathurst, 1959, p.370). It is these coarse mosaic patches which are 

the main subject of our discussion in this section. 

The Dinantian pseudobreccias are made of two macrocomponents: 

irregularly shaped dark grey lumps of relatively coarse calcite mosaic 

with" scattered fine allochems; lumps are commonly 5-50mm in 

diameter, set in a finer, pale grey ground mass of biomicritic calcite 

matrix (Plate 10A). In thin section (Plate 10) the lumps appear as a 

mosaic of calcite crystals up to 30 pm in diameter, and more 

transparent than the darker micritic calcite of the groundmass. In the 

field the dark lumps are concentrated in zones parallel to bedding in 

beds of massive micrite-mudstones one to three metres thick. In some 

beds they are graded usually starting with rows of about 5mm lumps at 

the lower part of the bed. The size of the lumps increases within the 

higher horizons reaching 1O-20mm in diameter about the middle of the 

bed. At certain levels, zones of micrite mudstone devoid of dark SPOts 

intervene between zones of different sized lumps. Figure 28 shows the 

configuration of mottled horizons in certain beds at Pant-y-Pwll Dwr 

quarry (loc. 5). Beside parallelism to bedding plane the following features 

were observed to be common to most of them: a) In anyone level, the 

dark patches are relatively uniform in size (bed 8071, 92 out of a hundred 

patches' measured have a diameter between 5-8mm). b} sub rounded dark 

patches are never seen at the tops of beds, always at a few centimetres 

(2-Scm) below the simple, non-stylolitic bedding plane. However, in 

sharp contrast, the dark patches are concentrated about certain pressure 

solution surfaces which now give the appearance of bedding planes 
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(Plate1o~. Nonetheless, dark patches with amoeboid or elongated 

shapes, as distinct from those subrounded ones in (b) above, are 

found immediately below some simple bedding planes and more .. 
commonly immediately below palaeokarstic surfaces. These are 

believed to have been produced by bioturbation in soft sediments, 

based on their shape and orientation to bedding. They give the 

impression that they are random cross-sections of tubular burrows. 

The burrows were later cemented or recrystallized to coarser mosaic. 

Some rounded small patches 2-5mm in diameter might be root-inlets 

especially below palaeokarst surfaces (Fig. 23). c) In hand 

specimen, the smaller the patch the sharper border it has with the 

micritic groundmass (Plate10Ab). The larger lumps (30-50rnm) 

normally have a darker centre and diffused outer boundary (Plate10A~. 

d) In a number of samples, the dark lumps are found to have 

detrital skeletal fragments in their centres, such as crinoids, forams, 

molluscan remains and even solitary corals, and rare brachiopod shell 

debris. 

Examination, in thin section, of the microfabrics of these 

coarse patches shows an assortment of 100-300 pm skeletal fragments, 

well sorted (term of Friedman, 1962), subangular except for the 

microfossils which are preserved in their entirety. on some of the 

grains there are encrusting fringes of polygonal first episode cement. 

This means that the primary packing of the carbonate mud particles has 

large enough pores to allow the fringing crystals to groW arOUnd the 

allochems with the space allowed by the micropores. The neomorphic 

phase of mineralogical transformation and/or calcite/ca.1cite recrystalli-

zation probably followed later. Bathurst (1959, p.372) rePorted 
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similar occurrence of first generation cement with plane intercrystalline 

boundaries, and crystal faces overgrowth and preserved by later bigger 

crystals. The contact between the coarse mosaic of the clear patches 

and the finer crystalline ground mass may be gradational and undefined, 

or it may be sharp (Plate 10 ). The echinoderm fragments in the 

coarse patches are usually enlarged with syntaxial secondary rims. In 

a few samples the coarse patches are subcircular in section with a fine 

to medium crystalline (50-200 pm, Folk, 1959) mosaic with irregularly 

curved intercrystalline contacts. This mosaic is completely devoid of 

any skeletal debris and its border with the groundmass is sharp (Plate 

9a). Relating this type of coarse mosaic to the dark patches of the 

normal pseudobreccias is rather questionable and any suggestion of 

their similar genesis is a matter of conjecture. 

The groundmass generally shows both micritic calcite matrix 

«5 pm), calcite silt 00-40 pm) and sand sized grains, with an assortment 

of well-sorted skeletal grains similar to those of the coarse patches. 

The dominant grains in the ground mass are the 10-30 pm microcrystalline 

calcite. It is unlikely that all grains of that size are calcisilt. 

The majority of them seem to be the product of aggrading 

neomorphism of a finer carbonate - mud component. This is based on 

the comparison of the proportion of carbonate silt (10-20 pm) to 

carbonate mud (0.5 - 4 pm) in Recent carbonate platform environments, 

which is usually low. Carbonate mud of 2 - 4 pm was observed in a 

number of micrite mudstone beds within the Dinantian of the area of 

study (Plate 11A). Thus it is reasonable to assume that the 10 - 30 pm 

microspar is a product of aggrading neomorphism of this carbonate mud 

in addition to a minor proportion of cemented calcite silt. Further, 
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mottled beds lack any feature of mechanical accumulation similar to 

those described from the calcisiltite beds (p. 101). 

The heterogeneity of the shape and size of the dark lumps within 

the pseudobreccias cannot be explained merely by coalescence of 

spheroidal recrystallization fronts growing centrifugally from skeletal 

grains or fine aggregate centres. This is evident in the irregular 

shape of toe dark lumps, the numerous embayments of the fine ground

mass by the coarse mosaic and the common floating islands of the 

micritic calcite within the recrystallized mosaic. Having said that, 

coalescence of the dark lumps is a common feature of these 

pseudobreccias. Even when considering the most densely mottled 

pseudobreccias, the volume of the dark lumps is subordinate to the fine 

'micritic groundmass. This is based on point counts on surfaces of 

about one cubic metre loose blocks at Pant-y-Pwll Owr quarry (Ioc. 5). 

Five blocks varying in size between 0.7 and l.2m3 were examined and 

counts were carried out on at least three surfaces of each block at 

right angles using a one centimetre grid. All counts indicated less 

. than 30% (range 15.6 - 28.8%) of the rock volume is made of dark 

. lumps. 

Another feature of the mottled zones is the development of swarms 

of stylolites within these zones rather than the unmottled part of the 

" beds (Plate lOA). The development ~f the mottling in the pseudobreccias 

is pre-stylolitization; this is evident in the abundant transection of the 

dark spots by stylolitic surfaces (Plate lOA). 

The genesis of these pseudobreccias still remains to be resolved. It 

is possible that an original sedimentological fabric may have influenced 

the pattern of subsequent recrystallization. One possible explanation is 
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that bioturbation had produced heterogenous permeabilities within the 

mass of the sediment. This was possibly done by churning of the 

soft sediments creating loosely packed deposits which were subsequently 

favoured as centres of nucleation for both microsparitic cement and 

neomorphic spar. This idea is supported by the position of rows of 

these irregularly shaped dark lumps a few centimetres below normal 

bedding planes; the rows are parallel to bedding; the uniformity of 

size of dark lumps within a single row; and the presence of fine 

calcite mudstone alternating with mottled zones. In thin section, the 

comparative similarity between the crystal size of the coarse mosaic 

and that of definite burrows, ,present among the dark lumps of the 

pseudobreccias, is very striking. The contact between the fine mosaic 

of the ground mass and the coarse, secondary mosaic, whether sharp or 

gradational, might be controlled by the boundaries of the primary 

burrows. Against the above argument, is the absence of insoluble 

o·rganic residues commonly associated with Rece'nt burrows. On the 

contrary, the secondary recrystallized mosaic is purer (l.5 - 5.3% of 

total rock is IR) than the micritic calcite-mudstone (8.7 - 10.3% of 

total rock is IR); absence of relics of burrowing organism skeletons; 

absence of circular pattern and special packing of the particles 

(FIUgel, 1982, p.216) similar to those commonly reported from present 

day burrows. The limited development of the dark lumps, in three 

dimensions, is another contradictory feature for a burrow. The 

subspherical shape is problematic. One would expect an elongate path 

connecting to the sediment surface if it was produced by a burrowing 

organism. Nevertheless, the problems of discontinuity in space and the 

sub rounded shape could be the result of aggrading neomorphism masking 
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the primary sedimentary fabric; i.e. within a long burrow a number 0 f 

nucleation centres had developed at a distance varying between 10 - 50 mm 

or more from each other on allochems in these centres such as crinoidal 

fragment, forams, etc. which may have acted as primary nucleation 

surfaces. Possibly both void filling microsparitic calcite cement and 

neomorphic spar had developed simultaneously in the burrow fills 

producing an interlocking calcite mosaic where all the fine micritic 

metastable carbonates had been transformed to 20 - 50 pm microspar 

while the micritic and very fine calcite particles were enlarged by means 

of rim cementation to about the same size of the microspar. Also a 

certain degree of recrystallization of calcite/calcite might have taken 

place. These processes would have been slowed down when the 

permeability of the nucleation zone was reduced to that of the surrounding 

groundmass. Then the three processes; cementation, mineralogical 

transformation and calcite/calcite recrystallization, prevailed uniformly 

through the whole mass of sediments, burrows and the rest, to produce a 

general coarsening to 5 - 30 pm microspar fabric. Whatever difference 

there was between the burrowed sediments and the unaltered groundmass 

is now obliterated by this coarsening phase. 

It is concluded, thus, that the dark lumps within the pseudobreccias 

represent ·sites of earlier cementation and 'neomorphism within burrows in 

the sediments. These processes then prevailed throughout the whole mass 

of the rocks, as a result a 5 - 30 pm microspar was produced in which the 

50 :~' 100 pm pseudospar lumps were embedded. 

',' . ~ , '~ 

" ' 

Microspar Fabric with Pseudospar Patches 

The basic pattern in nearly all the biomicrosparite limestones is a 

tw~fol,d fabric of relatively coarse mosaic wholly or partly embedded in a 
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finer microsparite ground mass, but on a smaller scale than in the 

pseudobreccias. The pattern is usually interrupted by large floating 

allochems (0.5 ~ I mm) and detrital aggregates (Plate 10b). These 

are commonly isolated from each other by finer micritic matrix so 

that it must be assumed that they are out of contact in three 

di mensions. Nevertheless, in certain biopelmicrosparites and bio-

microsparites (packstone) these allochems and aggregates are abundant 

enough to give a grain-supported fabric. 

Considering first the development of the coarse mosaics: these are 

micropatches of clear sparry calcite ranging in diameter between 

0.5 - 3 mf!1, found throughout the biomicrosparites; commonly shown as 

brown patches with diffused borders grading into the buff groundmass. 

Their fabric is made entirely of a fitted mosaic having crystal diameters, 

'more or less, in the range 30 - 100}lm (a few up to lSOpm), with plane to 

slightly curved intercrystalline boundaries. Finding criteria favouring 

'particular modes of formation presents a major difficulty. Bathurst's 

(1975, p.417) grain morphology, criteria 12 - 15, were found insufficient 

to resolve the problem of origin of these coarse mosaics. Compositional 

. 2+ / 2+ zoning with Fe and or Mn of the sparry crystals, as revealed by 

staining and cathodoluminescence, gives supporting criteria for recognising 

calcite cement fills. However, absence of zoning or lack of 

luminescence do not preclude cementation origin of these spars. Five 

patches (1 - 2 mm in diameter) of coarse mosaic were examined under 

cathodoluminescence and only one showed faint orange luminescence with 

~light zoning within crystals; the other four showed non-luminescent 

; dark crystals. In any case, the slightly luminescent sample had already 

showed some stained zoning. A more common variety of these (t - 2 mm) 
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patchy mosaics is the one where crystal diameters are in the range 

30 - 70 pm (some up to 100 pm). The crystals in these mosaics are 

irregular in shape and size and usually possess curved or wiggly 

intercrystalline boundaries (Plate lOb). Such development of sparry 

micropatches in a mudsupported fabric could well stand scrutiny for a 

neomorphic origin. According to Folk (1965, p.43) these pseudspar 

mosaics are produced by progressive recrystallization of carbonate mud 

to coarser and coarser crystals. Nonetheless some are believed in this 

study to represent cementation fills of primary pores. When sparry 

cement mosaic similar to these pseudospar is observed in packstone 

confusion arises largely because the two fabrics resemble each other 

superficially. 

The microsparite groundmass in which the coarser mosaics are 

embedded, on the other hand, is made of equant, irregularly shaped 

crystals with mean diameter of about 10 pm (range 5 .- 30 pm). On 

the scale of a thin section, the groundmass is made of subordinate 

biomicroclastic particles in a dominant microcrystalline calcite (Plate lOa). 

The microsparitic groundmass may be the product of either rim cementa

tion of. microbioclastic silt, or microsparite cementation within micropores, 

or aggrading neomorphism of primary micritic mud and calcite silt, i.e. 

mineralogical transformation of carbonate mud to calcitic micrite as 

discussed earlier (p. 96) and calcite/calcite recrystallization to microspar. 

Although there is no fabric evidence for the origin of the carbonate mud, 

it is difficult to exclude aragonite deposition from Carboniferous marine 

environments judging by the importance of this mineral in modern carbonate 

mud (see p. 95). Rim cementation of calcite silt is indicated by the 

. homogeneity of the grainsize and plane intercrystalline boundaries (Plate 11), 
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while neomorphic crystals are characterised by microspar with curved 

or irregular intercrystalline boundaries, variable crystal size and amoeboid 

shaped crystals, which are patchily and irregularly distributed. 

A third common fabric observed in these biomicrosparites is the 

development of clotted fabric "s tructure grumuleuse" (Plate 10c) which 

. was described in detail by Cayeux (1935, p.27l) and discussed by Bathurst 

(1959, p.368). The reader is referred to these two references for more 

detailed accounts. 

Within the Dinantian limestones of north-eastern Clwyd, biomicrite 

beds interbedded with thin shale partings 2 - 5 em thick were found to 

have developed a coarser microspar than those of pure micrite beds. 

This was observed during the examination of the micrite beds of 

Loggerheads stream section (lo~~,14) as compared to the thinly bedded 

argillaceous biomicrite sequence of the upper part of Hendre quarry 

(loc. 6). The former locality still has biomicrite and micrite limestones 

of 2 - 4 flm grain size compared to biomicrospa rite limestones of 10 - 20 pm 

grain size in the second locality. Folk (1965, pAl) speculated about the 

influence that the presence of clays in the limestone has on the develop-

ment of microspar, but no exact mechanism was suggested and no proofs 

were provided. Biomicrosparite beds were also found to grade laterally 

into biomicrite beds (e.g. Hendre, loco 6, and Pant-y-Pwll Dwr, loco 5) 

and far less commonly into biosparites. No biospariteswere ever found 

in association with calcisiltite beds. 

In a few samples ferroan calcite microspar and pseudospar crystals 

were observed to develop (Fig. 25), indicating that the processes of 

neomorphism might well have been operative when the porewater was 

charged with Fe2+; i.e. within the "Fermentation Zone" (Curtis, 1977) at 
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a shallow depth of burial. (>IOm) and coinciding with the second cementa-

tion episode (see p.216). However, the processes might well have 

continued to op~rate at deeper depth of burial contemporaneous with the 

third cementation episode (P.218). This conclusion is based on the 

common non-luminescent character of the bulk of the non-ferroan 

microspar, the third episode cement and the probably contemporaneous 

neomorphic molluscan pseudospar (see P.178). The initial phase of 

neomorphic alterations cannot be dated with certainty, but a timing 

contemporary to that of the first cementation episode couldn't be 

discounted. 
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(d) SELECTIVE SILICIFICATION OF THE SKELETAL GRAINS 
AND THE DEVELOPMENT OF CHERT NODULES 

The subject of silicification of the Dinantian limestones and the 

development of the bedded chert sequence at the top of the Brigantian 

succession in the Halkyn mountain area (northern part of our area of 

study) was researched in detail by Oldershaw (1967). Two aspepts: 

silicification of the skeletal grains and the development of chert 

nodules are dealt with below. Chert nodule formation and selective 

replacement of the skeletal grains by cryptocrystalline quartz and/or 

chalcedony are not diagnostic of any particular diagenetic environment. 

Chert will apparently form wherever there is sufficient biogenic silica 

to act as source material (Wise et ai, 1972). Silicification of 

skeletal grains and the development of chert nodules occurred extensiyely 

at a number of zones within the Upper Grey Limestone, though to a far 

lesser extent in the Middle White Limestone of the area of study. Also a 

more common presence was observed in association with thinly 

argillaceous beds than with massive clean strata. 

Chert Nodules 

Chert nodules were found developed as irregular or elongate lumpy 

ellipsoids several tens, of centimetres in diameter and flattened in the 

plane of the bedding. The purer the limestone (i.e. less shale) the more 

irregular the shape of the nodules. Generally nodules are concentrated 

along particular bedding planes and are nearly absent along adjacent ones; 

spacing along bedding surfaces seem random. They vary from a few 

centimetres (horizontal long axes) to more than 120cm. Chert nodules 
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were examined in Waen Brodlas (loc. 2), Bryn Mawr (loc. 4), and Hendre 

(loc. 6). All nodules have smooth outline and sharp boundaries with the 

host limestone, in hand specimen. Outer rinds of the nodules are 

commonly 5 - IOmm thick light to whitish in colour, having friable 

porous texture. The inner zone is usually hard black to brown with 

unreplaced patches of the host rock. . Nodule surfaces are relatively 

flat when they are in contact with bedding planes against shale. 

Overlying and underlying thin shale partings commonly conform to the 

nodule outlines and drape around them. 

In thin section, the nodules are made of cryptocrystalline to 

microcrystalline quartz (5 - '10 mm in diameter) and chalcedony (length 

fast); and remenants of the host limestone with minor amounts of 

pyrite and iron-oxides. Quartz of different textures makes up most of 

the mass of the nodule supplemented by chalcedony. The carbonate 

inclusions within the nodules vary from individual calcite crystals to 

large multicrystalline fragments showing a comparative fabric with that 

of the surrounding limestone. Sponge spicules are common in most 

nodules (most are replaced by calcite). 

The replacement nature of these chert nodules is unquestionable, 

and is based on the following petrographic observation:' 1) numerous 

carbonate inclusions genetically related to the host rock; 2) partial 

replacement of the part of skeletal fragments which are inside the 

nodule, while the parts outside the nodule retain their carbonate 

mineralogy; 3) the preservation of laminar, banding and other primary 

sedimentary structures as relics within some of the nodules. 

The timing of the replacement is uncertain but a relatively early 

phase in the diagenetic evolution is postulated. A pre-compaction date 
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for the nodules is suggested by the conformation of the thin shale beds 

and laminae to the hollows and humps of the lower and upper surfaces of 

irregular nodules which are believed to be the products of compaction. The 

occurrence of chalcedony (LF) and drusy calcite filling of inter and intra

granular pore space indicates that silica was available at a time where 

there still existed extensive porosity, further supporting the suggestion 

that silicification is an early diagenetic event. 

Selective Silicification of Skeletal Grains 

Selective replacement of skeletal fragments by silica is a common 

occurrence in most microfacies of the Dinantian limestones of n orth

eastern Clwyd, but not related to the development of discrete nodules. 

The silicification of these skeletal fragments differs from that in the 

nodules in being confined entirely to skeletal remains, while lithoclasts and 

matrix material remains unsilicified. Silicification was carried out 

exclusively by a replacement process without the development of pore filling 

silica (on a macropore scale). Replacement is typically partial and rarely 

preserves the primary skeletal structure. The most common replacement 

mineral is chalcedony but microcrystalline and cryptocrystalline quartz are 

. also present. Skeletal fragments of any taxonomic group may be 

. 'replaced by silica. Preferential silicification had been noticed with the 

common order of decreasing susceptibility being: brachiopod, corals, 

bryozoan, echinoderm, molluscs and forams. The degree of susceptibility, 

however, is nO measure of the extent of the replacement. Dapples (1981, 

Table 311, p.l28) reported a number of silicification orders some of which 

are the reverse of what is seen in the Dinantian of North Wales; he 

'concluded that "preferential replacement is a function more of the distance 
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from the centres of silica precipitation and the quantity of silica being, 

precipitated than the crystal habit or composition of the carbonate 

constituting fossil shell". For details of the characteristics of the 

replacement silica, the reader is referred to the work of Oldershaw 

(1967, p.91). 

Replacement of Silica by Carbonate Minerals 

A number of samples of chert nodules and silicified skeletal 

fragments show evidence of the replacement of mainly chalcedonic 

silica by calcite, ferroan calcite, dolomite and ferroan dolomite 

(Plate 28). Petrographic evidence indicating the replacement nature of 

these carbonate minerals are as follows: 1) Subhedral ferroan calcite 

rhombs are observed to have grown outward from veins and fractures 

present in chert nodules and silicified skeletal grains (Plate 28d) •. 

In a few samples two generations of calcite were observed, a non

ferroan calcite filling fractures in chert and a replacement ferroan 

calcite which had overgrown syntaxially on the non-ferroan crystals 

(seen also by Oldershaw, 1967, Fig. 64a). 2) Where a patch of 

silica has partly replaced a grain, subhedral ferroan calcite crystals 

lie along the margin, limited on one side by the margin and on the 

other projecting into the silica patch (Plate 28' ). In this position 

they can only have replaced the silica. These crystals project inwards 

towards the centre of the silicified patch (Plate 28c). Under cross-

polars ferroan calcite crystal faces appear to transect the fibrous fabric 

of the replacement chalcedony. 3) In a number of partially silicified 

skeletal fragments, euhedral dolomite and ferroan dolomite rhombs were 

observed within the silicified patches. Plate 28f shows such development 
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within a silicified crinoid columnal. The dolomite rhombs are 10 - 30pm 

(longer axis) and have the same optical orientation as the crinoidal 

ossicles. These dolomite rhombs are believed to have nucleated on 

carbonate inclusions of the crinoid host within the replacement silica, 

and which would have transmitted the crystallographic message of the bryo~oans, 

ossicle to the replacement rhombs. Dolomite crystals which have 

replaced silica are common in silicified crinoidal debris and a few bryozoans, 

but was rarely observed in silicified brachiopods or corals. The absence 

of dolomite rhombs of comparative diameter (i.e. 30 pm), in the 

unreplaced host material implies that dolomite has replaced silic3.. It 

could be that microdolomite crystals, formed in the crinoidal host when 

the Mg-calcite was changed to. calcite, escaped silicification because of 

their difference in composition. These seeds acted as nucleation centres 

for the development of replacement dolomites. Such a case could well 

explain the common occurrence of dolomite rhombs within silicified 

crinoids and a few bryozoans and their rarity in brachiopods and corals. 

Thus a high-Mg-calcite precursor mineralogy of these fossils might well 

have influenced the development of the secondary dolomite. 

Plate 28a shows preferential calcitization of a chalcedony patch 

leaving the rim of microcrystalline quartz unaltered, the central part 

which was chalcedony is now made of ferroan calcite. 

ferroan calcite there are relics of the chalcedony. 

The Second Development of Quartz 

In the replaced 

A common feature of many biomicrite and biomicrosparite limestones, 

is the development of 50 - 150 pm euhedral quartz crystals sometimes 

strewn ubiquitously throughout the beds and in others concentrated along 
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stylolite planes (Plate 28e,11Ca). Such quartz is well developed within the 

microcrystalline matrix group of beds (biomicrites and biomicrosparites) of 

the Middle White Limestone of the area of study. 

These quartz crystals are observed to have replaced the microspar 

matrix. This is indicated by numerous inclusions of remenants of the 

host matrix within the quartz crystals (Plate 28e). Faces of the quartz 

crystals transect the matrix fabrics, and the floating distribution of these 

crystals must be taken to indicate that they are not in contact with each 

other in three dimensions. Nucleation of these crystals around micro-

detrital quartz silt is observed in few samples; however, the majority of 

the crystals do not show any detrital nuclei, and may have grown on silica 

seeds invisible under the petrological microscope. At Hendre quarry 

(loc. 6) within an oosparite bed, the detrital quartz nuclei. of the ooliths 

show syntaxial growth which had replaced the radial fibrous microfabric 

of the cortex (Plate 6a). 

The concentration of the quartz crystals along stylolitic plane is 

,very striking (Plate 11C), seen in many localities in the area of study and 

at different stratigraphic levels. The idea that the concentration of 

these quartz crystals along the planes of stylolites; is the product of 

p!essure-solution along these planes and the quartz is .merely concentrated 

the re as insoluble residue (Brown, 1959) is discounted because of the 

following ~ 1) A number of samples had no quartz crystals in the host 

. rock, whereas the stylolite plane has 200 pm seam of euhedral to 

s~bhedral quartz crystals, which although it conforms roughly to the 

: stylolitic plane, does show some local replacement of the host rock 

(Plate 28e). Even within the most highly silicified matrices, a loss of 

,more than 60% (This is based on about 150 point counts on each of 
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three thin sections of a biomicrosparite facies with quartz filled 

stylolite seams within them) of the host rock volume is necessary to 

produce sufficient quartz crystals to account for the insoluble residue 

along the seam; a ratio far in excess of what was estimated for the 

volume of host rock loss as a result of pressure-solution (22% estimated 

by the formula of Bodou, 1976, p.633). The orientation of 40% of the 
o . 

longest axes of these quartz crystals is at >30 angle to the stylolitic 

plane; a feature very uncharacteristic of the product of pressure 

solution; i.e. one would expect more crystals to be parallel to 

subparallel to the stylolite plane. 

I propose that all these quartz crystals are the result of a second 

silicification episode unrelated to the earlier silica replacement of the 

skeletal grains. A silica charged groundwater{?) had percolated through 

the limestones using the pre-existing stylolite plane, which were dilated 

as a result of uplift, as conduits. Because of the advanced stage of 

lithification of these beds little porosity is left for the silica to 

crystallize except within the space between the stylolite plane. When 

such space was denied silica established a replacement relationship with 

the host rock. This is reflected in quartz crystals along stylolites 

plane which have far less inclusions than those developed within the matrix. A 

Similar explanation was advocated by Schwarzacher (1958) for the 

concentration of euhedral quartz crystals along master bedding planes in 

the Great Scar Limestone in the Settle district of Yorkshire. 

Silica metasomatism in limestone in association with fissures, joint 

planes or solution channels, produced as a result of uplift, is a common 

occurrence in the geological column. The only difference from these 

fi~~u'r~s' and joints, in the case of the Dinantian limestones, is a question 
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of scale. 

The Source of Silica 

The most likely source of silica in the Dinantian limestones is the 

biogenic siliceous skeletons, most probably sponge spicules, incorporated 

within the primary carbonate sediments on the sea floor (Calvert, 1974, 

p.290). This is indicated by the presence of siliceous sponge spicules 

within the nodules and their absence from the host rock. Whenever 

sponge spicules can be recognised within the limestones they are 

always replaced by calcite, while in the chert nodules the original 

amorphous silica of spicules has been replaced by chalcedony (after 

opal). Post-depositional mobilization of the amorphous silica of these 

spicules was achieved by passing the silica into solution (Wise et aI, 
• 

1972; Heath, 1974). Heath & Moberly (1971) observed that the cherts 

contain very little biogenous opal, but that the surrounding sediments 

often contain corroded siliceous skeletons. They inferred that the silica 

has migrated within the sediments over distances of a few centimetres to 

metres. The observed scarcity of calcitized sponge spicules in the 

Middle White Limestone is probably the cause of the non-existence of 

chert nodules and the rarity of the silicification of skeletal fragments. 

Oldershaw (1967, p.98) postulated two other sources to supplement 

the volume of silica from biogenic source; these are: -, silica adsorbed 

~nto suspended matter in sea water, and later settled within the 
, . 

carbonate sediment; and the release of silica d~~ing the diagenetic 

transformation of smectite clays to illite. These possibilities are 

suggested by the abundance of silicified skeletal grains and the 

d~velopment of chert nodules within the argillaceous limestones of north-
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east Clwyd. For a more detailed discussion see Oldershaw (1967, 

p.97-99). 

The source of the second silicification phase is uncertain. However 

one possibility is groundwater. The amount of silica dissolved in 

aquifers is primarily dependent upon the rock type through which the 

water flows. The largest amount of dissolved silica is associated with 

volcanic rocks (4000ppm), and the smallest amounts of silica are present 

in waters flowing through carbonate rocks (llppm) (Feth et ai, 1961, 1964). 

From the point of view of volume of silica for the second silicification 

phase, groundwater is more than adequate to supply the quantity needed. 

Environment of Silicification 

Walker (1962) suggested that variations in pH within the diagenetic 

environment might control the replacement of carbonate by silica. The 

solubility of amorphous silica seems to be unaffected by pH at values 

below about 9. At higher pH the solubility rises abruptly attaining very 

high values. Conversely calcite is very soluble below about 8 (Blatt et 

ai, 1980, p.348). Therefore fluctuation of pH from above 9 to below 8 

could well cause the solution of one phase (carbonate) and precipitation 

of the other (silica). Such a range of pH is commonly measured in 

different groundwaters. This is valid in the case of dissolution followed by 

· precipitation; however, replacemen~ of calcitic fossils by silica (or silica by 

calcite) is not understood and might well require different physicochemical 

· conditions. 

During the early diagenetic changes, pH may decrease as a result of 

increase in the amount of dissolved CO2 in pore water, derived from 

· decaying organic matter, triggering the incipient development of chert 
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nodules and the onset of the silicification of skeletal material. A patchy 

distribution of organic matter within the sediment probably determined 

the site of nodule formation. The amount of decaying organic matter 

within a skeletal fragment might create a microenvironment favourable 

for its silicification. Dapples (1981) proclaimed that diagenetic changes 

involving the crystallization of silica are produced in microenvironments 

influenced only partially by the large-scale physicochemical environment. 

Conditions suitable for silica replacement of carbonate might persist 

until a time when the system parameters are changed either by increase 

in pH or temperature (silica is more soluble and calcite less so at high 

temperature) or both. This increase in pH might be brought about by 

simply flooding the pore spaces with waters saturated with CaC03• 

An alternative mechanism was proposed by Siever (1962) where he 

assigned two actions to the decaying organic material within a micro

environment: a) production of CO2 by bacterial activity which would 

lower the pH and increase CaC03 solubility, and b) immobilizing of 

silica by adsorbing it on the organic matter during the formation of 

organo-silica complexes, whereas silica outside the site is free to dissolve. 

This mechanism .would continue to operate until the organic matter· was 

completely oxidised or CO2 production by bacterial activity was stopped. 
'·r 

The presence of pyrite and organic matter within the silica (as 

revealed during the preparation of quartz powder for stable isotope analysis) 

indicates that bacterial activity and the decay of organic matter within 

the skeletal fragments could have determined the site of silica 

development and probably controlled the silicification process. 

The process of replacing skeletal material by silica is not fully 

understood, as mentioned above, but in the Dinantian limestones the 
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structural details of the skeletal fragments are frequently destroyed; 

this suggests that replacement might have involved removal of CaC0
3 

on a scale, such as to give rise to voids, but always within the size 

of the skeletal fragments (0.5 - 2 m m), prior to the precipitation of 

silica. 

Time of Replacement 

An early diagenetic phase for the chert nodules and the silicifica

tion of skeletal fragments, is implied by the compac.tion of shale around 

some of the nodules, and the high ratio of original pores (about 35%) 

filled with silica in these nodules, all suggest a possible pre or very 

early cementation phase. The emphasis placed on the role of 

bacterial action and the decay of organic matter in controlling 

silicification process suggests that the events must have taken place 

when these factors were operative, i.e. at a very shallow depth, probably, 

just below the water/sediment interface, within the sulphate reduction 

zone «10m) (Curtis, 1977). 

The second silicification phase and the development of quartz 

crystals along stylolites was most likely a telogenetic phase associated whh 

uplift and erosion. 
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PLATE 28 

(Silicification of Skeletal Grains) 

(a) A brachiopod shell (B) showing a silicified patch of 
chalcedony with fine crystalline quartz (Q) rim. 
The c~alcedony is preferentially replaced by ferroan 
calcite. 
T.S. 8242. Scale: O.lmm. 

(b) Zoned non-ferroan and ferroan calcite replacing fibrous 
brachiopod shell. (See Fig.24bfor details). 
T.S.92421. Scale: 0.5mm. 

(c) & (d) Chalcedony partly replaced brachiopod fragments. 
Rhombohedral ferroan calcite crystals (F) lie along the 
margin, limited on one side by the margin and on the 
other projecting into the silica patch. Ferroan 
calcite healing fractures and having syntaxial over
growth replacing the silica is also a common feature. 
T.S. 94111. Scale (c) : 0.1 & (d) : 0.5mm. 

(e) Silica as euhedral quartz (Q) crystals replacing matrix. 
T.S.80311. Scale: 0.1mm. 

(f) Euhedral dolomite and ferroan dolomite rhombs (10-30pm) 
replacing silicified patch in a crinoidal columnal, and 
having the same optical orientation of the crinoidal 
ossicle. (See text for discussion). 
T.S •. 9421. Scale: 0.1mm. 
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PLATE 28 
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SUMMARY AND CONCLUSIONS 

1. The platform marine carbonate sediments of the Dinantian of 

north-east Clwyd were characterized initially by a mixture of calcite, 

high-Mg calcite and aragonite, based on comparative mineralogy of 

related Recent taxonomic groups. Mineralogical transformation of 

the metastable high-Mg calcite and aragonite to low-Mg calcite was 

readily achieved in a meteoric-phreatic environment. 

2. Four cement fabrics were observed: a) inclusion free 

syntaxial overgrowth on echinoderm 'grains, b) circumgranular, 

isopachous prismatic crusts, c) fine polyhedral sparry cement, and 

d) drusy blocky clear cement. 

3. The first cementation episode (E.I) comprises three major 

non-ferroan syntaxial zones that can be recognised in measured sections over 

a distance of about 16 km north-south. The oldest zone (Zone 1) is non

luminescent. The second Zone is complexly sub-zoned and has moderate 

luminescence, while the third has bright luminescence. Other fabrics 

exhibited by cements of this episode are circumgranular crusts (Fabric b) 

polyhedral spar: (Fabric c) which also show fine alternating luminescent and 

non-luminescent zones. Episode 1 cements are dated as pre-compactive 

shell fracturing which might suggest an eogenetic or shallow depth of burial 

( <200m). 

4. A second cementation episode is reflected in the development of 

syntaxial Zone 4 which is faintly subzoned and has dull luminescence. This 

second episode (E.I1) in~roduced ferroan calcite into the limestones. This 

cement has dull luminescence and forms alternating zones with non-ferroan 

calcite. The ferroan calcite shows a variation in its regional 

distribution and is considered to be correlatable with cement Zone 4, 

FeU oan calcite is, in the main, dated as post-compact ive 
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fracturing and pre-stylolitization, possibly precipitated between 100 - 300 m 

burial depths. Predominant fabrics shown by cements of this second 

episode are polyhedral spar, both inter and intra granular and the outer 

part of the syntaxial rims around some crinoidal remains. 

5. A third cementation episode is manifested by the precipitation 

of clear, drusy, blocky calcite, non-luminescent and non-ferroan. This 

cement is considered to be a deep crustal cement, possibly formed at a 

burial depth of about 500 pm or more. The dating of this cement is 

uncertain. It is post-compactive fracturing and some is pre-stylolitization. 

6. Clear low-Mg calcite is the only cement present,. making on 

age rage 47.5% (range 15 - 55%) of total rock volume of the biosparite -

biosparrudite microfacies. Crinoidal biosparites from different strati

graphic levels have cement made of syntaxial 75 - 80%, circumgranular 

crusts 1%, polyhedral sparry cement 5 - 10% and drusy blocky calcite 

10 - 20%. Ferroan calcite distribution is irregular but never exceeded 

15% of total cement. Crinoidal packstones with 35% or more matrix 

have very little or no syntaxial overgrowth. 

7. The clear non-ferroan cement (Zones 1 through 3 and possibly 4 

are interpreted to have formed in meteoric-phreatic lenses, probably, 

established at very shallow burial depth (few tens of metres) i.e. 

cementation is syn-Dinantian. Evidence is as follows: 

, a) The strong substrate selectivity of the syntaxial rims, the 

geometry of the luminescent zones and the development of circumgranular 

prismatic crusts are indicative of precipitation in water filled pOres. 

b) The lack of definite vadose fabrics and absence of relics of 

marine cement suggest phreatic zone cementation. 

c) The presence of orange luminescent zones within the syntaxial 

, f M 2+, I' 'h' hi' f rims are indicatIve 0 n mc USlOns Wit 10 t e attIce 0 t~e calcite. 
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Such an occurrence is compatible with low Eh conditions (negative) 

associated with below-water table conditions. 2+ Mn presence hIles 

out oxygenated waters of marine and vadose environments. 2+ Mn contents 

of calcite syntaxial rims are too high to have been derived from marine, 

connate, of deep formation waters; because the manganese content of 

these sources is too low to account for the luminescent cements. 

(d) The presence of a number of palaeokarstic surfaces at 

different stratigraphic levels indicate the establishment of active 

meteoric regimes. The presence of dissolution microcavities within 

some of the micrite beds also indicates meteoric water influence. 

(e) No clear syntaxial calcite is ever reported on Holocene 

echinoderm fragments under marine conditions, instead fibrous aragonite, 

or fibrous or micritic high-Mg calcite usually surround the grains. 

(f) Quaternary meteoric-vadose and marine cements do not 

luminesce, whereas the meteoric-phreatic cements contain luminescing 

zones. 

(g) Irregular geographical distribution of Zones 1 - 3 are best 

interpreted as reflecting distribution of different meteoric-phreatic aquifers. 

(h) The presence of microdolomite inclusions within some of the 

echinoderm fragments indicate stabilization of high-Mg precursor mineralogy 

under meteoric water, conditions. Absence of these microdolomite from the 

syntaxial rims excludes a meteoric-marine mixing zone. 

(0 Chemical composition of the cement rims indicates low-Mg calcite 

(about 0.45 mole% MgC03) and low Sr2+ (about 220ppm), a composition 

correlatable with that of calcite cement interpreted as of meteoric origin 

(Meyers, 1974; Moore & Druckman, 1980; Wagner & Matthews, 1982. 

(j) Stable isotop; analysis of one sample indicated S13C = 0.8%0 PDB 
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. 18 and S 0 = - 8.5%oPDB. These two values agree favourably with the 

meteoric interpretation for the formation of these syntaxial cement 

rims. 

8. The second episode cement comprises both ferroan and non-

ferroan (possibly Zone 4) varieties. They show much the same 

crystal morphology, the zonal geometry and chemical composition. 

Such characteristics argue for a meteoric-phreatic environment. The 

Fe2+ uptake by' calcite may be realized in the meteoric-phreatic zone 

or possibly late connate marine pore water. Cement with alternating 

zones of different Fe2+ contents i:s unlikely to have formed in 

submarine environment~ Ferroan calcite cement also shows dull 

luminescence suggesting that it is not a precipitate from connate marine 

waters. 

9. Evidence of cement development within the biomicrites and 

biomicrosparites microfacies is probably manifested in the development 

of plane intercrystalline boundaries within 2 - 4}lm mudstones, and the 

20um calcisiltites. 

10. Neomorphic fabrics are common within the Dinantian limestones: 

(a) Syntaxial rims on echinoderm fragments and syntaxial pseudospar 

(>30pm) on in situ calcitized aragonitic skeletal grains, replacing 

micritic matrix. Some of the syntaxial replacement rims show thin, 

dull orange luminescent zones and polyhedral spar encrusting the micritic 

surface and growing into the rim indicating a possible cementation origin 

of these rims. 

(b) Microspar (5 - 30pm), is the product of aggrading neomorphism 

of micritic mudstone. Depending on the primary mineralogy of the 

lime mud, the change is presumably neomorphic transformation of the 
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original mineralogy of the carbonate mud to calcite or recrystallization 

of calcite/calcite. 1 - 2mrm islands of sparry calcite (50 - 100flm) 

within a microspar fabric are differentiated as drusy sparry cement or 

pseudospar by using cathodoluminescence and staining criteria in 

addition to the crystal morphologies. However, the pseudospar 

recognition is still largely on negative evidence. 

11. P.S'eudobrecdas are extensively developed especially in the 

northern quarries of the area of study. The dark lumps, in hand 

specimen, vary in size between 5 - 50 n:I!IIt in diameter. The smaller 

the lump the sharper its contact with host rock. They commonly 

have skeletal fragments in their centres, rarely brachiopods. These 

dark lumps are possibly recrystallized patches within bioturbated 

sediments. Some have the form of burrows; others show a size 

distribution parallel to bedding, and a restriction of patch size at any 

one level. The dark lumps constitute less than 30% of the bed volume. 

12. The common presence of- microspar within argillaceous 

biomicrosparite agrees with Folk's (1965, p.4) contention about the 

'influence of clays in the development of microspar. 

13. The calcitization of the metastable carbonates, in meteoric 

'conditions, has taken place in two ways: 

a) high-Mg calcite was stabilized to low-Mg calcite before or 

contemporaneously with the precipitation of the first episode Zone 1 cement. 

, This conclusion is based on the concept that calcite would not overgrow a 

. high-Mg calcite, and on the non-luminescent characteristics of Zone 1 and 

neomorphosed echinoderm grains. b) The calcitization of aragonite was a 

prolonged process which started at near-surface conditions (early in the 

'diagenetic evolution of the sediments) and was not completed till post-
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compaction fracturing depth, as indicated by the growth of pseudospar 

around fractured molluscan shells and the development of ferroan 

calcite pseudospar among certain microspars. 

14. Chert nodules were found developed within the upper part of 

the Dinantian sequence in north-east Clwyd. They show a replacement 

relationship to the host limestone. It is postulated that these chert 

nodules were developed pre-compaction, early in the diagenetic 

evolution of the sediments, probably, at or just below the water/sediment 

interface. Probably, before the main phase of the first cementation 

episode. 

15. Selective replacement of skeletal fragments by silica has taken 

place especially in the Upper Grey and Black Limestones. The common 

order of decreasing susceptibility being brachiopods, corals, bryozoans, 

echinoderms, molluscs and forams. The replacement process involved a 

certain degree of dissolution of the shell fabric prior to the precipitation 

of silica. The timing of the silicification episode was very early in the 

diagenetic history of the limestones, probably before the first cementation 

episode. The reasons for this conclusion are: (0 calcite cements and 

the opal silica (the precursor of chalcedony) are not equilibrium coprecipitates, 

and (ij) in the second cementation. episode, ferroan calcite replaces 

chalcedony. 

16. Silicified skeletal grains show evidence of replacement of silica 

by ferroan calcite, ferroan dolomite and dolomite. Ferroan dolomite and 

dolomite are only found replacing silica in the skeletal grains which had 

high-Mg calcite precursors. In the case of silicified brachiopod shell the 

replacement of silica is ferroan calcite. Chert nodules show the full range 

of carbonate replacement, mentioned above, but calcite dominates over other 

rhineralogies. There is a preferential calcitization of chalcedony rather 



278 

than microcrystalline quartz. 

17. A second silicification episode is presented by the development 

of euhedral to subhedral quartz crystals along stylolites. This is 

interpreted as a telogenetic feature. The silicification fluids percolated 

through the limestones using the dilated stylolites as conduits. 

18. The most likely source of silica in the Dinantian limestones is 

the biogenetic siliceous skeletons (probably sponge spicules), supplemented 

by silica being released during the mineralogical transformation of 

smectite to illite during shale diagenesis, and possibly, silica adsorbed on 

organic matter within the primary carbonate sediments. 
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CHAPTER FIVE 

GEOCHEMICAL AND Sf ABLE ISOTOPE DATA OF DIFFERENT 

COMPONENTS OF THE DINANTIAN LlMESfONES OF NORTH-EASf 

CLWYD, NORTH WALES 
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INTRODUCfION 

Trends of Modern Geochemical Studies on Carbonate Diagensis 

The early studies of trace elements in carbonate sediments and 

rocks were directed at establishing these trace elements as environmental 

indicators in ancient and Quaternary carbonates (e.g. Friedman, 1969; 

Kinsman, 1969; Bencini & Turi, 1974; Veizer & Demovic, 1974). 

More recently emphasis has shifted to the use of trace element in 

Imderstanding the diagenesis of carbonate sediments and rocks. Studies 

of Quaternary carbonates, as exemplified by the works of Friedman 

(1964), Land (1967), Land et al (1967), Wigley (1973), Pingitore (1978), 

have shown clearly that meteoric diagenesis causes a reduction in 

Mg2+, Sr2+, Ba2+, U2+ and Na + contents in calcite crystals. These 

researches have used grain and/or whole rock an1.lyses. The most 

useful geochemical studies in understanding lithification have been 

those that analysed low-Mg calcite cements in Quaternary and ancient 

rocks in works like that of Benson et al (1972), Scherer (1975), Meyers 

(1978), Schlager & James (1978), Brand & Veizer (1980), Marshal & Ashton 

(1980), Moore & Druckman (1981), Wagner & Matthews (1982), Wilkinson 

et al (1982) among others. These indicate that trace elements are extremely 

useful in unravelling critical details of cementation history. Most of these 

2+ 2+ 2+ 2+ 
studies have focussed on Mg ,Sr ,Mn and Fe and have clearly 

d .. I . f M 2+ F 2+ d M 2+ . demonstrate compOSltlOna zonmg 0 n, e an g m 

Palaeozoic and Mesozoic calcite cements. These studies have shown that 

compositional zoning, as revealed by artifical staining, cathodoluminescence, 

and electron microprobe analyses, yields a detailed crystal growth history 

and can be used to infer precipitational environments. The long-term 

stability of the low-Mg calcite crystals is indicated by the conservation 
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of trace element variations plus the sharpness of zonal contacts, and 

the sharpness of contacts between fracture-filling calcite and 

surrounding calcite of differing Fe2+ and/or Mn2+ content. It is 

clear therefore that trace elements do not diffuse through low-Mg 

calcite crystals (Richter & FUchtbauer, 1978). The work of Meyers 

(1974, 1978) has shown that compositional zoning can be used to 

establish a cement stratigraphy which in turn can be used to establish 

regional distribution of cement zones, quantify cementation episodes, to 

interpret precipitational environments and possibly to assign ages to the 

cements. Carpenter and Oglesby (1976) have developed a model for 

. .. f F 2+ d M 2+ . I' . interpreting va nations 0 e an n In ca cite cements In terms of 

Eh and pH of the precipitating pore waters. 

Further data bearing on the use of trace elements in cement studies 

are obtainable from hydrochemical studies on near-surface groundwater in 

Quaternary carbonate terrains that are undergoing diagenesis now. The 

works of Benson (1974), Moore (1973), Back & Hanshaw (1970) and 

Plumer et al (1976) show increases in ~g2+ in a down-flow direction 

within meteoric-phreatic lenses beneath Barbados, Grand Cayman, South 

Florida and Bermuda. Sr2+ also increases down flow in Barbados and 

Bermuda, but it decreases down flow in Grand Cayman. The detection 

. of toose lateral gradients by means of trace element distribution in 

conjunction with the discovery of deep fresh water aquifers off the 

Atlantic coast of the United States (Manheim & Horn, 1968) could well 

imply that the significance of meteoric-phreatic regimes extends far 

beyond those areas of the few Caribbean islands where they have been 

examined. 
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Modern research on trace elements in low-Mg calcite cements has 

shown that: I) trace elements do not diffuse out of low-Mg calcite 

crystals and that therefore the variations of trace elements reflect 

variations of pore-water chemistry during cementation; 2) trace 

elements in pore waters may be autochthonous, Sr2+ being derived from 

dissolution of aragonite and Mg2+ being derived from mineralogical 

transformation of high to low-Mg calcite; 3) Second episode cement 

may contain autochthonous Fe2+ derived from interbedded shale 

(Oldershaw & Scoffin, 1967) or from adjacent Fe-oxide rich strata 

(Meyers, 1978); 4) substantial lateral variations of Mg2+ and Sr2+ 

occur in the waters of Recent meteoric aquifers and these variations 

should be reflected in cements precipitated from such ground waters; 

5) The general behaviour of trace elements during diagenetic 

stabilization with meteoric waters suggests that the process leads to a 

decrease in Sr2~, Na + and possibly Mg2+ and an increase in Mn2+ and 

Fe2+. Such trends are commonly associated with an increase in 

textural maturity involving the transition from micrite to microspar to 

pseudospar in. progressively altered carbonates; this combination of 

trace element variations and textural maturity gives an indication of the 

"~penness" of the diagenetic system (Brand & Veizer, 1980). Choquette 

(1968) found that microspars in Mississippian limestones were isotopically 

lighter. than micrite),. Ho wever, partially closed diagenetic systems are 
. . 

very common and transfer of the chemical and textural information from 

the dissolving phase to the precipitating phase proce~ds via a "mess:..nger 

film" water in the partly closed reaction zones (Brand & .veizer, 1980). 

As with trace and minor elements, carbon and oxygen stable isotopes 

have been used extensively as indicators of diagenetic environments (e.g. 
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Keith & Weber, 1964; Tan & Hudson, 1974; Allan & Matthews, 1977, 

1982; Meyers & James, 1978; Walls et ai, 1979; Dickson & Coleman, 

1980; Marshal, 1980; Brand & Veizer, 1981 to mention a few). 

However, again the most pertinent studies relative to ou r research 

are those that dealt with calcite diagenesis after stabilization of 

metastable carbonates. These can be grouped into four categories: 

1) experimental studies on isotopic exchange reactions in carbonates; 

2) studies of Quaternary carbonates; 3) studies of ancient carbonates; 

4) studies of isotopes in modern groundwaters in carbonate terrains. 

1) Critical to using C and 0 stable isotopes is the question of the 

isotopic stability of calcite and whether exchange takes place in the 

solid state. Anderson's (1969) experiments focussed on this problem 

and he concluded that in crystals >5 pm and low temperature <2000 C 

solid state diffusion should be insignificant even on a geological time 

scale. One problem in evaluating Anderson's data is that he used a 

dry system, the question is how directly applicable is this to a wet 

system, since water cannot enter the crystal lattice. 

Other experimental work on the fractionation of oxygen in exchange 

reactions between dissolved carbonate and water, and between calcite and water 

has been designed for establishing a palaeotemperature scale (e.g. Epstein 

et ai, 1953; Clayton, 1959; Craig, 1965). The fractionation of oxygen 

isotopes during equilibration between a carbonate and water is a function 

of temperature. For calcite the relationship is given by Shackleton & 

Kennett (1975) as: 

TO C = 16.9 - 4.38 (Sc - Sw) + 0.10 (Sc - Sw)2 

Where (6 C - ow) is the measured difference in 0
18

0 between calcite and 

water. 
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2) The importance of diagenesis in the meteoric water environment, 

I · . d I' f 13C d 180 , h . . . h resu tmg m ep etlon 0 an m t e precIpitates Wit progressive 

stabilization of the metastable carbonates, has been demonstrated by a 

number of studies of Quaternary carbonates (Gavish & Friedman, 1969; 

Land, 1970; Land & Epstein, 1970; Allan & Matthews, 1977, 1982). 

3) An important finding that has evolved out of isotopic studies of 

ancient limestones is that, within their diagenetic low-Mg calcite, the 

extent of the resulting difference from the original sediments will 

depend on the isotopic composition of the water, on the temperature 

difference from that of the original marine precipitation, and on the 

relative masses of water and carbonate involved (Hudson, 1977, p.643). 

Because pore-water contains little carbon as compared to oxygen, carbon 

isotopic composition is much less liable to change by dissolution

reprecipitation, which only occurs in substantially open systems where the 

carbon in pore-water to carbon in rock ratio is appreciably high. This 

has been supported by the similarity of S13C of Recent marine 

sediments to whole rock analyses of ancient marine limestones (Hudson, 

1975); by the similarity of Recent marine organisms and unaltered 

ancient counterparts (Lowenstam, 1961; Brand, 1982); by the marine 

S13C values of Palaeozoic cements interpreted as of marine origin on 

petrographic evidence (Davies & Krouse, 1975; Walls et ai, 1979; Hudson 

& Coleman, 1978). 

The similarity of S13C values of ancient and Quaternary meteoric 

low-Mg calcite cements to those of Recent marine sediments (Allan & 

Matthews, 1982; Hudson, 1977; Meyers & James, 1978; Brand & Veizer, 

1981), is taken to imply that the carbon that goes into the calcite 

cement is autochthonous {Allan & Matthews, 1982}; i.e. it is presumably 



285 

derived from the marine sediments by exchange of carbon by the process 

of dissolution and reprecipitation, or by pressure solution (Hudson, 1975, 

1977). 

The negative 8180 values of most ancient cements could well 

indicate isotopically light water as the precipitating media, or increasing 

tempe-rature and isotopic evolution of the pore water during burial, or 

both (Dickson & Coleman, 1980). The problem of Mississippian ocean 

water being lighter in oxygen isotopes than present day (Vnizer & 

Hoefs, 1976), "0,__ is far reaching in implication, yet, many aspects of 

this concept remain unresolved. 

Several studies have highlighted the value of analysing individual 

components rather than whole rock, for example, works like those of 

Davies & Krouse (1975), Walls et al (1979), Dickson & Coleman (1980), 

~iarshal & Ashton (1980), Marshal (1980) and Brand & Veizer (1981).' 

These have yielded much data on timing of cemertation and precipitational 

environments. This should clearly be the approach of future studies. 

4) Hydrochemical studies of Recent meteoric aquifers have 

demonstrated gradients in S13C and S180 with values becoming lighter 

downflow (Fritz et ai, 1974; Smith et ai, 1975; Plummer et ai, 1976). 

In the light of the rarity of significant solid state diffusion of Mg2+, 

Sr2+, S180 and S13C in carbonates; similar gradients should be imprinted 

in the chemistry of ancient cements precipitated out of comparable 

phreatic flow systems. 

The chemical and isotopic compositions of all the components of a 

I " "" f" t"" " limestone evo vmg 10 a near-sur ace me eonc enVlronment are 10 part 

controlled by the chemistry of the meteoric bulk aquifer water. 
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However, diagenesis of all carbonate rocks proceeds in discreet 

reaction zones, on solid-liquid-solid interfaces .(Veizer & Demovic, 

1974; Veizer, 1977; Pingitore, 1978; Brand & Veizer, 1980). The 

chemistry of the water in the reaction zone, through which the passing 

of the chemical and textural information from the dissolving phase to 

the precipitating phase takes place, is controlled by diffusion within 

.he zone and by flow transport rates between this zone and the 

surrounding meteoric bulk aquifer water (Brand & Veizer, 1980; 

Pingitore, 1982). Thus many carbonate components retain measurable 

chemical differences, which reflect their original depositional 

composition, to the extent that their dissolution-reprecipitation took 

place in a closed rather than an open system. 

Theoretical considerations 

Under particular environmental conditions, carbonate phases which 

precipitate from a given solution incorporate trace elements according 

to the partition coefficient of these elements between the carbonate 

phases and the parent solution. This applies to inorganically and 

organically precipitated carbonat~s (aragonite, high-Mg calcite, low-Mg 

calcite and dolomite) in both the sedimentary marine environment and 

diagenetic meteoric environment. However, for bilogical carbonates, 

biogenic fractionation (which does not equal the experimentally determined 

c - inorganic ) 
. K element. 

Milliman, 1974). 

has been reported for many biota (Lowenstam, 1961; 

The partition coefficient K~X of a trace element (t) 

between a crystallizing crystal phase (MX) and its super-saturated 

aqueOUS solution (1) with which the solid phase(s) is presumed in 

equilibrium can be expressed by the following equation: 
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Where m denotes concentration (moles of the very dilute solution, 

or activity for solutions of higher ior.~c strength) and M denotes the 

cation of the major phase. 

In an open or partly closed diagenetic system and/or in single 

or multiple dissolution-reprecipitation events, equilibration will result, 

in general, in a decrease of concentration for elements with coefficient 

2+ 2+) less than one (e.g. Mg ,Sr and to an increase for those with 

coefficient greater than one. The greater the deviation of a 

particular partition coefficient from unity the stronger the depletion or 

enrichment for a given degr~e of diagenetic equilibration with meteoric 

water. 

In the diagenetic 'near surface meteoric environment, aragonite 

and high-Mg calcite are unstable, while low-Mg calcite is the stable 

phase (Land, 1967; Schroeder, 1969). Accordingly the two metastable 

phases will alter to the more stable phase, while primary low-Mg calcite 

will retain its original chemistry. 

Pingitore 1976, 1978) and Brand and Veizer (1980) advocated that 

increasing diagenetic alteration, as a result of equilibration with meteoric 

water, should result in an enrichment of Mn
2

+ and Fe
2

+ and depletion of 

Sr2+ and possibly Mg2+ in the final low-Mg calcite. They also 

advocated that the degree of the "openness" of the meteoric diagenetic 

2+ 2+ 
alteration is measured by Mn content; i.e. Mn content of carbonate 

components is a good indicator of the degree of diagenesis. Progessive 

equilibration with meteoric water will lead to an assemblage where all 

components are in equilibrium with pore water. However, the majority 

" 
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of the published data suggests that most of the stabilized carbonates do 

2+ ( not exceed the range of Mn values and thus the degree of the 

openness of the diagenetic alteration) of 30 - 300ppm. Within this 

range the original Sr2+ differences of mineralogical phases are still to 

some degree preserved although the absolute concentrations are lowered 

(Brand & Veizer, 1980). 

The chemistry of the different compor:ents of the Dinantian 

limestones was tested against this model. 
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Application of the Geochemical Analysis in the Study of Diagenetic 
Evolution of the Dinantian of North-East Clwyd 

The foregoing discussions in Chapter Four have established a 

theoretical framework of cement stratigraphy and petrography for 

an examination of the main lithification episodes of the Dinantian 

epeiric carbonates of North Wales. The main conclusion, that the 

first ~pisode cement, (Zone 1-3), and possibly the se~ond generation 

{Zone 4 + Fe calcite}, were precipitated in a meteoric-phreatic' 

environment, has to be substantiated by the chemistry of the 

precipitated calcite. The determination of a cement stratigraphy 

{p. 215} made it possible to correlate data from calcite cements of 

similar ages, {rather than cement that varied widely in age in spite 

of being in the same rock}. The petrographic evidence put constraints 

on maximum burial depth and thus on maximum precipitational and 

burial temperatures (p.216). Specifically, Zones 1-3 cements were 

precipitated under a maximum overburden of 200 mj Zone 4 and the 

ferroan calcite were probably precipitated under an overburden of 

about 200 - 300 m; while the late drusy blocky calcite probably 

started to precipitate at a depth of about 500'm, shallower than the 

maximum depth of burial of the limestones, of around 1500 m {p. 52}. 

This gives precipitational temperature of less than 250 C for Zones 1-3 

cements and less than 45 0 C for the third cement. 

The coarse crystal size of the syntaxial cements on crinoids makes 

diffusion loss of trace elements and isotopes {if it ever takes place} from 

cement crystals less likely than with small crystals. Accordingly, unless 

these syntaxial rims show definite signs of neomorphic alterations, such 

as replacement of skeletal grains or containing distinguishable inclusions, 
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they should reflect the chemistry of the water in which they were originally 

developed, as far as trace elements and isotopes are concerned. The 

sampling of the syntaxial cements presented some problems, because 

most of the syntaxial overgrowths show zoning. This will be 

discussed further in the section about methods. 

The Welsh hinterland stood up as a positive land mass during most 

of the Upper- Palaeozoic. This terrain may have been a major 

recharge area for any meteoric/phreatic groundwaters in the carbonate 

sediments. The near absence of carbonate rocks from the pre-

Dinantian terrain excludes an allochthonous source for the first generation 

cement at least. Run-off from such a terrain may have yielded 

distinctive suites of trace elements and probably isotopic ratios that 

subsequently would have been incorporated in the calcite cements. 

The presence of numerous palaeokarstic surfaces suggests the establish

ment of a succession of Dinantian carbonate aquifers, each with its own 

hydrologic regimes with an overall similar chemistry of water. These 

might be reflected in the similar chemistry of the neomorphosed 

skeletal grains and the precipitated cements. Clearly only through a 

chemical approach can the previously discussed interpretations and 

lithification models be further tested and refined. 

I would like to emphasise that the chemical work carried out during 

this study is merely a reconnaissance s~vey to test primarily for a 

possible imprint of meteoric pore water, and supporting evidence of 

shallow phreatic environment for the precipitation of the first and 

possibly the second cements. Analyses were carried out on individual 

components of the biosparite lithofacies. The fine-grained limestones 

(biomicrites, biomicrosparites) were analysed as a whole rock. A few 
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whole rock samples of biosparites were also analysed to test the 

difference between the chemistry of individual components and that 

of the whole rock. 

It was originally hoped to establish a standard composition for a 

marine low-Mg calcite with which other compositions could be 

compared. We sought such a standard in the biogenic fibrous calcite 

of the pseudopunctate shells of Gigantoproductus sp. As chemical 

work progressed, the establishment of such a standard proved inadequate 

because most of the shells showed slight modification of the fibrous 

structure through the incorporation of some diagenetic calcite within 

the shell. fabric. This would have affected significantly the trace 

element contents and the isotopic ratios. Accordingly, we reverted to 

comparing the results of the analyses to published data of calcite 

believed to have been precipitated from near-surface meteoric phreatic 

waters. 

METHODS 

(a) Chemical Sampling 

Techniques for microsampling used in this study followed the following 

procedures: 

(0 I Each rock sample was cut into two and the two opposed 

surfaces were polished. From one a slice was made and from the other 

samples were taken for analysis. The opposite surface of the slab from 

which the thin-section was made, was hand-polished using carborundum 3000 

powder then jeweller rouge. This surface was then stained to differentiate 

ferroan calcite cements. 
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i 

(ij) The polished thin sections (above) were mounted on glass 

slide using epoxy resin and were finished with O.3pm AI-oxide powder. 

These were examined for cathodoluminescence to establish the 

distribution of the different zones of cement and to determine their 

accessibility for sampling. We were hoping for relatively large 

samples of cement zones (about 100 mg); in the end we had to settle 

for much less than that (about 50 mg). On the other hand, there was 

no problem in getting adequate samples of skeletal grains. 

(iii) The polished slabs (above) were etched with 2% HCI for 

30 seconds after staining to remove any powdered carbonate produced 

during the polishin~ process and still clinging to the surface even after 

staining. 

(iv) Using a sewing needle mounted on a hand chuck, 

crystals were picked out of the polished surface of the slab under a 

binocular microscope. The picked cement was gathered on black paper 

before transfer to a sample bottle. By this method we managed to 

sample cement zones down to about 100Jlm thick. This is satisfactory 

considering that Zones 1-3 cements are commonly 100 - 300pm thick 

together. Therefore most samples consist of a combination of all 

these three zones cements. Others consist of ferroan calcite, or drusy 

blocky calcite. However, in some cases we managed to get nearly pure 

separates of individual cement zones, in samples in which one of these 

zones greatly predominates over or is present to the exclusion of other 

cement zones (e.g. Sample CR, Table 1 , which is predominantly Zone 2). 

On average a 50 mg sample took two working days to separate. 

For sampling large gigantoproductid fragments, an engraving drill 

was used and it was possible to separate large samples of shell in a 



relatively short time. Sewing needles and engraver tips were treated 

first with 2% HCI for 30 seconds to eliminate contamination between 

samples. 

Analytical Techniques 

A total of 42 samples (about 50 mg each) of cement, skeletal 

fragments and whole rock, were treated with 30 ml of 0.5N acetic 

acid for 3 hours. The acid extract was then filtered on a pre-weighed 

glass fHier funnel and the volume made up to 50 mI. The insoluble 

residue (IR) caught on the filter funnel, was dried and weighed. 

Magnesium, strontium, manganese and calcium (not a trace element) 

were determined on a Varian AA-275 series Atomic Absorption 

Spectrophotometer, using an air-acetylene flame. LaCI3-6H20 was 

added to Mg2+ and Ca2+ diluted solution and a standard solution to 

reduce interference between ions present. Total iron (mainly Fe
2

+ in 

the calcite lattice) was determined by reaction with bipyridyl at a 

slightly acidic pH, a red colour being formed. The intensity of the red 

{i.e. Fe2+ content} was determined with a.SP6-450 UV/vis Spectrophoto-

meter (pye Unicam). 

The average accuracy and reproducibility were: Mg2+ (8.7, 3), 

Sr2+ (19.3, 5.2), Mn2+ (18.3, 4.9), Fe2+ (9.2, 3.4) and Ca2+ (7.2, 2.3) 

relative percent respectively. 

Carbon and oxygen stable isotopic ratios of some of these samples 

were measured by analysing the cq which was liberated by reaction of 

around 10 mg of carbonate sample with 100% phosphoric acid at 250 C 

(McCrea, 1950). Isotopic ratios were determin~d on a "Micromass 602" 
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mass spectrometer at the Institute of Geological Sciences, London, and 

corrected using standard procedures (Craig, 1957). Analytical errors 

of less than 0.05%0 are associated with individual isotopic determina-

tions. 

Constraints on the Interpretation of Trace Element Composition 

In addition to the controlling factors of trace element distribution 

and depletion discussed earlier (p.282), the following points restrict the 

interpretation of trace element compositions. 

I) Compared with seawaters, meteoric waters usually have 

significantly lower Sr2+ and Mg2+ contents about I ppm and 4.1 ppm 

respectively compared to 8 ppm and 1272 ppm in seawater (Epstein & 

Mayeda, 1953; Livingston, 1963; Mason, 1966). Formation water 

salinities are known to range from about 50%0 to more than 300%0. 

2+ 2+ d 2+ The Sr , Mg an Ca contents of these formation waters show wide 

variations. Compared with seawater the Mg2+ /Ca2+ ratios of formation 

waters are lower (0.3 compared with 5.1), whereas their Sr2+/ Ca2+ 

ratios are higher (0 .• 017 compared with 0.009) (Chave, 1960; White, 1965; 

Collins, 1975; Moore & Druckman, 1981). 

2) The behaviour of Sr2+ as a trace element is far more complex 

than previously thought. Evidence is mounting which substantiates 

Suggestions that experimentally determined distribution coefficients of 

5r2+ for calcite do not apply under actual diagenetic conditions • 

. Kitano et al (1971) demonstrated a kinetic effect on the distribution 

2+ ( d B 2+). 1· coefficient for Sr an a In ca cite: more Sr-rich crystals were 

observed at more rapid precipitation rates. Katz et al (1972) experimentally 
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determined a value of the distribution coefficient of Sr2+ in calcite 

of about 0.07, less than Kinsman's 0.14 (1969). He suggested that 

if such a value was accepted, the relatively low concentration of Sr2+ 

in ancient limestones need not have been due to reaction with 

meteoric water. (i.e. neomorphism under seawater could result in the 

reduction of Sr2+ content to about 700ppm in limestones lithified under 

submarine conditions). 

3) The data for, the partitioning of Mn2+ are documented in a 

number of published works (Michard, 1968; McIntyre, 1963; Bodine et ai, 

1965). Michard (1968) and Pingitore (1978) calclllated that calcite 

with more than 30" - 50 ppm Mn
2

+ content cannot precipitate out 

of seawaters. Shallow meteoric groundwaters (a few tens of meters 

below the water table) and deep subsurface meteoric aquifers (a few 

hundreds of metels) are more likely media for precipitating Mn2+ 

bearing calcite than deep saline formation waters (White, 1965; Meyers, 

1974) • 

. ", 4) Nearly all the iron in seawater is in the ferric state (Fe3+) 

(Gross, 1972, MacIntyre, 19iO; Richter & FUchtbauer, 1978). Therefore 

ferroan calcite cannot precipitate out of normal seawaters (Meyers, 1974). 

All the iron in the aerated surface waters is also found in the ferric 

(Fe3+) state", whereas shallow subsurface aquifers - especially below the 

sUlphate reduction zone (<10 m) Curtis (1977) have considerably higher 

Fe2+ /Ca2+ ratio. A deep (> 1000m) saline formation water from a 

limestone reservoir has I/S the ratio of shallow meteoric aquifers (White 

et ai, 1963). Accordingly neither very shallow aquifers «lOrn) nor deep 

saline formation waters are likely to be a precipitational environment of 

ferroan calcite on the basis of their ferrous iron (Fe
2
1content (Meyers, 
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1974). Although there are indications of a meteoric-phreatic origin 

for ferroan calcite cement, on the other hand, a connate marine 

pore-water cannot be excluded completely (Richter & Fuchtbauer, 1978). 

RESULTS 

Table 1 shows the mole % of CaC03, MgC03, SrC03, MnC0
3 

and FeC0
3 

for the samples analysed by atomic absorption spectrophoto-

metry. Table 1 B shows the same data expressed in ppm for easy 

comparison with published analyses. Also S13C and S180 values are 

reported wherever available in Table 2. The discussion below is 

restricted Ihainly to two petrographic' components (a) brachiopod shells 

and (b) cements. 

Trace elements 

(a) Brachipod shells 

Eleven samples of the genus Gigantoproductus Spp. were selected. 

The shells were sectioned, polished, and stained. Detailed petrographic 

examination of these shells indicated primary fibrous calcite skeletons 

with no apparent diagenetic alteration. 

The original chemical composition of a shell is determined by crystal 

chemistry, the physiology of the organism, and the water chemistry, as 

well as ambient temperature (Lowenstam, 1961). The mineralogic form 

of carbonate in the articulate brachiopod is low-Mg calcite (Chave, 1954; 

Lowenstam, 1954; Jope, 1965; Richter, 1972). It was found that the 

. 2+ 2+ h h f variations 10 Sr and Mg contents, suc as t ose 0 samples BF through 

to BS (Table 1 ) as compared to Lowenstam (1961, Table 1) and Jope 
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(1965) suggest that these may characterise the species of various 

genera and orders among the articulate brachiopods. Present day 

species give a range of MgC03 content from 0.5 to 7.3 mole %, but 

mostly the contents are between 1 and 2 mole %, while Sr C03 contents 

vary between 0.13 - 0.23 mole % (1000 - 2000ppm) (Lowenstam, 1961). 

Jope (1965) analysed 13 samples: twelve of them contained less than 

I mole % (1 wt. %) MgC03 and only one shell contained 10 mole % 

(8.6 wt. %). Fossil articulate brachiopod shells were reported by 

Lowenstam (1961) to give Sr C03 contents comparable to present day 

species, whereas MgC03 contents were less than I mole %, except for 

three samples of the species Chonetes cf kingi, (Mississippian), which 

contained 2.5 - 3.27 mole % MgC03• 

The eleven samples analysed in this study reflected relatively 

similar chemistry (Table 1 Samples BF to B5). 

The shells examined reflect generally low MgC03 and SrC03 

contents compared to other fossil shells of the same order and age 

(Lowenstam, 1961) (i.e. Gigantoproductus Spp. vis -a-vis Chonetes Sp.). 

The brachiopod samples with the lower MgC03 contents (e.g. BF, BH, 

B4, B5) were found to be depleted also in SrC03• The MnC03 contents 

were nearly the same for most of the brachiopod shells except for two: 

samples B4 & B5 (Table 1 B ) which contained higher proportions 

MnC0
3

• These two samples (B4 & B5) were also found to have 

relatively high FeCD
3 

content. The brachiopod shell contents of 

FeC0
3 

were found variable with a maximum of 140 ppm (sample BO 

Table 1 B ). There is no correlation between l\e
2

+ and either Mg2+ 'or 

Sr2+ contents. 



~~IN ELEMENTAL COMPOSITION OF CERTAIN COMPONENTS OF THE 
BRIGANTIAN LIMESTONES OF NORTH WALES 

M 0 1 

Sample Description' CaCO) MgCO) SrC03 MnCO) 

BA Br. shell 93.5 1.25 0.10 0.007 
BC Br. shell 94.7 1.23 0.06 0.008 
BD Br. shell 88.5 1.53 0.11 0.006 
BF Br. shell 97.3 0.66 0.05 0.007 
BG Br. shell 97.3 1.03 0.06 0.007 
BH Br. shell 89.8 0.62 0.06 0.011 
BJ Br. shell 92.4 0.45 0.05 0.007 
Bl Br. shell 97.0 1.07 0.11 0.006 
B2 Br. shell 96.0 1.20 0.11 0.007 
B4 Br. shell 97.3 0.67 0.05 0.023 
B5 Br. shell 97.8 0.81 0.03 0.014 

CR06 Crinoid columnal 98.6 0.66 0.02 0.016 
CROll Crinoid columnal 97.2 1.21 0.03 0.016 

CL05 Lithostrotion Sp.* 98.1 0.31 0.04 0.012 
CL010 Lithostrotion Sp.± 98.1 0.64 0.02 0.012 

MB Biomicrite (arg.) 84.7 1.91 0.11 0.035 
ME Micrite (calCite silt) 90.5 1.17 0.03 0.022 
M15 Micrite (arg.) 84.3 1.19 0.06 0.017 

NY. Pseudospar (in moll. cast) 89.8 0.68 0.05 0.006 
N7 Pseudospar (in micrite) 97.3 1.11 0.04 0.015 
N8 Microspar (in pseudo-br.) 95.8 1.11 0.06 0.023 
N9 Pseudospar (in pseudo-br.) 98.3 0.83 0.03 0.017 
NlO Microspar (in wackstone) 97.8 0.69 0.03 0.019 
Nll Biomicrosparite 97.9 0.35 0.02 0.012 

Br. = Brachiopod; argo = argillaceous; ± samples include cement; 
pseudo-br. = pseudo-breccia; ND = Not detected; IR = Insolu_ble. residue. 

e 

FeC03 

0.011 
ND 

0.025 
ND 
ND 
ND 
ND 

0.007 
0.016 
0.019 
0.013 

0.010 
0.009 

0.005 
0.003 

0.101 
0.023 
0.027 

0.034 
0.028 
0.034 
0.037 
0.035 
0.009 

% 

IR Total 

94.868 
95.998 
90.171 
98.017 
98.397 
90.491 
92.907 

0.39 98.583 
0.39 97.723 
0.58 98.642 

98.667 

99.306 
98.465 

98.467 
98.775 

8.73 95.586 
91.745 

15.21 100.804 

90.570 
0.39 98.883 
1.51 98.537 

99.214 
98.574 
98.291 

TABLE 1 N 
co 
Oil 



Sample Description CaCO) MgC03 5rCO) MnCO) FeCO) IR 

SL Oolitic lithoclast 97.3 0.66 0.03 0.024 0.043 
5N Oolitic biosparite 94.8 0.54 0.02 0.022 0.046 
512 Biosparite 97.3 0.63 0.03 0.027 0.007 0.35 
513 Biosparite 97.3 0.46 0.02 0.016 0.013 0.75 
514 Biosparite 94.8 0.56 0.04 0.C61 0.032 1.77 
504 Biopesparite 98.1 0.60 0.03 0.046 0.024 

CM C3 LMC cement (vug fill) 92.9 0.47 0.07 0.015 0.041 
CP Cl LMC cement (synt rim) 91.6 0.45 0.02 0.026 0.036 
CQ C3 LMC cement (Br. fill) 92.6 0.85 0.07 0.017 
CR Cl LMC cement (Inter-gr.) 92.4 0.44 0.05 0.020 0.036 
C5 Cl LMC cement (Cr. fill) 97.'4 0.38 0.02 0.018 0.036 
CT Cl LMC cement (Cr. fill) 92.3 0.61 0.02 0.036 0.020 
CO2 Cl LMC cement (Cr. fill) 99.4 0.37 0.02 0.027 0.014 
COl C3 LMC cement (Br. fill) 98.8 0.91 0.07 0.016 0.027 
C6 C2 FC cement (vug fill) 98.1 0.64 0.04 0.021 0.333 
C18 C2 FC cement (Inter-gr.) 98.9 0.68 0.03 0.020 0.304 

D17 FD (Br. fill) 58.9 36.90 0.06 0.064 1.555 1.68 

V08 Calcite vein 99.1 0.38 0.04 0.017 0.005 

LMC = Low Magnesian Calcite; FC = Ferroan Calcite; FD = Ferroan Dolomite; Br. = Brachiopod; 
Cr. = Crinoid; Inter-gr. = Intergranular. 

Total 

98.057 
95.428 
98.344 
98.559 
97.263 
98.800 

93.496 
92.132 
93.537 
92.946 
97.854 
92.986 
99.831 
99.823 
99.134 
99.934 

99.159 

99.542 

~ 

CD 
CD 



Table 1 B 300 

MAIN ELEMENTAL COMPOSITION OF CERTAIN COMPONENTS OF THE 
DINANTIAN LIMESTONES OF NORTH WALES (Parts per million - in solids) 

Sample Description 

BF Br. shell 
BG Br. shell 
BH Br. shell' 
BJ Br. shell 
BA Br. shell 
BC Br. shell 
BD Br. shell 
B1 Br. shell 
B2 Br. shell 
B4 Br. shell 
B5 Br. shell 

CR06 Crinoidal columna1* 
CROll Crinoidal columnal* 

Cl05 Lithostrotion Sp.* 
ClOlO Lithostrotion Sp.* 

MB Biomicrite (arg.) 
ME Micrite (Calcite silt) 
M15 Micrite (arg.) 

390000 
390000 
360000 
370000 
375000 
380000 
355000 
389000 
385000 
390000 
392000 

395000 
390000 

393000 
393000 

340000 
363000 
338000 

N7 
N8 
N9 
N10 
Nll 
NK 

Pseudospar (in micrite) 390000 
MlicroBp-ar' (in pseudobr.) 384000 
Pseudospar (in pseudobr) 394000 
Microspar (In wackstone) 392000 
Biomicrosparite 392000 
Pseudospar(in,molLcast) 360000 

5L 
5N 
512 
513 
514 
504 

Oolitic lithoc1ast 
Oolitic biosparite 
Biosparite 
Biosparite 
Biosparite 
Biope1sparite 

390000 
380000 
390000 
390000 
380000 
393000 

1600 
2500 
1500 

·1100 
3030 
3000 
3720 
2600 
2920 
1630 
1960 

1610 
2940 

750 
1560 

4650 
2850 
2890 

2700 
2700 
2020 
1670 
840 

1660 

1600 
1320 
1540 
1120 
1350 
1450 

430 
500 
500 
420 
850 
520 
960 
950 
950 
400 
300 

160 
250 

330 
180 

990 
260 
550 

370 
490 
280 
300 
130 
460 

285 
210 
265 
160 
335 
260 

Mn++ 

40 
40 
60 
40 
40 
44 
34 
33 
39 

128 
78 

87 
90 

64 
65 

194 
120 
94 

84 
124 

95 
105 

65 
35 

130 
120 
148 

86 
335 
255 

ND 
ND 
ND 
ND 
60 
ND 

140 
37 
92 

104 
75 

58 
52 

26 
16 

565 
130 
154 

156 
192 
206 
195 
55 

200 

240 
260 

40 
72 

178 
135 

CM C3 LMC cement (vug fill) 372000 1130 650 80 228 
CP C1 LMC cement Gynt.rim) 367000 1100 140 140 200 
CQ C3 LMC cement (Br.fill) 371000 2060 640 93 
CR C1 LMC cement (lnt.gr.) 370000 1070 400 110 200 
C5 Cl LMC cement (Cr.fl1l) 390000 910 180 100 200 
CT Cl LMC cement (Cr.fill) 370000 1490 170 200 110 
C02 C1 LMC cement (Cr.flll) 398000 910 190 150 78 
COl C3 LMC cement (Br.fill) 396000 2200 630 90 150 
C6 C2 FC cement (vug fill) 393000 1550 375 115 1860 
CIS C2 FC cement (lnt .gr. ) 396000 1650 290 110 1700 

D17 Ferro~n Dolomlte(B~fill)250000 95000 560 375 9200 
vaS Vein 397000 930 380 96 28 
LMC : low Magnesian calcite FC = Ferroan calCite 
lnt. gr. : inter-granular Br. = Brachiopod Cr. = Crinoid 
-samples include cement 
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(b) Crinoidal Columnal 

The present day mineralogy of nearly all the Carboniferous 

crinoidal remains is non-ferroan low-Mg calcite, and is accompanied 

by epitaxial cementation of the fenestrate stereom. This indicates 

stabilization of the original high-Mg calcite skeletons (Recent 

echinoderms are composed of high-Mg calcite, 7-14 mole % MgC03; 

Milliman, 1974) relics of which are found as microdolomite inclusions 

within otherwise monocrystalline grains. Very few crinoid-bioclasts 

show ferroan calcite filling the stereom (Fig.24) and even fewer show 

microcrystalline calcite filling the stereom (Plate 2 ). 

Because intragranular cement constitutes about half of the 

crinoidal grains, it was thought that the analytical result would be 

difficult to interpret since they represent the product of two 

processes: mineralogical transformation of high to low-Mg calcite 

skeletons and cementation. It is possible of course that the two 

processes took place under the same subsurface conditions and possibly 

penecontemporaneously, though such a situation (Land, 1967) is very 

difficult for us to prove. 

Two samples were analysed (Table 1 , samples CR'06 and CROll) 

from twO beds in the Upper Grey Limestone. Both analyses gave 

closely similar compositions except for MgC03 where CROll has twice 

the content as of CR06, though still only about 1 mole %. 

(e) Corals 

Two corallia of the genus Lithostrotion Sp, were analysed, (Table 



302 

samples CLOS and CLOIO). The likelihood of including some cement 

crystals in the samples renders the results unrepresentative of the 

corallia, as in those of the crinoids. However, the chemistry of a 

low-Mg calcite with depleted trace elements is quite distinctive. 

(d) Whole Rock 

,) 

Eight samples of fine-grained limestones including biomicrite, 

biomicrosparite, calcite-silt, and microspar (Table 1 ,samples MB, 

ME, & MIS, N7 - NIO showed MgC03 of about I mole % except for an 

argillaceous biomicrite (sample MB) which had about 2 moles % MgC03• 

This sample also showed a higher content of other trace elements. The 

most depleted sample in all trace elements was that of biomicrosparite 

(Mil). 

Six samples of grainstone (oosparite, biosparite and biopelsparite) 

were also analysed (Table 1 ,samples SL - 504). Comparing the 

composition of these sparites with those of the fine grain ones shows 

slightly more Mn2+ in the sparites than in the mudstone (from about 

100 to 200 ppm) and a minor depletion in MgC03 to about 0.6 mole %. 

(e) Cements 

1. First episode cement: . 
~ 

Five samples of zoned crystals (Zone 1-3 

mainly) of these cements were isolated (Table 1 ) and analysed, two 

intergranular calcite (a syntaxial overgrowth on a crinoid (sample CP) 

and an equant sparry crystal (sample CR), and three syntaxial overgrowth 

crystals filling central canals of crinoid columnals (samples CS, CT & C02). 
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The concentrations of all the trace elements measured contrast strongly 

with those of low-Mg calcite precipitated from Recent marine waters, 

i.e. about 3.5-5 mole % MgC03 in low-Mg calcite precipitated in cold 

marine water below the oceanic thermocline (Schlager & James, 1978), 

and they are in agreement with values reported for low-Mg calcite from 

meteoric origin. Thus the MgC03 mole % of samples from Table 1 

on average 0.45, comp:ues favourably with those of Meyers" (1978) 

of 0.28, Moore & Druckman (1981) of 0.46 and Wagner & Matthews (1982) 

of 1-1.5, for calcite cements believed to have been precipitated from 

meteoric waters. The low Sr2+ values (mean 180 ppm) of this calcite 

cement also suggest a meteoric origin {Kinsman, 1969, Land, 1973; 

Veizer, 1977 (100-250 ppm); Morrow & Meyers, 1978 (mean 143ppm); 

Brand & Veizer, 1980 (100-300 ppm). The calcite also has significantly 

higher Mn2+ concentration (100-200 ppm) than that of a calcite 

precipitated from seawater (30 ,-50 ppm) (Michard, 1968; Pingitore, 1978); 

whereas calcite produced as a result of stabilization under meteoric water 

or precipitated from it was found to contain comparative concentrations 

(Friedman, 1969 (150-400 ppm); Meyers, 1974 (200-800 ppm); Pingitore, 

1978; Brand & Veizer, 1980, (30-300ppm, few as high as 700ppm). 

2. Second episode cement: This cement incorporates' two varieties 

of calcite: ferroan and non-ferroan, commonly occurring as alternate 
1· 

zones. The non-ferroan variety is difficult to differentiate from those 

of the first generation calcites. This compelled us to restrict sampling 

to the ferroan calcite to avoid possible mix up between the cement 

generations. 

Two samples of unzoned ferroan calcite cement were isolated and 
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analysed, from intergranular equant sparry crystals and a vug fill 

of drusy ferroan calcite in biosparrudite. These two samples (C6 & 

C18) "I d Th Mg2+ d S 2+ f gave SImI ar ata. e an r contents 0 the ferroan 

calcite (mean 0.66 mole % and mean 350 ppm respectively) although 

they show a small increase compared with that of the first generation 

h 2+ cement, are still rather low. T e two Mn contents are the same 

as the cement. The greatest increase, as compared with the calcite 

of the first cement, is in the Fe
2

+ content of the ferroan calcite. 

A ninefold increase (1800 ppm compared with 200 ppm) in the Fe2+ 

content indicates a drastic change in the chemistry of the pore water. 

Nevertheless, this change in pore water need not have taken place 

during a short period, and could have built up over a long period. 

, f F 2+ 'h' 'h h Gradual bUIld up 0 e WIt 10 pore water mig t ave occurred with 

increase in temperature as a result of increase in burial and consequently 

increase in leaching of Fe
2

+ from shale. The occurrence of ferroan 

calcite crystals post-dating some stylolites (p.234) suggests several 

generations of ferroan calcite cement, though on a local scale. Certainly 

the level of Fe2+ in the pore water had fluctuated. This is reflected 

in the alternate zones of ferroan with non-ferroan calcite in the outer 

parts of the syntaxial rim cements (p.197). 

3. Third cementation cement: Three samples of this cement were 

isolated and analysed, two from a brachiopod fill and one vug fill. 

All were post compactive fracturing. 

Trace element compositions of this cement differ from those of 
,1' " 

Mg2+ content has increased twofold to the first episode as follows: 

, 
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9 I % S 2+ . h' h b h f about o. mo e , r content IS even Ig er y tree old to fourfold 

to about 640ppm. 
2+ 2 Mn content is slightly lower about 90ppm, Fe + 

content is within the same range of values. The overall composition 

indicates a change of the pore-water chemistry towards a more 

diagenetically evolved groundwater, resulting in a calcite slightly more 

. h d' M 2+ d S 2+ ennc e In g an r • 

(f) Neomorphic low-Mg calcite 

. One sample of a neomorphic in situ replacement of a molluscan 

shell was analysed (sample NK, Table 1B). This sample showed 

intermediate values between first and third episode cements except 

for Mn2+ content which is relatively low (35 ppm). 

contents are very compatible with those of the ferroan calcite. 

Discussion 

Figure 34 shows covariance of Sr2+ /Ca2+ and Mn2+ for different 

petrographic components of the limestones. Four of the brachiopod shell 

data (samples BA, BD, BI & B2, Table 1 ) plot nearly within the 

theoretical low-Mg calcite field (rectangle) which delineates (according to 

Brand & Veizer, 1980) the theoretical possible range of low-Mg calcite in 

inorganic and organic equilibrium with present day seawater. While the 

other seven plot within the delineated large area which designates trends 

of equ i Iibration under a "partially closed meteoric system" (Brand & 

Veizer, 1980, Fig. 7, p.1229). 

Despite the stability of the low-Mg calcite of the brachiopod shells, 

seven samples (Table 1 B) were observed to have lost some of their Sr2+ 

contents dudng diagenetic stabilization, as exemplified by the weak 
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A. Diagenetic modification (Sr2
+ versus Hn2+ contents) 

of low-Mg calcite brachiopods from the Dinantian of 
north-eastern Clwyd, in meteoric environment. The 
rectangle represents low-Mg calcite in inorganic and 
organic equilibrium with present seawater. 

The delineated area represents the "openness" of the 
diagenetic system. Cross represents average value for 
Palaeozoic brachiopods. 
(After Brand & Veizer, 1980, Fig. 7). 

B. The above mentioned diagram with the cement values 
superimposed on it. The cement values indicate a 
trend in reverse to that postulated by Brand & Veizer 
(1980) for equilibration of skeletal material in 
meteoric water and in an open system, thus indicating 
that cements of episode II and III are burial cement in 
spite of the fact that episode II cement might still be 
of meteoric origin. 
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negative correlation of Sr2+ with Mn2+ (r=-0.534). Extrapolation of 

these trends to the "least altered" values suggests that diagenetic 

equilibration with meteoric water has depleted the Sr2+ oontents of 

the brachiopod shell~ by a factor of less than 2. The exact process 

is .not known. In the case of the brachiopod shells this could have 

been achieved by precipitating diagenetic calcite (i.e. cement) within 

the microfabrics of the fibrous calcite after the loss of intercrystalline 

organic film. 

h 2+/ 2+ 2+ Cross plotting of t e Sr Ca and Mn values of the cement 

samples gave a similar trend within the equilibrium range referred to 

above. The first episode cement values (Samples CP, CR-C02, 

Table 1 ) occupy a position well down the equilibration field towards an 

open meteoric system, suggesting precipitation of these cements from a 

meteoric porewater in an open system. The second and third episode 

cement values occupy more intermediate positions between the 

theoretical low-Mg. calcite field from marine waters and that of the 

meteoric domain. The values of these second and third episode cements 

could well reflect a chemical evolution of meteoric pore water as a 

result of diagenetic alteration of the carbonate reservoir, and an increase 

in temperature. 

As discussed earlier (p.29s) the original Mg2+ contents of the 

brachiopod shells depends on the temperature and salinity of the original 

water, and the type of the species (Lowenstam, 1961 ; Jope, 1965). 

Recent studies, however, suggest that growth rate is the primary factor 

. . f M 2+ . hI' controlling the mcorporatIon 0 g mto t e ca cIte of coralline alga, 

which itself is directly related to temperature (Kolesar, 1978). This 

relationship may also apply to other organisms (i.e. brachiopods). 
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Similarly, it seems that the same samples which are depleted in 

5r2+ have also lost some of their Mg2+ during diagenetic stabilization 

as indicated by the weak negative correlation of the Mg2+ with 

Mn2+ (" r=- 0.427) (Fig. 35). Comparing the values of the least 

altered to those of the most altered, suggests that diagenetic equilibra

tion with meteoric water had depleted the Ml+ content of the latter 

to a third. 

A relatively peor. negative correlation of Mg2+ with Mn2+ (r = -0.232) 

is observed for the cement values (Fig.35B). The first episode cement 

d o M 2+ d 0 0 is the most deplete m g an occup1es a comparative position at the 

tail end of the meteoric equilibrium regression trend of stabilization under 

an open system (Brand & Veizer, 1980, Fig. 8). The second and third 

episode cement' values plot in an intermediate position very comparative 

to that occupied by their Sr2+ values in the Sr2+ versus Mn2+ (Fig. 34). 

2+ 2+ I 0 0 0 10 
0 h °b The Mg versus, Mn corre atlon 1S m me wit a POSS1 ly modified 

freshwater aquifer as a source for these late cements. 

The inferred evolutionary trend of the pore -water chemistry suggests 

o 2+ 2+ 
that a gradual small increase m Sr and Mg contents, after precipitation 

of the first e pis 0 de could well be the result of meteoric water inter

action with the original carbonate sediments, and an increase in 

temperature due to subsequent burial under a partially closed system. Alternatively 

the increase in Sr2+ and Mg2+ can be attributed to intermixing with other 

waters (e.g. marine waters; waters from shale compaction; or migrating 

formation waters). 

The strontium content and its interpretation 

Recent marine cements directly precipitated from seawater are 
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FIG. 35 

2+ 2+ Diagenetic modification (Mg versus Mn contents) of 
low-Mg calcite of (A) brachiopods (B) cements and 
(C) microcrystalline matrix (micrites, microspar and 
pseudospar) from the Dinantian of north-eastern Clwyd, 
in meteoric environment. 

Rectangle at (A) represents range of Recent and fossil 
brachiopod in equilibrium with present seawater. 
(After Brand & Veizer, 1980, fig. 8). 
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h
o h I ° ° h 5 2+ ° 1000 ( Ig -Mg ca cite wit r contents rangIng ppm Land & Goreau, 

2+ 1970) to 5000 ppm and aragonite ooids with an average 5r content 

of about 9800 ppm (Kinsman, 1969). A wide range of '5r2+ values in 

limestones, but generally lower than the concentration in Recent lime 

mud, has been interpreted to suggest limestone stabilization in the 

presence of meteoric waters (Land, 1973; Veizer, 1977; Morrow & 

Wayers, 1978; Brand & Veizer, 1980). However, Katz et al (1972) 

using a kinetic distribution coefficient of 0.07 advocated depletion in 

5r2+ of marine carbonates down to about 600 ppm under submarine 

conditions (see p.282). 

. " 
The 5r2+ contents of different components of the Dinantian 

limestones vary within a fairly wide range: in fine-grained limestones, 

from 990 ppm in an argillaceous biomicrite to 130 ppm in a biomicrosparite 

(whole rock samples) with relatively advanced textural, maturity, th~ 

brachiopod shells from 300 ppm to 960 ppm; while hiosparite (whole 

rock samples) show a relatively narrow range of values from 160 to 

335 ppm. Cements show a similar range of values within individual 

cement episode's : 140-400 ppm for first cement, 290-375 ppm for the 

second, and about 650 ppm for the third. These values {biosp~rites and 
~ : 

cements) fall in the so 

of stabilized limestones 
, " 

called "low Sr2+ group" (Veizer & Oem ovic , 
(I25!250 ppm Sr) which were interpreted as 

indi,cating original mineralogy (whole rock) of predominantly high-Mg 

calcite (Veizer & Demo vic;, 1973, 1974) and or several dissolution-
, . 

1974) 

reprecipitation events in a meteoric environment (Veizer, 1977 ; Morrow & 
" .) ~ < 

Mayers, 1978). Morrow & Mayers (l97B) suggested that several 

dissolution-reprecipitation events can be of early diagenetic origin. 

However, a 5r2+ concentration of 400 ppm is not like ly to be achieved 
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during early diagenetic processes. This is based on prediction from 

their computer simulated diagenetic model and was conditioned by 

the high Sr/Ca ratios of the starting solution used for the model-

( 2+ 2+ ) groundwaters of Barbuda Sr = 16.33 ppm, Ca = 466.5 ppm and 

Barbados (Sr2+ = 13.28 ppm, Ca2+ = 181 ppm). The same model would 

predict lower values of Sr2+ in the early diagenetic calcite if the 

starting solution has a lower Sr2+/Ca2+ ratio or the above ground

waters were allowed to mix with marine water (Sr2+ = 8 ppm, 

2+ ) Ca = 400ppm • In the case of the Dinantian first cement, since 

Sr2+ content is less than 400 ppm and there are no indications of mixing 

with seawater, such as microdolomite inclusions (Lohman & Mayers, 

1977), a meteoric aquifer supersaturated with respect to calcite and 

. S 2+/C 2+ ... f h f· .bavmg a low r a ratIo IS a prImary source or t e lfSt cement. 

Brand and Veizer (1980) proposed that diagenetic stabilization of 

carbonate rocks often proceeds in discreet reaction zones at solid-liquid 

interfaces, and that the chemistry of the reaction zone "Messenger 

film" water is usually in disequilibrium with the bulk aquifer water 

(porewater). They used this model of diagenesis in meteoric waters 

to account for the variable Sr2+ contents of the Silurian Read Bay 

Formation of Arctic Canada (210 ppm in crinoids, 780 ppm in Rugose 

corals, 360 ppm in the enclosing biosparite). On the other hand, for 

the relatively uniform Sr2+ contents ~f the Mississippian Burlington 

Limestone of Iowa and Missouri (160 ppm in crinoids, 180 ppm in Rugose 

corals, 120 ppm in the enclosing biosparite), they argued that the 

. diagenetic stabilization had proceeded in an open diagenetic system and 

was controlled by the chemistry of the meteoric bulk aquifer water • 

. The Read Bay Formation has undergone a more advanced diagenesis, as 
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suggested by the transition from micrite to microspar, pseudospar 

and sparite, whereas the Burlington Limestone shows less textural 

evolution. 

Such a model may be used to explain the variation of the 5r2+ 

content (130-990 ppm) of the Dinantian limestones, as seen from the 
, , 

few values of this study (Table 1 B). Biomicrite and calcisiltite with 

a greater range of Sr2+ from 260 to 990 ppm might have stabilized 

under a partially closed system, while the biosparites with their 

narrower range of Sr2+ values (160-335 ppm) could represent 

stabilization under a more open diagenetic system. The openness of 

the system in biosparites vis-a-vis the closeness of it in biomicrite 

could well be a consequence of the strongly contrasting primary 

permeabilities and pore geometry of the original sediments which gave 

rise to the different microfacies, i.e., while in biosparite, bulk transport 

was a prevailing mechanism. Water in biomicrite is confined to pores 

of: 'a few microns in diameter and does not flow under typical surficial 

hydraulic heads, so ion transport occurs mainly by aqueous diffusion. 

. S 2+ Hence the contrasting r contents • 

. ' ',.' The use ofSr2+ content generally as a key to the porewater 

composition seems to be compromised by the presence of high ct-, 

contents, as in deep subsurface saline and brine aquifers, which make 

~he interpretation of calcites precipitated from these waters difficult. 

, Formation brines with high Sr2+ and cC contents are found in 

eduilib'rium with calcites of low Sr2+ content. Jacobson and Usdowski 

, (;1~~6) indicated that the distribution coefficient for Sr2+ in calcite 
, "': ~./ _ 'f 

decreases with increasing cation concentration, as well as with slow 

precipitational rates. 
~. ':;' ~ . ' , 

Accordingly it is important to recognise these 
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deep crustal cements and not to mistake them for a near-surface low _ 

Mg calcite of meteoric origin. 

Carbon and Oxygen Stable Isotope Ratios 

Six types of material were analysed for carbon and oxygen stable 

isotopes (Table 2): skeletal grains (eleven brachiopod shells -

Gigantoproductus Sp.; two corallia of Lithostrotion Sp. and two 

crinoidal columnals), 2) biomicrites and calcite-silts (whole rock), 

3) neomorphic spars (microspar and pseudospar), 4) biosparite (whole 

rock), 5) cement spars, and 6) one large vein calcite. The 

results of the analyses are plotted in the scatter diagram in Fig. 36 • 

.1) Skeletal Grains 
I,' ' 

a)' Fibrous skeletons of the brachiopod Gigantoproductus Sp.: These gave 

~~an values of Sl3C = + 1.0 %0 POB (range + 2.5 to - 2.6) and 6180 = 
r ~<_ 

~ 5.1 %0 POB (range - 3.5 to-6.2) (Table 2 , Fig.36 ). Based on 

p~blished elemental and isotopic data, it is reasonable to assume that 
,,, 

R~cent and ancient brachiopods to a large degree are preserved in their 
,,~ , 

original mineralogy and that they precipitate fibrous calcite shells in 
\ i i~ 

isotopic equilibrium with ambient seawater (Lowenstam, 1961, Brand & 
(0,'0 

Vei~er, 1980, 1981). However, the results of isotopic analyses of 

samples BF through to B5 (Table 2 ) of the gigantoproductid shells' of 
',,,,! ~ 

the' Dinantian of North Wales show a distinct trend (Fig. 36). The 

values are strongly covariant - heaviest carbon correlates with heaviest 

oxygen. 
, , ; 

b)' The corallia of LithostrOtiOD Sp.: Two samples were painstakingly 

. isoiated and analysed. The mean value of S13C = +1.1%0 POB 

. 18 QI ( ) ( _ 0.5, + 1.7) and S 0 =-9.2 ~o PDB - 9.1,-9.4. Weber & 

Woodhead (1970) and Swart & Coleman, 1980) reported that isotopic 

fractionation by s cleractinian corals and hydrozoans is very variable 
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Isotopic composition of different components of the Dinantian 
Limestones of north-east Clwyd, North Wales 

Sample 

BF 
BG 
BH 
BJ 
BA 
BC 
BD 
B1 
B2 
B4 
B5 ' 

CR06 
CROll 

CL05 
CLOlO 

MS 
MA 

. ME' 
M15 

N7 
NB 
N9 
NIO 

'NK 

S12 
S13 

. s04 , 

COO 

C02 

Description 

Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Glgantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 
Brachiopod (Gigantoproductus Sp.) 

Crinoida1 Columnal* 
Crinoidal Columnal* 

Coral (Lithostrotion Sp.) 
Coral (Lithostrotion Sp.) 

Calcisiltite (Whole rock) 
Biomicrite (Whole rock) 
Calcite-silt (internal sediment) 
Micrite (argillaceous) 

Pseudospar (in micrite) 
Microspar (in pseudobreccia) 
Pseudospar (in pseudobreccia) 
Microspar (in wackestone) 
Pseudospar (in molluscan cast) 

Biosparite (grainstone-whole rock) 
Biosparite (grainstone-whole rock) 
Biopelsparite (whole rock) 

Cement I, LMC (crinoid fill, 
Zones 1-3) 
Cement I, LMC (Synt.lntergr., 
mainly Zone 2) 

. C6. 

. COl 

Cement II, FC (vugfi11 in micrite) 
i, ;.' ; Cement III, LMC (Brachiopod fill) 

'v08 Large vein 

D 1 7 Ferroan do1omi te 

-0.48 
-0.65 
+0.76 
+1.11 
-1.34 
+2.48 
-2.61 
+2.32 
+1.18 
+0.01 
+0.11 

+2.63 
+1.69 

-0.45 
+1.69 

+2.82 
+0.44 
+1.09 
+1.43 

-0.20 
+0.95 
-0.34 
+0.95 
-0.44 

+2.70 
-1.07 
+1.69 

+0.60 

+0.80 
+0.00 
+0.43 

+1.41 

-5.72 
-6.17 
-4.B2 
-4.65 
-5.94 
-3.54 
-5.61 
-3.5 
-4.15 
-5.60 
-6.00 

-6.07 
-5.78 

-9.0B 
-9.35 

-4.92 
-5.04 
-5.21 
-4.51 

-6.68 
-6.65 
-7.45 
-7.43 
-6.94 

-6.7B 
-6.27 
-8.27 

-7.96 

-8.49 
--7·.83 
-13.22 

-6.82 

+2.44 -7.57 
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and out of equilibrium with the seawater in which they grew. Thus 

comparisons of extinct tabulate corals with Recent coelenterates of 

different taxa are of little use (Dickson & Coleman, 1980). 

(c) The crinoidal columnals: Columnals and other crinoid remains 

constitute a major proportion of the depositional components of the 

Dinantian limestones of North Wales (p. 60 ). Two samples from two 

. h~riz~ns in the Upper Grey Limestone were analysed. Both samples 

h~~~ 'similar isotopic composition, Sl3C' = + 2.6 & + 1.7 %0 PDB and 
, 18 
S 0 = - 6.1 & -5.8. Isotopic data of crinoid remains are difficult to 

hite~pret for the following reasons: 
, ., 

" , 
{i} The fenestrate stereom of crinoidal grains has become filled with 
'" 

cement and to a lesser degree with variable amounts of lime mud. 

Accordingly the sample analysed is about 50% cement; i.e. crinoid 

samples are admixtures of neomorphosed skeleton and early cement. 

(ii). ,Comparisons have been made between Recent and fossil echinoid 

tests (Weber & Raup, 1968) but there are difficulties in using this 

approach for crinoidal tests; mainly because Recent crinoids are either 

planktonic or deep-water attached .forms, whilst the Palaeozoic crinoids 

were shallow-water sessile animals. 

(iii) , Most of the Recent taxonomic groups within the phyl urn 

Echinodermata show a wide range of carbon and oxygen isotope ratios 

within different parts of a single skeleton (Weber & Raup, 1966). 

Recent echinoderm skeletons are composed of high-Mg calcite 

with",7 - 14 mole % MgC03 (Milliman, 1974) while ancient echinoderms 
:.' < {, 

are made of low-Mg calcite. It is generally believed that ancient 
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. echinoderms were originally high-Mg calcite (Weber & Raup, 196B) and 

:. have since undergone mineralogical transformation (p.177). Because 

the process involves a certain degree of dissolution and reprecipitation, 

isotopic re-equilibration with the pore water is inevitable. The 

mineralogical transformation of the crinoidal remains is believed to 

, have taken place early in the diagenetic history of the Dinantian 

, limestones, before first episode cement. This is inferred from the 

'. geometrical configuration of the syntaxial rims as theywrap around the echino

,derm grains, which must have crystallized on a stabilized low-Mg calcite 

, grains. Accordingly the transformation of the high-Mg calcite to 

10w,:",Mg calcite must have taken place prior to the precipitation of 

the first cement. This is supported by light oxygen (mean - 6 %0 PDB) 

which is more negative than that of the fibrous calcite of the 

brachiopod shells (mean - 5.1 %0 PDB) and less negative than that of the 
., .) 

first generation cement (mean value - B.2 %0 PDB). The mean Sl3e 
value of these echinoderm fragments is + 2.2 %0 PDB. The light oxygen 

, " ~' 

value of these crinoidal columnal indicates re-equilibration in isotopically 

light pore-waters relative to seawater. Equilibration of high-Mg calcite 

with. meteoric water preserves microtexture, therefore, it probably occurs 
, ,~ i ", ' t-

in ~ r~latively semiclosed system, which might explain the positive S13e 

values. 

, .~" 2) ... Microcrystalline Muds~ones Biomicrites and Calcite-silt 
,.;J-,' 

., Four samples of these lithologies (whole rock) were analysed. 

. 13 ( ~They had mean values of S e = + 1.5 %0 PDB range + 0.4 to 2.B %0) 

. d BlBO = - 4.9%cPDB (range - 4.5 to-5.2%o). These values are close 
·.an .t 

, to those· of the least altered fibrous calcite of the brachiopod shells. 
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It, seems that diagenetic additions and transformations have affected 

both skeletal grains and microcrystalline mudstones, though to what 

extent these have changed the isotopic values is not known. 
:- r 

,:" 3} Biosparites {Grainstones} {Whole rock} 

:' Three crushed samples were tested in order to see the range of 

val~es obtained for such samples as compared with values of 

depositional components and spars (neomorphic and cement). They 

showed a relatively wide variation in S13e ( - 1.1 to+2.7 %0 ) and 

Sl~O ( _ 6.3 to - 8.3 %0). These values are probably affected by 

the. proportion of the skeletal grains to the cement within the samples. 

", 4} Neomorphic Spars 

", "Five samples of what is believed to be microspar and pseudospars 

13 
were analysed and gave mean values of S e = + 0.2'l1xPDB (range -

O.4 f ia' +'1.0,%0) and S180 = - '7%.PDB (range - 6.7 to - 7.5 %0 ). 

Although small cement crystals cannot be excluded in sampling, especially 

in the case of microspar (see p.245), the narrow range of values for both 

S13e and S180 indicate a uniformity in the diagenetic system. Also the 

value~' indicate a distinctive shift to more negative S130 as compared with 

the vaiues of microcrystalline mudstones (2 above) (S180 = - 7 %0 as 

c~mpared with S180 = - 4.9 %0 ). The S13e values are' slightly less 

, : .;. (S13e + O.2%ccompared with S13e = + 1.5 %0 ). pOSItIve = 

s) Cements 

T~~ samples of the first episode cements (Zones 1-3) and one each 

o{ th~ se~ond and third generation cement were analysed (Table 2 ). 

E
" ':. c; a;e was taken during the sampling of these cements in order 
xtra , 

. I 
I 1 ~~ . ;, 1 

to ' contaminate the samples with any skeletal calcite. However, 
not 
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sampling individual zones of the first episode cement was very difficult 

and unsuccessful. The first and second episode cement samples showed 

similar values of s13e = + 0.6 and 0.8 %0 POB compared with 

813e = 0 %0 POB, and 8180 = - 8 & -. 8.5 %0 compared with 

18 % 8 0 = - 7.8 0 POB. The third episode cement, although it had 

813e value of + 0.4 %0 POB, similar to that of the first episode 

cements, had a 8180 value - strikingly more negative, at - 13.2 %0. POB. 

This is demonstrably the effect of an increase in temperature (due to 

an increase in burial depth) on the fractionation during precipitation 

from pore-water. This is concluded, mainly because no Recent 

meteoric water of S180 = - 13%0 POB was ever reported from tropical 

or subtropical regions (Dansgaard, 1964). 

The' negative 8180 values of the cements must have been caused by 

either precipitation from a light pore-water (meteoric) or at elevated 

temperature or both. Since the first episode cement is believed to have 

precipitated in a near-surface meteoric environment (p. 237), then the 

increase in temperature must have been slight and its effect on the 

.:"~ equilibrium was minimal. Thus the negative S180 values of these first 

""episode cements are mainly due to precipitation from light pore-water. 

In the case of the second episode cement a temperature effect can not 

be discounted but is difficult to assess. The S180 value of the third 

episode cement distinctly indicates an increase of temperature. 

The narrow range of S13e values of the calcite cements rules out 

any organic carbon being utilized as a major source for carbonate 

. carbon (Irwin et ai, 1977). The early diagenetic zones defined by 

curtis (1977) each with its own mechanism for producing carbonate 
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FIG. 37 

Cross plot off Pc andfl80 values for Brachiopod 
shells and cements, also plotted are several other studies 
of cements and sediments. (I) Ginsburg & James, 1976: 
submarine aragonite cement, British Honduras {Holocene}; 
(2) Land & Goreau, 1970: submarine Mg-calcite and 
sediments, Jamaica (Holocene); (3) Gross, 1964: Holocene 
sediments, Bermuda; (4) Land & Eps:ein, 1970: meteoric 
diagenesis of limestones, Jamaica (Pleistocene); (5) Gross, 
1964: partially cemented (meteoric) Pleistocene eolianite, 
Bermuda; (6) Allan & Matthews, 1977: Pleistocene 
limestones from meteoric phreatic (6a) and vadose 
(6b) environments, Barbados; (7) Bathurst, 1981: radiaxial 
fibrous calcite and host biomicrite, Carboniferous, UK; 
(8) Meyers & James, 1978: non-ferroan calcite cements, 
New Mexico (Mississippian); (9) Dickson & Coleman, 1980: 
burial cements, Isle of Man (Carboniferous), (9a early, 
9b intermediate, 9c late); (10) Davies & Krouse, 1975: 
submarine cements and internal sediments, Pennsylvanian -
Permian reef, Canadian Arctic Archipelago; (1I) Walls et 
ai, 1979: radiaxial fibrous calcite cement, Alberta, 
Canada (Devonian); (12) Tan & Hudson, 1974: calcite 
replaced aragonitic shells, Scotland (jurassic); (13) Schlager 
& James, 1978: submarine - hardgrounds and associated 
rocks or sediments, Tongue of the Ocean and seamounts, 
Bahama (Holocene); (l4) Walls et ai, 1979: calcareous 
crust (palaeocaliche), Canadian Rocky Mountains (U. 
Devonian); (15) Walls et ai, 1979: calcspar (15a intermediate, 
ISh late ferroan), Alberta, Canada (Devonian; (16) Gross & 
Tracey, 1966: recrystallized limestone and calcite cements 
(meteoric), Bikini and Eniwetok Atolls; (17) Moore & 
Druckman, 1981: poikilitic post-compaction calcspars, 
Arkansas and Louisiana (jurassic). 

Fresh- and marine water mean isotopic values from 
Keith & Weber (1964). 

Brachiopod values from Dickson & Coleman (1980), and 
Brand (1982). 



l.Ginsburg & James 76. 

2.Land & Gareau 70 • 
6 

3.Gross 64 • 

4.Land & Epatein 70 • 4 

5.Gross 64 • 

6.Allan & Matthews 77.
2 

_14 _12 

.-/~ ;> 
r--

IS
-
b
-\"':;; '/ / 9c 

_10 _8 _6 _4 _2 
- __ • _....... _______ •• •• __ • __ 0-__ • ______ -

10 ] 

7.Bathurst 81. 

8.Meyers & James 78. 

9.Dickson & Coleman 80 0 

10. Davies & Krouse 75. 

'C _______ -.J 

11.Walls et al 79. _2 

12.Tan & Hudson 74. 

13. Schlager & James 78. 
_4 

o 

14.~alls et al 79. lo'3 c mean; Freshwater ls 

15.~alls et al 79. , 

16.Gross & 
I 

T 1'6 _6 I racey o. i 
, 

17.Moore & )ruckman 81 

I This study: 
• Brachiopod 

o Cements 
A 
o 

, _8 I 
snells j 

! 
I 

i 

'* Brach. * Brach. 

shells 
shells 

_10 I 
Brand8~ 

Jic~sod 3.: ::ole7.an, 80. 

CI) 

..J 

... 
Q) -10 
~ 
~ 
CI) 
Q) ... 
u.. 

c: 
10 
Q) 

E 
o 

eX) 

v() 

14 

•• 
• 
• 

n CI) 

..J 

Q) 

16 

c: .-... 
m 
~ 

c: 
10 
Q)' 

~ 

o 
eX) 

v() 

r-"· " 'l. 

//-
._ .. -,,:.=-1' ,-r---r 

4 I! I 

6a I i 

5 I 

6b 

I I I 

I I 
j / 

f 
/1 

,o,,-t-J 

I 

/ 
I 

I 

..... ____ ,.1 

2 
'-. -_ .. _._----_. 

\ 
\ 

\ 

\ 

4 

Fig. 37 

(.I 

N 
~ 



322 

with distinctive isotopic values, cannot be recognised here. 

Discussion 

The approach adopted in this study for interpreting isotopic data 

is the use of trends in the covariance of the isotopic ratios of carbon 

and oxygen. For example, a carbonate precipitating at a given 

temperature from a pore-water of a certain composition will have a 

unique isotopic signature. Therefore, observed variation in 

composition must reflect a change in either 1) the temperature 

and/or 2) the composition of the precipitating water. By examining 

the variations of carbon and oxygen data, it should be possible to 

predict the relative effects of these controlling factors. 

The simplest interpretation of the strongly covariant carbon and 

oxygen trends for the fibrous calcite of the brachiopod shells 

(Fig. 36) would seem to argue for the intimate physical mixing of two 

distinct sets of calcite crystals which formed in two diagenetic 

environments. The two environments would be the intracellular fluid 

of the ,shell mantle responsible for the biogenic fibrous calcite (which is 

in equilibrium with seawater, Lowenstam, 1961) and a later meteoric 

phreatic or a deeper diagenetic environment responsible for the sparry 

calcite. Several lines of evidence indicate a physical mixture of two 

carbonate phases: a) the heterogenous distribution of cathodoluminescent 

calcite within the shell structure (Plate 23d) suggests the presence of two 

separate calcite phases. Luminescent calcite is concentrated along 

)ntercrystalline boundaries, rimming and intergrown with non-

, luminescent fibres without seriously disrupting the primary fibrous 

, microfabric. 
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b) The close agreement (Fig. 37) of some of the least altered shell 

isotopic composition with published data for Recent articulate 

brachiopods (Lowenstam, 1961) and ancient unaltered shells (Brand, 1982) 

supports the interpretation that the original isotopic composition of the 

shells is largely retained for these samples (BC & Bl Table 2 , Fig. 37). 

Using the least negative Sl80 value of the shell (mean - 3.5 %0 PDB), 

assuming a Dinantian marine water of Sl80 = - 1 (Brand & Veizer, 1981), 

and using the isotope - palaeotemperature equation of Shackleton and 

Kennett (1975), a temperature of precipitation of 27.SoC is found. For 

the most negative Sl80 = - 6.2%0 PDB (sample BG, Table 2 ) a 

o 
temperature of about 40 C is calculated, which is obviously unrealistic. 

The temperature of 27.SoC for the Carboniferous ambient seawater is 

reasonable - considering the equatorial position at that time of the 

British Isles (Smith et aI, 1973) - as compared to the present day 

.Caribbean tropical waters (During May 1955 the surface temperature of 

the' Florida straits was 27.90 C (mean) and 28.4°C (mean) off Andros 

Island, Bahamas; Cloud, 1962, pp.12-13). 

13 
..;. The range of values of S C of the brachiopod shells (+ 2.5 to 

-.2.6' %0 PDB, Table 2 ) indicates that the diagenetic calcite being 

13 
added to the shells must have extreme negative S C values, in order 

" 
to account for the degree of departure from values of the least altered 

shells considering the amounts of the added calcite, as seen through the 

cathodoluminescope, which is less than 10% (visual estimate). Assuming 

8%. is the volume of diagenetic cement added to the shell and S13C = 
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+ I %0 POB, for mixed shell and cement, then the diagenetic cement 

must have a Sl3C value of - 17.5%0 PDB in order to produce the 

desired effect of bringing the S13C value of the mixture to + I %0. 

However, no such negative S13C values were observed in the first epi-

sode cements. A possible source of this extremely negative S13C is 

the decaying organic matter between the calcite fibres of the shells. 

A weaker covariant trend is observed in the relationship between 

the results of the isotopic data of micrite (whole rock) samples and 

those of neomorphic spar, believed to have been derived from such 

lithologies (Fig. 36, Table. 2 ). 

SI80 field ( - 4.5%0 to - 5.3) 

The micrites occupy a less negative 

while the neomorphic spar SI80 values 
.' 

range from - 6.7 to - 7.5 %0 POB. The S13C values of micrite are 

positive + 0.4 to +·2.8 %0 POB as compared with S13C of neomorphic 

% • 13 18 
spar of - 0.4 to + 0.9 0 POB. Companson of S C & S 0 values of 

.-
these twO fabrics indicates a distinctive shift towards negative values 

in the neomorphic spar; intermediate values are not observed. 

Nonetheless the trend is subparallel to that of the brachiopod shells, 

and possibly produced by the addition of lighter carbon and oxygen cement 

and mineralogical recrystallization in meteoric water. 
, ; h 

The SI80 values of carbonate cements are presumably controlled by 

equibrium reactions between the pore-water and the carbonate sediments 
. " 

in. which the cement is being precipitated. Usually both temperature 
~ i:· 

and SI~O value of the precipitating waters- are the controlling factors 

(see p.283). In subsurface diagenetic environments, however, pore-water 

isotopic. composition will change in response to reactions which take 

place wi~hin the pore-water, 'depending on the amount of minerals it 

dissolves~' precipitates, or merely recrystallizes. In turn one must 
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consider the rock - water ratio, that is the volume of rock that may 

be diagenetically cycled through an individual volume of pore-water, 

which is a measure of the potential for changing the carbon and 

oxygen composition of the pore-water. 

In a carbon ate - water system, the principle reservoir for oxygen 

is water. On a volume for volume basis the mole fraction of oxygen 

in pore-water is greater than that in carbonate minerals (Lawrence et 

~i, 19751. I n contrast, the mole fraction of carbon dissolved in 

pore'-water (dominantly as HC03-) '!'elative to carbon in CaC03 is 
~.. ~,,~ 

'extremely small: carbonate minerals are the dominant carbon reservoir. 
, . 

B~cause of the relativ~ difference in size of carbon and oxygen reservoirs 
r ;J 

between pore-water and rock, the rates at which carbon and oxygen 
" . 

isc;tope ratios change in a pore-water are different. From this difference 

the 'ev~lution of the isotopic composition of a pore-water involved in 

dissolution - reprecipitation reactions of carbo~ate might be predicted. 

18 
For example, a meteoric water with a negative S 0, charged with soiJgas 

CO
2

, (negative SI3C) will progressively evolve along its flow path through 

'the vadose arid phreatic diagenetic environments. Because the 

rese~oir of carbon in the water is relatively. small, SI3C composition in 

the 'water will converge toward the composition ~f the rock, while the 

S180~o~position in the water will remain relatively unchanged. Only 

af'ter ~ignificant. rock-water interaction has occurred, by which time the 

'SI3C ~~~position of rock-water system has equilibrated, will the 6
18

0 of 

the r~~k-reservoir have a feedback effect on the SI80 composition of 

. " 'From this relationship, it is obvious that in the evolut.oon 
pore-wat~r. 

of ~'si:ngl'e pore-water, where the S13C variation in the components is 

SI80 composition of the carbonate should have remained 
large, 
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. ~~latively invariant and reflect the 8
18

0 composition of open system pore-

,waters. This marks a r~latively open water-dominated system. 

,Sin:tilarly, where rock-water interaction has been significant enough to 

,modify the 8 180 signature of the pore-water, the 8
13C composition 

will be invariant and reflect equilibrium with carbon reservoir of the 

roc~ in a relatively closed system (i.e. rock dominated). 

, "Evolving Recent aquifers, developing along above-mentioned trend, 
,---

are ,those of the Cretaceous Chalk of the London Basin and of the 

J!-uassic Lincolnshire Limestone of Eastern England (Smith et ai, 1975). 

In, ~he London Basin the 8
13C of -(HC03 -) in water changes from 

-J3 %0 PDB near the outcrop of the Chalk to values less negative than 
~;- - ... 

_ 1 %0 (least negative was - 0.5 %0) about 8 km from the outcrop; 

whi,le in the Lincolnshire Limestone, values became less negative in 

downflow direction, reaching - 2 %0 PDB 15 km away from their 

resp~c,tiv,e outcrop. Since solid state isotopic diffusion between the 

limestones (813C = + 2.4 %0) and the aquifers was discounted (p.283), 
,... . ~ . ' 

anq be,ca,use both formations are calcite, then a process of continuous 

dissolu.t. ion ,_ reprecipitation was favoured as being responsible for these 

• 13 18 . low ,~egatlve 8 C values. The 8 0 values vary only shghtly from 

7.2 %0 at the outcrop to 7.9 %0 in the centre of the London Basin. 

A" trend similar to that described above is well delineated in the 

data ofL,and and Epstein (1970), Gross (1964), Allan & Matthews (1977), 
, . 

Gros~L&,~Tracey (1966) (See Fig. 37) • 

. ' . , The absolute abundance of 13C in solid carbonates within a given 

diagenetic system depends on the supply of carbon. If only an 

inter~al dissolution - reprecipitation (no addition of new carbon) takes 
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place, then Sl3C in the primary carbonates becomes the controlling 

factor and there is little change in sl3C of the cements from that 

of the carbonate rocks. Should, however, external carbon be added 

to the system, then one might expect large variation, for example 

from soil:-gas CO
2 

in near-surface environments (Allan and Matthews, 

1977). Allen and Matthews (1982) advocate that the fresh-water 

a.,uifer of the southern coast of Barbados is entirely recharged through 

the 'upland area. Thus, very little water enters the phreatic lens through 

dir~ct vadose trickle and the lens is essentially cut off from soil-gas 

input"from above. Therefore, S13e value of the diagenetically altered 

limeSt'ones and the precipitated cement increase down flow as a result 

of increase in the ratio of carbon derived from metastable carbonate 

sediments, to carbon derived from soil-gas COl' 

. A narrow range of positive S13e values (0 to + 0.8%0 POB, Table 2 ) 

for all 'the cement samples analysed is a significant aspect of the data, 

and argues for an autochthonous source of carbon, (away from the soil 

" 'f 'Sl3e b 'h' h ' . ) gas reserVOl( 0 negative ,ut wIt 10 t e meteorIc-phreatic lenses • 

An increase' in temperature in an open system would be indicated 

by increasing negative values in SI~O of precipitated calcite, due to the 

strOng temperature dependent fractionation of £180 in the precipitation 

. 'I' h . c-
13e fl' of calcite~ with on y a mmor c ange 10 0 0 ca CIte. The effect 

of temp~'iature on Sl80 fractionation in calcite is approximately 0.2 %of'c 

in comparison with 0.05 %%C for S13C (Friedman & O'Neil, 1977). The 

shift in: the' S180 value of the third ep i sod e c em en t (- 13.2 "0 PDB) 

from' that' of the first ~p is 0 d € cement (mean SI80 = - 8.1 %0 POB) 

is attribu~~d to an increase in temperature of about 20
0 e, equivalent to 

an increase' in the burial depth of about 700m (assuming a geothermal 
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gradient of about 30
o
C/K m). 

Correlation of Trace Element Compositions with 5
18

0 Values 

Figures 38&39 show covariance of Mg2+, Sr2+, Mn2+ and Fe2+ 

contents (ppm) with 8
1S

0 values. The general features of these 

figures are; a) a weak positive correlation of Mg2+ and an even 

weaker one of Sr2+ with 8
1S

0 (i.e. the most depleted samples in 

2+ d 2+ h . 81S I Mg an Sr t e more negative 0 va ue they reflect). 

b) Mn2+ content of the brachiopod shells show a narrow range of 

values (33 - 44 ppm, for eight samples. Table 1 B) with no relation 

., . 81S0 I to varIation 10 va ues. c) h 2+ T e Fe values of these brachiopod 

shells and the micritic whole rock samples reflect a somewhat 

negative correlation with. 8
1S

0 values. d) The neomorphic and 

cement spars fall in the area most depleted in Mg2+, Sr2+ and ISO 

along the regressive trend. Among these spars, those which are the 

most enriched in Mg2+ were found to reflect the most negative 

6 180 values. The exception is the value of the third generation 

cement which was found to be depleted in Mn
2

+ with respect to the 

2+ IS 
others. In the case of the Fe versus 8 0 cross-plot the cement 

~alues fall outside the main field of values of other components 

(Fig. 39B). 

The concept that the more altered samples, in petrographic terms, 

contain higher concentrations of manganese and are depleted in Mg2+, 

sl+ and 0 18, reflects some degree of openness of the system and is 

the measure of the diagenetic maturity of the limestone. This is 

;easonably apparen~ in the scatter of the data in figures 38 & 39 • 
, \ 

Nonetheless more analyses are needed to ascertain the range of values 

. IS 
of trace, element and 8 0 of the cements. 
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FIG. 38 

2-t., 2+ C9arelation diagram of Mg ~)& Sr (B) 
S 0 values of different components of 
limestones of north-eastern Clwyd. 

• Brachiopods 

• Crinoids 

A Microcrystalline Calcite 

~ Pseudospar of a molluscan cast 

0 1st episode cement 

t::. 2nd episode cement 

0 3rd episode cement 

contents with 
the Dinantian 
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FIG. 39 

2+ 2+ C9§relation diagram of Mn (A) and Fe (B) contents with 
8 0 content of different components of the Dinantian 
of north-eastern Clwyd. 

2+ Fe value of ferroan calcite (episode II) was not 
included. 

Symbols are the same as in Fig. 38. 
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CONCLUSIONS 

The geochemical analy~s of different components of the Dinantian 

limestones of north-east Clwyd and their associated host rocks suggest 

the following conclusions about diagenetic evolution in a partially closed 

system: 

(1) Chemical composltlon of most of the limestones components reflects 

depletion in Mg2+, Sr2+ and 180 , and enrichment in Mn '2+ (and to a 

lesser degree Fe2+) with respect to primary low-Mg calcite in 

equilibrium with Recent seawater. This indicates diagenetic 

equilibration of the metastable carbonate components with meteoric 

waters, or the precip'itation of sparry cements from such pore-water. 

The composition of the third ep:is.ode cement suggests a saline 

(2000 - 100000 ppm TDS) formation water origin for this cement (?). 

(2) Although diagenetic equilibration, whether in marine or fresh water, 

leads to a decrease in Sr2+ content, the relatively large differences in 

Sr2+ concentration of high-Mg calcite and aragonite precursors from their 

respective diagenetic low-Mg calcites, indicate diagenetic modification of 

these components under meteoric conditions. 

(3) Trace element compositions of the brachiopod shells were tested 

against the Brand & Veizer (1980) model for equilibration under open and 

closed meteoric conditions. The data faU within population I of the 

model, which defines a partly closed system. This is further supported 

by the slight difference in the chemical composition of the other 

carbonate components of the Dinantian limestones which suggests that 

their stabilization evolved in a partially closed diagenetic system which 

was, nevertheless, greatly influenced by the chemistry of the aquifer water. 
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(4) Carbon and oxygen isotope values of the brachiopod shells show 

continuous variations, and are strongly covariant. These data are best 

in ..... terpreted as a result of physical mixing of two sets of calcite 

phases, a biogenic fibrous calcite of the shell (in equilibrium with 

seawater) and a diagenetic calcite cement, possibly with S13e about 

- 20 %0 PDB. The strongly light 13e is probably supplied by the 

decaying organic matter within the shell. 

(5) Diagenetic evolution of neomorphic spar (microspar, pseudospar) 

from micritic limestones was accompanied by a shift of about -1 %0 

for S13e and - 2 %0 for S180 from values of the micritic mudstonef 

indicates recrystallization in a possibly light water with or without a 

slight increase in temperature as a result of increased overburden. 

(6) First and second episode cements show a strongly negative 

8 180 ( _ 8 %0 PDa) and slight positive S13e (+ 0.6 %0 PDa ). These 

values are believed to be due to precipitation from light pore-water 

(meteoric), because these cements are found (on petrographic evidence) 

to have precipitated at a shallow depth of burial «200m) where the 

temperature effect on the equilibrium fractionation in calcite would 

have been at a minimum. The third episode cement, on the other 

hand, reflects a strong temperature effect and is believed to be a deep 

burial cement precipjtated at about 700m deeper than the first and 

second generation cements. 

(7) 
13 

The narrow range of positive S e values of the cements suggests 

an autochthonous source of the carbon, not derivation from the soil gas 

CO within a partially closed system. 
2 
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CHAPTER SIX 

COMPACTION FEATURES IN 

THE DINANTIAN LIMESTONES 

OF NORTH-EAST CLWYD, NORTH WALES 
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INTRODUCTION 

Recent research on diagenesis of carbonates has recognised 

cementation and compaction as the two main processes of lithification 

and porosity occlusion in carbonate sediments. The major part of 

this research has concentrated on cementation, while compaction has 

received relatively less attention. This is partly because of the 

1ifficulties encountered in quantifying the different end products of 

the compaction processes (e.g. grain fractures, intergranular compaction, 

etc.). As a result major questions on compaction in these grain-

supported and mud-supported carbonates remained unresolved. Questions 

like - how important was compaction relative to other porosity 

destroying processes (mainly cementation)? What chemical and 

mechanical processes affected compaction and which of these processes 

was most important? When in the overall diagenetic history did 

compaction take place? What were the key variables that influenced 

the distribution and intensity of compaction? These questions are 

important for an understanding of porosity destruction in all carbonate 

rocks, but are particularly significant as regards the amount and timing 

of compaction in mud-supported carbonates and their potential as source 

rocks for hydrocarbon • . . 
Past research on compaction in carbonate rocks can be considered 

under three main categories: experimental (Terzaghi, 1940; Fruth et aI, 

1966; Ebhardt, 1968; Shinn et ai, 1977; Bhattacharyya & Friedman, 1979; 

Baker et ai, 1980; Shinn & Robbin (1983 ), theoretical (Manus & Coogan, 

1974; Rittenhouse, 1971; Weyl, 1959; DeBoer, 1977; Durney, 1976), and 

observational (Pray, 1960; Zankl, 1969; Coogan, 1970; Kahle, 1966; Logan 

& Semeniuk, 1976; Garrison & Kennedy, 1977; Wanless, 1979; Bathurst, 
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1980 b, c; Meyers, 1980; Buxton & Sibley 1981' , , Meyers & Hill, 1983). 

In spite of these many studies there is a scarcity, especially i!l 

calcarenitic limestones, of observational data on compaction and of 

: systematic evaluation of compaction within the context of the entire 

diagenetic history of the carbonate rocks. 

This study, along with others (Garrison & Kennedy, 1977; Wanless, 

)979; and Buxton & Sibley, 1981), concludes that the overall physical 

.~ ,integrity of the limestone (competency) is the primary control on the 

type of pressure-dissolution manifested. However, there are 

,differences of opinion regarding the factors (cementation, clay content 

; or packing) which control competency. Nonetheless, in this study 

early near-surface cementation is believed to have played a decisive 

role in this aspect. 

'The wide range of lithologies examined within the Dinantian 

'limestones, and their com mon diagenetic history, eliminates the effects 

. of: variation in the chemical composition of the porewater, overburden 

: and regional stress • Because these variables are held constant, we may 

. evaluate the relationships between lithology and features of chemical 

compaction. 'Clearly a qualitative study such as this cannot adequately 

'evaluate the absolute importance of these relationships, but the 

petrographic observations described herein can put constraints on some 

of diem. 

Compaction as referred to in this study is defined as a decrease 

'in the bulk volume of the rock as it reacts to a vertical principle stress 

\ caused by accumulation of overburden. This includes mechanical 

;compaction which .lakes place by gliding of particles over each other, 

iot~tion of particles and breakages, accompanied by loss of pore-water 

., 
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and reduction of permeability (Bathurst, 1980~, and chemical compaction 

through the process of pressure-dissolution which has a twofold effects: 

increasing grain packing density and supplying dissolved CaC03 to the 

porewater. Chemical compaction also includes stylolite development, 

which is a pressure-dissolution manifestation along surfaces that are 

laterally extensive on the scale of few millimetres to centimetres (or 

greater) and that cu' numerous grains, matrix and cement. Pressure -

dissolution as used herein is believed to result from the enhanced 

solubility of elastically strained calcite (grains, matrix and cements) at 

rock r:ontacts separated by a water film, as a result of effective 

linear stress due to overburden loading. 

PROCEDURE 

Petrographical examination of 400 thin sections and acetate peels 

of samples of both grain-supported and mud-supported limestones, 
, >', ~ 

collected throughout the study area, showed that a large majority of 

the samples examined reflect certain compactive features in one form 
, 

or another. A vertical sequence of samples from three measured 

sections at Pant-y-Pwll Dwr (Ioc. 5), Hendre (loc. 6) and Graig (loc.II) 

were examined closp-Iy for compactional features. These samples 

~h~wed that about 82% of the grain-supported and 92% of the mud

;Ji:ported limestones exhibit some compactional features; these reflect 

. b~th mechanical and chemical processes. Nevertheless, the 

~ignificance of these features in modifying the fabric of the rocks 

. ~a~i~s among the different lithologies. The modification is more 

~;onounced in certain grainstones, packstone and argillaceous mudstone, 

and least evident in pure mudstones. 
, !. 
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MECHANICAL COMPACTION 

Mechanical compaction comprises grain breakage, plastic grain 

deformation, rotation and mutual gliding of grains. Excess st rain, 

caused by stress as a result of an increase in overburden, is relieved 

by grain fragmentation or plastic deformation (if the fossil micro

fabric permits such deformation) e.g. bryzozoan, zoaria (Meyers, 1980). 

It is not clear whether this deformation is effected by mechanical 

slippage between skeletal microcrystals or by pressur~-dissolution; (£E..:.. 

cit.). 

: ,',-:' 
Grain Breakage: this is the most common compactive feature 

found within the grain-supported limestones. It includes fragmentation 
><" t 

of intact (both valves present) (Plate 1A.r) and single ostracod and 

brachiopod shells with attendant telescoping and displacement of 

fragments (Plates 7.C). Collapsed micritic envelopes of molluscan 

casts and splintered fibres of brachiopod spines (Plate 27) are common 
, < 

features. Some are found in association with pressure-dissolution 

fabrics. 

Plastic Deformation of the Grains: this was rarely seen in the 

<Dinantian limestones of the area of study. Fenestrate bryozoan 

~ragments, although showing some degree of grain breakage, hardly 

reflect any shape distortion; and internal collapse was only observed 

in a very few samples • This is in sharp contrast to grainstones and 

. packstones from the Lake Valley Formation (Mississippian) of New 

Mexico described by Meyers (1980), where plastic deformation, bending 

and collapse features are commonly found in the bryozoan fragments 

where, in intensely compacted samples, the bryozoan fragments are 
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"mashed" against one another and between crinoidal grains (or their ' 

syntaxial overgrowths, Meyers, 1980, p.460). 

Mechanical Readjustment of Grains: mechanical rearrangement 

of grains probably occurred in some rocks before major grain 

deformation, as implied by packing densities (Coogan, 1970) with 

. certain packstones and wackestones. The overall importance of this 

,repacking is difficult to evaluate in samples that reflect some 

chemical compaction as well, because the relative effects of the two 

processes cannot be adequately separated. The most common 

; manifestation of rotation is draping of platy skeletal remains around 

)arge compaction-resistant grains (crinoid columnals, rugose corals, 

etc.) creating pressure shadows about the resistant grains (Ramsay, 

1980) (Plate 9); these are the "drag" fabrics of Meyers (1980). These 

fabrics are most common in fine-grained packstones. 

Shinn & Robbin (1983) observed, in some of their experimentally 

compacted cores from Florida Bay, that skeletal grains in wackestones 

have been forced together so that sand-sized grains are now in contaclt 

the intergranular spaces are filled with mud. They suggested that 

packstone. had been produced simply by mechanical compaction and 

granul,ar readjustment. They raise the issue that some of the ancient 

packstones might well have been produced by mechanical compaction. 

However, no distinguishable criteria for such packstone were mentioned, 

and clues to such interpretation have to be sought in other compactive 

features such as flattened burrows, and organic stringers. 
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PRESSURE - SOLlITION 

" ' 

Theoretical Concepts and Previous Work 

Pressure-solution is an intercrystalline deformation process, which 

acts as a result of differential effective stress consequent on 

lit,h,ostatic pressure. It consists of three distinctive phases: 

dissolution, diffusion and reprecipitation. The mechanism requires 

the existence of an associated fluid phase. 

'The theoretical background goes back to over a century ago, 

initiated by work of Thomson (1849, 1862), Sorby (1865), Gibbs (1878), 

, Le' Chatelier (1884) and others. Riecke (1894, 1895, 1912) developed 

his' formula for a crystal-melt system, which was subsequently 

extended to a crystal-solution system. Van Hise (1898) and Becke 

(I904) were the first to apply Riecke's principle to the development 

of rock fabric. Both suggested that preferential growth would occur 

in a direction normal to the maximum compressive stress, and that 

this :growth was explained by Riecke's principle. 

' .• > Modern hypotheses concerning the mechanism of pressure-solution 

. are:- (0 the undercutting hypothesis (Bathurst, 1959) suggests that 

solution occurs essentially at the point of contacts of grains, but when 

th~se')points become flat surfaces the solution layer will be squeezed 

out' under pressure and solution of the grains will occur only around 
I 

the boundary of the surface where the grains are in contact with the 

Along this boundary the elastically strained grains 

will, dissolve in the pore solution and undercutting will result. (ii) the - ' 

soluti~n film hypothesis (Weyl, 1959), is an attempt to produce a complete 

the~~~ ,of rock' deformation by pressure-solution by placing certain 

fundamental constraints on the process. Weyl (1959) devised a 
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relationship between the rate of compaction of an equigranular 

sediment and the applied uniaxial effective load. Weyl's' idea implies 

the existence of a film of solution between the crystals, this film 

being resistant to shear stress, and that ionic diffusion through it is 

possible. Weyl went, on to calculate the rate of diffusion in the 

intergranular water film and a temperature-compensated overburden

time curve, to give the hypothesis a geological foundation • 

.. ' 
Pressure - solution Manifestation 

The role of pressure-solution in the post-depositional modification 

of sediments is increasingly being regarded as an important diagenetic 
. ' 
~ ,~" 

process. The significance of such a process in the production of many 

rock fabrics and structures in tectonically deformed and metamorphosed 

rocks is well appreciated (Beach, 1974; Mimran, 1975; Logan and 
. 

. ' Semeniuk, 1976, Ramsay, 1980). 

The most apparent manifestations of pressure-solution process in 

carbonate rocks are features that are generally believed to be 

'associated with the dissolution phase, whereas diffusion and 

" reprecipitation of the dissolved carbonates are impossible to recognise 

at present. This is the reason why we adopted, in this text, the use 

of, the term "pressure-dissolution" to describe these features. The most 

common expressions of pressure-dissolution found in carbonate rocks are: 

. stylolites, dissolution seams, and grain to grain interpenetration. 

~' , 

Stylolites are serrated thin zones of discontinuity within rocks. The 
l -" { , 

, ~ig ~zag boundary between rock units across the stylolite usually has 
.1):,,($' ,,-

an accumulation of insoluble residue (commonly clay, oxides, or organic 

matter). In general, stylolites consist' of conical to columnar 

/' 



343 

projections with intervening depressions. These features vary in size 

from microscopic sutured contacts (microstylolite) up to stylolites 

several metres in length. Stylolite amplitudes vary from a few microns 

to tens of centimetres (the highest I have seen in the Dinantian of 

North Wales is about 43cm.). Stylolites develop at strain inhomogen-

eities within the rock as a result of maintained irrotational unaxial 

stress for a sufficient ly long time for the stylolite to initiate and 

develop (Heald, 1955, 1956, 1959; De Boer, 1977; Park & Schott, 1968; 

Dunnington, 1967, 1969; McEwan, 1977). Park Be Schott (1968) and 

McEwan (1977) have suggested that stylolites form preferentially where 
, 

the grain size is small and there is a homogeneously strained zone over 

the scale of a single stylolite. However, FIUgel (1982, p.44) 

suggested various burial depths are necessary in order to produce a 

strong stylolitization and overcome the different responses of carbonate 

grains to stress. 

Non-sutured dissolution seams: This ter m was advocated. by 

Wanless (1979) to describe swarms of anastomosing clay seams. It is 
~ ~ ~ , , 

equivalent to the clay seams of Barrett (1964), and pseudostylolites of 
, )' < 

Shinn et aI, 1977). A single dissolution seam is a very thin 

undulating veneer with a relief in the order of few microns (less than 

particle diameter in many cases) lacking the sutured form of 
"' 5 ' ~ 

stylolites. Clays, organic matter and platy silt sized grains containing 

little calcite occur as films within these veneers. Logan & Semeniuk 

(1976) and Wanless (1979) concluded that these dissolution seams 

(Wanless used the word "solution,") are the product of pressure-

dissolution and could form only after lithification. However, Pratt 

(1982) drew attention to their similarity with experimentally produced 

organic stringers described by Shinn et al (1977) and suggested that many 
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pressure-dissolution surfaces were initiated by features formed during 

early compaction. More recently Shinn & Robbin (1983) reiterated 

their belief that dissolution initiated at these organic stringers, 

produced by mechanical compaction, would ultimately result in 

concentration s of clays and any other insolubles contained in the rock. 

Sutured Intergranular Penetration: the boundaries among grain~ 

in certain grainstones and packstones may be interpenetrant but are 

not considered to be stylolites unless the features extend beyond the 

individual grains. Fabric produced by ubiquitous intergranular 

penetration is called "fitted fabric" (Logan & Semeniuk, 1976). This 

fabric was recognised as a major category of pressure-dissolution 

feature (Wanless, 1979; Buxton & Sibley, 1981). It differs from 

stylolite and dissolution seams in that fitted fabric dissolution occurs 

pervasively throughout a bed (or part of a bed) affecting all grains, 

whereas stylolites and dissolution seams are planar features (stratiform); 

i.e. at stylolites and dissolution seams only grains at the dissolution 

surface dissolve completely or partially while adjacent grains are 

unaffected. 

The development of interpenetrant surfaces along which pressure

dissolution had taken place can be examined according to the following 

criteria: 1) Has pressure-dissolution occurred along a single plane or 

'is there a complex system of planes? Is there a reduction of pressurc-

solution activity away from the grain contacts? 2) \Were one or both 

grains dissolved? What are the relative radii of curvature of the two 

grains at this contact? What are the resultant planes? Are they 

sutured or plane? If sutured .what is the amount of interpenetration? 
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3) Are there any other types of deformation, e.g. breakage, plastic 

squashing, etc.? VVere these synchronous with the pressure-

dissolution? 4) Does a contact between two different-sized skeletal 

grains exhibit the same features as another contact between relatively 

similarly sized grains? How does it compare:, to contacts between two 

similar skeletal grains. 

CHEMICAL COMPACTION 

The most common forms of pressure-dissolution, termed "chemical 

compaction" by Lloyd (I977) and Bathurst (I98Ob) observed in the 

., Dinantian limestones of north-east Clwyd, North VVales are those 

typically associated with carbonate rocks and described in the previous 

section; i.e. these are fundamentally the three features, in order of 

prevalence: stylolites, dissolution seams and pervasive sutured inter

granular penetration. 

The main observations carried out in this study have concentrated 

on the crinoidal biosparites (packstone and grainstones, lithologies 

No. 5 and 4; and wackestones, lithologies No.2 and 3; p.105). The 

stratigraphical distribution of the pressure-dissolution features was . 
examined in the three quarry sections of Pant-y-Pwll Dwr (Ioc. 5), 

Hendre (Ioc. 6) and Graig (Ioc. II) and the results are presented in Figures 

31 _ 33 columns 11 - 13; The occurrence of pressure-dissolution 
1. 

features was categorised qualitatively under rare, common, and abundant 

(rare = no pressure-dissolution features were noticed in a thin-section, 

common = one or two features were observed, and abundant = more 

than tWO features were present). Although sampling was supposed to 

have been random, I have to confess to a certain bias for choosing 

samples with microstylolites and dissolution seams for thin-section making. 
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PLATE 24A 

(a) & (b) Examples of non-sutured dissolution seams. These 
are thin undulating veneers with a relief in the order of 
a few microns (less than particle diameter) lacking 
the sutured form of stylolites. The insoluble residue 
along these seams is clays, organic matter and platy 
silt sized grains containing little calcite. 
T.S. 30423, 16896. Scale = 0.5mm. 

(c) & (d) Stylolites can. develop in fine grained lithologies 
between matrix material and large allochems (c) or they 
may cut across relatively even polyhedral fabric of 
biopelsparite, indicating that grain size of the host rock 
has no control on the stylolite development. 
T.S. 8031, 8211. Scale = 0.5mm. 

(e) & (f) Extensive intergranular penetration in crinoidal 
grainstone produced "fitted fabric". Note the absence 
of syntaxial overgrowth on the outside of the grains. 
The preservation of the shape of the grains in spite of 
the loss of a considerable volume as a result of pressure
dissolution (e). 
T.S. 3012 (crossed polar) 3011. Scale = 0.5mm. 



347 

PLATE 24A 
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PLATE 25 

Fitted fabric in crinoidal biosparites (grainstones). 
Intergranular syntaxial cement is little, 5-10% of 
total rock volume, while compaction index is about 67%. 
Sutured contacts.~ are limited to individual allochems 
and rarely cross to more than few grains in some limestones 
with little matrix. Note also that there is little or no 
insoluble residue between the pressure welded grains. 
T.S. 8291, 3014, 9311, 31011,8301, 3021. Scale = 0.5mm 
except for (c) = O.lmm. 
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PLATE 25 
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PLATE 26 

(a) Photograph of a possible calcrete showing iron-oxide 
(black) and corroded decalcified outer rims of the 
grains. The top is clayey (k) showing anastomosing 
solution seams. 
T.S. 80333. Scale = 0.1mm. 

(b) & (c) Compaction both mechanical and chemical is a common 
feature of packstones with abundant matrix. Shape 
deformation and breakage are observed in brachiopod spine 
O~ and some bryozoan remains. 

T.S. 93111, 91411. Scale = 0.5mm. 

(d) Galena (G) minerallization transect microstylolites, 
minerallization fluids could have used the· dilated 
stylolites as conduits. 
T.S. 92011. Scale = 0.5mm. 

(e) Local development of dolomite rhombs in certain argi 2;a
ceous wackestones might suggest derivation of the Mg 
from the clays. T.S. 94111. Scale = 0.5mm. 

(d) Extensive development of microstylolite in laminated 
brachiopod bearing packstone. The welded grains in the 
lower half of the photograph show stress cleavage 
(see Fig. 20a and Plate 19). Scale = 0.5mm. 
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PLATE 26 
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PLATE 21 

(a) Local development of encrustation on algal thalli. 
The grains consequently developed some cement overgrowth 
giving the rock a pseudo-stromatolitic appearance. 
T.S.9111. Scale = 0.5mm. 

(b) & (c) Pressure welded brachiopod spines. Note the 
fracturing of the concentric calcite fibres of the spine 
(O~ ), whereas the bryozoan skeletal remains show no 
deformation indicating extensive cementation prior to 
pressure-dissolution. Also note the fine cones 
of matrix material penetrating the brachiopod spines. 
(c) The junction between the spines was later filled 
with sparry calcite indicating an opening of the grain 
contact after pressure-dissolution. 
T.S. 91812. Scale (b) = O.5mm. & (c) = O.1mm. 

Cd) Borings in biosparites showing plastering the inside of 
the bores with micritic material. The created cavity was 
later filled with polyhedral sparry calcite. 
T.S.90511. Scale = 0.5mm. 
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Field observations on the development of megastylolites (>2mm amplitude) 

were made on a scale of individual beds. The occurrence of inter-

granular penetration and the development of pervasive fitted fabrics 

(unlimited fitted fabrics of Buxton & Sibley, 1981) were observed in a 

few relatively thin beds (Fig. 32) while restricted intergranular 

penetration (limited fitted fabrics,..£E; cit. are developed more widely 

in the sequence). No attempt was made to quantify these features 

because of the bias in sampling and the problem of selecting an 

appropriate scale. These are the main reasons why observations were 

kept qualitative • 

Compaction of Echinoderm Grains: the majority of crinoid-rich 

. grainstone beds show little or no intergranular pressure-dissolution 

~ontacts (Plate 13 ). Nevertheless, a number of relatively thin beds 

(0.8 - 1m) (two at P~nt-y-Pwll Owr, loco 5; four at Hendre, loco 6 

~~d twO at G;aig, loco II) (Figs.3l-3~ show well developed fitted fabric 

(Plate 25); within these fabrics both serrated and straight grain 

contacts are present. Across these contacts the crinoid columnals 

show no plastic deformation, even if the grains have undergone large 

v61~me dissolution (Plate 24A). There is nQ deformation twinning, nor 
" 

u;ndulose extinction in the monocrystalline calcite of the echinoderm 

,f~~gments. The dissolution interface is usually irregular. In certain 

~lmples it is confined to the grain contacts, in others it crosses into 
" I 

the matrix and/or cement; it bears no relation to the grain orientation, 

: b~t' to the overall stress pattern present within the bed (i.e. the 

i~terfaces are statistically normal to the vertical stress). 

The pressure-dissolution contacts among the pure crinoidal grains 

~~e commonly without insoluble residue (Plate 25), whereas dissolution 
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contacts among other grains which have clay, oxides and/or organic 

coatings, may have a thin dark film of insoluble residue. In such 

a case the pressure-dissolution surface usually is not restricted to 

the individual grains and transverses a number of them, i.e. it 

becomes a stylolite (Plate 25). 

A bed of crinoid - ·bearing, clayey biomicrite, 12cm thick, from 

the Upper"" Grey Limestone of Hendre quarry (Ioc. 6) was sampled, 

across bedding at intervals of one centimetre (totaf 11 samples). 

Samples of O.2g were separated using an engraving drill, avoiding large 

allochems (>I"mml. The samples were digested with O.5N acetic acid 

for 1.5 hours. The insoluble residue (mainly clays, organic matter and 

py~ite) were collected on a pre-weighed filter fu.,nel and its mass was 

determined. An acetate peel of the biomicrite bed was scrutinized 

for collapse and indentation of the crinoidal columnals. The limestone 

bed grades vertically in both directions into calcareous shale (15.2% CaCO ) 3 • 

. The insoluble residue (IR) content of this bed varies from about 8% 

of the total rock at the middle and increases gradually to about 18% at 

2cm from the top and bottom where the insoluble residue increases 

rapidly (mainly clays) towards the intercalated shales (Fig. 40). It was 

found that none of the crinoid columnals showed any deformation as long 

as the insoluble residue content of the host rock remained less than 38% 

of the total rock. Collapsed colu~nals (squashed) and indentation were 

observed in the zone of the sample with 38.7% IR. However, dissolution 

seams were observed in the zone of the sample with 18.4% IR. Nonethe

.less , not all the columnals in zones with high IR (>38%) content are 

. deformed. These columnals and the ones within the Jow IR zones, owe 

their preservation, it is believed, to inherent morphological feature 
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FIG. 40 

Insoluble residue distribution through an argillaceous 
biomicrite bed which shows deformed crinoid columna Is 
towards the top and bottom of the bed. 

FIG. 41 

Compaction intensity (Mean F.requency: no. of pressure 
dissolution surfaces divided by thickness of bed-in metres) 
versus cla~measured as insoluble residue. 

, 

, 
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(narrow central canal with respect to wall thickness in the columnal) 

and to the growth of at least sufficient calcite cement to give them 

competence, prior to their burial to a depth at which overburden 

stress exceeded the brittle strength of the uncemented grains. 

Compaction of Other Skeletal-Grains: Other grains such as remains 

of brachiopods, corals, bryozoans, molluscan casts, and forams also 

show evidence of the pressure-dissolution process. Where these grains 

are in contact with echinoderm fragments, they are usually penetrated 

by the echinoderm grains (Plate 24 e & 0. P I ate ISe shows a fractured 

molluscan cast in contact with an echinoderm fragment and the develop-

ment of pressure-dissolution serrated surface between them. Strain-

cleavages were noticed to have developed in the neomorphic spar of the 

molluscan cast rather than in the echinoderm grain. 

Response of Varied Lithologies to Pressure-Dissolution 

The various lithologies responded differently to pressure-dissolution. 

The greatest difference in response is between biosparite (grainstone) 

and biomicrite (wackestone), and the least difference in response is 

between biomicrosparite (packstone) and biomicrite (wackestone). 
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Stylolites are common in biosparite (grainstone to packstone) and to 

a. lesser degree in pure micrite (mudstone). On the other hand, 

dissolution seams are very common in impure biomicrite (clayey 

wackestone to mudstone}but to a mIlch lesser degree in impure 

biosparite (packstone). Intergranular penetration was observed in 

crinoidal biosparite (grainstone and few packstones) producing fitted 

fabrics (Logan & Semenuik, 1976). These fitted fabrics were 

observed to occur pervasively throughout certain crinoidal grainstones 

beds at Bryngwyn (loc. 13) and Hendre (Ioc. 6), while in other 

localities, at Pant-y-Pwll Dwr (loc. 5) and Graig (loc. U), the 

development of the fitted fabrics is restricted to zones a few centi

n;let res thick. 

Characteristics of these fitted fabrics are: a} extensive development 

, of serrated and undulating grain contacts, b} non-development of 

: . ,. stylolites, c) paucity of intergranular syntaxial cement (Plate 25) • 

. There is a clear difference between these densely packed fitted fabrics 

(Plate 25) and the less dense fabric of normally cemented grainstones 

(Plate 13). Fitted fabric grainstone has very little cement, whereas the 

. normal grainstone is very well cemented; all the crinoid fragments in 

the latter grainstone have syntaxial overgrowth (mean of five samples: 

53.8% of total rock volume is cement; 38.2% of total rock volume is 

:. intergranular syntaxial overgrowth). Most crinoidal grains in the fitted 

. '. fabric grainstone do not have intergranular syntaxial overgrowth and all 

r the cement present (mean of five samples: 16.2% of total rock volume) 

is filling intraskeletal cavities and filling central canals of the crinoidal 

. columnals. Having said that, certain samples (mainly packstones) with 

large allochems (3-5cm in diameter) show intermediate forms, i.e. some 

intergranular syntaxial cement and extensive pressure wei ding. However, 
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the fitted fabric in these samples also contains a number of stylolites 

and microstylolites as a result of the p~esence of matrix material. 

Two explanations for the scarcity of intergranular syntaxial 

cem"ent in the fitted fabric grainstones. are: a) intergranular 

penetration took place in relatively uncemented sediments, and 

b) cementation occurred at the same time as with pressure-solution, 

but' with cont;nued chemical compaction, newly formed cements 

dissolved. 

Plate 24e shows a crinoid fragment that has penetrated a foram; 

the penetrating end of the crinoid ossicle is devoid of any syntaxial 

overgrowth on its outer surface, while the other end has a well 

developed zoned syntaxial rim; in the meantime the foram chambers 
.. 

a~e . filled with drusy sparry calcite. Plate 24e, also, shows sutured 

co'~tacts between an echinoderm grain and bryozoan fragment with the 

zooeCia ·filled with sparry calcite. In spite of a considerable volume of 

dissolution of both the foram and the bryozoan fragment, there is no 

sign of plastic deformation in any of the two tests suggesting that 

j~tergranular 'penetration occurred after the filling of the foram chamber 

andthezooecia with cement. It remains to be said that these two 

thin':::'sections came from samples with only slight fitted fabric develop-

Similar evidence of intergranular overgrowth in pervasive fitted 

fabrics was found to be very slight (Plate 2 sa). Such occurrences of 

partial overgrowth on crinoidalg{ains was only found in very few fitted 

·fabric samples. This made us inclined to believe that grainstones 

with unlimited fitted fabrics, possibly, received little intergranular 

cement prior to the onset of the pressure-dissolution phase. 

'" Buxton and Sibley (1981) described similar occurrences of pressure-
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dissolution features in the Alpena Limestone (Devonian) of Michigan. 

~~ey advocated that fitted fabric in grainstone can only be the result 

oLpressure-dissolution of uncemented sediment. And this lack of 

cement also explains the absence of sutured stylolite from the fitted 

. fabric grainstone, because without the cement the grainstone lacks 

the competence necessary for the sutured surface of the stylolite to 

develop (Wanless, 1979). We tend to agree with their reasoning; 

however, we do not go so far as to exclude all cements. The 

important point is that overburden stress has to overcome the 

coh~rence of grains and move them against each other • 

. The reason for these grainstone beds not receiving early cement 

. is' uncertain. Nevertheless, within the geological setting of the 

o,inantian limestones of North Wales, three possible explanations are 

offered based on the present study: 1) A fast rate of burial of the 

gn~.instone beds which reduced their time of residence within the active 

,cementation zone of the meteoric aquifer (zone of active circulation), 

2). isolation of the beds from the bulk of the main aquifer by . ' 
i~p~rmeable horizons: either interbedded shales or well cemented 

crusts, and the development of aquacludes within these beds, which 

. were not favourable for the precipitation of cerr.ents because of the 

porewater chemistry (e.g. seawater or saline <IOO,OOOppm TDS), and 

3) stagnation of the meteoric-phreatic aquifers. 
C J 

The duration of cementation in grainstones in meteoric-phreatic 

environment is short as compared with the period of burial to a 

depth below the level of influence of the meteoric aquifer, hundreds of 

, thousands of years (Halley & Harris, 1979) as compared with a million 

ye~rs for burial to a depth of 400' m (fast burial) (Bathurst, 1975, p.279). 

i Accordingly the first explanation is unlikely. The second explanation 
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was also discounted because the beds under consideration are relatively 

thin; (0.8 - 1 m) interbedded with too little shales and stratigraphically too 

widely spaced to give rise to aquacludes. Thus the third explanation 

is probably the most likely reason for the lack of early intergranular 

cement in these grainstones with fitted fabrics. 

,I" It is reasonable to assume that cementation also had a great 

influence on the competency of biomicrosparite (packstone-wackestone), 

biomicrite (wackestone to mudstones) and ca1cisiltite (mudstone), thus 

cont~olling the response of these lithologies to the increase of over-

burden. In spite of the difficulty of assessing the cement contents 

of' these lithologies (p. 243), and of some having intergranular sparry 

calcite, the occurrence of sutured contacts between echinoderm fragments 

~nci ;.:n~trix (Plate 24d) indicate a certain degree of coherence within the 

matrix giving the rock the competency needed for the sutured contact • 
.. t '~ '; ;} 

However, clayey biomicrites rarely have sutured stylolites. Instead, 

dissolution-seams are the dominant chemical compaction feature. 

This style of pressure-dissolution could be due to the influence of clays 

in initiating the pressure-dissolution surface. This will be discussed a 

little later. 

The biomicrosparites (wackestones) show far less pressure-

dissolution features than other lithologies within the area of study. 

Only low amplitude «2 md stvlolites are observed to develop within 

~h~se microlithologies usually with 10-20 Ilm thick insoluble residue seams. 

Role' of Clays in Initiating the Pressure-Dissolution Features 
- ~: ~ 

Examination of clay-free micrites (mudstones) of the Loggerheads 

stream, section (Ioc. 14) showed low amplitude «2 mm) stylolites. This 
~ I . "" ~ 

, ~l'us'i the existence of densely packed fitted fabrics within some crinoidal 
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grainstones at Hendre (Ioc. 6) and other localities, indicates that clay 

w:as 'not essential for compaction even of severe intensity. However, 

sllbj~ctive determinations of compaction intensity (mean frequency of 

Bodoll (1976): number of pressure-dissolution features divided by 

thickn~ss of bed in metres) and the clay contents (determined as 

insol~ble residues), which were measured in certain impure beds of the 

Upper Grey Limestone at Hendre quarry (Ioc. 5) (Table 3 ), suggest 

that' a' general increase in the number of dissolution-features is 

assoCiated with an increase in the clay contents of the limestone beds; 

i.e. the higher the clay content the more susceptible the limestone to 

chemical compaction (Fig. 41). 

Table 3 

(I) 

Sample No. 

, ,,' 

M22' 

M23'i" 

M24 , 

M2S '" 

M26 

M27 

M2B " 

M.29".; 
M30 

, ,~~ 

M31 ' 

Mean frequency of pressure-dissolution features 
versus clay content 

(2) (3) 

Bed thickness No., of 
in metres pressure-

0.22 

0.35 

0.18 

0.38 

0.28 

0.19 

0.31 

0.35 

0.28 

0.21 

dissolution 
features 
• 

4 

2 

7 

3 

5 

3 

3 

12 

4 

(4) 

Mean 
frequency 
(3)/(2) 

4.5 

11.4 

11.1 

18.4 

10.7 

26.3 

9.7 

8.6 

42.9 

19.0 

Ins. Res. (mainly 
clays) 
% of total rock 

9.3 

18.4 

15.2 

35.7 

19.3 

33.3 

25.3 

11.3 
42.3 

20.3 

.. ' pies~ure-dissolut.iQn features include stylolites and dissolution seams 
(swarms within 2 mm are considered as one) as seen with a hand lens 

in the field. 
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,The means by which clays influence c;ompaction is probably by 

pr~,viding additional films of strongly adsorbed water that act as 

conduits for the dissolved carbonate to diffuse through to the open 
,- !\.> <'" 

pores of the limestone. 
i " >~ 

>!~e increased frequency of dissolution seams towards the top 

and bott.om of these clayey limestone beds and the increase of the 
" 

num,ber,.of allochems per unit area (one cm2) in these zones as 

. compared to the middle of the beds, might be interpreted as a product 
f' r e' , "-. ; 

of removal of carbonate by pressure-dissolution from the boundary zone 
• > ~ c ,') 

and precipitating it in the middle of the bed. However, inherent 
• "'. <, 

depositional variation in the ratios of clay to carbonate could also 

p~oduce ~ similar distribution in the clay content. In such a case the 

increase in allochems' density is explafned as a result of decrease in 

matrix/[~.llochem proportion. Shinn & Robbin (1983) emphasised that 

clays ~r, .organic layers resulting from soft sediment compaction might 

initiate pressure-dissolution during and after cementation. In 
J " 

argiIlace~us limestones, mechanical compaction may be succeeded by 

press';Ire,-dissolution in the same body of material. This happens along 

many bedding planes where there is usually enhanced content of clay 
I ,; 

(Bathurst, 1980 b)' 
~, . ,.. '. 

RelatioDship of Compaction Features to Calcite-Cements 

, "lc:'ompactive shell fracturing and stylolite development were used 

(Chapt~r~our, p.215) as signposts along the path of burial of the 
, r ~ , -

Dinantian limestones of North Wales. Evidence of cementation (Zone 

1-3 >' prior to compactive shell fracturing is seen in the disruption of 

cir~~~~;~nular cement crusts on a number of brachiopod shells (Plate 
'., ", " -; ~ . IS ~...:~)~ The second generation cement is commonly post-fracturing. 
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The fracture surfaces of brachiopods, bryozoans and few ostracods are 

encased in ferroan calcite (Fig. 30). The uncertainty regarding the 

minimum overburden necessary to produce compactive shell fracturing 

makes the use of the datum level speculative. Data for DSDP site 

167 in the North Pacific (Schlanger & Douglas, 1974) show that 

mechanical compaction in a coccolith ooze with allochems was 

dominant during the first 200m of burial, with an increase of broken 

foraminiferal tests from 20% to 50%. Small fossils, especially 

spherical ones, resist compaction more readily than do lar6er fossils. 

For example, delicate thin ,walled calcispheras (Plate 2Sc) are seldom 

broken. By contrast long molluscan and brachiopod shells are more 

prone to breakage. Accordingly it is believed in this study that 

breakage of large shells could have occurred at burial of less than 200 m. 

,! Relationships between pressure-dissolution features and cements 

are often straight-forward; most of the cements being earlier than the 

pressure-dissolution features (p.218). However, certain aspects of 

pressure-dissolution are unclear. For example pressure-dissolution 

between two crinoid grains could have occurred prior to any intergranular 

cementation or could have occurred after some cementation, the cement being 

dissolved and transported to other parts of the rock. Consequently the 

amount of pre-cement compaction in any sample cannot be adequately 

evaluated. 

;; :,' Chemical compaction post-dating cement is common and 

identified by pressure-dissolution featurs such as sutured contacts between 

tw6'syntaxial cements or usually between cement and crystal and grains 

(pl,~te 24A). Pressure-dissolution contacts between two adjacent crinoid 

ossic1es often extend laterally beyond grain boundaries as sutured contacts 

" ' 
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between the syntaxial cement crystak of one grain and the other 

: crinoid grain or its syntaxial cement. 

'; ,; , Finally, the remaining pores within mechanically and chemically 

", 'compacted fabrics were filled by the third ~pisode cement (Plate 24 

Therefore, the bulk of the intergranular and intragranular 

~ compaction is interpreted in this study to predate third episode cement. 

'cement. Stylolites on the other hand cut third generation cement. 
!.~ 

"There are' no petrographic data that constrain the minimum burial 

depth at which these started to develop. 

'1' Stylolites indiscriminantly cut all grain types and cut cements 

as young as the drusy spar of the third episode (Plate 16). Thus, 

• > although stylolites were important in stratigraphic shortening, they 

r, probably were not important in porosity destruction (other than 

<', providing carbonate for late crustal cements in other parts of the 

sequence), since they occurred after most intergranular compaction 

'and after an advanced stage of cementation. 

Discussion 

Petrographic evidence (p. 233) suggests that mechanical and 

chemical compaction within these uppermost mnantian limestones of 

N:>rth Wales started at relatively shallow depth of burial (about IOOni) 
l ~ • " ' l 

, ,Stratigraphic reconstruction of the burial history of the Dinantian 
> 'f'~" 

limestones (Chapter I, Fig. 11 ) suggests that the pre-Permian burial, 

whidi was the main burial phase, provided an overburden of about IOOOm 
• ,.0,' 

,,(p.:~ 7) which is believed by the present author to be sufficient to produce 

all the mechanical and probably most of the chemical compaction fabrics 
1 . '"'~, < ~ 

observed in the rocks under study (except few late stylolites). This 

implies a late Dinantian to late Westphalian age for the majority of the 

compactive features. 
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,I , 

r The inference that near-surface cementation, early in the diagenetic 

history of the Dinantian limestones of North Wales, had inhibited 

int'ergranular compaction (especially chemical compaction) may seem at 

odds with many published works which suggested that most of the 

cement found in carbonate rocks may have been locally derived from 
, ~ ~~ 

pressure-dissolution (Dunnington, 1967; Hudson, 1975; Bathurst, 1980a, c; Shinn 

~nd Robbin, 1983). Yet, Charpal et al (1980) described three Jurassic 
\ 

oolitic grainstone units outcropping in the Marne Valley, Eastern Paris 

Basin. In one of these units early diagenesis (cementation) is related 

to '~: hear-surface meteoric environment below a palaeosol. This 
~ ! ...- i 

diagenesis reduced porosity to 20%: early cementation inhibited the 

de~~lopment of stylolitization in the U:lit, the other two oolitic units 
, " 

which lack this early cement, have undergone heavy stylolitization, 
'" .'. 

which indicates late diagenesis under an increased overburden, with the 
-,' 

precipitation of burial sparry calcite, porosity was reduced to about 

~ "', 
, 'Wagner & Matthews (1982) explained the slight dissolution compaction 

of certain oolitic zones within the Upper Smackover Member (Jurassic) of 

Arka~~as, and the preservation of their primary porosity, as a consequnce 

ofr~tabilizing in a meteoric-phreatic lens. Whereas the non-porous 

int~~'r;~als represent relic vadose and subphreatic environments and are 

cha'r~:cterised by intense chemical compaction, Wagner & Matthews 

concluded that "carbonates altered under fresh-water conditions are 

phys'ically and chemically set into a stable framework. This framework 

wille'resist chemical dissolution caused by loading". These two 

exa.'mp'les ~nd that of the Alpena Limestone described by Buxton & 

. Sibley (1981) suggest that early cementation inhibition of compactive 
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. l; 
dissolution is a common occurrence in the geological record • 

The destination of the dissolved carbonate during chemical 

;; ,compaction is uncertain but it is not necessarily lost to the system. 

It may have been precipitated in the pores on either side of the 
'-:.-"" ., 

stylolite (Dunnington, 1954, Harms & Choquette, 1965), or carried 
, T ~ }, ' < 

, away by flow transport to be precipitated in other parts of the 

rock. In the case of the development of fitted fabrics in the 

crinoidal grainstone, local precipitation of the disSll!')lved carbonates 

is unlikely, because of the high permeability of the primary sedimen-

, '. tary packing of the grainstones. Buxton & Sibley (1981) compared 
;." 'l, 

... t.~e importance of diffusion versus flow transport. They concluded 

that if the dissolution process is in operation for a long time compared 
.' -.:: v"; ~:. 

to the duration of the diagenetic system, then diffusion is an 

important mechanism. On the other hand, if the time is short, then 

flow transport is the dominant mechanism, in which case, solute 

concentrations will not build up in the porewater: because super-

saturation is not achieved, precipitation does not occur. 
~ !; ~. , 

In the case of the less permeable lithologies (packstones and 

mudstones), the rate of the fluid flow through the pore system is 

relatively low. In this case diffusion becomes an important mechanism 

for the removal of carbonate from the sites of pressure-dissolution 

and local precipitation on a scale~ff few millimetres away is likely. 
~;)(': 

The influence of the presence of fine matrix on the pressure

dissolution process is highlighted in the experiment of Bhattacharyya & 

Friedman (1979). They concluded that the presence of a muddy 
, ; ~ I : 

matrix has modified the pressure-dissolution features: dissolution seams 

and ,low amplitude stylolites «2 mrri) were developed in oolites with 
. '! :~ : • 
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matrix, whereas pure oolites were pressure welded. 
I 

Buxton & Sibley (1981) explained the dissimilarity of pressure-

dissolution features between grainstone and packstone (which were 

supposed to respond in a similar manner) due to the presence of 

cement in the grainstones and to the presence of mud matrix in the 

packstone, which might have inhibited the development of cement around 

the' crinoidal grains. 

The Dinantian rocks under study show numerous examples in 

support of the above mentioned contentions. The development of 

fitted fabrics in grainstones, stylolites in well cemented grainstones, 

packstones and pure biomicrites had already been documented earlier 

(p;358). 
, r 

-" <,' In the non-argillaceous limestones of the area of study, stylolites 

. rarely developed at the junctions between different lithologies (Plate 1 d). 

,This is in sharp contrast to the Alpena Limestone of Michigan, where 

Buxton and Sibley (1981) observed that 80% of the lithological transition 

r~'flect pressure-dissolution features. This contrast might well be 

indicative of an advanced lithification of most lithologies of the 

Dinantian limestones prior to burial to a depth where pressure-

di;s~'lution becomes operative. Having said that, a number of high 

amplitude (S-lOcm) stylolites were observed to occur in the vicinity 

(IS cm below) of palaeokarst surfaces (Fig. 22b). Further, a number of 

p~esent day bedding planes within the massive pure limestones, in spite 

o'f Recent weathering, still reflect sutured surfaces indicating a possible 

stylolitic origin of these bedding planes. 

From all this it is concluded that, in spite of a large volume of 

c~ment precipitated early in the diagenetic history of the Dinantian 
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limestones, stylolites still developed at relatively numerous levels, and 

that· the competency produced by the introduction of cement only 

inhibited intergranular compaction. 

Nodular Bedding 

,In Hendre quarry (Ioc. 6) and Graig quarry (Ioc. ll) there are 

nodular clayey limestone beds (Fig. 14C), varying in thickness between 

15-45cm, made of biomicrites and biomicrosparites with calcareous 

shale as interlayers and partings. The upper and lower surfaces of 

these. beds are hummocky, undulating and the beds are distorted into 

nodular shapes (Fig. 21d). These beds are interbedded with black 
",;, .,. 

calc~r~ous shales 2-3 cm thfck. The upper and lower borders of the 

. limestone beds plus the intervening interlayers are crowded with low 
i.. 

amplitude stylolites (or microstylolites) and dissolution seams. These 

occur in swarms of subhorizontal interconnected surfaces in the shale . , 
1" , . ' .~ 

partings and within gradational zones 1-2cm in thickness at the top and 

bott0f!! boundaries of beds. 
, " .. 

The development of these irregular bedding surfaces and the 

nodular appearance of the beds can best be interpreted as a result of 
~ ':. ~ ! 

'pat~hY early cementation at near-surface conditions followed by 

differential compaction of the more clayey parts followed by pressure

diss~'lution process as a result of increasing overburden (Garrison & 

Kennedy, 1977). This is based on the comparatively uneven distribution 

of the allochems which in the thin parts of the beds are found to be 

more concentrated (in unit area of the thin section), while in the thick 

zones, they are floating sparsely. Evidence of mechanical compaction 

is . seen in the drapping of the platey shell fragments in the interbedded 

" 

~ 

.' 
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shales following the undulating surface of the bed. Pressure-

dissolution modification of the bedding surface is observed in the 

development of swarms of solution seams and low amplitude micro-

stylolites at the upper and lower boundaries of the beds. These beds 

were not examined in great detail and a more thorough, systematic 
,.,,,' -

stu~y is needed. 

The Role of Pore-water Chemistry 

Pore-water chemistry, probably, played an important role in 

chemical compaction, as implied by the theoretical consideration of 

Weyl (1959). De Boer (1975) in his experiment on carbonate sediment 

, compaction noted that 

(a) No compaction occurred when the porewater was removed 

'I 
completely. 

(b) When iso-octane was substituted for water, much higher stress 
, l' 

(c) 

was needed to produce a noticeable compaction. 

The introduction of Mg2+ inhibited the precipitation of calcite, 

but had no effect on the compaction. 

(d) Flushing of the pore fluid, with new water, through the system 

increased the compaction rate. 
, "'-)-"," 

(e) .. Compaction was increased when the water was undersaturated 
•• ,fl, 

" . ,with respect to CaC03, i.e. the greater the degree of 

undersaturation with respect to CaC03, the lesser the amount 

''''1, 

of overburden needed to cause intergranular pressure-dissolution. 

As, far as the Dinantian limestones of north-east Clwyd are 

conc~rn~d, the first and second cementation episodes were accomplished 
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in meteoric-phreatic lenses that spread northeastward and south

eastward in response to late Dinantian sea-level fluctuation (see 

p.237). Since these aquifers might have been recharged by run off 

f rom the Welsh Upland, a gradient in the level of saturation might 

have "existed, a situation conducive to greater development of chemical 

compaction in areas close to the recharge region. 

CONCLUSIONS 

I. Mechanical and chemical compaction were, after cementation, the 

second most important processes in decreasing inter and intragranular 

"porosity in nearly all lithologies of the Dinantian limestones of the 

area of study. 

2. The results of mechanical compaction are more commonly 

3. 

observed in grainstones and packstones. They comprise grain-

breakage, plastic deformation, rotation and gliding of grains. 

" Mechanical deformation of echinoderm grains was rare and was 

only observed in clayey limestones with insoluble residue (mainly 

clays) of more than 38% of total rock. Grain breakage was 

. observed frequently in remains of molluscs, brachiopods and ostracods. 

drain rotation and the development of pressure-shadow zones around 

echinoderm fragments were observed but not commonly. 

Chemical compaction is manifested in the development of pressure-

dissolution features: sty'lolites dissolution seams, and intergranular 

" penetration {fitted fabricsl Stylolites were formed in well-cemented 

rocks and were recorded from all lithologies studied. Dissolution 
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seams were commonly found in clayey biomicrites, whereas 

in:tergranular penetration with the development of fitted fabrics 

is. found in crinoidal g rainstones and a few packstones with 

little or no intergranular cement. Three possible alternatives 

are offered to explain the preservation of these grainstone beds 

f rom early cementation: a) fast burial to beyond active 

,', cementation zone of the meteoric aquifers, b) isolation by 

impermeable boundaries (clays or cemeuted crusts) and the 

development of aquacludes with pore-water unfavourable for the 

precipitation of cement, and c) stagnation of the meteoric-

phreatic aquifer. The third explanation is probably the most 

viable one. , 
'" 

4. Early, near-surface, cementation in biosparites inhibited, but did 

not prevent, the development of chemical compaction in these 

lithologies. 

" 
Lithologies with abundant matrix show intensive 

pressure-dissolution features, suggesting that the small grain size 

of the matrix might have favoured the development of pressure-

dissolution surfaces. 

s. I~' y The. destiny of the dissolved carbonate is unknown. 
... It, ~ " 

In the 

biosparites (grainstones and packstones) the dissolved carbonates 

are unlikely to have reprecipitated locally, because of the primary 

(: ,high permeability of these lithologies. This would imply that flow 

, '.>' transport was a dominant mechanism for the redistribution of 

"'_~ dissolved carbonates vis-a.-vis solute diffusion in the originally 

,) , permeable beds. 

6.' Petrographical observations on the relationships of compaction features 
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with cements imply that intergranular penetration pre-dated third 

episode cement while the majority of stylolites post-dated' all 

three cementation episodes. Mechanical compaction was post 

first episude and pre-dated or was contemporaneous with the 

second cementation episode. 

7. Virtually all compaction features are late Dinantian to late 

Westphalian in age, and were produced within IOOOm of burial. 

8. Compaction modi fied certain clayey limestones within the sequence 

and resulted in the development of undulating hummocky bedding 

planes which gave the beds a nodular appearance. 

9. The presence of clays in the Dinantian limestones of North Wales 

predisposed the limestones to the development of compactive 

dissolution seams and low amplitude stylolites. 

10. Although stylolites were important in stratigraphic shortening, they 

probably were not important in porosity occlusion locally, since 

they occurred after most intergranular compaction and after 

essentially advanced cementation. 

Pressure - dissolution features association with cement generations 
and different lithologies 

"Grainstone" 

Cement I 

Cement II 

Cement III 

Grainstone 

Packstone 

Wacksrone 

Mechanical 
Compaction 

C 

C 

R 

A 

C 

R 

Fitted 
Fabrics 

R 

C 

R 

C 

C 

R 

Dissolution 
Seams 

R 

R 

R 

R 
C 

A 

Stylolites 

R 

C 

A 

C 

A 
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SYNOPSIS AND CONCLUSIONS 
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SYNOPSIS AND CONCLUSIONS 

The carbonate sequence investigated in this study forms part of the 

eastern outcrop of the Dinantian li mestones of north-east Clwyd, North 

Wales. This outcrop. runs in an arc along the eastern flank of the 

Clwydian Range from Prestatyn by Halkyn Mountain to Llandegla, a , , 

distance of about 32 km (north to south). 

The main objective of the research was to work out how the 

lithification of the Dinantian 1 imestones (primarily the grain-supported) 

was brought about. The study included an analysis of lithologies, 
, ,,~ 

p~trography, cement types, neomorphic fabrics and compactional features. 

Trace elements and isotope geochemistry of the different components of 

tJ;te limestones were examined in an attempt to reconstruct the diagenetic ., 
environments in which these Dinantian limestones had evolved. 

The Lithofacies 

The Dinantian l.imestones of the area of study (The Upper Grey

B~igantian, D2 - and the top part of the Middle White - Asbian, 01 -
7 ::~' 

Limestones) accumulated primarily as autochthonous, endogenic carbonates 

produced by biological and possibly inorganic chemical processes operating 

. within a shallow marine platform. They are dominated by crinoidal remains. 

Brachiopods, bryozoans, molluscs, corals and foraminifers make a supplcmentary 

proportion of the bioclasts. 

detrital quartz. 

Other allochems are pellets, peloids, ooliths and 

The Dinantian -limestones are found, in this study, to include five main 

carbonate lithologies, based on grain elasticity and matrix/grains ratio: 

a) Calcisiltite, b) Biomicrite, c) Biomicrosparite, d) Biosparitc, and 

e) Biosparrudite. The stratigraphical distribution of these lithologies 
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was established in nine quarry sections over a total thickness of about 

180m of the uppermost beds of the Dinantian sequence. Matrix material 
( ',',' 

within these lithologies is of two types: calcitic micrite and calcite silt. 
,j ~' ~-> , , 

The latt'er forms an integral sequence of beds with the visible characteristics 
, ~ 1 

of' ~~c'h~nically accumulated sediment. These Dinantian limestones are 
., 

~ " ' 

believed, here, to have accumulated on a shallow open-marine platform 

within'- the "winnowed platform edge sands" (Zone 6) and "inner open 

platfo;~';' (Zone 7) of the model of Wilson (1975). However, the top 20m 

of the" sequence indicates a restricted lagoonal environment. The carbonate 
,'''' ~ C I ! ~ 

platform" was established on a spasmodically subsiding shelf, which resulted 
, . 

in the'd~velopment of a number of shallowing-upward cyclothems topped 

by . ~m~rsion surfaces. A total of at least 14 emersion surfaces was 

'obser~ed 'In the 180m of the stratigraphical sequence examined. These 
.. - ".~ ~ .( ~r 

surf~ces' are interpreted as having been produced by contemporaneous 

palaeokarst processes which acted under vegetation growing in volcanic-ash 

soils. ;", 'The shoaling upward patterns were disrupted by the influence of 
. -; ~.'? ~ , 

intricate local environmental settings, resulting in a restricted lateral 
~ < " 4 ' 

distribution of the lithofacies. 

'(' ~ .. ~ : 

" 

,': ' 

, 1 ' ' 
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Lithification Processes 

Cementation 
, , 

The platform carbonate sediments of the Dinantian of north-east 
" , 

Clwyd were characterised initially by a mixture of high-Mg calcite, 

calcite ,and aragonite, based on a comparison with the mineralogy of 

related Recent taxonomic groups. Mineralogical transformation of 

t:he metastable carbonates to low-Mg calcite was achieved in meteoric 

phreatic, environments, which were established during periods of low sea

level stands and subaerial exposure. 

Four main cement fabrics were observed in the biosparites (grain-
~ , t J' ~ <t 

- <. >', ~ 

~tones-packstones): a) incfusion-free zoned syntaxial rims on echinoderm 

grains, b) circumgranular isopachous prismatic crusts, c) fine polvhedral 

sParry calcite, and d) drusy blocky calcite • 

. The. syntaxial rims (Fabric a) are characterised by four major non

ferroan c;ryst~l zones that can be recognised in the measured stratigraphic 

ections 'over a distance of about l6km north to south (Fig. 1). The 
5 ' , 

- ~ >' ,-

Iciest zone (Zone 1) is non-luminescent. The second zone is complexly 
o '. 
'ubzo~~d" and has non-luminescent subzones alternating with dull orange ::; , , 

, - " 

ltJrnjn~sc;en~; ones. The third has bright orange luminescence, while the 

oungest (4th Zone) is faintly subzoned and has dull orange luminescence. 
Y .. ' .1,. 

zone~ I' ~~ 3' are dated as younger than compactive shell fracturing, and 
" " i' 

beJiev~,d , t~: b~long to the first cementation episode (E.I), which might 
,.. '1 __ ·1' t 

. gest a~ eogenetic environment or shallow depth of burial (less than 
S1Jg .,1 . . 

200m)., Precipitation of Zone 4 is likely to have been contemporaneous 
, . ,~, 

'h a compactive fracturing episode or slightly later. The circumgranular 
~Jt "",:' 
ris~'atic crust (Fabric b) is exhibited by cements of the first episode only, 

f' .' 

, 



378 

and also as small amount of polyhedral spar. 

A second cementation episode (E.II) introduced ferroan calcite insome of 

the outer parts of the syntaxial rims (Fabric a) and within the polyhedral 

spar (Fabric c). This cement has dull luminescence and forms 

alternating subzones with a non-ferroan calcite. The ferroan calcite shows 

a regional variation in its distribution and it is considered to be correlatable 

with syntaxial Zone 4 though this is not ferroan. Ferroan calcite is, in 

the main, dated as post-complctive fracturing and pre-stylolitization, 

possibly precipitated between 100-300m burial depth. 

A third cementation episode (E.III) is manifested by the precipitation 

of clear, drusy, coarsely blocky calcite (Fabric d), non-luminescent and 

non-ferroan. Nevertheless, a few calcite crystals of this episode might 

have developed polyhedral sJ?>arry fabric (c). This cement is considered to 

be a deep burial cement possibly formed at a depth of about 500m or more. 

The dating of this cement is uncertain. It is younger than compactive 

fracturing and some is before stylolitization. 

All the cements are clear low-Mg calcite, making an average of 47.5% 

(range 15-55%) of total rock volume of the biosparite-biosparrudite 

microfacies. Among the crinoidal biosparites the cements are made of 

syntaxial (Fabric a) 75-80%, circumgranular crusts 1% (Fabric b), polyhedral 

spar (Fabric c) 5 -10% and drusy blocky calcite (Fabric d) 10-20%. 

Crinoidal packstones with 35% or more matrix have very little or no 

syntaxial overgrowth. Ferroan calcite distribution is irregula~ stratigraphically 

but never more than 15% of total cement. Evidence of cement within the 

biomicrites and biomicrosparites microfacies is probably manifested in the 

development of plane intercrystalline boundaries within 2-4j.lm mudstones, 

and similarly in the 20pm calcisiltites. It cannot be quantified. 
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: Cementation Environments 

The cements of episode I, the clear non-ferroan cement (Zones 1 

through 3) and possibly Zone 4 of episode II are interpreted to have 

f~)fmed in meteoric phreatic lenses, probably established at shallow 

depth (few tens of metres) i.e. cementation was syn-Dinantian. 

c Evidence is as follows: 

(a) The strong substrate selectivity of the syntaxial rims, the geometry 

of the luminescent zones and the development of circumgranular 

prismatic crusts (Fabric b) are indicative of precipitation in water 

filled pores (phreatic zone). 

(b) The lack of definite vadose fabrics and absence of relics of marine 

cement also suggest phreatic zone cementation. 

(c) The presence. of orange luminescent zones within the syntaxial rims 

are indicative of levels of Mn2
+ within the lattice of the calcite 

(d) 

that are compatible with low (negative) Eh conditions associated with 

an environment below the water table. This rules out oxygenated 

waters of marine or vadose environments. h 2+ T e Mn contents of 

the calcite syntaxial rims are too high to have been derived from 

marine, connate, or deep formation waters, because the manganese 

content of these sources is too low to account for the luminescent 

cements. . 
f"" 

The presence of a number of palaeokarstic surfaces, at various 

stratigraphic levels, indicates the establishment at various times of 

active meteoric regimes. The presence of dissolution microcavities 

within some of the micrite beds also indicates meteoric water 

influence. 
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(e) No clear syntaxial calcite has ever been reported to have grown on 

Holocene echinoderm fragments in marine conditions. Instead 

fibrous aragonite, or fibrous or micritic high-Mg calcite usually 

surrounds the grains. 

(f) Quaternary meteoric-vadose and marine cements do not luminesce, 

whereas the meteoric-phreatic cements contain luminescent zones. 

(g) The different geographical distributions of syntaxial Zones 1-3 are 

best interpreted as reflecting the distributions of different meteoric 

aquifers. 

(h) The presence of microdolomite inclusions within some of the 

echinoderm grains indicates stabilization of a high-Mg precursor 

mineralogy in meteoric water conditions. Yet, the absence of 

these microdolomites from the syntaxial rim s around the grains 

excludes a meteoric-marine mixing zone in the area of study. 

(0 The chemical compositions of the cement rims on the echinoderm 

, grains indicate low-Mg calcite (about 0.45 mole% Mge03) and low 

Sr2+ (about 200ppm). These compositions are correlatable with 

those of calcite cements interpreted as of meteoric origin (Meyers, 

'1974, 1978; Moore & Druckman, 1980; Wagner & Matthews, 1982). 

(j) " .. Stable isotope analyses of two samples of these rims show S13e = 
0.8%0 POB and S180 = -8.2%0 POB. These values agree favourably 

with the meteoric interpretation for the formation of these syntaxial 

rims, on the basis that Recent meteoric aquifers in carbonate rocks 

have sUe about -1%0 POB and S180 about -7%0 POB (in sub-tropical 

regions), and that the fractionation coefficients of both l,3e & 180 

are slightly higher than one. The second episode cement (E.II) 

comprises both ferroan and non-ferroan calcite (possibly Zone 4) 
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occurring both as polyhedral spar (Fabric c) and syntaxial rims 

, (Fabric a). These share much the same crystal morphology, 

the zonal geometry and chemical composition ·(as far as Mg~+O.65 mole % 

2+ 2+ ~ , Sr= 335ppm & Mn= U5ppm arel concerneU) as those of the cement of 

, -! ' Episode I. 

environment. 

Such characteristics argue for a meteoric phreatic 

2+ The Fe uptake by calcite may have been realized 

;, ::. - in the meteoric-phreatic water or possibly in a late connate marine-

phreatic pore-water. Cement with alternating zones of different Fe2+ 

contents is unlikely to have formed in a submarine environment. The 

, ferroan calcite also shows dull luminescence, indicating Mn2+ and 

", ";,,' ,suggesting that it is not a precipitate from connate marine waters. 

Neomorphism 

- :",;,' The calcitization of the metastable carbonates took place in two ways. 

High-Mg calcite was stabilized to low-Mg calcite before or contemporaneously 

with' the precipitation of the first episode cement (E.I). This is based on 

the' 'concept that calcite would not readily overgrow a high-Mg calcite 

substrate, and that an overgrowth on the echinoderm remains, in sea water 

before stabilization, would have retained a higher Mg2+ content much more 

(S 'mole %) than that found in the few microdolomite inclusions observed in 

some of the grains. Also there is the shared non-luminescent character 

of skeletal grains (now low-Mg calcite) and the Zone 1 cement tim. The 

calcitization.in the aragonite grains was, on the other hand, a prolonged 

process which started at near-surface conditions, early in the diagenetic 

evolution of the carbonate sediments, and was not concluded until a post

compactive fracturing depth, as indicated by the development of neomorphic 

calcite crystals which include both parts of fractured molluscan shells. 
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Neomorphic fabrics are common within the Dinantian limestones, 

especially in the microcrystalline lithologies. 

a) Both syntaxial rims on echinoderm fragments, and syntaxial pseudospar 

(>30pm) on in situ calcitized aragonitic skeletal grains, have replaced 

micritic matrix. Some of the syntaxial rims, which were believed 

earlier to have had a replacement origin, show thin, dull orange 

luminescent zones alternating with non-luminescent ones, and small crystals 

of polyhedral spar encrusting the micritic surface. These indicate a 

possible cementation origin for these rims. 

b) Microspar (5-30pm) (as distinct from calcisiltite), is the product of 

aggrading neomorphism of micritic lime mud. Depending on the primary 

mineralogy of the carbonate deposit, the change was presumably either a 

transformation of the original aragonite of the carbonate mud to calcite, 

or recrystallization of calcite or Mg-calcite to calcite. Islands (1-2mm) 

of sparry calcite (50-100pm) within a microspar fabric are differentiated 

either as drusy sparry cement or as pseudospar by using cathodoluminescence 

and staining i n addition to the crystal morphologies. However, the 

pseudospar recognition still largely rests on negative evidence, i.e. if we 

cannot ascertain that the spar is a cement, then it is more likely to be 

a neomorphic pseudospar. 

Pseudobreccias are extensively developed, especially in the northern 

quarries of the area of study. The dark relatively coarsely crystalline 

lumps, in hand specimen, vary in size between 5-50mm in diameter; the 

smaller the lump the sharper its contact with micritic host rock. They 

commonly have skeletal fragments in their centres; a few have brachiopod 

remains. These dark lumps are possibly recrystallization patches within 

bioturbated sediments. Some have the form of burrows, while others show 
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a size distribution parallel to bedding, and a restriction of patch size 

at· anyone level. The dark lumps constitute less than 30% of the bed 

volume. The common presence of microspar within argillaceous 

biomicrosparites is in agreement with Folk's (1965, pA) contention that 

clays encourage the development of microspar. 

Silicification 

Selective replacement of skeletal fragments by silica has taken place 

esp~cially in the Upper Grey and Black Limestones. The common order 
c, , 

of decreasing susceptibility was brachiopods, corals, bryozoans, echinoderms, 

molluscs and foraminifers. The replacement process involved a certain 
-; - '1-· 

degr~~ of dissolution of the shell fabric prior to the precipitation of 

si1ica~ The silicification was very early in the diagenetic history of the 

limestones, probably before the first cementation episode. The reasons 

for this conclusion are: i) calcite cements and the opal CT (the 

-i;rec~rsor of chalcedony) are not equilibrium coprecipitates, and ii) during 

the second cementation episode, ferroan calcite replaced chalcedony. 

;' :":: Silicified skeletal grains show evidence of replacement of silica by 

: ferroan calcite, or calcite, by ferroan dolomite or dolomite. Ferroan 

. dolc)mite and dolomite are only found to have replaced silica in the 

skeletal grains (echinoderm fragments, bryozoan debris) which had high-Mg 

'calcite precursors. In the case of silicified brachiopod shells, the 

replacement of silica was by ferroan calcite. Chert nodules show the 

full'range of carbonate replacements mentioned above, but calcite 

dominates over other replacement mineralogies. There was a preferential 

. calcitization of chalcedony rather than of microcrystalline quartz. This 

pres'umablY reflects the less well-ordered crystal structure of the chalcedony. 
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A second silicification episode is presented by the development of 

euhedral to subhedral quartz crystals along stylolites. This is 

interpreted as a telogenetic feature: silica bearing fluids percolated 

through the limestones using the dilated stylolites as conduits. 

Volumetrically silica contributed little to the lithification of the 

Dinantian I imestones. The most likely source of silica in the 

Dinantian I imestones was the biogenic siliceous skeletons (probably, 

sponge spicules and radiolaria), supplemented by silica being released 

during the mineralogical transformation of smectites to illites during 

shale diagenesis, and possibly, silica adsorbed on organic matter within 

the primary carbonate sediments. 

Compaction 

Mechanical and chemical compaction were, after cementation, the 

most important processes in decreasing intergranular and intragranular 

porosity in nearly all the lithologies of the Dinantian I imestones of the 

area of study. The results of mechanical compaction are more readily 

observed in the grainstones and packstones. They comprise grain-breakage, 

plastic deformation, rotation and gliding of grains. Mechanical deformation 

of echinoderm grains was rare and was only observed in clayey limestones 

with an insoluble residue (mainly clays) of more than 38% of total rock 

volume. Grain-breakage was seen frequently in skeletal remains of 

molluscs, brachiopods and ostracods. Grain rotation and the development 

of pressure-shadow zones adjacent to echinoderm fragments were observed 

but not commonly. 

Chemical compaction is manifested in the development of pressure

dissolution features: stylolites, dissolution seams, and intergranular 

penetration (fitted fabrics). Stylolites were formed in well-cemented 
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"rocks and were recorded from all lithologies studied. Dissolution seams 

.. :were. commonly found in clayey biomicrites, whereas intergranular 

~ penetration with the development of fitted fabrics were found in 

f 
crinoidal grainstones and a few packstones with little or no inter-

granular cements. Three alternatives are offered to explain the 

. preservation of these grainstone beds from early cementation: a) fast 

; burial to beyond active cementation zone of the meteoric aquifers, 

" b),. ,isolation by impermeable boundaries (clays or cemented crusts) and 

the development of aquacludes with pore-water unfavourable for the 

precipitation of cements, or c) stagnation of the meteoric phreatic 

aquifer. The third explanation is probably the most viable one. 

Early, near-surface meteoric cementation in biosparites restricted 

.. but did not prevent, the development of chemical compaction in these 

Ii thologies. Other lithologies with abundant matrix show intensive 

_ pressure-dissolution features, suggesting that the small particle size of 

the matrix might have favoured the development of pressure-dissolution 

seams. 

The destiny of the pressure-dissolved carbonate is unknown. In the 

biosparites (grainstones and packstones) the dissolved carbonate is unlikely 

to have reprecipitated locally, because of the primary high permeability 

. of these lithologies. This would imply that flow transport was the 

dominant mechanism for the redistribution of dissolved carbonates rather 

than diffusion in these originally highly permeable beds. 

Petrographical observations of the relationships of compaction features 

to cements imply that intergranular penetration pre-dated the third 

episode cement, while the majority of the stylolites post-dated all three 

cementation episodes. Mechanical compaction first took pla'ce after the 
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precipitation of syntaxial Zones 1-3 and the circumgranular crusts of the 

first episode (E.I), but before or contemporaneously with the second 

cementation episode (syntaxial Zone 4 and ferroan calcite of polyhedral 

sp~r). 

Virtually all compaction features are believed to be late Dinantian 

to' late Westphalian in age, and were produced within 1000m of burial. 

This is based on the fact that at late Westphalian time the sequence was 

covered by the near maximum amount of overburden during its entire 

geological history. The presence of clays in the Dinantian limestones 

of ' 'North Wales predisposed the limestones to the development of 

compactive dissolution seams and low amplitude stylolites. 

Although stylolites were important in causing stratigraphic shortening, 

they probably were not important in porosity occlusion locally, since they 
I 

,occurred after most intergranular compaction and after essentially 

advanced cementation. 

l' 

, , 

.J 

;,' , 
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PALAEOHYDROLOGY 

The preceding discussions have indicated that meteoric phreatic 

c~mentation was the dominant porosity occlusion process affecting the 

Dinantian biosparites and biosparrudites (grainstones to p3;.~kstones). 

The following discussion is based mainly on the consideration of 
~, , 

syntaxial rims (Zone 1-4 and ferroan calcite distribution). The main 

pore-filling episode was the cementation that occurred before compactive 

fracturing during episode I. Concerning the genesis of the major cement 

. syntaxial Zones 1-3 and the circumgranular crusts of e,pisode I, there are 

two possibilities: (0 all cement zones were formed at approximately the 

same time, but represent different parts of a large groundwater system, or 

(in the zones are of different ages, each representing a different regional 
/ ;' .. 
distribution of phreatic lenses which changed in response to sea-level 

fluctuation. 
" 

Under the first hypothesis syntaxial Zone 1 and the similarly non

l~minescent subzones of syntaxial Zone 2 would represent the more 

oxygenated parts of a regional groundwater system, whereas the 

l~:minescent syntaxial subzones of Zone 2, anti of Zone 3, and possibly 

Zone 4, represent reducing conditions in the same aquifer. However, this 

cementation model would imply that Zones 1 and 2 are equivalent in time 

t'o Zone 3, i.e., contemporaneously precipitated from the same aquifer, 

which they clearly are not. This hypothesis was also discounted on the 

basis that the rocks under consideration were of relatively high 

permeability, grain-supported carbonates, and ,thus unlikely to have 

developed regions of different flow rates to account for different 

Oxygenation and reductions parts within one aquifer. 

The second alternative seems a more viable hypothesis since the 
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following observations might suggest more complex phreatic regimes 

established at different periods of the shallow burial «200m) history 

of the limestones under consideration. 

(i) Syntaxial Zone 1 is pervasive and found around most echinoderm 
, 
remains throughout the area of study and at all stratigraphic levels. 

(ii) Syntaxial Zone 2 is well developed in the grainstones of the 

northern part of the area of study but is missing from those of the 

southern sections. 

(iii) Syntaxial Zone 3 is well developed in the southern grainstones 

and ,is only very thin in those of the northern quarries. 

(iv) Intermediate outcrops of grainstones, as around Hendre (Ioc. 6), 

have a complete sequence with similar development of syntaxial Zones 2 

and 3. 

, . 
(v) 'Syntaxial Zone 3 is also well developed in grainstones of the lower 

p~ut of the sequence investigated, and poorly represented in the upper 

g rainstones. 
", ; 

The following suggestions are considered to be one possible working 

model: 

(1) Syntaxial Zone I cement and the isopachous circumgranular crust 

was precipitated during the early development of the syn-Dinantian 

meteoric regimes, with even distribution throughout the area of study. 

(2) Zone 2 cer.1ent was precipitated from an aquifer formed in the 

lnorthern part of the study area, with a fluctuating Mn2+ content in its 

allochthonous supply of dissolved ions; hence the multiple subzonation of 
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luminescent and non-luminescent cements. The southern extent of this 

zone might have been limited, either by seawater flooding the southern 

region, or by stagnation' of the aquifer. There is no evidence that would 

lead to a preference for one or other of these two contentions. The 

presence of multiple subzones within syntaxial Zone 2 cement is 

. d' 'f ' I f M 2+ d 'bl' d' h In lcatlve 0 an erratIc supp yon an POSSI y m lcates t at a 

considerable proportion of the dissolved ions in the aquifer was supplied 

from a variety of internal sources. 

(3) Syntaxial Zone' 3 cement indicates a meteoric aquifer with a relatively 

. higher Mn2+ content than those of Zones 1 and 2. This indicates an 

. allochthonous supply of dissolved ions. The precise source of Mn2+ is 

not known. However, its presence was interpreted by Meyers (1974) to 

imply an allochthonous CaC03 source. This concept is open to criticism, 

since a meteoric aquifer might pick a considerable amount of. Mn2+ during 

its flow through extra-carbonate sources, and does not need to dissolve a 

large volume of carbonate skeletal material in order to have the required 

concentration necessary for the precipitation of luminescent calcite. From 

all. this it appears that syntaxial Zone 3 and the circumgranular crusts 

cements were precipitated from an aquifer which was recharged through 

extra-carbonate terrains. 

. The restriction of this aquifer of cement episode I to the lower beds 

or the sequence examined indicates probably that the water had flowed 

through selected pathways that extended deep in the Dinantian ,1 imestones 

(about 150m from the top of the sequence) and were strongly 

permeability-controlled by the presence of grainstones. This might 

e~pJain the minor development of syntaxial Zone 3 cement higher in the 

sequence, in the upper Brigantian (Upper Grey Limestone) limestones, 
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because they are mostly biomicrites and shales. 

(4) " Syntaxial Zone 4 and the polyhedral spar cements are evenly 

distributed throughout the area of study and reflect a major expansion 

of the meteoric aquifer. The localized development of 

ferroan calcite polyhedral spar with its slight, dull luminescence, 

believed in this study to have precipitated contemporaneously with 

syntaxial Zone 4, might indicate a local modification of the precipita

ting aquifer by influx of Fe2+ derived from the intercalated shale beds 

(Oldershaw & Scoffin, 1967) or from extra-formational sources as 

observed in the vicinity of a number of palaeokarst surfaces. In the 

southern part of the area of study syntaxial Zone 4 is sharply subzoned 

although the hues of the subzones differ only slightly, suggesting only 

minor fluctuation in the Mn2
+ content of the water. Farther north 

, the subzones are less differentiated with subdued luminescence, suggesting 

a decrease in Mn2
+ content of the water in a northerly direction. 

~', ., The ages of the meteoric regimes described above are very difficult 

to, determine. Two alternatives are possible: they were of i) syn-

Dinantian age or ii) early Westphalian. Using the rates of fresh-water 

diagenesis of Recent carbonates (Enos & Sawatsky, 1981) and Pleistocene 

'carbonates (Land et aI, 1967) as a scale, we realise that hundreds of 

thousands of years are needed to reduce primary carbonate porosities to 

about.20%, which is about equal to the porosity in the Dinantian grain

stones now occupied by the cements of episodes I & II. Accordingly a 

syn-Dinantian age of these aquifers is preferred, since a Westphalian age 

would have involved a delay of some millions of years. 

The present data from within the area of study do not allow an 

adequate evaluation of the regional distribution of the syntaxial cement 
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zones and other cement types. This is mainly because the outcrops 

examined are more or less parallel to the ancient shore-line, and 

data from other areas (e.g. the western outcrop of the Dinantian 

across the Vale of Clwyd) would be needed to establish a more complete 

picture of the regional layout of these ancient aquifers. 

A Model of Phreatic Cementation 

From the cathodoluminescence data, it is clear that the regional 

distributions of syntaxial Zones 1-3 cements do not fit anyone of the 

models for cementation in phreatic ground-water systems that expanded 

:' '.' and retracted seawardly in response to sea-level fluctuation (Meyers, 

. 1978, p.392). Nor does it fit a model of multiple, vertically stacked 

aquifers (Fig. 43), as one might expect from the evidence of numerous 

/ palaeokarst surfaces observed within the sequence examined. 

The model of cementation during one or more stillstands (Meyers, 

1978) is considered as a possible alternative to the laterally shifting 

phreatic lenses model discussed in the previous section (Fig. 42). This , 

model implies that little meteoric cementation occurs while sea level 

was changing, whereas, during stable sea-level stands, meteor.ic regimes 

got established and fresh-water cementation was common. Such a 
, 

model was advocated by Meyers (1978) based on studies of phreatic 

. cementation in Quaternary limestones by Steinen & Matthews (1973) in 
r· 

which major meteoric cementation apparently occurred only during glacial (?) 

and interglacial stillstands. This model (Meyers, 1978) implies that the 

seaward region of a coastal aquifer is the first part to reach over

saturation with respect to calcite and thus setting the cementation 

process in action, for example in Recent large aquifers such as those off 
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. the Yucatan Shelf and the Florida coast (Back & Hanshaw, 1970). With 

the passing of time, larger parts of the aquifer would precipitate calcite. 

This would lead to a "saturation front" that would move landward. This 

would restrict the older calcite cements to the seaward part of the 

aquifer whereas the younger would be present throughout the area. 

:'; ,:. It is clear that this model is not applicable in its entirety to the 

Dinantian meteoric systems. However, certain aspects of it are worth 

considering (e.g., the restriction of syntaxial Zone 2 to the seaward part 

of the area of study and the prevalence of younger syntaxial Zone 4 

. throughout the area). The results of this research do not allow a more 

concise conclusion. 

, -', ., , 

" . '. 

THE CEMENT BUDGET 

The most probable sources for the cements in the Dinantian 
.", ",.;, 

1 imestones of NHth Wales are: i) dissolution of the Dinantian carbonate 

sediments at the many palaeokarst surfaces, ii} CaC03 released during 

compactive dissolution {both intergranular penetration and stylolitization}, 

and:, iii} exra-formational • 
. 

The gently rolling palaeokarst surfaces in north-east Clwyd seem no 

. more than a shallow modification of the original emergent surfaces and 

do not reflect any great loss of limestone to the overall succession. The 

variation in thickness of the cyclothems is not related to the depths of 

the '. karstification. 
!. '. 

Walkden (1974) supposed that, for the purpose of limestone 

dissolution rates, "climactic conditions during Carboniferous 01 and D2 

times were comparable with some modern humid tropical and subtropical 
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! oceanic carbonate environments for which solution rates exist". He 

< quoted a rate of 16mm/103 years for the Yucatan Shelf and 5mm/103 

~ for Florida. Land et al (1967) calculated a theoretical modern 

dissolution rate for Bermuda of 10Amm/103• These rates suggest a 

· period of between 60 to 200 thousand years for the dissolution of one 

: metre of Carboniferous limestone. On the other hand, by reference to 

c Pleistocene karstified emergent surfaces, which correlate with established 

· Pleistocene eustatic changes that can be dated with reasonable certainty 

(Land et aI, 1967), it is apparent that the periods of emersion are 

unlikely to have lasted less than 15 or more than 35 thousand years. 

· However, a complete cycle in the Pleistocene involved a pe riod of 

-. approximately between 30 and 65 thousand years compared with 

Carboniferous cyclothems of about 650 thousand to a million years. If 

.' we regard the ratio of the period of the emergent phase to that of the 

· total period of the cyclothem in the Carboniferous as the same as that 

of. the Pleistocene cycle, i.e. about 1:2 (which is pure conjecture), then 

. there was 350 to 500 thousand years to affect the karstification phase • 

. This would have been enough to dissolve 1.5-5m of the Dinantian beds 

; within each cyclothem, an order of magnitude that far exceeds the 0.5m 

. assumed by Walkden (1974) for the karst surfaces of Derbyshire. 

{ ~ ,; As an alternative approach we can note that the Dinantian rocks of 

_ North Wales were deposited within 10 million years (Fitch et aI, 1970, 

see also p.150). This includes both the depositional phases and the 

; emergent periods between cyclothems. There are about 8 cyclothems in 

. the Asbian and another 8 in the Brigantian of North Wales (Somerville, 

,1979, a & b). If each cyclothem had taken the same time 0), then 

the average duration of a cyclothem would have been about 650 thousand 
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years. If we assume an average thickness of the cyclothem of about 

10m (Somerville, 1979b) and an accumulation rate of about 23mm/ 

thousand years (taken from the Cretaceous to Recent thicknesses of 

shallow marine carbonates in the Bahamas, Platt et ai, 1980, p.31), then 

450 thousand years were taken by the accumulation phase for a single 

Dinantian cyclothem. Accordingly about 200 thousand years was the 

duration of the emergent phase; i.e. a period long enough to dissolve 

about 2m, at the Dinantian palaeokarst surfaces of North Wales. 

Clearly the CaC03 released by the karstic processes could have 

supplied about 25% of the total cement volume. This would be 

equivalent to a substantial proportion of the first episode cements. 

Walkden (1974) suggested that the dissolved carbonate at the karst 

surface could provide only about 6.5% of the necessary cement. This 

. difference· is mainly due to his assumption that only 0.5m of thickness 

reduction had taken place as a result of karstification at each emersion 

surface, insteadcf2m as estimated for the Dinantian of north-east Clwyd. 

Oldershaw and Scoff in (1967) invoked pressure-solution to provide the bulk 

of . the cement in the Dinantian of the area of study and Wenlockian 

limestones. Although this process was operative within the sequence under 

study, as discussed in Chapter 6, p.345, it is unlikely that it had supplied 

any cement as early as the first and second episodes. Moreover, it is 

doubtful if more than 15% of the total cement volume was provided by 

pressure solution as the third episode burial cement. This low figure is 

mainly due to the volumetrically insignificant development of intergranular 

penetration and the observation that stylolites are not sufficiently 

abundant to have supplied any considerable quantities of CaC0
3

• 

Additional pore fillings produced by volume change following 
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transformation of aragonite to calcite would have been of even less 

significance, because of the small amount of these aragonitic bioclasts, 

especially in the grain-supported IithQlogies. 

Totalling all these supplies of cement, karstic, pressure-solution 

.and aragonite to calcite transformation would yield about 20% of the 

total rock volume (42% of total cement), whereas the mean cement content 

of the crinoidal grainstones is 47.2% of total rock volume. (Estimates of 

. the. micritic rocks are not possible). There remains 22% of the rock 

volume to be provided by extra-formational sources. This quantity might 
" ., ~-.~ 

have been brought into the meteoric aquifer during recharge by run-off 

from the Welsh Uplands. Bathurst (personal communication) believes that 

a considerable amount of CaC03 is released for cementation by pressure

solution at bedding planes. 

In conclusion, it is believed in this study that the karstification 

~'rovided the bulk of the carbonate (53%) for the first episode cement 

~ithin the grain-supported rocks understudy, whereas pressure-solution 

~~s a minor contributor (15% of total cement), and a very minor 
~ . . 
contribution was provided by the calcitization process of the aragonitic 

bioclasts. This leaves 58% of the cement to be suppJied from cxtra-

f~r'mational sources, which might have included large volumes of limestones 

eroded from the area to the west of the present limit of exposures, as 

discussed in Chapter One. 
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SUMMARY OF THE DIAGENETIC EVOLUTION OF THE DINANTIAN 
LIMESfONES OF NORTH-EASf CLWYD, NORTH WALES 

'<'. ' • ~. This research on the Dinantian 1 imestones of north-east Clwyd, 

North Wales, has led to the establishment of the following diagenetic 

stages: 

Stage consisted of synsedimentary micritization of most allochems 

in a submarine environment at or just below the sediment/water interface. 

This was followed by silicification of some skeletal grains and the 

development of chert nodules locally at shallow depths of burial, less 

than 10m, within the sulphate reduction zone. 

" Stage II involved the establishment of a meteoric aquifer, in which 

high-Mg calcite bioclasts were stabilized to low-Mg calcite, and there 

was incipient precipitation of the first episode cement of low-Mg calcite 

(syntaxial Zone 1). This stage also involved the partial filling with 

polyhedral sparry non-ferroan low-Mg calcite cement of some intraskeletal 

voids (foraminifers, corals, bryozoan and ostracods). During this stage 

incipient dissolution of the aragonitic grains also took place. 

Stage III comprised the main phase of dissolution of aragonitic 

bioclasts and the continuation of the precipitation of the other first 
t, " 

episode syntaxial cement Zones 2 and 3. Although reprecipitation of 

calcite often followed soon after aragonite dissolution, there was in places 

a longer time gap during which some mechanical compaction of the 

skeletal moulds, prior to calcite precipitation, produced broken and 

fractured cement fringes and micrite envelopes. Some aragonite grains 

. were calcitized in situ. 

Stage IV: during this stage a widespread meteoric aquifer was 

established throughout the area of study. The aquifer became charged 
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with Fe2+ locally and ferroan calcite of episode II started precipitating, 

as syntaxial outer rims on echinoderm remains, as part of the polyhedral 

spar both as intergranular and intragranular fills of a few molluscan 

moulds and skeletal voids. During the latter part of Stage III and in the 

early part of this stage the overburden load was sufficient to cause most 

of the grain breakages, and the development of fitted fabrics. 

The other most important event in this stage was probably 

aggrading neomorphism of microcrystalline carbonate muds and the 

development of microspar. 

Stage V was dominated by the development of stylolites. 

Precipitation took place of the drusy, blocky calcite of episode III. The 

ferroan calcite replacement of silica within the skeletal grains and the 

local development of ferroan dolomite after drusy blocky calcite is 

believes to have occurred during the latter part of this stage. 

Stage VI involved a minor telogenetic silicification episode, with the 

production of bipyramidal quartz crystals. 

It remains to be said that this sequence of diagenetic changes shows 

a certain similarity to the order of diagenetic stages recorded by Land 

(1967) for the Pleistocene Limestones of Bermuda. 
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APPENDIX I 

Preparation of thin sections 

Thin slices (30 Jlm) of specimens of limestones were prepared 

using epoxy resin and according to the normal procedure used in 

the cutting room in the Department of Geology, University of 

Liverpool.- The thin section was then hand-polished using 3000F 

carborundum powder on a glass plate and finished by jeweller rouge. 

This procedure resulted in 15-20 Jlm one-sided polished thin sections 

which were stained before being covered by a coverglass. 

Preparation of acetate peels 

Acetate peels were prepared from polished and etched 

specimens of limestone. The surfaces of the specimen were first 

ground flat and then polished with 600F carborundum powder on a 

polishing disc and finished with 3000F carborundum on a glass plate. 

The polished surfaces were thoroughly cleaned. dried. etched with 1% 

Hel for 30-60 seconds and then washed with dist iIIed water. When 

dry the polished face of the specimen was covered with acetone and 

a piece of acetate sheet was carefully smoothed on to the surface. 

The specimen was left for about one hour and the acetate 

subsequently peeled off. The resulting peel was washed in 2% HCI to 

remove excess carbonate grains, washed in distilled water. dried. and 

mounted on glass slides with cellulose tape. Some of the peels were 

of stained polished slabs. 

APPENDIX II 

Staining 

The staining technique used in this study is that of Dickson (1965) 

with a slightly weaker acid solution 0%). and shorter etching time 
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(5-10 seconds). These modifications were necessary because most 

of the 30}lm thin sections were reduced to 15-20Jlm in thickness. 

The colours of the stains were examined in plane-polarised 

light (with blue filter) with the substage condenser in and 

diaphragm open so that cleavage and crystal outlines were barely 

visible. This allowed more light than is normally used to pass 

through the microscope and was necessary to reduce surface effects 

caused by irregularities on the thin section. 

APPENDIX III 

Polished (30Jlm) thin-sections for cathodoluminescence 

examination were finished with 0.3.,.,m diamond AI
2

0
3 

paste and 

cleaned using an ultrasonic vibrator. The polished slices were 

examined under a Nuclide Luminoscope (Mod. ELM 2A) using the 

following instrumental parameters: 

Beam Energy = 
Beam Current = 
Gun type = 
Spot Diameter = 
Ambient gas = 

17 KVDC 

60 - 80 JlA 

cold cathode gun 

3-Smm 

air at approximately 
SO millitorrs 

Photographs of the luminescence were made with a Leitz microscope 

(x3.5 objective and x10 ocular, using an Ilford 3Smm FP4.(12SASA) 

film with exposure times of 9-12 minutes (light-meter was set at 

half film sensitivity). 

APPENDIX IV 

Trace element analysis 

Magnesium, strontium, manganese, and calcium (not a trace element) 

were determined by treatment of SO-100mg of sample with 30ml of O.SN 
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acetic acid for three hours. The acid extract was then filtered on to 

a pre-weighed glass filter funnel and the volume was made up to 

50ml. The insoluble residue was dried and weighed (using a 

4 decimals balance).- The trace elements were measured on a Varian 

AA-Z75 series Atomic Absorption Spectrophotometer. using an air

acetylene flame. LaCl3 6HZO was added to Mg and Ca diluted 

solution and standard solutions to reduce interference between ions 

present. The technique used in this study is broadly that of Angino. 

E~ E., and Billings. G. K •. (1971) Atomic Absorption Spectrophotometry 

in Geology, Elsevier, Amsterdam. 191 pp~ 
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