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Abstract 

 

This geological research was conducted in the Sverdrup Basin on northwestern 

Ellesmere Island of the Canadian Arctic.  Five sections were examined in detailed 

revealing the Roadian Assistance Formation (sandstones) to be thickly developed in the 

west, reaching over 300m, but rapidly pinching out to the east, north and south.  The 

Wordian and Capitanian Trold Fiord (glauconitic sandstone) and Degerböls (spiculitic 

chert) formations form thin stratigraphic successions.  The spatial distribution of eight 

different lithofacies reveals two low-order transgressive-regressive (T-R) sequences.  The 

Roadian –Wordian sequence and the Capitanian sequence. 

Geochemical analysis of glauconitic minerals in the Trold Fiord Fm. reveals 

variably abundant glauconite, iron-rich illite and chlorite.  The glauconites are both 

autochthonous and parautochthonous in origin.  Compositional variations of glauconite 

do not reveal correlation with specific sequence stratigraphic trends established through 

facies analysis.  The spatial distribution of iron-bearing minerals in the shoreface to 

proximal-offshore environment suggests that significant portion of iron was supplied 

from land, and not from upwelling. 
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CHAPTER 1 

Introduction 

 

This is an introductory chapter that explains to the reader the format of the thesis 

and how it is structured and sub-divided into its various chapters.  It also describes the 

scientific objectives of this research and provides an overview of the previous studies, 

methodology and geological setting of the area. 

 

Thesis Format 

 

This thesis is sub-divided into two parts.  Part one comprises chapters 2, 3 and 4 

and deals with the lithostratigraphy, sedimentology and sequence stratigraphy of the 

studied succession.  Part two comprises chapter 5 which addresses various aspects of 

glauconitic facies, which is abundant in some of the studied units.  Chapter 2 introduces 

the lithological units investigated in this study.  Chapter 3 examines the depositional 

environments and the physical processes that affected the sedimentation patterns of the 

studied strata.  This investigation was performed through litho-, ichno- and micro-facies 

analyses.  Once defined, the facies were utilized to produce a sequence stratigraphic 

model described in chapter 4.  Chapter 5 specifically investigates the composition and 

stratigraphic significance of the glaucony minerals, as well as examining its origin 

through processes across the sediment-water interface.  Chapter 6 summarizes the study 

conclusions, further discussing the results of this research.  References and Appendices 

follow chapter 6. 
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Scientific Objectives 

 

The depositional environment, physical processes, chemistry of the sediment-

water interface and the authigenic minerals which resulted from these specific 

environmental conditions were studied to further refine an understanding of the Middle 

Permian (Guadalupian) climate and paleogeographic conditions of the Sverdrup Basin.  

This interval of earth history saw a peculiar transition from carbonate to chert biogenic 

factories in storm-dominated marine shelf settings along the northwest margin of Pangea.  

The geological research of this thesis was conducted on northwestern Ellesmere Island of 

the Canadian Arctic, where spectacular exposures of Middle Permian strata allowed 

detailed investigation of the carbonate eradication phenomenon.  The studied outcrops are 

located north of Greely Fiord and west of Tanquay Fiord (Figure 1).  The studied 

succession includes lithologies dominated by siliciclastic rocks and biogenic cherts that 

belong to the Assistance, Trold Fiord and Degerböls formations.   

 

The main objectives of this research are to: 

(1) Investigate in detail the siliciclastic and chert rich lithologies. 

(2) Determine the depositional environment and early authigenic processes 

which induced the chert-to-glauconitic sandstone transition. 

(3) Investigate the spatial and temporal distribution of the studied Middle 

Permian strata to refine stratigraphic sequences in the proximal settings of the 

Sverdrup Basin. 
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(4) Characterize the nature and distribution of the glauconitic minerals, 

abundant in the siliciclastic strata, to determine their depositional and stratigraphic 

significance. 

 

Study Overview 

 

The Middle Permian strata of the Sverdrup Basin comprise biologically 

impoverished deposits of cool-water carbonates (Beauchamp, 1994; James, 1997), 

spiculitic cherts and glauconitic sandstones (Thorsteinsson, 1974).  Temporal and spatial 

transitions which occur among the different deposits record a sedimentation pattern 

affected by physiographic transition of evolving Middle Permian (Guadalupian) shoreline 

and the associated decreased sedimentation rates, as well as shifting influx of nutrients-

rich waters, greatly affected by changing patterns of upwelling currents.  An investigation 

of the distribution of glauconitic sandstones, abundant in Middle Permian (Wordian – 

Capitanian) units, as well as its nature and diagenetic alterations, allowed for an enhanced 

understanding of Middle Permian depositional environments in the proximal parts of the 

Sverdrup Basin.  This study also sheds light on the nature of the glauconitic sandstone-to-

spiculitic chert transition, and the seafloor processes which induced the abundant 

spiculitic chert deposition and glauconitization of biotic and abiotic Middle Permian 

deposits.  Our research reveals that the processes associated with this broad sedimentary 

transition are greatly influenced by nutrient-rich bottom waters, in particular iron- and 

phosphate-rich waters.  Additionally, the study of spatial and temporal distribution of the 

glauconitic sandstones and the basinward correlative spiculitic cherts reveals a 



 

 

4 

 

significantly earlier (Wordian instead of Capitanian) eradication of carbonate factories 

and their replacement by chert factories than documented elsewhere in the Sverdrup 

Basin.  Furthermore, our research suggests that the Upper Permian succession, 

represented elsewhere by the Lindström Formation, is absent across the study area, 

indicating significant erosion beneath the sub-Triassic unconformity. 

 

Geological Setting 

 

The Sverdrup Basin is a rift basin that encompasses an area approximately 1200 

km by 400 km.  It extends over most of the Queen Elizabeth Islands in the Canadian High 

Arctic, between Ellesmere Island in the northeast and Prince Patrick Island in the 

southwest (Figure 1).  The sedimentary succession is estimated to be up to 13 kilometres 

thick (Balkwill, 1978) and consists of Lower Carboniferous to Eocene siliciclastics, 

carbonates, evaporites, cherts and minor volcanics (Thorsteinsson, 1974).  These rocks 

unconformably overlie Precambrian to Upper Devonian rocks of the Franklinian 

basement (Thorsteinsson, 1974).  The Sverdrup Basin began forming in Early 

Carboniferous time during a global tectonic re-organization that eventually sutured the 

continental masses of Laurussia and Gondwana into the super-continent of Pangea.  At 

that time the Sverdrup Basin was located on the northwestern margin of Pangea at ~ 10-

15º N, and later progressively drifted northward to reach ~ 35º N in the latest Permian 

(Golonka et al., 1994).  The regional rifting associated with this major tectonic re-

organization affected much of the Silurian-Devonian orogenic system along northwestern 

Pangea, forming a series of parallel sub-basins separated by linear highs (Balkwill, 1978; 
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Thériault and Beauchamp, 1991).  The Sverdrup Basin was the largest of such rift 

basins.  Progressive rifting which lasted 80 Ma peaked during the Viséan (Balkwill, 

1978; Trettin, 1989; Harrison, 1995), Serpukhovian and Bashkirian-Moscovian 

(Beauchamp et al., 1989a, Davies and Nassichuk, 1991).  Fault-associated tectonic 

activity ended near the Early to Middle Permian boundary, following a series of 

significant compressional faulting events, collectively called the „Melvillian Disturbance” 

(Thorsteinsson, 1974). 

During the initial rifting phases sedimentation progressed from lacustrine shales 

of the Emma Fiord Formation, to fluvial conglomerates and sandstones of the Borup 

Fiord Formation and contemporaneous conglomerates and sandstones of the lower 

Canyon Fiord Formation, to restricted marine carbonates and evaporites of the Otto Fiord 

Formation, and finally into marine carbonates of the lower Nansen Formation (Davies 

and Nassichuk, 1991).  The Nansen Formation marked the onset of warm water carbonate 

deposition which dominated the marginal parts of the basin from the Bashkirian to the 

Sakmarian (Beauchamp and Desrochers, 1997).  The Sakmarian marked a time of rapid 

climate change recorded as a transition from diverse, warm water photozoan carbonates 

of the Nansen Formation, into impoverished cool-water heterozoan carbonates 

(Beauchamp, 1994) of the Raanes and Great Bear Cape formations. 

The compressional tectonic events associated with the Melvillian Disturbance 

were followed by a period of relative tectonic quiescence which lasted until Early 

Cretaceous.  Until that time the basin was under a regime of passive thermal subsidence 

with the exception of the Tanquary High area on northern Ellesmere Island where 

repeated fault-controlled uplift lasted until the Late Triassic (Embry, 1991).
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FIGURE 1 – Map of northeastern part of the Sverdrup Basin in the Canadian Arctic 

Archipelago.  Extend of the Carboniferous-Permian erosional edge in the eastern part of 

the Sverdrup Basin is outlined with a dashed line. 
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For the remaining late Paleozoic era, sedimentation of the marine shelf environments 

progressed from siliciclastics of the Sabine Bay and Assistance formations, into 

heterozoan carbonates and spiculitic chert of the Degerböls Formation, laterally 

correlative with the glauconitic Trold Fiord Formation (Thorsteinsson, 1974).  The biotic 

assemblage of the Wordian – Capitanian carbonates of the Degerböls formation became 

impoverished, which has been interpreted to record yet another cooling phase in the 

Permian (Beauchamp, 1994).  The overlying Wuchiapingian Lindström Formation 

comprises essentially pure siliceous spiculitic cherts.  These are interpreted as cold-water 

Hyalosponge biota due to their sponge spicule dominated assemblage (Beauchamp, 

1994).  The Lindström Formation correlates landward with the glauconitic sandstones of 

the upper Trold Fiord Formation (Beauchamp, et al., 2009).  The last major tectonic event 

that affected the development of the Sverdrup Basin was the Tertiary Eurekan Orogeny 

(Thorsteinsson, 1974).  This event deformed and uplifted large portions of the basin 

exposing the Upper Paleozoic strata on Ellesmere and Axel Heiberg islands 

(Thorsteinsson, 1974; Trettin, 1989). 

 

Previous Studies 

 

Geological investigations of the Canadian Arctic began over a century ago.  

However, due to the remoteness of the area, mapping and stratigraphic studies of the 

Canadian Arctic Archipelago started relatively recently.  R. L. Christie conducted field 

work in 1950‟s releasing a map of northwestern Ellesmere Island in GSC Memoir 331 

(Christie, 1964).
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FIGURE 2 – Upper Paleozoic lithostratigraphic column for the Sverdrup Basin 

(modified after Beauchamp et al., 2009).  Middle Permian interval of this study is 

highlighted in colour. 
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Additional stratigraphic studies were conducted between the late 1950‟s and 

early 1960‟s by GSC scientists, including R. Thorsteinsson, E. T. Tozer, J. Wm. Kerr and 

H. P. Trettin.  This early effort culminated in the release of GSC Bulletin 224 

(Thorsteinsson, 1974) which became a major reference work on the Carboniferous and 

Permian stratigraphy of the Canadian Arctic Archipelago. 

Initial correlations and age determinations for the newly-defined rock formations 

of Late Carboniferous and Permian age were largely based on ammonoid and brachiopod 

studies (Tozer 1961, 1965, 1967; Nassichuk et al., 1966, Nassichuk 1970).  Conodont 

studies were initially done by H. Kozur and W. Nassichuk (1977) and later by C. 

Henderson (1981).  Upper Carboniferous and Lower Permian strata were investigated in 

more detail by B. Beauchamp and C. Henderson (1994) on Raanes and Bjorne peninsulas 

of Ellesemere Island.  Their work defined and dated new mappable units, the Lower 

Permian Raanes and Great Bear Cape formations (Figure 2).  Additional fieldwork in 

northern Axel Heiberg Island, north-western Devon Island, west-central and north-

western Ellesmere Island refined the stratigraphy of the Upper Carboniferous to Upper 

Permian in the Sverdrup Basin (Beauchamp et al., 1989a, 1989b; Beauchamp and 

Henderson, 1994; Kells, 1996; Gates, 2001).  The most recent advance in biostratigraphic 

and chemostratigraphic studies of the Sverdrup Basin led to the definition of the 

Lindström and Black Stripe formations of Late Permian (Wuchiapingian) age 

(Beauchamp et al., 2009). 
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Geology of Study Area 

 

The field area of this study is located in mountainous terrain of northwestern 

Ellesmere Island where retreating glaciers provide an excellent exposure and 

unweathered preservation of the lithological successions.  The five measured sections are 

located in four separate blocks (Figure 3) bounded by Tertiary NE-E-oriented thrust 

faults resulting from the Eurekan Orogeny.  Additionally, the Girty Creek and Mount 

Leith sections, measured previously by B. Beauchamp, occur in two separate fault blocks 

(Table 1; Figure 3).  The amount of displacement between each fault block is unknown at 

this time and remains to be studied in the future.  Palynspastic reconstructions would 

obviously affect the spacing between the various sections in the two cross-sections (A-A‟ 

and B-B‟ in Fig. 3) and hence the paleogeographic reconstruction of the study area.  

However, the stratigraphic correlations between the various Middle Permian sections 

remain valid in spite of the Tertiary deformation.  

 

Methodology 

 

Field work for this study was conducted during July 2009, west of Tanquay Fiord 

and north of Greely Fiord on northwestern Ellesmere Island (Figure 1).  Five different 

localities (Table 1) were selected for excellent exposures of Middle Permian rocks.  

Stratigraphic section were measured, photographed and described in detail at each 

locality.  Field observations and descriptions were recorded about physical rock 

characteristics such as bedding thickness and type, colour, composition, grain size, 



 

 

13 

 

sedimentary structures, bulk mineralogy, texture, trace fossils and body fossils.  Rock 

samples were collected at intervals to properly record sedimentological transitions.   

A total of 188 rock samples were selected for petrographic analysis.  Thirty-eight 

50x75mm and 150 26x46mm thin sections were prepared at Vancouver Petrographics 

lab.  The thin sections were analysed for composition, mineralogy and diagenetic 

features.  Sample representatives of very fine-grained siliciclastic micro-facies were 

selected for cathodoluminescence to verify the mineralogy, cement composition and 

diagenetic features.  All petrographic analyses were completed at the Department of 

Geoscience, University of Calgary.  The field and thin-sections observations were 

grouped into lithofacies descriptions and subsequent interpretations of the depositional 

environments.  Resulting lithofacies, together with significant stratigraphic surfaces 

observed in the field were integrated into a sequence stratigraphic framework presented 

in two cross-sections, the location of which is shown in Figure 1.  Additionally, 

supplementary data provided by B. Beauchamp was integrated into some of the 

graphic logs used in the stratigraphic correlations (Table 1, localities 6 and 7; Appendix 

E). 

Twenty samples containing varying amounts of glauconite from the five 

stratigraphic sections were selected for quantitative Electron Microprobe Analysis 

(EMPA).  Analyses were performed using the JEOL JXA-8200 Electron Microprobe at 

the University of Calgary.  The rock samples were double polished, plaquette-sized thick-

sections (between 3-5mm thick), mounted on 26x80mm glass plates (Appendix F).  

Chemical composition of 10 to 20 glauconitic grains was obtained for each sample 

(Appendix J).  The samples were analyzed for major oxides of the glauconite mineral.  
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These include CaO, Na2O, SiO2, K2O, P2O5, Al2O3, Fe2O3, MgO, MnO, (Appendix J).  

Each sample was photographed using Backscatter Electron Imaging (BSEI) to determine 

the nature, morphology and homogeneity of the glauconitic grains.   

Additionally, matrix and cements were analysed using the EMPA and BSEI to 

supplement the petrographic analyses of the different rock facies.  Energy-dispersive X-

ray spectroscopy (EDX) was used to verify the qualitative elemental composition of the 

glauconite grains for selected samples.  The EDX analysis of the glauconitic samples was 

completed at the Geological Survey of Canada (GSC), in Calgary, using a Philips XL30 

Scanning Electron Microscope.  Rock chips and isolated glauconite grains were 

photographed in back-scatter and secondary modes to capture additional morphologic 

details of the mineral and other cements.  X-ray diffraction (XRD) analyses of bulk and 

clay-fractions of fifteen glaucony samples supplemented the petrographic and chemical 

analyses (Appendix N).  The XRD testing was also completed at the Geological Survey 

of Canada (GSC), in Calgary, using a Philips PW1700 X-ray diffraction system. 
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FIGURE 3 – Close-up view of the study area with outcrop locations and unofficial 

section names.  See Figure 1 for general location. 
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TABLE 1 – COORDINATES OF THE STUDY LOCATIONS, NAMES AND 

THICKNESSES OF THE MEASURED SECTIONS 

 

LOCALITY NUMBER 
AND NAME 

LATITUDE LONGITUDE 
THICKNESS 

(Meters) 

Locality 1 - Borup Fiord Pass South East 81º00'31'' 81º19'51'' 349 

Locality 2 - Borup Fiord Pass North West 81º01'25'' 81º25'51'' 250 

Locality 3 - East Mount Leith 81º01'01'' 80º13'38'' 107 

Locality 4 - Mysterious Evaporites 81º02'54'' 80º06'49'' 130 

Locality 5 - Bart Cliff 81º02'52'' 80º06'39'' 34 

*Locality 6 – East Girty Creek 81º13'37'' 82º08'50'' 186.5 

*Locality 7 – Mt. Leith 80º52'10'' 81º32'13'' 140.5 

 

* Supplementary field data from B. Beauchamp’s previous field work. 
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CHAPTER 2 

Lithostratigraphy 

 

The studied succession on NW Ellesmere Island is attributed to the Assistance, 

Degerböls and Trold Fiord formations, which lie between the Lower Permian 

(Kungurian) Sabine Bay Formation and the uppermost Permian-Lower Triassic Blind 

Fiord Formation.  While the Assistance and Trold Fiord formations are typically 

developed in the study area (see Thorsteinsson, 1974), the Degerböls Formation is almost 

completely chert-dominated departing from its carbonate-dominated composition 

elsewhere in the Sverdrup Basin.  While this attests for unique environmental conditions 

in the study area (to be discussed in later chapters), it also points out to some issues with 

the existing nomenclature.  These issues are discussed in this chapter. 

 

Assistance Formation 

 

Definition and Distribution 

 

First defined and named by Harker and Thorsteinsson (1960), the type section of 

the Assistance Formation is located at Grinnell Peninsula of Devon Island.  It consists of 

alternating units of variably calcareous, fine-grained sandstones, siltstones and mudstones 

(Thorsteinsson, 1974).  On Ellesmere Island the Assistance Formation is mainly 

composed of quartzose sandstones interbedded with lesser amounts of siltstones 

(Thorsteinsson, 1974, Henderson, 1981).  Along the eastern edge of the Sverdrup Basin, 
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the Assistance Formation forms a narrow belt extending from Greely Fiord on the west 

side of Ellesmere Island, southward to Melville Island.  The thickness of the Assistance 

varies from feather thin at numerous locations to 323 metres in our study area, which is 

the thickest known occurrence of the Assistance Formation in the Sverdrup Basin. 

In this study, the Assistance Formation outcrops at the two westernmost localities, 

the Borup Fiord Pass southwest and the Borup Fiord Pass northwest sections (Figures 1 

& 3).  As noted by previous workers, the main characteristic features of the Assistance 

Formation are the abundantly occurring Zoophycos - Spirophyton trace fossil as well as 

locally abundant brachiopods and shell lags (Thorsteinsson, 1974; Henderson, 1981; Reid 

et al., 2007). 

 

Lithology and Thickness 

 

Borup Fiord Pass SE Section: A complete section of the Assistance Formation 

was measured at the Borup Fiord Pass SE, totalling 233 meters (Appendix E).  A 

prominent, unconformable contact separating the Sabine Bay and the Assistance 

formations marks the beginning of this section (Figures 5 & 6).  The formation consists 

of locally glauconitic Spirophyton / Zoophycos sandstones, tan and yellow brachiopods- 

and bryozoans-bearing sandstones and distinctively red coloured brachiopod grainstones.   

The lower part of the Borup Fiord Pass SE section grades from sandstones into 

red grainstones.  Abundant amalgamated lag deposits composed of Spiriferella 

brachiopods dominate the blocky bedded strata.  The red grainstones gradually grade into 

bioturbated sandstones.  Dark green beds sporadically overlie both the brachiopods / 
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bryozoans bearing sandstones and the bioturbated Spirophyton / Zoophycos sandstones 

resulting in a cyclic sedimentation pattern which gradually progresses up-section into 

dark green sandstones (Figure 4G and Appendix E).  Beds become interrupted with 

rhythmically alternating sandstones – phosphatic mudstones, near the top of the 

formation (Appendix E). 

 

Borup Fiord Pass NW Section: This section represents the most distal 

succession of the study area (Figure 1).  Here, the Assistance Formation overlies 

predominantly siliciclastic strata of the Sabine Bay Formation (Tozer and Thorsteinsson, 

1964) (Figure 4A).  Only the upper 140 metres of the Assistance were measured at this 

locality.  For this reason, supplementary field data provided by B. Beauchamp was 

utilized to assess a total lithologic thickness of 323 metres (Figures 4B-F and Appendix 

E).  At this locality, the Assistance Formation lies unconformably on the Sabine Bay 

Formation (Figures 5 & 6).   

The Assistance Formation consists of cyclic inter-beds of tan / yellow, Spiriferella 

brachiopod- and bryozoans-bearing sandstones, Spirophyton rich sandstones, and 

glauconitic Spirophyton / Zoophycos sandstones sporadically graded into siltstones and 

mudstones.  Faint scoured horizons intermittently occur in the tan coloured brachiopod-

bearing sandstones, but also sporadically in the Spirophyton light grey sandstones.  The 

small cycles averaging 5 metres in thickness extend over the entire section becoming 

increasingly silty and muddy in the upper parts, leading to a major contact with the 

spiculitic cherts of the Degerböls Formation (Figure 4A, D-E and Appendix E).
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FIGURE 4 – Photographs of studied sections showing general lithologic distribution and 

their relationship.  (A-F) - Borup Fiord Pass NW section showing vertical transition of 

Assistance and Degerböls formations.  Measurements are from this study (white) and B. 

Beauchamp‟s previous studies (yellow).  (G) – Continuous succession of Assistance and 

Degerböls formations at Borup Fiord Pass SE.  (H) – Red sandstones and scoured 

bioturbated sandstones of Trold Fiord Formation sharply overlie Sabine Bay Formation at 

East Mount Leith.  (I) – Trold Fiord Formation at Bart Cliff section sharply overlain by 

igneous sill that rests at the base of the Blind Fiord Formation.  (J) – Silty spiculitic cherts 

of Trold Fiord Formation at East Girty Creek.  (K) - Distribution of silty spiculitic cherts 

of Trold Fiord Formation at Mount Leith locality.  (L) - Mysterious Evaporites section of 

Trold Fiord overlying Sabine Bay Formation. 
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FIGURE 5 – Cross-section 1 (E-W) showing stratigraphic relationship, ages and 

distribution of the Assistance, Degerböls and Trold Fiord formations in the study area.  

Meterages are from Beauchamp (scale in red colour) and this study (scale in black 

colour). 
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FIGURE 6 – Cross-section 2 (N-S) showing stratigraphic relationship, ages and 

distribution of the Assistance, Degerböls and Trold Fiord formations in the study area.  

Meterages are from Beauchamp (scale in red colour) and this study (scale in black 

colour). 
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Biostratigraphy and Age 

 

 The Assistance Formation has yielded a large variety of age-diagnostic fossils, 

including brachiopods (Harker and Thorsteinsson, 1960), ammonoids (Nassichuk, 1970), 

palynomorphs (Utting, 1994) and conodonts (Henderson, 1981).  Most workers consider 

the age of the Assistance Formation to be Roadian (early Middle Permian), (see also 

Beauchamp et al., 2009).  The conodont Jinogondolella gracilis, was recovered 133 

metres above the base of the Borup Fiord Pass NW section, just a few metres below the 

contact with the Degerböls Formation (Appendix C and E).  Jinogondolella gracilis is 

considered a diagnostic Roadian species found exclusively in the Assistance Formation 

elsewhere in the Sverdrup Basin (Beauchamp et al., 2009). 

 

Degerböls Formation 

 

Definition and Distribution 

 

A unit of carbonates and cherts, named after an island in Otto Fiord of 

northwestern Ellesmere Island (Thorsteinsson, 1974), the Degerböls is known from 

southwestern and northwestern Ellesmere, and northern Axel Heiberg islands 

(Thorsteinsson, 1974).  Correlative with the lower Trold Fiord Formation (Figure 2), the 

Degerböls carbonate beds are rich in bioclasts of crinoids, brachiopods and bryozoans, 

whereas the chert beds contain abundant siliceous sponge spicules (Beauchamp and 

Desrochers, 1997; Gates et al., 2004).  The thickness of the Degerböls Formation ranges 
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from thin to over 300 metres, with the type section measuring approximately 165 

metres (Thorsteinsson, 1974).  In the study area, the Degerböls Formation outcrops at the 

two westernmost sections of the Borup Fiord Pass locality (Figure 1).  Only minor 

carbonate beds are present at Borup Fiord Pass NW, but none at the Borup Fiord Pass SE. 

 

Lithology and Thickness 

 

Borup Fiord Pass SE Section: A prominent contact separating the siliciclastics of 

Assistance and the spiculitic cherts of Degerböls marks the beginning of this unit at the 

Borup Fiord Pass SE section (Figures 4G, 5-6).  The thickness of Degerböls at this 

locality measures 117 metres.  The lower part of the formation consists of frequently 

occurring sharply bedded spiculitic cherts and bryozoans / brachiopod sandstones which 

rapidly shift into thick, medium bedded spiculitic cherts.  The weathered bedding 

surfaces prevented observing any sedimentary details.  However, frequent undulatory 

surfaces resembling hummocky cross-stratification (HCS) and possibly ripples were 

observed in outcrop (see chapter 3).  The spiculitic cherts at this locality indicate cyclic 

deposition of generally compositionally homogeneous strata.  Cycles of light cherts and 

phosphate-rich darker cherts occur continuously up section.  Both cherts are sporadically 

inter-bedded with dark green, silty horizons.  The Degerböls Formation is overlain 

unconformably by shales of the Blind Fiord Formation (Figure 4G). 

 

 Borup Fiord Pass NW Section: At the Borup Fiord Pass NW, the Degerböls 

Formation measures 110 metres in thickness.  The initial 10 metres of strata composed of 
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silty spiculitic cherts, becomes covered by rock debris, which extends over the next 50 

metres.  The aerial photographs however, suggest continuous sedimentation of light grey 

spiculitic cherts (Figures 4D-E).  The section continues in a 50 metre thick outcrop on the 

west side of a small glacial lake which separates the main section from these separate 

outcropping beds of spiculitic cherts (Figure 4F).  The cherts of the remaining section are 

sporadically bioturbated with Zoophycos and Phycodes.  The beds are medium-thick, 

light to dark grey in colour, often overprinted with pyrites.  A single bed of silty 

carbonate marks a minor flooding surface in otherwise compositionally homogenous 

spiculitic cherts.  The section ends with a sharp erosive contact with the overlying shales 

of the Blind Fiord Formation (Figure 4F). 

 

Biostratigraphy and Age 

 

 The Degerböls Formation comprises a rich brachiopod fauna that has been 

interpreted as Guadalupian (Middle Permian) in age (Thorsteinsson, 1974).  A more 

precise Wordian age was attributed to the Degerböls Formation based on litho- and 

biostratigraphic correlations with the assumed equivalent Trold Fiord Formation.  A 

Wordian to Capitanian age has since been confirmed by conodont studies (Henderson, 

1981; Beauchamp et al., 1989a; 2009).  No age-diagnostic fossils were recovered in the 

Degerböls Formation in our study area.  The formation is assumed to be of Wordian and 

Capitanian age based on its position immediately above the dated Roadian Assistance 

Formation at Borup Fiord Pass NW and SE localities and its correlation with the Trold 

Fiord Formation to the east. 
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Trold Fiord Formation 

 

Definition and Distribution 

 

Named after a prominent fiord on the west coast of Ellesmere Island, the Trold 

Fiord Formation was first described by R. Thorsteinsson (1974).  The type locality is 

located on the west coast of Ellesmere Island, at an unnamed tributary of East Cape River 

on the northeast side of Cañon Fiord (Figure 1) (Thorsteinsson, 1974).  Besides 

Ellesmere Island, this formation outcrops on northern Melville, Cameron and Devon 

islands, forming an east – west trending belt of outcrops (Thorsteinsson, 1974).  On 

Ellesmere Island, the Trold Fiord Formation trends north to south forming a narrow belt 

near the erosional edge of the Sverdrup Basin (Figure 1).  The thickness of the formation 

varies considerably from very thin to over 500 metres on Fosheim Peninsula, west-central 

Ellesemere Island, averaging 100 metres in thickness (Thorsteinsson, 1974).  The 

formation is overlain by the Triassic Bjorne or correlative Blind Fiord formations, and 

variably underlain by truncated lower to middle Permian strata.  Three localities of the 

study area (Appendix E) display complete exposure of the Trold Fiord Formation.  

Generally thinning eastward towards the basin‟s erosional edge, the main characteristics 

of the Trold Fiord strata in the study area are rhythmically bedded brachiopod-rich beds 

inter-bedded with generally green coloured glauconitic, bioturbated sandstones. 
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Lithology and Thickness 

 

East Mount Leith Section: The Trold Fiord Formation is 107 metres thick at 

East Mount Leith (Table 1; Appendix E).  The strata represent sedimentation in a 

periodically high energy environment characterized by sedimentary features such as 

scours, shell lag deposits, graded bedding and hummocky cross-stratification (HCS).  At 

this locality, the Trold Fiord Formation lies unconformably on top of a few metres of 

white sandstones of the Sabine Bay Formation.  A thick, unmeasured diabase sill of 

Cretaceous age underlies the Sabine Bay Formation (Figure 5H).  The deposits 

immediately above the lower contact consists of red-coloured, scoured, chert pebble 

conglomeratic sandstones and brachiopod-rich sandstones which extend up to 15 metres 

(Figure 5H).  Grading is observed within the fossiliferous beds which depict an overall 

retrogradational stacking pattern progressively up-section.  The red coloured sandstones 

are sharply overlain by light grey sandstones that are bioturbated and / or bear 

sedimentary structures characteristic of storm deposits.  Progressively up-section, the 

bioturbated sandstones are consistently scoured and the overall deepening trend ends with 

phosphatic mudstone strata.  The inter-bedding of sandstones with minor mudstones 

gives way to frequently scoured fossiliferous strata occasionally inter-bedded with light 

grey spiculitic cherts.  A second deepening trend is observed near the top of the section, 

characterised by abundant bioturbated sandstones more frequently inter-bedded with 

phosphatic mudstones and glauconitic sandstones.  The section is sharply overlain by the 

Blind Fiord Formation (Figure 5).
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 Mysterious Evaporites Section: The Trold Fiord Formation at the 

Mysterious Evaporites section is 130 metres thick (Table 1; Appendix E).  This section is 

located some 3 kilometres east of the East Mount Leith section (Figure 3).  Similarly to 

the East Mount Leith section, the lithology and sedimentary structures are characteristic 

of event sedimentation.  The section begins with a significant disconformity that 

separates the underlying Sabine Bay Formation and the Trold Fiord Formation.  

Sandstone deposits overlying the disconformity consist of thick, red coloured chert 

pebble fossiliferous sandstones, which grade upward into light grey sandstones.  Both 

lithologies are frequently scoured and fossiliferous (see chapter 3).  The light grey 

sandstones are locally planar-bedded and / or bioturbated.  The succession progressively 

changes into a phosphatic mudstone.  Continuously up section, the depositional trend 

progressively shifts into frequently scoured spiculitic cherts, locally inter-bedded with 

bioturbated sandstones (Appendix E).  The spiculitic cherts inter-bedded with the 

sandstones are truncated by the overlying Blind Fiord Formation (Figure 5). 

 

 Bart Cliff Section: The Bart Cliff Section is only 33 metres thick (Table 1; 

Appendix E).  This section is near the erosional edge of Permian strata, as shown by the 

lithologic thinning and pinchout eastward (Figure 1).  The lower contact, which variably 

cuts across the underlying strata, could not be measured due to lack of exposure (Figure 

5I).  The first four metres of sediments are intensely bioturbated, abundant in phosphatic 

clasts and shell lag deposits.  These medium-thick beds are rich in glauconite.  The 

succession above the bioturbated sandstones depicts rhythmic sedimentation of light grey 

sandstones, locally scoured and spiculitic, consistently similar to the Mysterious 
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Evaporites and East Mount Leith sections (see chapter 3).  Glauconitic beds locally 

interfinger with the light grey sandstones.  At this locality the Trold Fiord Formation is 

sharply overlain by an igneous sill which penetrated the base of the Blind Fiord 

Formation (Figure 5I). 

 

Biostratigraphy and Age 

 

 The Trold Fiord Formation is replete with fossils, especially brachiopods and 

bryozoans.  Guadalupian age-diagnostic brachiopods have been recovered from the 

formation (Thorsteinsson, 1974), which forms the basis of the correlation with the more 

distal Degerböls Formation.  A Wordian age was assigned by Nassichuk (1970), based on 

a single occurrence of the ammonoid Neogeoceras macnairi (see discussion in 

Beauchamp et al., 2009).  Wordian and Capitanian conodonts (Henderson, 1981) and 

palynomorphs (Utting, 1994) were later recovered in relative abundance in the formation.  

Beauchamp et al., (2009) considers the Trold Fiord Formation to locally extend into the 

Late Permian (Wuchiapingian) based on the occurrence of the conodont Mesogondella 

rosenkrantzi.  No age-diagnostic fossils were recovered from the Trold Fiord in the study 

area, but the formation is believed to be of Wordian and Capitanian age based on 

conodonts recovered in a variety of sections along the eastern margin of the Sverdrup 

Basin on Ellesmere and Devon islands. 
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FIGURE 7 – Lateral distribution of the Middle and Upper Permian deposits in the 

northeastern part of the Sverdrup Basin.  (A) Roadian Assistance Formation and 

basinward correlative lower van Hauen Formation.  The absence of Roadian strata at 

Mount Leith is due to Elmerson High (Beauchamp and Olchowy, 2003).  (B) Wordian 

and Capitanian Trold Fiord Formation and distally correlative Degerböls and upper van 

Hauen formations.  (C) Lopingian Lindström Formation and distally correlative Black 

Stripe Formation. 
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Significance of Formations Distribution 

 

The Melvillian Disturbance, which culminated near the Early / Middle Permian 

boundary, led to one of the more widespread subaerial unconformities in the history of 

the Sverdrup Basin.  This prominent sub-Middle Permian unconformity occurs 

throughout the study area (Figures 4A & H, 5-6).  The corresponding Middle Permian 

stratigraphic succession that lies above this unconformity can be broken down into two 

packages, each indicative of much different subsidence and depositional history. 

 

Roadian 

 

 The Roadian was a time of rapid increase in accommodation space, associated 

with a significant clastic sediment influx, as shown by the unusually thick Assistance 

Formation in the Borup Fiord Pass sections (Figures 5 & 6).  The formation thins 

substantially eastward of Borup Fiord Pass SE becoming less than 50 metres thick 

between Borup Fiord Pass SE and East Mount Leith localities (B. Beauchamp, personal 

communication).  Eastward the Assistance Formation becomes completely absent at East 

Mount Leith, Mysterious Evaporites and Bart Cliff localities (Figures 5-7A).  Similarly, 

the Assistance Formation is absent at two supplementary locations considered in our 

study, East Greely Fiord to the north, and Mount Leith to the south (Figure 7A), 

suggesting a wedge-like distribution for the formation between major highs to the north 

(West Tanquary High of Wamsteeker, (2009) and Elmerson High of Beauchamp and 

Olchowy, (2003)).  These observations suggest that the Assistance Formation filled a 
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west-east oriented narrow depression or embayment, more or less along the same axis, 

which had developed earlier between the Late Carboniferous to the Early Permian, at a 

time of extensive carbonate sedimentation represented by the Nansen, Antoinette, Mount 

Bayley and Tanquary formations (Wamsteeker, 2009; Beauchamp and Olchowy, 2003) 

(Figure 7A). 

 

Wordian – Capitanian 

 

 In sharp contrast, the Wordian and Capitanian succession represented by the Trold 

Fiord and Degerböls formations is uniformably distributed relative to its Roadian 

counterpart (Figures 5-7B).  The Wordian and Capitanian succession thickens gently 

from the erosional edge in the proximity of the Bart Cliff section to its more distal 

occurrence in the Borup Fiord Pass sections (Figure 6).  The relatively uniform 

distribution of the Trold Fiord and correlative Degerböls formations suggests 

sedimentation at a time of slow regional subsidence after an initial interval of basin filling 

earlier during the Roadian.  The Wordian – Capitanian succession is suggestive of layer-

cake stratigraphy which is demonstrated by the occurrence of comparable units of similar 

thickness at East Girty Creek to the north and Mount Leith to the south (Figure 7B). 
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Lopingian 

 

 Contrary to Beauchamp et al., (2009), this research suggests that Upper Permian 

strata of the Lindström Formation do not occur in the study area beneath the sub-Blind 

Fiord unconformity (Figure 7C).  Yet, Upper Permian strata are known to exist at 

Ooblayah Bay some 30 kms to the west as shown by the occurrence of Mesogondolella 

rosantkrantzi in that section (Tyler Beatty, pers. comm., 2009).  The chert-dominated 

composition of the Degerböls Formation in the study area is at the origin of its 

assignment to the Lindström Formation by Beauchamp et al., (2009).  Assignment of the 

chert-dominated strata described as Wordian and Capitanian in this study to the Upper 

Permian Lindström Formation resulted in an unusual paleogeography where a high in the 

van Hauen Pass area (type Degerböls area) was necessary to explain the distribution of 

Upper Permian strata (see Beauchamp et al., 2009).  A much simpler paleogeographic 

picture emerges from stratigraphic assignments here (Figure 7C).  However, the 

stratigraphic correlations, with spiculitic chert of the Middle Permian Degerböls 

Formation passing proximally into green glauconitic sandstone of the Trold Fiord 

Formation with no intermediate carbonates calls for an unusual interpretation.  The next 

pages of this thesis address this discrepancy. 
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CHAPTER 3 

Sedimentology of the Middle Permian (Guadalupian) Deposits 

 

 This chapter examines the depositional environments and the physical processes 

of the Middle Permian (Guadalupian) marine shelf in the proximal part of the Sverdrup 

Basin (Figure 1).  These interpretations are derived from a detailed facies analysis that 

relies on the definition and description of eight lithofacies based on bed-scale 

observations gathered in the field.  Additional information derived from the identification 

of ichnofacies and microfacies, acquired through field and microscopic observations, 

provides complementary information in support of the interpretations derived from the 

lithofacies analysis.  Table 2 relates the various lithofacies, microfacies and ichnofacies 

defined in this chapter to the interpreted depositional environments.  These elements are 

described at length in this chapter. 
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FIGURE 8 – Lithofacies (LF) distribution in the study area for the Middle Permian strata 

of (A) Assistance Formation and (B) Trold Fiord and Degerböls formations.  FWWB is 

fair weather wave base.  SWWB is storm weather wave base. 
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Lithofacies Analysis 

 

In total, eight lithofacies have been identified based on physical rock 

characteristics such as bedding type / thickness, composition, colour, grain size, 

mineralogy, sedimentary structures, texture, body fossils and trace fossils (Table 2; 

Figure 8).  The relative distribution of these features has been interpreted as ranging from 

the middle shoreface to the offshore zone of an open marine shelf.  The main lithofacies 

characteristics are summarized in Table 3, whereas their association with micro- and 

ichno-facies are presented in Table 2. 
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Lithofacies 1 (LF1): 

Descriptive Name: Heterolithic Muddy Fossiliferous Sandstone 

Interpretive Name: Lower-Shoreface Sandstone 

 

The muddy sandstones of LF1 are found only in the Assistance Formation at 

Borup Fiord Pass SE (Table 1).  The sandstones indicate relatively continuous 

sedimentation in association with the coquina bearing grainstones of LF2.  The medium 

to thickly bedded sandstones of LF1 are dark yellow to brown in colour on weathered 

surfaces and medium grey on fresh surfaces.  The sandstones are blocky, very well 

indurated and rich in brachiopod shell fragments, bryozoans and thinly-bedded dark grey 

mudstones (Figure 9A-D).  Brachiopod shells are thick, mostly scattered in the detrital 

matrix.  The shells are large, up to 5 centimetres long, oriented in both concave-up and 

convex-up orientation (Figure 9D).  They locally form thin fossiliferous beds in the 

otherwise fine to medium grained sandstones.  The bryozoan fragments are horizontally 

layered, often coated in mud.  These are locally intermixed with brachiopod shell 

fragments.  Mudstone beds are thin and normally deposited on top of the sandstone 

succession (Figure 9C-D).  They are irregular in shape, discontinuous, branching and 

undulatory (Figure 9B).  The sandstones and mudstones are occasionally mottled from 

bioturbation, yet specific trace fossils cannot be determined.  Low angle undulatory 

surfaces of low wave-length, possibly representing oscillatory ripples, are locally 

preserved (Figure 9A). 
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Interpretations: 

 

Abundant brachiopod shells and bryozoan fragments scattered and mixed with the 

sand rich matrix imply transport to the site of accumulation (Figure 9A-D).  Thick and 

large size of the shell fragments and bryozoans may indicate relatively shallow marine 

environment where more robust fauna can withstand frequent water agitation of both fair 

weather and storm weather waves.  The interpretations of flow type from the orientation 

of brachiopod shells cannot be inferred with confidence due to thorough reworking of 

sediments.  However, the abundance of trace fossils may indicate prevailing fair weather 

wave conditions and a well oxygenated environment.  Mudstone laminations which 

generally overlie the sandstone beds indicate settling from suspension during periods of 

quiescence.  Their irregular, branching shape is a result of intense bioturbation.  Sporadic 

shell fragments deposited in the muds are the result of current transport and deposition 

during the next higher energy phase.  Mud coatings of some of the fossil fragments are a 

result of such coarse sediment transports.  Abundant large fossil fragments of 

brachiopods and bryozoans and moderately abundant muds in otherwise fine to medium 

grained sandstones places LF1 in the middle to lower shoreface of a marine shelf. 
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FIGURE 9 – Examples of Lithofacies 1.  (A) Fossiliferous sandstone (1) with irregular 

mudstone laminations (2).  Note undulatory surface, possibly oscillatory ripples on top of 

the bed (3).  (B - C) Blocky bed of fossil bearing sandstone (1) overlain with a thin bed of 

mudstone (2).  (D) Close-up of intensely bioturbated muddy sandstone with brachiopod 

shell fragments (arrow) mottled in the heterolithic strata. 
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FIGURE 10 – (A) Reference shelf profile illustrating different zones of siliciclastic shelf 

(Modified after Komar, 1976; Tillman et al., 1985).  (B) Flow processes diagram 

illustrating oscillatory and unidirectional flows in shallow siliciclastic shelf (Modified 

after Einsele 2000).  (C) Flow Deviation diagram showing pressure gradient associated 

with storms and the effect of Coriolis force on water‟s flow direction.  (D) Shoreline and 

shallow marine currents responsible for sediment transport in the shallow marine system. 
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Lithofacies 2 (LF2): 

Descriptive Name: Amalgamated Coquina Bearing Silty Grainstone 

Interpretive Name: Proximal Carbonate Tempestite 

 

Lithofacies 2 outcrops only at the southeastern locality of Borup Fiord Pass 

(Figures 1 & 3).  The main characteristic of this lithofacies is the red coloration of its 

blocky amalgamated beds (Figure 11A-H).  The red bands randomly cut across the 

outcrops, inter-bedding with greenish grey coloured silty grainstones.  The amalgamated 

grainstones are medium bedded and very well indurated, likely due to abundant oxidized 

iron cements that produce the red tinge.  Abundant scoured and irregular surfaces are 

immediately overlain by thin bryozoan and brachiopod coquina limestone (Figure 11D-

E).  These are generally bounded by scoured surfaces and silty grainstones, forming 

multiple, poorly graded thinly bedded successions.  Additionally, normally graded beds 

and HCS beds characterize LF2 grainstones (Figure 11A, B & F).  The normally graded 

beds contain amalgamated thin- to medium-bedded successions of brachiopod shells, 

overlain by horizontally layered bryozoans intermixed with sporadic shell fragments, 

gradually thinning into fine-grained silty grainstones.   

The graded beds are numerous, laterally continuous in outcrops and separated by 

scoured surfaces (Figure 11H).  The HCS bed forms are thin to medium-bedded, 

characterized by low angle undulating surfaces.  These often lie immediately above, or 

are part of the coquina limestones (Figure 11B).  Brachiopod shells and shell fragments 

are generally thicker in the graded beds, and thinner, possibly deformed, in the HCS and 

scoured coquina beds.  The shells are oriented in both concave-up and convex-up 
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orientations, ranging in size between 5-10 centimetres, some being only 1centimetre 

long.  The coquina and HCS beds are often discontinuous laterally, typically extending 

for tens of metres, but occasionally pinching out over 2 to 5 metres.  There are no trace 

fossils in the LF2. 

 

Interpretation: 

 

The amalgamated graded beds, HCS beds, shell lags and scoured horizons are a 

result of multiple, periodic high energy events such as storms (Tillman et al., 1985).  

Episodic winnowing of finer grained sediments by storms resulted in well compacted 

shell lags, bounded by sharp surfaces.  Multiple sequences of sediment deposition and 

winnowing gradually compacted and flattened the brachiopod shells found in the coquina 

and HCS strata successions.  Graded beds in shelf settings are the result of deposition 

from suspension during post-storm sediment wanning (Tillman et al., 1985).   

Concave up orientation of many brachiopod shells support this interpretation.  

Combined flows appear to be the dominating means of sediment transport as HCS beds 

are abundant and adjacent to the other amalgamated bed forms.  Abundant and large body 

fossils of brachiopods and bryozoans imply adjoining depositional environments and 

limited sediment transportation.  Red colouration of extremely well indurated beds is due 

to abundant iron-oxides cements which precipitated due to a reaction of iron elements 

with oxygenated waters.  Considering the lithological observations discussed above, the 

LF2 grainstones were deposited in the lower shoreface / proximal offshore transition zone 

of a storm influenced marine shelf (Figures 8 & 10).
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FIGURE 11 - Examples of Lithofacies 2 (LF2).  (A) – Coquina bed (Cq.) bounded by 

scoured surfaces and grainstones (gr.).  (B) – Well preserved low angle HCS bed (arrow) 

separating fossil brachiopod rich grainstone beds.  (C) – Blocky amalgamated bedding 

succession with numerous thin shell lag deposits (whole image).  (D) – Well developed 

shell lag (arrow) bounded by erosive surfaces.  (E) – Close up of shell lag deposits 

(arrow).  Note thin, well compacted body fossils.  (F) - Graded grainstone bed (arrow 

outlining thickness).  (G) – Thin lag deposits laterally pinching out in blocky 

amalgamated grainstone (arrows).  (H) – Typical outcrop exposure. 



 

 

59 

 

 

  

   

  

  

A B 

C D 

E F 

G H 

Cq. 

gr. 



 

 

60 

 

Lithofacies 3 (LF3): 

Descriptive Name: Coquina Bearing Planar Bedded Bryozoan Sandstone 

Interpretive Name: Offshore Transition Zone Sandstone 

 

Lithofacies 3 is found in the distal sections (Borup Fiord Pass SE & NW), 

exclusively in the Assistance Formation.  The sandstones are predominantly medium to 

thickly bedded, tan to greenish (weathered surfaces) and light to medium grey (fresh 

surfaces) in colour (Figures 12A, C-E).  Cyclic inter-beds with the Zoophycos / 

Spirophyton sandstones of Lithofacies 4 (LF4) and random inter-beds with spiculitic 

cherts of Lithofacies 8 (LF8) are common.  The most distinctive features of LF3 

sandstones are their blocky appearance and occasional graded beds of brachiopod shell 

fragments intermixed or overlain with horizontally layered, large bryozoan fragments in 

very fine-grained sandstones (Figures 12B & D).  The fossil rich horizons overlie scoured 

surfaces and form thin- to medium- thick beds.  The brachiopod shell fragments are 

oriented in both concave-up and convex-up orientations (Figure 12F).  They are also 

scattered in the very fine-grained sandstones.  The sandstones with the scattered 

brachiopod fragments often have Brachiopod Adjustment Traces (BAT) and / or possibly 

Psilonichnus (?) locally preserved in the blocky beds (Figure 12F).  There are no other 

trace fossils present in the LF3 strata. 
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Interpretation: 

 

The medium to thickly bedded, blocky sandstones of LF3 imply relatively 

continuous sedimentation.  Brachiopods and bryozoans represent the dominating fauna of 

the local depositional environment.  Brachiopod Adjustment Traces (BAT) are a result of 

faunal adjustment to continuous sedimentation.  Sporadic mixing of the fauna with the 

sand rich matrix was likely caused by increased oscillatory flows which randomly 

disturbed the substrate, mixing the local fauna with sand rich matrix.  The graded beds 

which resulted in a deposition of mixed concave-up and convex-up oriented shell 

fragments, overlain by horizontally layered bryozoans and thick sandstones are a result of 

wanning flows due to post-storm sediment settling from suspension.  Cyclic 

sedimentation pattern with the Zoophycos / Spirophyton LF4 sandstones may imply high 

order eustatic sea level shifts.  Considering the lithological characteristics described 

above, the LF3 bryozoan sandstones are interpreted as deposited in lower shoreface / 

proximal offshore-transition zone of a marine shelf. 
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FIGURE 12 – Examples of Lithofacies 3 (LF3).  (A) Typical blocky, graded bed of LF3 

(notebook for scale).  (B) Large horizontally deposited bryozoans fragments (arrows) 

exposed on the bedding plane.  (C - D) Fossiliferous beds in medium-bedded sandstone 

(arrows).  (E) Blocky, medium-bedded bryozoan rich sandstone (whole image).  (F) 

Close-up of Brachiopod Adjustment Trace (BAT) in a blocky bed of sandstone (arrows). 
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Lithofacies 4 (LF4): 

Descriptive Name: Zoophycos – Spirophyton Bioturbated Sandstone 

Interpretive Name: Offshore-Transition Zone Sandstone 

 

The Zoophycos bioturbated sandstones of Lithofacies 4 (LF4) are found in the 

Assistance Formation, at southeast and northwest localities of Borup Fiord Pass (Figure 

1).  These comprise quartz- and chert-rich sandstones, predominantly medium bedded, 

yellowish on weathered surfaces, and light grey on fresh surfaces, sporadically inter-

bedded with rusty grey / green, glauconitic sandstones and siltstones (Figure 13A-F).  

Bedding is mostly blocky and homogenous, with sporadic undulatory surfaces.  The 

sandstones are very fine to fine-grained, texturally and compositionally mature.  The 

sporadically inter-bedded rusty green sandstones are transitional with the light grey 

sandstones (Figure 13B & D).  The rusty beds are more phosphate-rich and display 

locally abundant phosphate nodules and some phosphate-replaced brachiopods.  Body 

fossils occur locally in the light grey sandstones, forming thin to medium-thick lenses of 

brachiopod shells, bryozoans, or lingulid shell fragments (Figure 13A).  All fossil-

containing beds are laterally discontinuous.  The most distinctive characteristic of LF4 is 

the abundance of Zoophycos and Spirophyton on the bedding planes (Figure 13C & E).  

Minor Planolites completes the trace fossils assemblage.  Randomly-scattered “patchy” 

rusty stains are present on the weathered surfaces of LF4 sandstones. 
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Interpretation: 

 

The Zoophycos facies comprises very fine to fine-grained, sub-lithic sandstones.  

Thick successions of these homogenous mature sandstones are sporadically interrupted 

with isolated HCS bed forms, implying stable, moderate energy environments, 

occasionally interrupted with high energy events, such as storms.  Discontinuous lenses 

of fossil lags deposited in otherwise homogeneous sediments may imply the influence of 

combined flows that scoured and re-shaped the sands and deposited the coarser 

sediments, forming lenses of shell lags within the SWWB zone (Figures 8 & 10).  Such 

features are in agreement with the storm influenced marine shelf interpretation.  

Abundant Spirophyton, characteristic of LF4 infers steady sediment deposition which 

resulted in grazing “adjustments” forming vertical traces.  Equally-abundant flat 

Zoophycos is mostly found in the rusty grey / green sandstone beds.  Although not a 

diagnostic bathymetric indicator in itself, the abundance of Zoophycos in glauconite and 

phosphate bearing beds implies low energy conditions and low sediment deposition.  The 

glauconite and phosphate bearing beds further supports the interpretation of low 

sedimentation periods as these minerals generally form at depth well within the offshore-

transition and offshore zones (Figures 8 & 10) away from the constant water agitation 

which inhibits glauconite formation (Odin and Matter, 1981).  The bioturbated sandstones 

of LF4 were deposited in offshore-transition zone of a marine shelf. 
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FIGURE 13 – Examples of Lithofacies 4 (LF4).  (A) – Discontinuous lens of lingulid 

fragments in light grey sandstone (arrow).  (B) – Thin rusty bed (arrow) interbedded with 

light grey bioturbated sandstones.  (C) - Well developed Zoophycos (Zo.) on bedding 

planes.  (D) – Close up of a bioturbated rusty sandstone bed (arrow) with Zoophycos on 

bedding planes.  (E) – Homogeneous medium bedded sandstone with large Spirophyton 

(Sp.) traces.  (F) – Typical succession of bioturbated sandstones.   



 

 

67 

 

 

  

  

  

A B 

C D 

E F 

Zo. 

Sp. 



 

 

68 

 

Lithofacies 5 (LF5): 

Descriptive Name: Fossiliferous Chert Conglomeratic Sandstone 

Interpretive Name: Proximal Tempestites 

 

The chert granule bearing fossiliferous sandstones of Lithofacies 5 (LF5) are 

found in the proximal sections, at localities 6 and 7 (Figure 1).  Each composite bed of 

LF5 is characterized by erosional, often irregularly scoured basal surface, overlain by low 

angle undulating (HCS) bedded fossiliferous sandstones that grade upwards into 

horizontally bedded very fine-grained sandstones (Figure 14A, F-H).  The bedding of 

these HCS bedded fossiliferous sandstones is a few centimetres thick, whereas the total 

composite bedding successions are several decimetres thick (Figure 14G-H).  LF5 

contains abundant large, thick brachiopod shell fragments which are layered sub-

horizontally, in both convex up and concave up orientations (Figure 14A-B, D).  The 

shell fragments are well preserved and are progressively less abundant in the normally 

graded, blocky sandstones. 

Additionally, chert pebbles and scattered granule- or cobble-sized mudstone clasts 

are intermixed with the brachiopod-rich fossiliferous sandstones (Figure 14C & E).  The 

chert pebbles are well rounded, variably red in colour, whereas the mudstone clasts are 

spheroidal in shape.  The brachiopod fragments are either randomly scattered or bedded.  

Generally, the fossiliferous and / or conglomeratic horizons are continuous and extend 

laterally for tens of metres, but some are only 2-5 metres long and pinch out laterally.  

The overall colour of these LF5 conglomeratic sandstones is characterized by repeated 

red, green or tanned banding that randomly cuts across beds, independently of the 
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framework and / or matrix composition.  The tan coloured sandstones that overlie the 

red / green conglomeratic sandstones have fewer brachiopod shells.  The shells are also 

smaller than those deposited in the red beds.  Horizontal bryozoans fragments are 

generally more abundant in these beds.  Large bryozoans are locally observed intermixed 

with brachiopod shell fragments.  Lithofacies 5 has an impoverished trace fossils 

assemblage.  Zoophycos and Diplocriteria (?) are locally present in the top parts of the 

graded sandstones. 

 

Interpretation: 

 

A partial proximal tempestite sequence (Aigner, 1985) is suggested by the 

composite beds with basal scoured surfaces and overlain coarse shell lags and detrital 

chert granules that weakly grade upwards into non-fossiliferous, horizontally layered, 

very fine-grained sandstones.  Although wave ripples and mudstones generally complete 

a full tempestite succession (Aigner, 1985), in our examples frequent storms reworked 

the top part of the finer grained sediments carrying them as suspended load basinward 

into lower parts of the shelf.  Irregularly scoured horizons are abundant (Figure 14A-E).  

These are often overlain by shell lags, chert granules and mud clasts (Figure 14C-E), 

sporadic low angle undulatory surfaces (HCS) (Figure 14F-H), bryozoan sandstone beds 

and sporadically bioturbated sandstone beds, forming a normally graded bed successions.  

Such successions in storm influenced marine systems are characteristic of wanning flows.  

Amalgamated beds and thick shells of brachiopods may signify generally high energy 

environment, in which only thick shelled, robust organisms can thrive.  Horizontally 



 

 

70 

 

layered bryozoans were possibly transported by bottom rip-currents and / or 

geostrophic currents that intensified during storms and were subsequently deposited as 

part of the wanning flow in late stages of storms.  The sporadic occurrence of trace fossils 

also implies for high energy environment, not favourable for organisms to live in.   

Opportunistic Diplocriteria (see Appendix C) likely colonized the substrate 

between storm events during FWWB conditions, whereas sporadically isolated 

occurrence of Zoophycos spirals found on the bedding planes is rather inconclusive as it 

appears to be present over the entire marine shelf.  The presence of large, thick fossil 

fragments, granule and cobble sized detrital clasts, and amalgamated sandstones are 

characteristics of proximal tempestites of the middle shoreface. 
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FIGURE 14 – Examples of Lithofacies 5 (LF5).  (A-B) Numerous weakly graded beds 

composed of thick and robust brachiopod shells (arrows).  (C) Mud clasts (1) and chert 

granules (2) intermixed with randomly oriented brachiopod shell fragments.  The red 

colouration randomly cuts across the bedding.  (D) Close up of a weakly graded 

brachiopod (arrow) bearing beds.  Tan coloured intervals are more abundant in 

horizontally layered bryozoans, implying sediment settling from suspension.  (E) 

Bedding plane abundant in mud clasts (1) and shell fragments (2).  (F) Grainstone bed 

composed of calcareous hash (whole image).  (G-H) Thick strata successions of HCS 

sandstones (1) and coquinoid storm beds (2). 
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Lithofacies 6 (LF6) 

Descriptive Name: Bioturbated, Planar and HCS Bedded, Scoured Sandstone 

Interpretive Name: Proximal Tempestites 

 

Lithofacies 6 (LF6) is quartz- and chert-rich sandstone sub-divided into three 

separate components (LF6A – LF6C) (Figure 15A-H).  The sub-divisions are based on 

changes in sedimentary structures, variations in diversity and abundance of trace fossils 

and body fossils, and physical maturity of the sediments influenced by variable 

hydrodynamic processes within a similar depositional environment (see interpretations 

below).  The depositional pattern of LF6C, overlain by LF6B and LF6A in vertical 

succession, represents a tempestite sequence as recognized by previous workers (Aigner, 

1985).  A full tempestite sequence is characterized by an erosive surface overlain with 

beds of coarse biotic and / or abiotic clasts which fine upward into hummocky cross-

stratified (HCS), planar-bedded and bioturbated sandstones, respectively.  These in turn 

are overlain by rippled sandstones and mudstones (Aigner, 1985).  Lithofacies 6 occurs at 

East Mount Leith, Mysterious Evaporites and Bart Cliff localities (Figures 1 & 3). 

 

LF6A: Bioturbated Sandstone 

 

Lithofacies LF6A encompasses light to medium grey (fresh), pale yellow to 

greenish grey (weathered), bioturbated coarse siltstones and very fine-grained sandstones 

(Figure 15A-C).  Both lithologies are texturally and compositionally mature, sporadically 

intermixed with siliceous sponge spicules and glauconite grains.  Bedding type cannot be 
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classified with confidence due to weathering and / or faunal reworking (Figure 15C).  

The beds appear to be planar with sporadic undulatory surfaces that resemble 

symmetrical ripples.  The siliciclastic lithologies of LF6A vary in thickness from thinly-, 

medium- to thickly-bedded.  The thin / medium strata are more homogeneous in 

composition, as depicted by light grey colour (Figure 15A-B).  These sandstone beds 

have sharp top and bottom boundaries.  The thickly-bedded siltstones and sandstones of 

LF6A are more intensely bioturbated and mottled with mud (Figure 15C).  These strata 

are medium grey to greenish in colour.  Lithofacies LF6A lacks body fossils but is rich in 

a diverse assemblage of trace fossils that includes Arenicolites, Conichnus, 

Cylindrichnus, Diplocriteria, Macaronichnus, Ophiomorpha, Paleophycus, Phycosiphon, 

Rosselia, Spirophyton, Zoophycos, Planolites, fugichnia and Brachiopod Adjustment 

Traces (BAT) (see Appendix C).  Additionally, rusty stains are present on the weathered 

surfaces of LF6A sandstones.  Although randomly scattered, the rusty stains increase in 

abundance towards greenish grey glauconitic sandstone lithofacies 7 (LF7).  In vertical 

succession, lithofacies LF6A overlie those of LF6B and LF6C respectively (see below) 

(Figure 15F). 

 

LF6B: Planar and Hummocky Cross-Stratified (HCS) Sandstone 

 

Lithofacies 6b (LF6B) comprises planar laminated and low angle hummocky 

cross-stratified (HCS) sandstones.  These structures are well developed in thin to 

medium-bedded strata (Figure 15D & E).  Additionally, LF6B is characterized by an 

impoverished trace fossils assemblage that is limited to long and narrow Skolithos, 
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Cylindrichnus, sporadic Spirophyton / Zoophycos, and fugichnia (see Appendix C).  

The sandstones of LF6B are sporadically interrupted with discontinuous lenses of body 

fossil containing fragments.  These include calcareous brachiopods, echinoderms and 

lingulid brachiopod (phosphatic) shell fragments.  The discontinuous bedding extends 

laterally up to a few metres in outcrops.  In general, LF6B grades upward from LF6C, or 

is overlain by LF6A (Figure 15F).  The contacts between the different sub-lithofacies are 

either gradational or sharp.  When gradational, the change occurs over tens of 

centimetres. 

 

LF6C: Scoured, Fossiliferous and Conglomeratic Sandstone 

 

Lithofacies LF6C has a similar composition as LF6B however, irregularly-shaped 

scoured surfaces and isolated gutter casts of LF6C form the basal beds of LF6B in 

vertical successions.  The scours in the LF6C-bearing strata are commonly overlain by 

abundant extra-clasts of phosphorites and brachiopod shell fragments.  Where preserved, 

these fragments also fill the gutter casts (Figure 15G & H), forming thin to medium-thick 

beds of sandy extra-clastic phosphorite and fossiliferous horizons.  The brachiopod shells 

of LF6C vary in size, but are generally thin and moderately well preserved.  The shells 

are mostly positioned in convex up orientation (Figure 15G).  Additionally, the scoured 

fossiliferous horizons of LF6C are sporadically overlain by symmetrical undulatory 

surfaces (likely oscillatory ripples) (Figure 15H).  The scours frequently cut into other 

lithofacies, as described further in this chapter. 
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Interpretation: 

 

Shoreline and shallow marine systems are influenced by numerous wave and 

current-induced processes under fair weather and storm weather conditions.  Rhythmic 

bedding characteristic of LF6 indicates periodic high energy events, such as storms.  

Typically such beds are preserved within storm weather wave base (SWWB) and below 

fair weather wave base (FWWB) where continuous oscillatory wave action generally 

reworks all previously deposited rhythmic storm beds (Figures 8 & 10). 

The depositional pattern of basal scoured surfaces overlain by shell and 

phosphorite clasts lags (LF6C), overlain by sporadically bioturbated, HCS and planar 

bedded sandstones (LF6B), and intensely bioturbated sandstones (LF6A), depicts a 

typical tempestite sequence as recognized by previous workers (Aigner, 1985) (Figure 

15F).  The irregular basal scoured surfaces with gutter casts overlain by shell lags 

(LF6C), and the planar laminated beds or HCS beds (LF6B) are interpreted as having 

formed during storm events due to combined oscillatory and unidirectional flows (Figures 

8 & 10).  The concave up orientation of brachiopod shell fragments may indicate the 

influence of geostrophic currents which transported the sediments in a basinward 

direction as opposed to oscillatory wanning flows which generally influence shells 

deposition in a convex up orientation.  High abundance of phosphorite clasts above the 

eroded surfaces may imply shoreward current transport of sediments during storm events 

(Figure 15G-H).  As storm intensity decreased, oscillatory currents of a lower flow 

regime prevailed, forming oscillatory ripples.  The bioturbated sandstones of LF6A that 

overlie the planar laminated and HCS sandstones of LF6B represent a post-storm return 
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to fair weather conditions and opportunistic invasion of newly deposited sands (LF6A) 

by diverse fauna, during times of quiescence (Figure 15F).  The thick succession of dark 

grey, bioturbated beds of LF6A, as opposed to thin / medium bedded light grey in colour 

beds, depict longer quiescence periods under the fair weather conditions (Figure 15C).  

The reworking of overlying post-storm deposited mudstones resulted in muddier, darker 

grey sandstones.  The much cleaner thin / medium bedded sandstones show no signs of 

mud mixing, as those were not deposited in this part of the shelf during more frequent 

storms.  The more glauconitic beds depict evidence of similar storm-shelf processes.  The 

glauconites appear to be mostly autochthonous and parautochthonous (Amorosi, 1997), 

suggesting authigenic origin and transport from a nearby source horizon during major 

storms (evidence to be provided in chapter 5).  The formation of glauconite can be linked 

to slow sedimentation rates which coincide with these rhythmic tempestite sequences.  

Considering a classic zonation of a siliciclastic shoreline as described by Komar (1976) 

and Reading (1996) (Figure 10), the depositional environment of Lithofacies 6 is 

represented by the offshore-transition zone of a storm dominated marine system. 
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FIGURE 15 - Examples of Lithofacies 6 (LF6).  (A) - Well preserved and abundant 

Spirophyton (Sp.) on bedding plane of very fine-grained sandstone (LF6A).  (B) – 

Longitudinal view of well developed Rosselia (Rs.) in bioturbated sandstone (LF6A).  (C) 

– Bioturbated beds of sandstone mottled with mudstone (full image) (LF6A).  (D) – 

fugichnia (fg.) in planar laminated sandstone overlain by Zoophycos (Zo.) (LF6B).  (E) - 

Undulatory surfaces of HCS in thin to medium bedded sandstone with photographic lens 

cap for scale (LF6B).  (F) – Composite bed of scoured, phosphorite clasts bearing 

sandstone of (3) LF6C overlain by planar laminated sandstone of (2) LF6B.  Lower part 

of the image shows bioturbated sandstone of (1) LF6A from a separate (lower) composite 

bed, sharply overlain by the (3) LF6C sandstone.  (G) – Gutter cast (arrow) filled with 

phosphorite extra-clasts and brachiopod shell fragments (LF6C).  (H) - Scoured surface 

overlain with abundant phosphorite extra-clasts (arrow) and rippled bed, respectively 

(LF6C). 
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Lithofacies 7 (LF7): 

Descriptive Name: Glauconitic Sandstone Interbedded with Phosphatic Mudstone 

Interpretive Name: Distal Tempestites 

 

Glauconitic sandstones of lithofacies 7 (LF7) are found at East Mount Leith and 

Mysterious Evaporites localities (Figures 1 & 3).  These sandstones are brown to dark 

grey on weathered surfaces and medium to dark grey on fresh surfaces (Figure 16A-F).  

The LF7 comprises blocky sandstones often found rhythmically inter-bedded with 

recessive, decimetre thick phosphatic mudstones (Figures 16E-F, 17A).  The sandstones 

of LF7 are structureless and homogenous, as intense brown weathering colour overprints 

most details (Figure 16A-F).  The brown glauconitic sandstones of LF7 are planar to 

faintly irregular in shape and bound by erosive surfaces.  Faintly preserved trace fossils, 

including Arenicolites, Palaeophycus and Zoophycos, characterize the impoverished trace 

fossils assemblage (Figure 16D).  These are moderately abundant, but not necessarily 

occurring together.  Brachiopod shells in concave-up orientation are locally abundant in 

the glauconitic sandstones of LF7, covering most of the exposed bedding planes.  

However, the bedding planes are not always exposed, as the bounding erosive surfaces 

are frequently inter-bedded with the silty, phosphatic mudstones (Figure 16E-F).  These 

finer-grained deposits are dark grey on weathered surfaces and medium to dark grey on 

fresh surfaces.  The silty mudstones range in thickness form thin to thickly bedded, 

locally recessive but also blocky, up to 1 metre thick (Figure 17D-E).  A distinctive white 

coat often lines the weathered surfaces of the mudstones.  Discontinuous lenses of light 
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grey silts and sands sporadically occur within the otherwise homogeneous mudstone 

beds (Figure 17A-C).  The lenses are irregular in shape, up to 15 centimetres long.  

Additionally, the mudstones comprise moderately abundant, spheroidal phosphate 

nodules.  There are no body fossils and no trace fossils in the mudstones. 

 

Interpretation: 

 

Rhythmic bedding in a storm-dominated shelf environment may be the result of 

multiple depositional events induced by storms.  Seilacher and Ensele (1982) suggests 

that blocky sandstones with sharp tops result from significant sediment pre-sorting such 

that intervals of non-sedimentation separate deposition of storm sands and muds.  U-

shaped burrows of Arenicolites, sporadic Palaeophycus and Zoophycos in the top few 

centimetres of the substrate infer post-storm opportunistic colonization of the storm-

transported sands (Bromley, 1996).  Inter-beds of marine phosphate-rich mudstones 

imply close proximity to the open off-shore marine environment (Figures 8 & 10).  

Abundant phosphate nodules in mudstones are a result of early diagenesis.  Authigenic 

phosphate nodules form due to decomposition of organic matter, partially reworked by 

microbes releasing phosphate (Compton et al., 2004). 

Additionally, relative increase in abundance of autochthonous glauconite 

(Amorosi, 1997) in LF7 sandstones, in comparison to the sandstones of other lithofacies, 

may imply deeper, offshore marine environment.  Low energy conditions which prevail 

in such environment, along with slow sedimentation rates were optimal conditions for the 

development of glauconitic minerals.  Considering the observations mentioned above, 
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LF7 sandstones were likely transported in suspension in a basinward direction by 

oscillatory and unidirectional currents, from the offshore-transition zone into the 

proximal offshore zone of the marine shelf, below storm weather wave base (Figures 8 & 

10).  The deposited sands were gradually overlain by marine phosphatic muds.  Multiple 

episodic events resulted in the sandstones – mudstones rhythmites.  Such conditions, 

below the wave agitation zone, prevail in the offshore zone of the marine shelf. 
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FIGURE 16 - Examples of Lithofacies 7 (LF7).  (A) Blocky glauconitic sandstone with 

faintly preserved Arenicolites (Ar.).  (B) Erosional surface (1) in LF7 sandstone overlaid 

by shell lag (2) and oscillatory ripples (3) of LF6.  (C) Thick beds of sandstone (1) 

separated with recessive mudstone (2) depict rhythmic bedding.  (D) Arenicolites (Ar.) in 

top few centimetres of sandstone bed.  (E - F) Rhythmic beds of sandstone (1) 

interbedded with recessive silty mudstones (2). 
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FIGURE 17 - Examples of Lithofacies 7.  (A) – Thick bed of phosphatic mudstones (1) 

bounded by erosional surfaces and sandstones of LF6 (2).  (B) – Close-up of mudstone 

bed with distinctive white coat on weathered surface (arrow).  (C) – Thin discontinuous 

lenses of siltstone (arrow) in the phosphatic mudstone strata.  (D - E) – Typical outcrop 

example of the mudstone (1) beds inter-bedded with sandstones (2). 
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Lithofacies 8 (LF8): 

Descriptive Name: Thin to Medium-Bedded Fossil Bearing Spiculitic Chert 

Interpretive Name: Distal Tempestites / Offshore Spiculitic Chert 

 

The spiculitic cherts of Lithofacies 8 (LF8) are found in all of the studied sections (Figure 

1).  They are thinly bedded in the proximal localities of the study area (East Mount Leith, 

Mysterious Evaporites, Bart Cliff), and medium- to thickly-bedded in the two most distal 

sections (Borup Fiord Pass SE & NW) (Figure 1; Table 1).  The spiculitic cherts are 

white to buff in colour on weathered surfaces and light grey on fresh surfaces (Figure 

18A-H).  The bedding is mostly homogenous, with occasionally preserved undulating 

surfaces that resemble hummocky cross stratification (HCS) and oscillatory ripples 

(possibly three-dimensional vortex ripples) (Figure 18C).  These structures are 

sporadically preserved on bedding planes, overlain by laminated phosphate rich 

mudstones (Figure 18F). 

In the proximal sections of the study area (East Mount Leith, Mysterious Evaporites and 

Bart Cliff), the spiculitic cherts of LF8 are inter-bedded with light grey, fossil rich 

sandstones of LF6 (Figure 18A & B).  The contacts between the two lithologies are either 

sharp or gradational.  The sharp contacts are scoured, often overlain with brachiopod 

shell fragments and / or bryozoans with mottled spiculitic matrix.  The gradational 

contacts are often irregular in shape, overlying horizontally oriented bryozoans, and / or 

brachiopod shell fragments.  Similar spiculitic inter-beds with fossiliferous sandstones are 

observed in the distal sections of the study area (Borup Fiord Pass SE & NW) (Figure 

18D & E).  Here, the cherts are medium bedded, with the silicified sandstone contacts 
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irregular in shape.  The numerous sandstone – spiculitic chert beds form rhythmites.  

Body fossils are sporadic, locally concentrated along the contacts with the sandstone 

lithologies.  The body fossils of LF8 comprise brachiopods, bryozoans, and sporadic 

lingulid shells.  The brachiopod shells are oriented in both concave-up and convex-up 

orientation.  Bioturbation ranges from nonexistent to moderate. 

Trace fossils are always in low diversity, generally occurring in small localized 

areas.  When present, Zoophycos dominates the trace fossils assemblage with sporadic 

Phycodes and Planolites (Figure 18G).  The trace fossils are phosphatised, appearing 

dark in the spiculitic matrix.  The spiculitic cherts of LF8 have moderate to abundant 

rusty stains randomly scattered on the weathered surfaces.  Pyrite is moderately abundant 

in distal sections (Borup Fiord Pass SE & NW). 

 

Interpretation: 

 

Sponge spicules, although generally found in cold- and / or deep-water 

environments of modern oceans, are not necessarily good bathymetry indicator (Gammon 

et al., 2000).  The presence of spiculitic cherts in all of the sections of this study requires 

certain sub-division.  In the most proximal sections (localities 3-5), the cherts are thin to 

medium bedded, always inter-bedded with the storm sandstones of Lithofacies 6 (Figure 

18A-B).  Sharp and poorly graded contacts, scoured horizons and spicules-cementing 

coquina imply storm processes of the shelf zone within the storm weather wave base 

(Figures 8 & 10).  Thin and flattened shell fragments in the coquina storm beds formed 

due to multiple cycles of sediment deposition and winnowing, which gradually 
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condensed the fossiliferous beds.  Abundant mottled spiculitic cherts associated with 

siltstones and sandstones are the result of bottom sediment transport and deposition 

induced by combined, oscillatory and unidirectional flows.  Considering the different 

physical lithological characteristics, the proximal spiculitic cherts (East Mount Leith, 

Mysterious Evaporites, Bart Cliff) are interpreted to be deposited in the offshore-

transition zone of a marine shelf due to storm intensified bottom currents which 

transported the spicules into the siliciclastics dominated marine shelf. 

The cherts in the distal sections of this study (Borup Fiord Pass SE & NW) depict 

strata only partially influenced by storm processes.  Much thicker successions of 

homogeneous, medium bedded spiculitic cherts are only sporadically inter-bedded with 

irregular undulating surfaces (possibly three-dimensional vortex ripples) and / or 

hummocky beds (Figure 18E & F).  Such features imply periodic occurrences of high 

energy storm events, in an otherwise low energy marine environment.  Appearance of 

grazing traces of Zoophycos and Phycodes (Figure 18G) and an appearance of phosphate 

mud laminations in the spiculitic strata (Figure 18F) support to the interpretation of low 

energy conditions as in the distal offshore-transitional zone and proximal offshore zone 

of a marine shelf. 
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FIGURE 18 - Examples of Lithofacies 8 (LF8) – (A) Storm influenced deposition.  

Mottled spiculitic cherts (bottom half) (1) sharply overlain by a coquina bed (2) and 

homogeneous, light grey spiculitic cherts (3).  (B) Close-up of a sharp contact between 

the sandstones of LF6 (1) and spiculitic cherts of LF8 (2).  Note a chert lens in the lower 

part of the image formed as a result of sediment deposition from suspension.  (C) 

Possibly three dimensional vortex ripples in a spiculitic horizon (arrow).  (D) Weakly 

graded contact between bryozoans sandstones (LF3) and spiculitic chert (LF8) due to 

wanning flow and deposition from suspension (arrow).  (E) Rhythmic bedding of three 

event cycles of bryozoans sandstones (1) overlain by spiculitic cherts (2).  (F) Thin 

laminations of phosphatic mudstones (arrow) overlying irregular undulating surfaces of 

possibly three dimensional vortex rippled cherts.  (G) Phycodes (Ph.) grazing trace in 

blocky bed of spiculitic chert.  (H) Typical medium thick succession of spiculitic chert at 

one of the distal localities of this study. 
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Spatial Distribution of the Lithofacies 

 

 Detailed lithofacies analysis of the Assistance, Trold Fiord and Degerböls 

formations of the northeastern Sverdrup Basin reveals sedimentological shifts associated 

with the lateral deepening of the environments, cyclic and rhythmic sedimentation and 

variable sedimentation rates. 

Lithofacies LF1, LF2, LF3 and LF4 are exclusive to the Assistance Formation.  

Their occurrence at the western-most localities and their absence at the eastern localities 

(Figures 3 & 8) suggest a spatially confined paleo-environment during the Middle 

Permian (Roadian).  These lithofacies characterize uninterrupted cyclic sedimentation of 

thick siliciclastic strata deposited in the lower-shoreface, offshore-transition zone and 

offshore marine shelf (Figure 10).  The siliciclastic deposits (LF1, LF4) sporadically 

intermixed with body fossils of cool-water heterozoan fauna (LF2, LF3) (Beauchamp, 

1994; James, 1997) characterize this cyclic sedimentation pattern.   

Lithofacies LF5, LF6, LF7 and LF8 of the Trold Fiord and distally correlative 

Degerböls formations (Figure 2) indicate rhythmic event sedimentation on a storm 

dominated marine shelf.  Comparisons of the lithological characteristics indicative of 

current flow processes suggest that the depositional environments ranged between the 

middle shoreface and the offshore zone of a marine shelf (Figures 8 & 10).  The 

predominantly siliciclastic strata successions (LF6 & LF7) inter-bedded with locally 

abundant chert-conglomeratic deposits (LF5) are prime examples of storm (tempestite) 

deposits.  The allochthonous fossils, hummocky and planar bedding within the very fine 

to fine-grained sediments are a result of both oscillatory and unidirectional high intensity 
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flows associated with frequent storms (Aigner, 1985).  Abundant condensed bedding, 

frequent erosive surfaces and presence of glauconite suggests invariable, low 

sedimentation rates in a storm dominated marine shelf during the Middle Permian 

(Wordian – Capitanian). 

 

Flow Processes and Bed-Forms of the Depositional Environments 

 

The Middle Permian sedimentary deposits of the Sverdrup Basin contain 

numerous sedimentary bedding structures formed under the influence of variable 

hydrodynamic processes.  The variable wave and current processes partially influenced 

the architecture and the spatial distribution of sedimentary deposits within the shoreface - 

offshore system (Figure 10). 

During fair-weather conditions, sediment transport in the shallow marine system 

is affected by wave orbital currents, longshore currents and rip currents (Figure 10).  The 

wave induced orbital water motion close to the sea floor transports sediments in the 

onshore direction, whereas the longshore and rip currents transfer sediments parallel to 

the shoreline and obliquely seaward onto the shoreface (Einsele, 2000).  However, these 

shallow marine flow processes do not encompass the zone of deposition of the studied 

middle and late Permian strata, and therefore will not be discussed in further detail. 

During a storm, winds drive water shoreward.  The deeper water layers are gradually 

deflected to the right of the wind direction (in Northern hemisphere) (Figure 10) by 

Coriolis force affecting the seafloor currents which can flow at angles up to 90º to the 

wind direction (Vincent, 1986).  A coastal set up (Figure 10) results from the water blown 
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onshore by the winds, resulting in an ocean surface that is higher at the coast than 

offshore (Vincent, 1986; Einsele, 2000).  Difference in elevation is additionally 

intensified by a low atmospheric pressure system which is generally associated with 

storms.  The resulting offshore bottom currents deflected by the Coriolis force result in 

unconfined, unchannelized geostrophic currents, which move sediments obliquely 

offshore as long as the pressure gradient persists (Einsele, 2000).  Large volumes of 

coarse sediments are displaced into the depths where fair weather mud accumulates.  The 

re-suspended sediments settle into sharp-based graded layers with wave related ripple 

marks and / or cross-laminations (Allen, 1982; Einsele, 2000). 

Although grain size is a critical factor controlling formation of sedimentary structures 

with respect to flow conditions, variable flow conditions are equally important in 

formation and preservation of the corresponding bed form structures.  Storm waves and 

storm–induced offshore directed geostrophic currents operating simultaneously result in 

combined flows.  The hydrodynamic intensity of such flows, combined with very fine to 

fine-grain sized sediments, results in formation of hummocky cross-beds (HCS).  As a 

storm persists, intensified bottom currents form irregular scours and gutter-casts, which 

later became filled up with coarse grained siliciclastics sediments (Einsele, 2000).  Storm 

deposits are generally preserved in the lower – shoreface and the offshore – transition 

zone, within the storm-weather wave base.  The storm beds formed in shallower marine 

environments (Figure 10) are generally re-worked by constant agitation of fair-weather 

waves which obscures and eliminates storm sediment successions (tempestites). 



 

 

95 

 

Ichnofacies Analysis 

 

 Diverse ichnofossil assemblages occur in some of the mixed siliciclastic-

carbonates of the offshore-transition / offshore lithofacies of the Trold Fiord, Degerböls 

and Assistance formations (Table 4).  Although not environment diagnostic in 

themselves, the occurrence of ichnofossils and their affiliation with other lithological 

characteristics used in categorizing lithofacies can facilitate the recognition of paleo-

depositional environment.  In order to differentiate flat- and planar-lobes of Zoophycos 

from helicoidal-lobes coiled around a central axis, the term Spirophyton was used when 

appropriate (Appendix C).  Although considered as synonymous to Zoophycos (Olivero, 

2007) the different geometry of Spirophyton may signify considerably different 

sedimentation rates of the paleo-depositional environment. 

The descriptions and illustrations of individual ichnotraces are included in 

Appendix C of this report. 

 

Ichnofossil Assemblage and Lithofacies Association 

 

The most diverse ichnofossil assemblage occurs in the top beds of LF6A of the 

Trold Fiord proximal tempestite successions.  Skolithos ichnofacies (Conichnus, 

Cylindrichnus, Diplocriteria, Macaronichnus, Ophiomorpha, Palaeophycus, 

Arenicolites, Rosselia, Skolithos, fugichnia and Brachiopod Adjustment Traces (BAT) 

and impoverished Cruziana / Zoophycos ichnofacies (Phycosiphon, Planolites, and 

Zoophycos) dominate the post-storm sandstones (see Appendix C).  The diverse 
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ichnofossil assemblage of LF6, however, is only locally abundant, averaging 

bioturbation-index (BI) 2 (Taylor and Gawthorpe, 1993).  These top beds of proximal 

tempestites are indicative of opportunistic epifaunal colonization of sands at a time of 

post-storm, fair weather conditions.
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TABLE 4 – ICHNOFOSSILS AND LITHOFACIES ASSOCIATION 

 

LF3 LF4 LF6 LF7 LF8 
 *BAT  Planolites  Asterosoma  Arenicolites  Asterosoma 

 Psilonichnus  Spirophyton  Arenicolites   Diplocriteria 

 Spirophyton  Thalassinoides  *BAT   Phycodes 

 Zoophycos  Zoophycos  Conichnus   Psilonichnus 

   Cylindrichnus   Rosselia 

   Diplocriteria   Thalassinoides 

   fugichnia   Spirophyton 

   Lockeia   Zoophycos 

   Macaronichnus   

   Ophiomorpha   

   Palaeophycus   

   Phycosiphon   

   Planolites   

   Rosselia   

   Skolithos   

   Spirophyton   

   Zoophycos   

 

* BAT – Brachiopod Adjustment Trace 
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An impoverished Skolithos ichnofacies comprising Arenicolites occurs in these 

distal tempestite sandstones of LF7.  Bioturbation indicates averaging BI 1 – 2, occurs in 

the top few centimetres of these sandstone beds.  Recurring U-tube structures of 

Arenicolites depict fair-weather colonization of storm beds (Bromley & Asgaard, 1991). 

Conspicuous grazing traces of Zoophycos / Spirophyton dominate the fair-weather 

assemblages of sandstones and spiculitic siltstones of LF4 in the Assistance Formation.  

The highly abundant grazing trace was first noted by Thorsteinsson (1974) and 

Henderson (1981), classifying the ichnofossil as Spirophyton (synonym Zoophycos, 

Olivero, 2007) for its helicoidal geometry.  In addition, sporadically occurring Planolites 

and Thalassinoides(?) indicate that this impoverished Cruziana ichnofacies assemblage 

has the highest abundance of ichnofabrics, averaging BI 3. 

In the Degerböls Formation, the ichnofacies assemblages of LF8 comprise distal 

end of the Skolithos ichnofacies (Diplocriteria) and Cruziana / Zoophycos ichnofacies 

(Asterosoma, Diplocriteria, Rosselia, Phycodes (?), Psilonichnus, Thalasinoides(?), 

Zoophycos / Spirophyton).  The later feeding and grazing structures infrequently occur in 

the thick succession of silty spiculitic cherts, whereas the dwelling structure of 

Diplocriteria occurs in more silt-rich beds of LF8. 

Generally infrequent bioturbation occurs in LF3.  These Bryozoan sandstones are 

characterized by sporadically occurring Zoophycos / Spirophyton and Brachiopod 

Adjustment Traces (BAT).  The impoverished Skolithos and Zoophycos ichnofacies 

assemblages and the brachiopod adjustment traces (Figure 12F; Appendix C) suggest 

generally low energies associated with fair weather hydrodynamic conditions. 
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Ichnofacies Distribution 

 

Ichnofossils and the associated ichnofabrics were analysed independently of their 

associated lithofacies or formation.  However, grouping the assemblages into categories 

of Assistance Formation (Roadian), Trold Fiord Formation and Degerböls Formation 

(Wordian – Capitanian) resulted in the recognition of a transition of the ichnotaxa 

distribution for each formation and the corresponding geological stage. 

No significant changes in abundance and diversity were observed within 

individual sections partially due to environmental factors and weathered outcrop surfaces, 

but also due to paleogeography of the depositional environment and the associated 

sedimentation processes.  With the exception of pervasively abundant Zoophycos / 

Spirophyton (synonym., Olivero, 2007) ichnofabrics, which occur within all storm and 

fair-weather sandstones in vertical successions, a lateral ichnofacies transition occurs 

within the Trold Fiord and distally correlative Degerböls formations of the Wordian and 

Capitanian stages (see chapter 2).  From east to west, three distinctive ichnofacies are 

characterized by a high-diversity Skolithos assemblage (Conichnus, Cylindrichnus, 

Diplocriteria, Macaronichnus, Ophiomorpha, Palaeophycus, Arenicolites, Rosselia, 

Skolithos, fugichnia, and brachiopod adjustment trace, dominantly present in the Trold 

Fiord Formation (localities 3-5), which transitions into a Cruziana assemblage 

(Asterosoma, Phycosiphon, Planolites, Phycodes, Thalassinoides?), and a Zoophycos 

assemblage (Psilonichnus, Spirophyton / Zoophycos) mostly occurring in the laterally 

correlative strata of Degerböls Formation (locality 1-2) (Figures 19 & 20). 
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FIGURE 19 – Ichnofossils distribution within the Assistance Formation (Roadian) of the 

studied strata. 

 



 

 

101 

 

 

 

 

 

 

 



 

 

102 

 

 

 

 

 

 

 

 

 

 

FIGURE 20 – Ichnofossils distribution within the Trold Fiord and laterally correlative 

Degerböls formations. 
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Environmental Factors of the Faunal Distribution 

 

The endo-benthic colonization patterns recognized in the Roadian, Wordian and 

Capitanian strata of the Sverdrup Basin are controlled by water depth and energy 

conditions associated with wave action and sediment agitation.  The colonization zone 

extends from lower – shoreface to proximal offshore (Figures 8 & 10).  The most diverse 

shallow endo – benthic habitable zone recognized in the lower Trold Fiord of the Middle 

Permian is the lower shoreface to the offshore – transition zone.  In the study area, this 

marine shelf-zone is characterized with the least abundant assemblage of ichnofabrics, 

due to the significantly lower preservation potential of the shallow and mid – tiering trace 

makers (Bromley, 1996), in a storm – shelf environment.  However, the diversity of the 

trace fossils may provide evidence of well oxygenated habitable zone which induced the 

colonization of substrate during the Wordian and Capitanian of the Permian.  The deep 

tiers, Zoophycos / Spirophyton, are conspicuous in the distal parts of the shelf in the 

Wordian and Capitanian strata (Figure 20), but also in the semi – confined physiographic 

embayment of the Roadian times (Figures 7A & 19).  Their abundance is likely due to a 

greater preservation potential in the offshore – transition zone and the offshore, and 

perhaps oxygen-deficient waters which likely prevailed in an environment outside of the 

wave aeration zone (Beatty et al., 2008). 

The ichnofacies of the Roadian, Wordian and Capitanian of the Sverdrup Basin 

enhance our understanding of the local depositional environment during these times.  The 

occurrence and spatial distribution of the diverse ichnofabrics are in accord with the 

paleo-environmental interpretations derived from lithofacies analyses (Figure 8). 
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Microfacies Analysis 

 

Six distinctive microfacies were determined through a petrological study.  The 

sub-division was largely based on physical characteristics that suggest different 

sedimentary environments.  The mineralogy and extent of silica and calcite cements of 

the very fine siliciclastics and spiculitic microfacies (MF1, MF3, MF4, MF5) were 

confirmed through cathodoluminescence (CL), x-ray diffraction (XRD) and / or scanning 

electron microscopy (SEM) techniques.  The microfacies analysis complements the 

sedimentological study of the Assistance, Trold Fiord and Degerböls formations.  It also 

provides the basis for the glauconite study of chapter 5.  The six microfacies are listed in 

Table 2 and described below.  They are described using Folk‟s (1974) classification 

scheme for siliciclastic facies and Dunham‟s (1962) classification scheme for carbonate 

facies.  Additionally, William, Turner and Gilbert‟s (1982) siliciclastic classification 

scheme was used to differentiate arenite- from wacke-sandstones. 

 

Microfacies 1 (MF1): Calcareous Sub-Lithic Arenite 

 

MF1 are coarse silt to very fine-grained sub-lithic arenite, composed of well 

sorted quartz, chert and minor feldspar grains (Figure 21A-D).  Quartz grains range from 

angular to sub-rounded and have variable spheroidal forms ranging from equant to platy.  

Two types of quartz were determined using the CL colour classification scheme (Götze 

and Zimmerle, 2000).  The blue to violet coloured grains imply plutonic quartz and the 

brown coloured grains imply metamorphic origin.  The grains are angular, pervasively 
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cemented with inter-particle calcite cements (Figure 21E - H).  Chert grains are 

mostly sub-rounded, partially dissolved and often amalgamated with abundant micro-

crystalline / crypto-crystalline silica cements.  The grains boundaries of the detrital 

components are serrated when loosely packed, sutured and / or concavo-convex when 

compacted. 

Fossils comprised of abundant brachiopods and bryozoans, minor but locally 

concentrated fragments of echinoderms and lingulid brachiopods.  The fossil fragments 

are scattered and horizontally layered in the detrital matrix.  The fossils are locally 

intermixed with minor chert pebbles and granules.  Brachiopod shells are often fractured 

with distinctive boring marks.  Some of the large brachiopod shells are partially replaced 

by silica.  Pyrite coats the outside shell of many lingulids. 

Cements comprise inter- and intra-particle calcite, dolomite, silica, phosphate, 

glauconite, pyrite and hematite.  Inter-particle calcite pervasively cements the detrital 

framework.  CL does not reveal major zoning in the calcite cements (Figure 21F & H), 

however, the differences in luminescence intensity, varying between yellow to orange in 

colour, may be related to the Fe
2+

 /Mn
2+

 ratio within the calcites, as Mn
2+

  ions are the 

primary luminescence activator, and Fe
2+

 ions are the main principal quencher (Marshall, 

1988; Richter et al., 2003).  The brighter calcites however are observed cementing the 

outsides of partially dissolved fossils (Figure 21F & H).  These Mn
2+

 rich cements likely 

formed during burial diagenesis where divalent Mn ions prevail (Boggs and Krinsley, 

2006). 

The dolomite and silica cements are destructive, frequently over-printing the 

original fabrics.  Xeno- and hypidio-topic shaped dolomite crystals often have opaque 
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cores, implying iron rich composition.  Silicification is observed in many brachiopod 

shell fragments (Figure 21D) and includes authigenic quartz crystals.  Phosphate and 

glauconite frequently fill brachiopod spines and bryozoan zoecias.  Chert granules inter-

mixed with the skeletal bioclasts are partially overprinted with phosphate and pyrite.  

Chlorite and locally abundant clays partially coat the detrital grains. 

MF1 is sometimes bioturbated.  The burrows are filled with silt grains, poorly 

preserved silt-sized siliceous sponge spicules and abundant phosphate cements.  Sporadic 

mud laminations, frequent in the bioturbated intervals, are partially phosphatized, locally 

pyritized and cemented by hematite.  Blue epoxy stain reveals low inter-particle porosity, 

which is mostly overprinted with calcite cements. 
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FIGURE 21 – Examples of Microfacies 1 (MF1).  (A-D) PPL (left) and XPL (right) 

images of sub-lithic arenite in coarse silt to very fine-grained sandstone.  Note abundant 

inter-particle calcite cements (1) and silicified brachiopod shell fragment (2).  (E-H) PPL 

(left) and CL (right) images of abundant calcite cements (yellow – orange) and calcified 

shell fragments (1) and detrital quartz matrix (brown & violet) (2).  Rare feldspar grains 

are bright blue in colour (3). 
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Microfacies 2 (MF2): Brachiopod – Bryozoan Grainstone / Rudstone 

 

MF2 is composed of grain supported skeletal bioclasts (0.5 - 2mm), intermixed 

with well rounded chert granules, coarse silts and fine-grained calcareous sandstones 

(Figure 22A-D).  The bioclasts are often horizontally layered, comprising punctuate and 

pseudo-punctate brachiopods, bryozoans, echinoderms, foraminifers, lingulids and minor 

gastropods.  The brachiopod shells are frequently micro-bored (entobia).  The micro-

cavities are filled with phosphate and glauconite cements.  The chert granules are 

pervasively hematite cemented (Figure 22C-D).  Hematite frequently fills bioclastic 

cavities.  Individual chert crystallites appear amalgamated, implying silica re-

crystallization.  Calcites, in both blocky and syntaxial form are abundant between the 

bioclasts and within the zoecias of large bryozoans fragments.  Ascicular calcite cements 

are observed locally precipitated on brachiopod shells. 

C454502 C454558 
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FIGURE 22 – Examples of Microfacies 2 (MF2).  (A-D) PPL (left) and XPR (right) 

images of abundant fossil fragments of bryozoans (1), brachiopods (2), hematite (black in 

colour inter- and intra-particle) (3) calcite cemented echinoderm fragment (4). 
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Microfacies 3 (MF3): Muddy Sub-Lithic Arenite 

 

MF3 is characterized by coarse silt to very fine-grained sub-lithic arenites 

composed of loosely packed detrital quartz, chert and minor feldspars.  The grains are 

moderately to well sorted, sub-angular to sub-rounded, equant to platy in shape with 

serrated grain boundaries when loosely packed, and sutured or concavo-convex when 

compacted (Figure 23A-D).  Cathodoluminescence reveals two colours of quartz, blue to 

violet and brown implying provenance of plutonic and metamorphic origin (Figure 23F-

H).  The detrital grains are locally intermixed with poorly preserved / dissolved siliceous 

sponge spicules.  These are often randomly oriented, re-crystallized into microcrystalline 

and chalcedony forms of silica.  The spicules are locally calcified, phosphate-cemented 

and partially pyritized. 

Locally abundant bioclasts comprise large fragments of brachiopods, bryozoans, 

minor echinoderms and rare lingulids.  The bioclasts are scattered or horizontally layered, 

both grain- and matrix-supported.  Grading into very fine-grained and silt sized matrix is 

observed at some intervals.  The bioclastic framework and the detrital matrix grains are 

locally mottled.  Authigenic quartz grows on poorly preserved brachiopod shells.  Partial 

silicification also affects bryozoans. 

Pervasive micro- and crypto-crystalline silica cements amalgamate with the quartz 

and chert rich framework, often replacing calcite cements.  Abundant inter- and intra-

particle phosphate, chlorite and silica cements bind the loosely packed detrital matrix.  

The abundance of calcite cements is significantly lower in the MF3 (Figure 23F-H).  The 

inter-particle calcites display local concentric zoning (Figure 23F-H).  Such cementation 
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pattern may reflect partitioning of Mn
2+

 and Fe
2+

 during cement growth (Boggs, et al., 

2006).  Chlorites and small clay sized micas occur inter-mixed with the calcite cements.  

The clays are fibrous, locally abundant and often coat the detrital grains.  Locally 

abundant pyrite overprints the main fabric. 

MF3 is locally bioturbated.  The burrows are filled with organic matter, calcified 

sponge spicules and detrital quartz silt grains.  Mud laminations, frequent in the 

bioturbated intervals, are partially replaced by phosphate, pyrite, and / or hematite.  

Hematite preferentially precipitates along organic laminations, often forming rhombs.  

MF3 is locally rich in glauconite minerals.  The glauconite grains are of the same size or 

larger than the detrital matrix.  Partial glauconitization is observed, overprinting both 

quartz and chert grains although chert appears to be preferentially glauconitized.  

Glauconites are in the form of grains and cements displaying various shades of green and 

/ or brown colors (Figure 23A-D).  Porosity is relatively low.  Blue epoxy stain reveals 

minor inter-particle porosity, mostly overprinted with calcite and authigenic silica 

cements (Figure 23E & G). 
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FIGURE 23 – Examples of Microfacies 3 (MF3).  (A-D) PPL (left) and XPL (right) 

images of sub-lithic arenite pervasively cemented with phosphate (1), chlorite (2) and 

silica cements (3).  The green grains depict glauconite.  (E-H) PPL (left) and CL (right) 

images displaying quartz grains (brown and purple colour) (1), calcite cements (orange 

colour) (2) and sporadic feldspar grains (bright blue colour) (3). 
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Microfacies 4 (MF4): Siliceous Phosphatic Mudstone 

 

MF4 mudstones contain abundant horizontal, dark organic laminations and 

organic debris occurring inter-layered with well sorted quartz silt grains and minor fine 

sand grains (Figure 24A-D).  The silt and sand grains are sub-angular to sub-rounded 

with serrated grain boundaries. 

There are sparse, poorly preserved brachiopods randomly scattered in the muddy 

matrix.  The fossil fragments are completely replaced by silica and pyrite.  Bright fibrous 

clays, phosphate and framboidal pyrite are abundant.  Hematite cements are locally 

abundant.  Sporadic “patchy” green clay zones of muscovite, chlorite and glauconite are 

moderately abundant (Figure 24B & D). 

MF4 is characterized by pervasive bioturbation of organic rich, siliceous 

sediments.  Large burrows are completely phosphatised and often filled with small, 

moderately preserved siliceous sponge spicules. 
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FIGURE 24 – Examples of Microfacies 4 (MF4).  (A-D) – PPL (left) and XPL (right) 

images of siliceous mudstone.  Note general green tinge caused by abundant chlorite 

cements (1) and organics (2). 
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Microfacies 5 (MF5): Spiculitic Chert 

 

MF5 is dominated by re-silicified siliceous sponge spicules.  These are well to 

poorly preserved, randomly oriented and horizontally layered (Figure 25).  Moderately 

abundant, poorly sorted silt to medium grained detrital quartz and chert grains are 

scattered in the spiculitic matrix (Figure 25D).  Chert grains often amalgamated with the 

siliceous cements are difficult to identify (Figure 25B & D).  Large dolomitized spicules 

(>200 um long) locally occur in the spiculitic matrix.  These are locally abundant and 

their morphology is moderately well-preserved. 

Locally abundant fossils comprise brachiopods, bryozoans, foraminifers, large 

sponge spicules, large echinoderm fragments (minor) and lingulids.  Echinoderms are 

poorly preserved, frequently overprinted with poikilotopic calcite cements.  The bioclasts 

are generally horizontally layered supported by the spiculitic matrix.  Large spicules are 

frequently re-calcified, occasionally re-silicified.  Brachiopod shells are commonly 

micro-bored.  The micro-borings are filled with hematite and / or pyrite.   

Phosphate and glauconitic cements coat the spicules and fill their axial canals (Figure 

25A & C).  Pervasive silica cementation of micro-crystalline quartz and chalcedony 

commonly replaces the original spicules.  Isolated mega-quartz locally cements bioclasts.  

Dolomite cements are locally abundant, overprinting the main fabric. 

Bioturbation ranges from sporadic to very abundant.  The burrows are typically 

filled with phosphate cements, sporadic detrital quartz silt grains and organic debris.  

Varying abundance of pyrite and hematite overprints the burrow-filling sediments.  
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Sporadic phosphatic clasts of mottled calcified spicules, glaucony grains and detrital 

quartz silt occur in MF5. 
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FIGURE 25 – Examples of Microfacies 5 (MF5).  (A-D) PPL (left) and XPL (right) 

images of abundant siliceous spicules cemented with silica (1), phosphate (2) and 

glaucony cements (3). 
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Microfacies 6 (MF6): Chert Pebble Conglomeratic Sub-Lithic Wacke 

 

MF6 is a chert pebble and granule bearing sandstone.  The framework grains of 

chert pebbles, granules and cobbles are intermixed in fossiliferous and detrital matrix 

(Figure 26A-D).  The detrital matrix is composed of very fine to fine quartz and chert 

grains. The grains are well-rounded, spheroidal in shape intermixed with body fossils of 

brachiopod and bryozoan fragments up to 2 mm (Figure 26A-D).  Minor matrix 

comprises detrital coarse silt to very fine-grained sandstone.  Pervasive inter- and intra-

particle hematite cement binds the framework and the matrix grains.  Primary fabrics of 

the body fossils are completely replaced with hematite cements.  Sporadic hematite clasts 

are intermixed with chert pebbles. 
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FIGURE 26 – Examples of Microfacies 6 (MF6).  (A-D) PPL (left) and XPL (right) 

images of red chert granules (jaspers) (1) and brachiopod spine (2) in very fine detrital 

matrix (3). 
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Cements of the Siliciclastic Facies 

 

Petrographic and cathodoluminescence analyses of the fine-grained siliciclastic 

microfacies reveal repeating assemblages of minerals and cements.  The framework and 

matrix siliciclastic assemblage includes quartz, chert, minor feldspar and variably 

abundant glauconite grains.  The cements however, are difficult to analyse and identify 

petrographically.  Therefore, microprobe and XRD analyses were performed to determine 

the nature of the detrital and spiculitic matrix cementing clays and minerals.  The main 

cements identified are: silica, calcite, phosphate and chlorite.  Additionally, intermittently 

occurring cements include glauconite, hematite, pyrite, and possibly siderite and ankerite 

(Appendix I).  Besides glauconite, which was analysed separately (see chapter 5), two 

cements of particular interest are silica and chlorites cements (Figures 27 & 28). 

 

Silica Cements 

 

 The silica cements are conspicuously abundant in the spiculitic-rich facies.  The 

abundant siliceous sponge spicules appear to be the most obvious source of the rich 

siliceous cements of the spiculitic facies (Figure 27).  Dissolution of biogenic silica is 

widely known to occur at the sea floor.  Induced by bacterial breakdown of the organic 

matter which coats the siliceous tests of spiculitic sponges, re-precipitation readily occurs 

during shallow burial diagenesis (Hesse, 1990a, 1990b).  However, can there be a 

different source of silica in the abundant siliceous cements of the siliciclastic facies?  A 

possibility of Si
4+

 ions expulsion as a function of smectite to illite transformation and Al-
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for-Si substitution exists in the clay-rich siliceous strata.  XRD analysis of green 

grains, intermittently occurring in numerous facies of the studied lithologies (see chapter 

4) reveals variably abundant mixed-layer 2:1 minerals, confirmed to be illites and 

glauconites through chemical analysis (Appendix I and J).  The heterogeneous nature of 

illites and glauconites becomes apparent through XRD analysis, as the width and height 

of the 10Å peak of the probed minerals is highly variable (Appendix I).  The variability in 

shape of the 10Å peak is likely due to different amounts of smectites (expandable clays) 

in the inter-layer of the 2:1 illites and glauconites (J. Wong, personal communication, 

2010) (Appendix I). 

Abundance of smectites and illites in the same sediments may imply a burial 

diagenetic transformation of the expandable clays (smectites) into illites.  The 

transformation process involves Mg
2+

 ions uptake into the octahedral layer where it 

replaces Al
3+

, which in turns replaces Si
4+

 ions in the tetrahedral layer, releasing the silica 

ions into the system (Perry and Hower, 1970) (see chapter 4).  The increase in charge of 

the newly formed mineral is subsequently balanced with addition of K ions, and / or 

reduction of Fe
3+

 at the octahedral site (Perry and Hower, 1970).  However, it must be 

considered that relatively high energies are required to substitute Si
4+

 with Al
3+

 at the 

tetrahedral site.  For this reason the transformation of smectites to illites which occurred 

under deep burial conditions, may have partially released Al
3+

 due to Mg
2+

 substitution 

and partially released Si
4+

 due to Al
3+

 substitution.  The aluminous rich silica cements, as 

observed in the studied strata (Appendix J), may be a direct result of such transformation 

and ionic replacement reaction.  It is therefore possible that the abundant silica cements 

are at least partially a result of clay transformation reaction (see chapter 5 for details).
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FIGURE 27 – Examples of siliceous spicules in silica rich cement.  Consistent grey 

colour implies homogeneous composition.  (A-D) Back-scatter electron (BSE) images of 

representative thick-sections obtained using scanning electron microscope (SEM).  (E-H) 

Secondary-electrons (SE) images of representative rock-chips showing pervasive silica 

cements coating detrital (quartz) and authigenic (apatite, illite) grains. 
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Chlorite Cements 

 

Chlorite cements are pervasively abundant in the argillaceous siliciclastic 

lithologies of MF3, MF4 and in some spiculitic cherts of MF5 (Appendix I) (Figure 28).  

Their abundance in the form of cements, and locally in the form of grains or aggregates, 

largely contributes to the overall green colour of the studied siliciclastic facies.  

Pervasively abundant chlorites in argillaceous siliciclastic sediments are a direct result of 

burial diagenesis.  Their origin can be linked to abundant tri-octahedral smectite-type 

clays, revealed to be abundant through XRD and microprobe analyses (Appendix I) (See 

earlier discussion).  Kaolinite is an additional clay mineral that should be considered as a 

potential precedent of chlorite.  Although no traces of kaolinite were found (Appendix I), 

its transformation into chlorites, or illites for that matter, is a direct result of deep burial 

diagenesis, provided that there are sufficient amounts of iron, magnesium and potassium 

available (Larsen and Chilingar, 1983).  Considering the abundant illites and mixed-layer 

clays in microfacies MF3 to MF5 it is likely that the abundant chlorites are a direct result 

of transformation of smectite-type and illite-type clays and possibly kaolinites during 

deep burial diagenesis (mesogenesis). 
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FIGURE 28 – Examples of chlorite cements.  (A-B) Back-scatter electron (BSE) images 

of representative thick-sections.  (C-D)  Secondary-electrons (SE) images of 

representative rock-chips.  (A) Grain coating by aluminous clay cements which appears 

very similar to chlorite and / or glauconite cements.  Semi-quantitative analysis (EDX) 

allowed the distinction between the two.  (B) Chlorite cement altering single sponge 

spicule, and coating authigenic grains of glaucony (C).  (D) Close up of chlorite‟s rossette 

nano-fabrics. 
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Sedimentological Study – Summary and Conclusions 

 

The investigation of the depositional environment and the physical processes of 

Middle Permian strata in the study area provides multiple lines of evidence for a storm 

dominated marine shelf.  Spectacular outcrops in the area reveal sedimentological, 

ichnological and stratigraphic evidence for Middle Permian storm sedimentation in the 

Wordian and Capitanian.  The following is a summary of thesis findings. 

 

Evidence of Storm Sedimentation 

 

Lithofacies examination reveals numerous bed-forms indicative of storm wave 

and current flows.  These bed-forms include: 

1. Erosive contacts and skeletal layers (Figure 29A & H).  Abundant accumulations 

of brachiopods and bryozoans rest upon sharp-based surfaces, ranging in thickness from a 

few centimetres to decimetres.  The sharp-based surfaces, often irregular in shape, are 

likely a result of storms which eroded the ocean floor, carrying the coarse sediments in an 

offshore direction.  Skeletal layers are a result of transport and re-deposition of benthic 

organisms during the storm events.  Associated with lithofacies LF6, these units are often 

sharply overlain by bioturbated sandstones or other event strata units.   

2. Normally graded layers (Figure 29B).  Thick successions of graded beds 

frequently occur in units containing LF2 and LF5.  Coarse bottom layers comprise mixed 

deposits of fossils, extra-clasts and chert pebbles / granules.  The grading patterns result 

from wanning flows of disturbed sediments due to decreasing wave and current energies 

C454614 C454625 

illite 

chlorite 

spicultes 
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in the late phases of storms.  Sporadic bioturbation in the top most graded units 

suggests opportunistic post-storm colonization by the epi-benthic fauna. 

3. Amalgamated coquina sequences (Figure 29C).  Frequently occurring, and 

characteristics of LF2, these beds depict abundant, thin and elongated fossils, mostly 

composed of brachiopod shell fragments.  Amalgamated deposition trends suggest 

frequent re-working of the sediments and winnowing associated with increased storm 

energies.  As described in the Lithofacies part of this chapter, the thin and elongated 

shapes of the shells are likely due to multiple loading / re-working sedimentation cycles 

which account for the deformation and shape alteration of the fossils. 

4. Sharp-based spiculitic cherts / sandstone sequences (Figure 29D).  A very peculiar 

pattern of deposition of these two distinctive lithofacies is a result of sediment settling 

and re-deposition in the late stages of storms.  Conspicuously coarser bottom layers are 

composed of very fine – to fine-grained sandstones intermixed with horizontally layered 

bryozoan sandstones, whereas the top layers are composed of spiculitic cherts.  The 

contact between these two lithologies is sharp, a likely diagenetic alteration caused by 

intermixing of silica cements between the two lithologies (Figure 29D).  Hollow interiors 

of the spicules and their elongated shapes significantly decreased the settling rate in 

comparison to the body fossils and detrital quartz and chert grains which form the bottom 

layers of these tempestites. 

5. Sharp-based glauconitic sandstone / phosphatic mudstones sequences (Figure 

29E).  Rhythmic style of deposition is a result of multiple post-storm depositional events 

where suspended and transported sediments settle down from suspension.  Inter-bedding 
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of sandstones with phosphatic-mudstones implies close proximity to open offshore 

marine environment (see LF7). 

6. Hummocky cross stratified (HCS) layers (Figure 29F).  This type of bedding 

forms exclusively due to combined flows induced by storms.  Frequently occurring in the 

very fine- to fine-grained detrital sandstones of LF6 and LF3, silty spiculitic cherts of 

LF8 and conglomeratic sandstones of LF5  these beds characterize the combined current 

flow that occurs near the ocean floor during storms (Figure 10).  Their frequent 

occurrence and inter-bedding with other tempestite bed forms is in accord with the 

dominating event sedimentation. 

7. Irregular sharp-based contacts and gutter-casts (Figure 29G).  These bedforms 

sporadically occur in the sandstones of LF6.  The scoured trough-shaped features are 

approximately 10 centimetres wide and long (Figure 29G), overlain with coarse-grained 

phosphatic extra-clasts and brachiopod shell fragments.  Irregular scours are prime 

examples of vortex currents which form due to combined flows, eroding the substrate 

during high intensity storms (Figure 10). 
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FIGURE 29 – (A-I) Examples of variable and extensive tempestite bed-forms in the 

study area.  (A) Prominent scoured horizon in bioturbated sandstone (1) overlain by shell 

fragments (2) and ripples sandstone (3).  (B) Normally-graded bed of brachiopod-rich 

bottom horizon grading into grainstones and muddy sandstones (arrow direction).  (C) 

Amalgamated coquina bed (1) bounded by silty grainstone (2).  (D) Sharp based 

spiculitic cherts (1) / sandstones (2) sequences (rhythmites).  (E) Sandstone (1) / 

mudstone (2) rhythmites, sharply bounded by bioturbated sandstones (3).  (F) Prominent 

HCS bed (arrow) in chert-granule bearing sandstone.  (G) Gutter-cast (arrow) filled with 

phosphorite clasts in scoured bed of sandstone.  (H) Condensed horizons rich in 

phosphorite clasts (1) and brachiopod shell fragments (2).  (I) Outcrop example of storm 

deposits in the field area.  Jacob staff is 1.5 metre long. 
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Environmental Transition of Epi-benthic Fauna in the Storm Shelf Environment 

 

A pattern of lateral transition from highly-diverse Skolithos, most frequent in 

proximal sections (East Mount Leith, Mysterious Evaporites and Bart Cliff), to 

impoverished Cruziana / Zoophycos ichnofacies mostly occurring in the distal sections 

(Borup Fiord Pass SE & NW), characterizes the epibenthic ichno-faunal zonation in 

response to the paleo-bathymetric shift from the offshore-transition zone to offshore 

environments.  The lateral transition is best observed between the Wordian and 

Capitanian Trold Fiord and laterally correlative Degerböls formations (Figure 2; see 

chapter 3). 

Skolithos, which is indicative of high wave or current energy, is associated with 

muddy to clean, well-sorted sediments subject to abrupt deposition and / or erosion 

(Pemberton, 1992).  Its rare occurrence is likely due to poor preservation potential of 

ichnotraces in the storm-dominated marine shelf (Howard & Reineck, 1981).  Frequent 

occurrence of Arenicolites in the top few centimetres of the storm sandstones of LF6 and 

LF7 indicates opportunistic colonization of substrate shortly after storm events.   

Cruziana and Zoophycos ichnofacies may be considered as a single assemblage 

due to their poor diversity.  The highly abundant traces of Zoophycos / Spirophyton 

reflect a good preservation potential of ichnofabrics due to infrequent storm wave 

agitation, in the deeper offshore zone of the marine shelf (Figure 11).  The low diversity 

however, may imply stressed depositional environment.  Abundant Zoophycos in 

otherwise unbioturbated substrate may infer low-oxygen concentrations at the sea floor, 

where other tiering faunal communities could not persist (Bromley, 1996; Beatty et al., 
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2008).  However, numerous other factors might have contributed to the low diversity 

of endo-benthic fauna during the Wordian to Capitanian of the Middle Permian 

(Beauchamp & Baud, 2002). 

The impoverished Cruziana / Zoophycos ichnofacies of the Assistance Formation 

(LF3 & 4) may imply stressed environment, similarly to the Cruziana / Zoophycos of the 

Wordian and Capitanian stages. 

The transition between offshore spiculitic chert and the nearshore sandstone 

assemblages may also be indicative of a stressed environment.  The absence of Wordian 

shelf carbonates, which are well-developed just to the north and west of the study area is 

indicative of conditions inimical to the establishment of a productive carbonate factory. 



 

 

145 

 

CHAPTER 4 

Sequence Stratigraphy 

 

In this chapter, a sequence stratigraphic framework is defined for the Middle 

Permian succession of the study area using the sedimentological information acquired in 

the previous chapter.  Sequence stratigraphic correlations shed light into the spatial and 

temporal architecture of the various lithofacies and their interpreted environments.  A 

transgressive-regressive (T-R) sequence approach (Embry, 1995) was utilized to correlate 

our sections.  Lithofacies determined in chapter 3 were used to identify depositional 

trends associated with base level fluctuations.  Two low-order sequences are recognized 

in the study area: a Roadian-Wordian sequence and a Capitanian sequence. 

 

Roadian – Wordian Sequence 

 

 A sequence comprised of a Roadian Transgressive Systems Tract (TST 1) and a 

Wordian Regressive Systems Tract (RST 1) was recognized (Figures 30 & 31). 

 

Roadian Transgressive Systems Tract (TST 1) 

 

Thick predominantly siliciclastic rocks of the Assistance Formation were 

deposited during a broad transgression that marked the onset of fine-grained siliciclastic 

sedimentation following deposition of coarse sandstone of the Sabine Bay Formation 

(Beauchamp et al., 2009).  The Roadian transgression extended well beyond the pre-
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existing margins of the basin (Embry and Beauchamp, 2008).  More than 300 metres 

of thick retrograding deposits of siliciclastic strata occur at northwestern Borup Fiord 

Pass (Figures 30-31 & 33) which marginally thins to 233 metres of correlative strata at 

Borup Fiord Pass SE (Figures 30-32).  In the study area, the lower sequence boundary at 

the base of TST 1 is an unconformity that separates the underlying Sabine Bay 

sandstones from the Assistance sandstones (Figure 33A).  A lateral lithofacies transition 

occurs between the amalgamated coquina bearing silty grainstones (LF2) at Borup Fiord 

Pass SE and Zoophycos sandstones (LF4) at Borup Fiord Pass NW.  This lateral 

transition indicates deepening of the basin towards the west. 

The transgressive systems tract is defined by a broad deepening upward trend.  

The lithofacies evolve up-section from grainstones and heterolithic sandstones (LF1 & 

LF2) into Zoophycos / Spirophyton sandstones (LF4) sporadically interrupted with 

brachiopod and bryozoan bearing sandstones (LF3).  Higher order asymmetrical 

transgression-regression cycles are nested within the low order transgressive trend 

(Figures 32 & 33).  These cycles are marked with trends of tan / yellow, brachiopod and 

bryozoan bearing sandstones (LF3), alternating with thick, calcareous Zoophycos / 

Spirophyton sandstones (LF4).  Such asymmetrical couplets of well-developed 

transgressive systems tracts and non-existing regressive systems tracts occur every 5 – 10 

metres in the sections (Figures 32 & 33).  Variably developed scours in the coarser 

grained brachiopod / bryozoan sandstones (LF3) mark the boundaries of each high order 

cycle.  The broad Roadian transgression resulted in progressive deposition of increasingly 

fine sediments.  The Zoophycos / Spirophyton sandstones (LF4) become increasingly 

inter-bedded with siltstones and mudstones leading to a major maximum flooding surface 
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(MFS) that separates the transgressive and retrogradational siliciclastics of the 

Assistance Formation and the overlying regressive and progradational spiculitic cherts 

(LF8) of the Degerböls Formation (Figures 32C & 33B-C).  The Zoophycos / Spirophyton 

sandstones (LF4) beneath the MFS become progressively darker in colour, bearing 

significantly more phosphate and spicules and becoming muddier in composition 

(bimodal LF4-LF8) (Figures 32 & 33).  The MFS separating the siliciclastic and the chert 

strata marks the end of the Roadian transgression of Sequence 1 (Figures 30 – 33). 

The Roadian TST in the study area accumulated in a large, trough-like depression.  

This is shown by the geometry of the Roadian transgressive systems tract in the cross 

sections of N – S and E – W orientations (Figures 30 & 31).  A prominent, local 

depression, the Borup Fiord Embayment, was likely a fault-controlled tectonic feature 

that existed in the middle Permian, following deformation associated with the Melvillian 

Disturbance (Thorsteinsson, 1974), which culminated around the Early – Middle Permian 

boundary (Beauchamp et al., 2009). 

 

Wordian Regressive Systems Tract (RST 1) 

 

 The maximum flooding surface (MFS) marks the boundary between the 

deepening-upward siliciclastic succession of the Assistance Formation and the overlying 

shallowing-upward succession of spiculitic cherts in the lower half of the Degerböls 

Formation (Figure 32C).  This shallowing-upward trend is marked by thick 

progradational spiculitic cherts with local hummocky cross-bedded strata indicative of 

periodic high energy marine environment.  There is no evidence of the maximum 
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flooding surface shoreward (eastward) of the Borup Fiord Pass sections as the 

Roadian TST is missing.  In the eastern sections, the Wordian RST rests directly upon the 

significant regional unconformity and sequence boundary that separates the underlying 

Lower Permian strata from the overlying Middle Permian Trold Fiord Formation (Figures 

30 & 34).  The unconformity separates fossiliferous chert conglomeratic sandstones 

(LF5) of the Trold Fiord Formation from thickly-bedded white sandstones of the Sabine 

Bay Formation at East Mount Leith (locality 3) and at Mysterious Evaporites (locality 4) 

(Figures 1 & 3).  The fossiliferous chert conglomeratic sandstones (LF5) of the Trold 

Fiord Formation, outcropping at East Mount Leith and Mysterious Evaporites, are 

laterally correlative with the Degerböls spiculitic cherts (LF8) which rest on the 

maximum flooding surface in the Borup Fiord Embayment (Figures 30, 34 & 35).  The 

regional regressive trend is marked by a series of thin retrograding units and either thin or 

non-existing prograding units.  The rare retrograding deposits consist of alternating storm 

beds (see chapter 3) composed of scoured, bioturbated sandstones (LF6) and glauconitic 

sandstones interbedded with phosphatic mudstones (LF7).  Such depositional patterns are 

often observed in shallow, storm dominated shelves, where post-storm sediment wanning 

results in graded sediment successions. 

The regressive systems tract of Sequence 1 is marked with a scoured shoreface 

ravinement – unconformable surface (SR-U) (Embry, 1995).  This surface marks the 

onset of transgression in shallow marine settings, during which time wave actions remove 

the sediments and transports them mainly seaward (Embry, 1995).  At the East Mount 

Leith, Mysterious Evaporites and Bart Cliff sections the lithofacies leading to this 

sequence boundary are characterized by significantly coarser, HCS beds rich in 
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brachiopod coquinas of LF6C (East Mount Leith and Mysterious Evaporites ) and 

intensely bioturbated phosphate clasts-bearing sandstones of LF6A & LF6C (Bart Cliff) 

(Figures 34-36).  Although the lithofacies do not reflect shallowest deposits at this 

sequence boundary, frequent occurrence of spiculitic cherts of LF8 above the boundary 

marks the beginning of a new stratigraphic sequence.  The sequence boundary progresses 

into a maximum regressive surface (MRS, after Embry, 1995) in the distal sections of 

Borup Fiord Pass southeast and northwest (Figure 3).  Here, a correlative conformity 

marks the change of depositional trends in these generally homogeneous spiculitic cherts 

of LF8 (Figure 30).  At the East Mount Leith and Mysterious Evaporites, lithofacies 

above this Wordian upper-sequence boundary   

A peculiar lithologic transition occurs in the Wordian systems tract that is unique 

to the studied area.  The presence of chert strata of LF8, which overlies the Zoophycos / 

Spirophyton sandstones of the LF4, infers continuous sedimentation.  However, the 

Wordian RST elsewhere in the basin displays carbonates overlying deeper-water fine-

grained siliciclastic deposits (Beauchamp et al., 2009).  The absence of carbonates 

elsewhere attributed to the lower Degerböls Formation (Thorsteinsson, 1974; Gates et al., 

2004) implies environmental conditions that favoured silica secreted spiculitic sponges.  

Such strata (LF8 of this research), generally attributed to the upper Degerböls Formation 

of the Capitanian stage (Beauchamp et al., 2009), implies a much earlier shift to the 

environmental conditions that later inhibited the widespread occurrence of carbonates, 

and favoured flourishing of siliceous fauna.  Beauchamp and Desrochers (1997), 

Beauchamp and Baud (2002) and Reid et al. (2007) have invoked very cold water 

conditions to explain the partial to complete eradication of biogenic carbonate factories.  
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However, additional factors were at play as cold water alone is not known to eradicate 

carbonates entirely.  These may include waters that are undersaturated with respect to 

calcium carbonates and / or acidic conditions brought in by high CO2 concentration in the 

atmosphere.  Alternately, deficiency in the oxygen content of sea water may be 

responsible for stressing carbonate-producing biota.  As shown by Grasby and 

Beauchamp (2009), a major anoxic / euxinic event affected the Sverdrup Basin prior to 

the latest Permian extinction.  These hypotheses need to be examined in future studies. 
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FIGURE 30 – E – W cross section outlining stratigraphic sequences and depositional 

trends. 
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FIGURE 31 – N – S cross section outlining stratigraphic sequences and depositional 

trends. 
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FIGURE 32 – Borup Fiord Pass SE section (locality 1) showing detailed lithofacies 

distribution, sedimentary structures, high-order and low-order sequence stratigraphic 

surfaces.  (A) Aerial photography showing Assistance Formation in the lower part and 

Degerböls Formation in the upper part of the section.  Flooding surfaces (MFS) and 

sequence boundaries (SB) are labelled in yellow.  (B) Start of section.  (C) MFS which 

coincides with siliciclastics-spiculitic cherts transition.  (D) SB in spiculitic cherts 

marking Wordian – Capitanian transition.  (E) MFS in spiculitic cherts of Capitanian 

systems tract. 
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FIGURE 33 – Borup Fiord Pass NW section (locality 2) showing detailed facies 

distribution, sedimentary structures and major sequence stratigraphic surfaces.  (A) Aerial 

photograph showing beginning of the section.  (B) Sandstones-to-spiculitic cherts 

transition towards the upper part of the section.  (C) Correlation of main outcropping 

section of Roadian – Wordian strata (right) with Capitanian spiculitic cherts (left).  Close-

up of Capitanian spiculitic-cherts in the upper part of the section. 
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FIGURE 34 – East Mount Leith section (locality 3).  (A) Aerial photograph of lower part 

of the section showing facies variability in the outcropping strata.  (B) Sequence 

boundary (SB) separating Wordian – Capitanian strata.  (C) Upper part of the section. 
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FIGURE 35 – Mysterious Evaporites section (locality 4).  (A) Vertical succession 

displaying frequent facies changes.  (B) Beginning of section showing sharp contact with 

underlying strata.  (C) Sequence boundary (SB) separating Wordian – Capitanian strata.  

(D) Capitanian Maximum Flooding Surface (MFS) in the upper part of the section.  (E) 

End of section. 
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FIGURE 36 – Bart Cliff section (locality 5).  (A) Section overview showing major 

sequence boundaries and vertical strata succession.  (B) Sequence boundary (SB) 

separating Wordian – Capitanian strata.  (C)  Thin, ripples chert bed.  (D) Higher-order 

flooding surface in the upper part of the section. 
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Capitanian Sequence 

 

Capitanian Transgressive Systems Tract (TST 2) and Regressive Systems Tract (RST 2) 

 

 The Capitanian succession is characterized by both a transgressive systems tract 

and a regressive systems tract.  The invariable sedimentation rates resulted in a consistent 

thickness of the Trold Fiord among the studied sections (Figures 30 & 31, 34-36).  

Sequence 2 is marked with frequent, short asymmetrical transgression – regression cycles 

which consist of well-developed transgressive systems tracts and non-existing regressive 

systems tracts.  The high order cycles (5
th

 order?) are significantly more frequent than in 

the underlying Wordian strata (Figures 34 - 36).  Also, the Capitanian sequence is 

significantly more spiculitic.  All three of the proximal sections (localities 3-5) comprise 

siltstone and sandstone beds of LF6 & LF7 inter-bedded with spiculitic cherts of LF8.  

These lithofacies successions form short, high order cycles (Figures 34-36). 

The fining upward trends as depicted in the beds of LF6 & LF7 are explained in 

detail in chapter 4 of this study.  The maximum flooding surface of the Sequence 2 is 

characterized by phosphatic, siliceous mudstone (LF7).  The mudstones are thinly bedded 

and recessive with conspicuous white weathering coating.  A horizon within these 

recessive beds marks the MFS at East Mount Leith and Mysterious Evaporites (localities 

3, 4), but not at the Bart Cliff section (locality 5), where the maximum flooding surface is 

most likely truncated by the sub-Blind Fiord unconformity (Figures 30 & 36).  Basinward 

at Borup Fiord Pass SE and NW (localities 1, 2), the maximum flooding surface is 

represented by the phosphate rich, dark spiculitic chert of LF8.  The deposition of 
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spicules bearing glauconitic sandstone (LF6), laterally correlative with the spiculitic 

cherts (LF8), continues up to the sub-Triassic unconformity which is overlain by shales 

and siltstones of the Blind Fiord Formation at all localities of this study (Figures 32-36).  

The sub-Blind Fiord unconformity marks the upper sequence boundary of Sequence 2 in 

this study. 

 The Upper Permian sequence (Wuchiapingian), which elsewhere in the basin is 

represented by the Lindström Formation and correlative Black Stripe Formation is absent 

in the study area.  It does occur some 30 kilometres to the west at Ooblayah Bay 

(Beauchamp et al., 2009). 

 It must be emphasized that alternative scenarios reflecting deposition of Upper 

Permian strata in the study area are feasible.  Additional research is required to confirm 

and enhance the understanding of Upper Permian strata distribution west of Greely Fiord 

(Figure 3).  A possibility exist that Wordian and / or Capitanian sequence reflects either a 

marginal deposition, followed by a significantly broader onset of the Late Permian 

deposition, or perhaps is not preserved in the study area.  In either case, a possibility 

exists that some of the spiculitic cherts that overlay the Assistance Formation at the 

Borup Fiord Pass (Figure 3) indeed belong to Wuchiapingian sequence of the Upper 

Permian and are part of the Lindström Formation. 
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Depositional Environment and Paleogeography 

 

The spatial and temporal facies distribution characterizes different depositional 

environments for the Roadian, Wordian and Capitanian stages within the study area.  

However, in order to attempt paleogeographic reconstructions, in addition to the spatial 

distribution of facies, a broader approach should be considered.  The late Paleozoic 

Sverdrup Basin experienced gradual climatic cooling, which continued from the Late 

Carboniferous (Beauchamp, 1994).  The cooling, partially associated with the tectonic 

northward drift of the supercontinent Pangea (Golonka et al., 1994), resulted in an onset 

of heterozoan carbonates by Sakmarian times (Beauchamp and Desrochers, 1997).  The 

ongoing northward drift of Pangea continued, migrating along with the Sverdrup Basin to 

approximately 35˚N.  During this time (Kungurian), compressional tectonics related to 

the Melvillian Disturbance, uplifted, locally exposed, and contributed to the erosion of 

previously deposited carbonate platform.  Widespread sedimentation of terrigenous 

siliciclastics of the Sabine Bay Formation (Tozer and Thorsteinsson, 1964) followed.   

The tectonic re-organization created locally “grabben-like” structures, one of 

which coincides with the Borup Fiord Pass localities (Figures 30 & 31).  Subsidence in 

the Middle Permian resulted in renewed marine sedimentation in the form of heterozoan 

fossil-bearing, siliciclastics of the Assistance Formation (James, 1997).  It must be 

underlined that the Assistance in the study area reveals sporadic occurrences of fossils 

(see LF3).  The Middle to Late Permian sedimentation that followed was dominated by 

cool water carbonates and spiculitic cherts of the Degerböls and Lindstöm formations.  

These were deposited in shelf settings whereas the shoreward correlative sandstones of 



 

 

175 

 

the Trold Fiord Formation (Beauchamp and Desrochers, 1997, Beauchamp and Baud, 

2002, Reid et al., 2007) accumulated in the shoreface and the offshore-transition zone.  

The unusual chert occurrences in the lower Degerböls Formation signifies an early 

development (Wordian) of the changing environmental conditions that became 

widespread later in the Middle Permian (Capitanian) (Figure 2). 

 

Roadian Paleogeography 

 

The extensive Roadian siliciclastics are confined to an embayment as a result of 

previous tectonic and erosional processes.  The tectonically influenced gradient of the 

depositional shelf during the Roadian influenced the thickness of sedimentary deposits.  

The shelves gradient also influenced the formation of erosional surfaces that formed 

during the sea level transgressive and regressive shifts (Plint and Nummedal, 2000; 

Cattaneo and Steel, 2003).  The Roadian transgressive systems tract occurring over a 

high-gradient shelf of the Borup Fiord Embayment (Figures 30 & 31), resulted in a 

relatively low landward shift of the shoreline (Figure 37A), allowing the fair weather 

waves to erode shoreline sediments (Cattaneo and Steel, 2003), transporting them 

basinward and contributing to the relative-high offshore sedimentation rates shown by the 

thick sandstone deposits.  The locally confined coastal morphology of the embayment 

likely resulted in significantly different stratal architectures for the Assistance 

siliciclastics deposited over an open broad shelf compared to the southern parts of the 

basin (see chapter 3; Figures 7A & 38).  Preservation potential and the thickness of stratal 

successions are directly influenced by the shoreline trajectory (Figure 37) (Cant, 1991; 
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Helland-Hansen and Martinsen, 1996).  Well-preserved and thicker transgressive 

successions result from shoreline trajectories that are steeper than the shoreface profile 

(Cant, 1991) (Figure 37) as may be the case with the Roadian shelf in the locally confined 

Borup Fiord Embayment. 
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FIGURE 37 – Shoreline trajectory diagram showing variability of sediment deposition 

and erosion due to variable gradient of the shoreline-shoreface profile.  (A) Steep 

shoreline trajectory results in thick net deposition and lesser erosion of the shoreface 

sediments.  (B) Shallow shoreline trajectory results in thinner net deposition and greater 

erosion of the shoreface sediments, resulting in frequent formation of ravinement 

surfaces.  (Modified after Zecchin, 2007) 
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FIGURE 38 – Paleogeographic map and block diagram for Roadian in the northeastern 

part of the Sverdrup Basin.  (A) Map depicts basinward transition of siltstones and 

sandstones of the Assistance Formation (yellow) into mudstones of lower van Hauen 

Formation (dark-grey).  (B) Block diagram showing retrograding trend of facies in the 

Assistance Formation. 
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Wordian Paleogeography 

 

 The Wordian regressive systems tract is significantly more uniform in thickness 

than the underlying Roadian deposits across the area.  The glauconite bearing 

siliciclastics of the Trold Fiord Formation are abundant in the proximal sections 

(localities 3-5) and pass laterally into distal spiculitic cherts of the Degerböls Formation 

(Figures 30 & 39).  The transition characterizes a gradual offshore transition, likely 

related to the bathymetric shift and associated lower energies of the proximal offshore 

environment compared to its Roadian counterpart.  The Wordian siliciclastics are 

increasingly abundant in sharp-based fining upward cycles.  The abundance of such storm 

deposits signifies a climatic shift that resulted in an increase of storm frequencies and / or 

intensities.  High storm energies lead to widespread erosion and sediment bypass that 

resulted in thin transgressive deposits in near-shore settings (Figure 37) (Zecchin, 2007). 

Physiography of the basin must also be considered in the paleogeographic re-

construction.  The ever evolving basin resulted in an open broad siliciclastic shelf, 

increasingly affected by fair-weather and storm-weather wave and current processes 

(Figure 10).  The uniform thickness of the deposits suggest a significantly gentler angle 

of the shoreline trajectory which affected the frequency and intensity of sediment re-

working, resulting in frequent ravinement surfaces and thin successions (Figure 39) 

(Cant, 1991; Helland-Hansen and Martinsen, 1996). 
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FIGURE 39 – Paleogeographic map and block diagrams for Wordian in the northeastern 

part of the Sverdrup Basin.  (A) Map depicts lateral transition of glauconitic sandstones 

of Trold Fiord Formation (green), carbonates (turquoise) and spiculitic cherts (grey) of 

the lower Degerböls Formation into mudstones of the middle van Hauen Formation (dark 

grey).  (B) Block diagram showing prograding facies trend for Wordian. 
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FIGURE 40 – Paleogeographic map and block diagrams for Capitanian in the 

northeastern part of the Sverdrup Basin.  (A) Map shows lateral transition of glauconitic 

sandstones of Trold Fiord Formation (green), spiculitic cherts (grey) of upper Degerböls 

Formation into mudstones of the upper van Hauen Formation (dark grey).  (B) Block 

diagram showing overall retrograding facies trend during the Capitanian.  There is 

significantly higher abundance of spiculitic facies in the shallower parts of the basin 

(upper Trold Fiord Formation). 
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It is difficult to conclude whether the frequent high order transgressive cycles of 

the Wordian and Capitanian are mostly a result of sea-level changes or simply base level 

changes independent of the eustatic cycles or even autocyclic sedimentation due to 

climate fluctuations.  It is for this reason that high order stratigraphic correlations of the 

Trold Fiord strata were not attempted, as the potential for inaccurate correlations would 

be too great.  Key sedimentological structures occurring in the Wordian strata, such as 

ravinement surfaces and tempestite successions, indicate a storm-dominated marine shelf, 

which suggests an important role played by climate in the deposition of the fining upward 

stratal successions. 

 

Capitanian Paleogeography 

 

The Capitanian stage depicts a continuation of an open, storm dominated shallow 

marine shelf.  The stratal thickness, similar lithofacies distribution and prevailing 

tempestites characterize similar environmental conditions. 

The thickness and uniform distribution of the Capitanian succession, from the 

proximal to distal parts of the shelf, suggest only minor physiographic changes of the 

shoreline.  A broad and open, shallow marine shelf prevailed.  Similarly to the underlying 

strata, the thin sedimentary deposits and abundant ravinement surfaces of the Capitanian 

succession are the result of frequent storm conditions over a low angle shoreface.  One 

significant transition observed during the Capitanian times is an onset of spiculitic cherts 

into the shallow parts of the basin.  The spiculitic cherts are conspicuously abundant at 
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East Mount Leith and Mysterious Evaporites localities which is indicative of an 

offshore-transition zone (Figures 30 & 40).  Their deposition among sharp-based 

sandstones and shell lag deposits indicates prevailing shoreward directed currents, likely 

induced by storm waves and offshore directed storm winds (Figure 10).  Irrespective of 

the hydro-dynamic conditions which influenced the sedimentation patterns in the 

Capitanian, the onset of spiculitic cherts into shallow marine settings was not confined to 

the Sverdrup Basin, but extended along the coasts of northwestern Pangea for thousands 

of kilometres (Beauchamp 1994; Beauchamp and Desrochers, 1997; Beauchamp and 

Baud, 2002).  Such regional chert proliferation along the western margins of Pangea 

during the Middle to Late Permian has been referred to as the “Permian Chert Event” 

(Murchey and Jones, 1992). 

 

Stratigraphic Study – Summaries and Conclusions 

 

1. The spatial and temporal distribution of the Middle (Guadalupian) Permian 

lithofacies of the northeastern Sverdrup Basin can be grouped into two T-R sequences 

(Embry, 1995).  Sequence 1 comprises a Roadian transgressive systems tract (TST1) and 

a Wordian regressive systems tract (RST1).  Sequence 2 comprises transgressive and 

regressive systems tracts (TST2-RST2) of Capitanian age. 

2. The sequence boundaries (SB) consist of sub-marine unconformities in the 

proximal settings (East Mount Leith, Mysterious Evaporites and Bart Cliff) and both sub-

marine unconformities and their correlative maximum regressive surfaces in the distal 

sections (Borup Fiord Pass SE & NW).  Vertical lithofacies variations were considered 
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when defining sequence boundaries.  Similarly, maximum flooding surfaces (MFS) 

were based on a change in the vertical trends of lithofacies variations. 

3. The spatial distribution and lateral extent of the lithofacies reflect unique 

physiographic characteristics of a marine environment from the Roadian to the 

Capitanian.  Spatially confined lithofacies of the Roadian suggests a physiographic 

embayment in the study area which likely formed following the end of the Melvillian 

Disturbance (Kungurian) (Thorsteinsson, 1974).  In contrast, uniform stratal thickness of 

the Wordian and Capitanian successions indicate an open broad shallow marine shelf. 

4. The thickness and preservation of sedimentary deposits as well as frequent 

occurrences of ravinement surfaces reflect the geometry of the shoreline – shoreface 

profile.  Shoreline trajectories that are steeper than shoreface profiles result in well 

preserved, thicker transgressive sedimentary deposits, (Cant, 1991; Helland-Hansen and 

Martinsen, 1996) as observed in the Roadian strata of the Assistance Formation.  

Inversely, shoreline trajectories gentler than shoreface profile result in frequent 

ravinement surfaces and thin sedimentary deposits, (Cant, 1991; Helland-Hansen and 

Martinsen, 1996), such as observed in the Wordian and Capitanian Trold Fiord 

Formation.  The architectural variability of the shallow marine shelf was therefore a 

major controlling factor during Roadian to Capitanian deposition. 

5. Frequent asymmetrical high order cycles comprise well-developed transgressive 

system tracts and no regressive system tracts.  However, high order stratigraphic 

correlations cannot be ascribed with confidence as it is difficult to differentiate cycles 

induced by sea-level changes from those induced by climatic changes.  Numerous 

sedimentary structures in Wordian and Capitanian strata indicate a storm dominated 
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marine shelf and therefore at least partially climate-driven deposition of fining 

upward successions. 
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CHAPTER 5 

Glauconite of the Trold Fiord Formation 

 

Introduction 

 

 The green sandstone facies of the Trold Fiord Formation were first described by 

R. Thorsteinsson in his Geological Survey of Canada (GSC) Bulletin 224 (1974) which 

followed several mapping expeditions to Axel Heiberg and western Ellesmere islands.  In 

his report, R. Thorsteinsson described the lithology of the Trold Fiord Formation as 

„variably calcareous and glauconitic‟, where the term „glauconitic‟ was used in a broad 

sense, encompassing glauconite, clay minerals, chlorite, montmorillonite and kaolinite 

(Thorsteinsson, 1974).  Since then, the glauconitic lithofacies of the Trold Fiord 

Formation has been referred to by numerous workers (Beauchamp et al., 1989b; 

Henderson, 1981; Reid et al., 2007, Reid 2008).  The term glauconite continued to be 

used in a broad sense, encompassing the whole varieties of green grains in Trold Fiord 

sandstones.  To this date no specific chemical and mineralogical analysis has been done 

to determine and / or confirm the nature of the so-called glauconite mineral.  Proper 

mineral identification may have implications for the paleo-environmental interpretations 

of the Middle Permian succession of the Sverdrup Basin. 

In this study the term glauconite refers to potassium and iron bearing dioctahedral 

mica of specific composition normalized from quantitative data (wt. %), as per the 

International Mineralogical Association (IMA) standard (Rieder et al., 1998), whereas the 

term glauconitic, similarly to R. Thorsteinsson (1974), refers to all green clays and 
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minerals regardless of their composition.  The term glaucony refers to variably 

evolved glauconite minerals which reflect slightly variable chemical compositions with 

enough mineralogical and petrographic similarities to be considered as a mineral of the 

same family.  Once the chemical formulas have been determined, and the green minerals 

have been properly identified, quantitative oxides data (wt. %) and mineralogical data 

(XRD plots) were used to determine trends and stages of glauconitization maturity (see 

below).  Petrographic and scanning electron microscopy was used to determine whether 

morphological variations are representative of different chemical compositions which 

could indicate glaucony of different origin. 

Finally, the variations in chemical composition of the glauconites from different 

samples were subsequently plotted against the stratigraphic framework to determine 

whether chemical signatures may have a sequence stratigraphic significance as suggested 

by Amorosi (1997).  Likewise, the variability of glauconite abundance in our sections 

was verified through petrographic analysis to determine whether any trends could be 

associated with specific sequence stratigraphic trends or surfaces. 

This study also revealed that abundant, diagenetically altered aluminous 

glauconite as well as multiple glauconitic minerals, formed as a result of burial 

diagenesis.  These include ferroan illites, abundant chlorite cements, and miscellaneous 

mixed-layer aluminous glauconitic clay cements. 
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Nomenclature Issues 

 

Glauconite belongs to a group of dioctahedral phyllosilicates whose unit structure 

consists of 1 octahedrally coordinated Y cation (O) positioned between 2 bounding (Si, 

Al) O4 tetrahedral sheets (T).  Two such T-O-T layers are separated from each other by a 

plane of cations and hydroxyl ions.  In the phyllosilicates the repeating distance 

perpendicular to the sheet forming T-O-T layers is approximately 10Å or a multiple of 

10Å (Deer et al., 1992).  Further sub-divisions determining glauconite from other 

phyllosilicates, according to the International Mineralogical Association (IMA), is based 

on interlayer cations / O10(OH)2 , and ratios of divalent and trivalent elements in the Y 

site (see (1) and (2) below) (Rieder et al., 1998). 

A second classification scheme of Odin & Matter (1981) uses progressive 

increase in potassium and associated morphological transition as criteria for determining 

maturity of glauconite minerals (Table 5).  The increase in potassium content, combined 

with decreasing distance between (001) and (020) peaks on XRD diagrams presumably 

reflects progressive evolutionary changes of glauconite, from a K-poor smectite-type to a 

K-rich end member (Odin and Fullagar, 1988).  Such a classification scheme is preferably 

used by sedimentologists as it links the different evolutionary phases to the effective time 

of glauconite formation (Longuépée and Cousineau, 2006). 
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TABLE 5 – NOMENCLATURE OF GLAUCONITIC MINERALS ACCORDING TO 

THE INTERNATIONAL MINERALOGICAL ASSOCIATION (IMA), AND 

CORRESPONDING SEDIMENTOLOGICAL NOMENCLATURE 

 
Interlayer 

apfu 
IMA (Rieder et al., 

1998) 
K2O 
wt.% Odin & Matter (1981) Amorosi (1995) Crystallinity 

<0.6 n/a <4 Glauconitic smectite Nascent glaucony Smectite 

<0.6 n/a 4-6 Glauconitic mineral 
Slightly evolved 

glaucony 
 

0.6 - 0.85 Glauconite 6-8 Glauconitic mineral Evolved glaucony  

>0.85 Caledonite >8 Glauconitic mica Glauconite Mica 

 

The IMA divisions (Rieder et al., 1998) are based on interlayer cations / O10 (OH)2, 

whereas other classification are based on K2O content (modified after Longuépée and 

Cousineau, 2006).  Interlayer apfu refers to atoms per formula units. 
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(1) General formula of micas (from Deer et al., 1992): 

X2 Y4-6 Z8 O20 (OH, F)4 where 

 X is mainly K, Na, Ca but also Ba, Rb, Cs, etc. 

 Y is mainly Al, Mg, Fe but also Mn, Cr, Ti, Li, etc. 

 Z is mainly Si or Al but perhaps also Fe
3+

 and Ti  

 

(2) Chemical formula of glauconite according to International Mineralogical 

Association (IMA) (Rieder et al., 1998): 

K0.8
 
R

3+
1.33 R

2+
0.67 □Al0.13 Si3.87 O10 (OH)2 

 VIAl / (VIAl / VIFe
3+

) values less or equal to 0.5 

 VIR
2+

 / (VIR
2+

 + VIR
3+

) greater than or equal to 0.15 

 Total interlayer cations (X site) between 0.6 and 0.85 per half unit cell 

 

(3) Chemical formula of illite according to International Mineralogical Association 

(IMA) (Rieder et al., 1998): 

K0.65  Al2.0□ Al0.65 Si3.35 O10 (OH)2 

 VIAl / (VIAl / VIFe
3+

) values greater or equal to 0.6 

 VIR
2+

 / (VIR
2+

 + VIR
3+

) less than or equal to 0.55 

 Total interlayer cations (X site) between 0.6 and 0.85 per half unit cell 
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Origin and Maturity of Glaucony Minerals 

 

Chemical Characterization 

 

In this study, the IMA classification scheme was used to determine the nature of 

the studied glaucony, as the diagnostic criteria are significantly more detailed from the 

sedimentological approach of potassium-abundance criteria.  Determining nature of the 

studied minerals using this classification scheme follows proper mineralogical standards 

(Longuépée and Cousineau, 2006). 

Twenty glauconitic samples selected from sections 1-5 (Figure 1; Table 1) were 

analysed using a microprobe analyser.  Approximately 10 to 20 green grains were 

analysed per sample for major oxides to obtain a representative average composition 

(Appendix J & K).  These include the interlayer cations of CaO, Na2O, K2O, P2O5, 

octahedral oxides of MgO, FeO, MnO, Al2O3, tetrahedral oxides of SiO2 and Al2O3, and 

volatiles summed as (OH) (formulas 1 and 2).  The oxides were normalized to 11 

oxygens per half cell unit to determine quantitative values of each chemical element 

(Table 6) (Rieder et al., 1998).  Obtained values were used in turn against reference 

glauconitic formulas (formulas 2 and 3) as per the IMA standard (Rieder et al., 1998) to 

determine the chemical formulas of the studied green grains (formulas 4 and 5).  Because 

no iron titration was performed in this study, the Fe
2+

: Fe
3+

 ratio of 0.25 was used to 

obtain full chemical formulas of the green grains.  This ratio was determined by other 

workers during similar glauconite studies (Longuépée and Cousineau, 2006).  The two 

distinctive green minerals were determined as aluminous glauconite (formula 4) and 
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ferrian illite (formula 5).  Additionally, some samples comprise a mixed assemblage 

of potassium and iron bearing green micas, which did not meet classification criteria of 

either illite or glauconite (Table 6; formulas 2 & 3).  As the processes of glauconite 

formation are rather complex (Odin and Matter, 1981; Mackenzie, 2005) (Figure 41), 

these odd minerals are most likely dioctahedral mixed layer clays and / or grains of 

glauconite diagenetically altered beyond recognition. 

The chemical formulas display similarities between the illite and the glauconite 

minerals, as both were affected by similar mesogenetic and telogenetic processes 

(diagenesis and weathering).  Mainly silicon, but also aluminum, fills up the tetrahedral 

site of both micas (formulas 4 & 5).  The remaining aluminum resides in the octahedral 

site, together with iron, magnesium and traces of manganese.  The interlayer sites are 

mainly occupied by potassium, along with traces of calcium, sodium and phosphate.  The 

octahedral total for both minerals is consistently 2.0 (per half unit cell) implying stable 

dioctahedral mineral configuration (Ireland et al., 1983).  Octahedral iron and aluminum 

are the main elements displaying quantitative variations in composition between the two 

minerals (formulas 4 and 5). 

 

(4) (K0.7, Na0.01, Ca0.03, P0.01)0.7 (Fe
3+

0.5, Al1.0, Fe
2+

0.1, Mg0.4)2.0 (Si3.6, Al0.35)4.0 O10 

(OH)2 

 

(5) (K0.64, Na0.01, Ca0.028)0.67, (Fe
3+

0.2, Al1.4 , Fe
2+

0.1, Mg0.3)2.0, (Si3.54, Al0.42)4.0 O10 

(OH)2 

 



 

 

197 

 

Relatively higher abundance of octahedral Al over Fe
3+

 in glauconite (4) infers 

illitization process (Al-for-Fe substitution) induced during burial diagenesis (details 

below).  The abundance of iron in illites (5) may infer heterogeneous composition of the 

precursor mixed-smectites (Figure 41), but possibly reflects chloritization process and / 

or ferrugination (substitution of Fe, Mg over Al, and iron-oxide alterations, respectively) 

(details below). 
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FIGURE 41 - Graphical representation of dioctahedral mica formation in ternary 

diagram with MR
3+

 - 2R
3+

 - 3R
2+

 as end-members.  M = Na, Ca, K (especially), R
3+

 = Al, 

Fe
3+

, R
2+

 = Fe
2+

, Mg.  The compositional position of MU (muscovite), Kaol (kaolinite) 

and Ce (celadonite) are indicated.  Initial clays are kaolinite and iron-oxide rich, which 

transform into iron-aluminous smectite and then either into illite via illite/smectite mixed 

layer or glauconite via a glauconite mica/iron-smectite mixed layer phase (after F.T. 

Mackenzie, 2005) 
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TABLE 6 – AVERAGE COMPOSITION AND FORMULAS FOR EACH SAMPLE 

 

LOCALITY 1: BORUP FIORD PASS SOUTHEAST 

AVERAGE COMPOSITION (WT%) 

 

Sample     MgO       K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)   
C454520    10.091    1.405   22.777    24.015    0.228    0.289    0.013    20.509    0.071   20.603 

C454533     3.226    6.381   4.317    48.006    0.062    0.452    0.008    20.644    0.206   16.697 

C454540A   3.070    7.309   6.356    54.211    0.066    0.376    0.010    23.219    0.181    5.203 

 

STOCHIOMETRIC FORMULAS (NORMALIZED TO 22 LAYER CHARGES) 

 
Sample      Mg          K        Σ Fe       Si        Na        Ca         Mn          P    Al(IV)    Al(VI) 
C454520    1.307    0.156    1.488    2.087    0.038    0.027    0.001    0.005   1.908    0.191 

C454533    0.332    0.561    0.226    3.731    0.009    0.034    0.001    0.012   0.269    1.410 

C454540A  0.306    0.618    0.319    3.578    0.009    0.026    0.001    0.010   0.422    1.374 

 

LOCALITY 2: BORUP FIORD PASS NORTHWEST 
 

AVERAGE COMPOSITION (WT%) 

 

Sample     MgO       K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)   
C454570    4.262    7.855   5.577    54.385    0.080    0.410    0.006    22.679    0.220   4.481 

C454575    3.206    7.336   7.053    54.179    0.077    0.466    0.012    21.946    0.089   5.618 

 

STOCHIOMETRIC FORMULAS (NORMALIZED TO 22 LAYER CHARGES) 

 
Sample      Mg          K        Σ Fe       Si        Na        Ca         Mn          P    Al(IV)    Al(VI) 
C454570    0.417    0.658    0.275    3.572    0.010    0.029    0.000    0.012   0.428    1.326 

C454575    0.318    0.623    0.353    3.605    0.010    0.033    0.001    0.005   0.395    1.325 
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LOCALITY 3: EAST MOUNT LEITH 

 

AVERAGE COMPOSITION (WT%) 

 

Sample    MgO       K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)   

C454593    2.977    8.584   15.403    51.291    0.0438    0.359    0.003    13.992    0.152    7.193 

C454589    2.851    8.236   13.268    52.301    0.0481    0.259    0.005    16.431    0.122    6.478 

C454646    4.801    6.249   14.840    41.663    0.0893    0.716    0.026    24.921    0.444    6.249 

C454594B  3.059    8.356   11.220    52.889    0.0481    0.374    0.000    18.208    0.111    5.733 

C454596    2.795    7.605    8.364    53.099    0.1251    0.531    0.008    22.425    0.285    4.762 

C454590    3.214    8.518   12.628    52.606    0.0452    0.388    0.002    16.933    0.166    5.502 

 

STOCHIOMETRIC FORMULAS (NORMALIZED TO 22 LAYER CHARGES) 

 

Sample      Mg          K        Σ Fe       Si        Na        Ca         Mn          P    Al(IV)    Al(VI) 

C454593    0.314    0.775    0.820    3.632    0.006    0.027    0.0000    0.009   0.358    0.809 

C454589    0.295    0.728    0.692    3.625    0.006    0.019    0.0000    0.007   0.367    0.975 

C454646    0.501    0.558    0.782    2.918    0.012    0.054    0.001    0.026   0.910    1.147 

C454594B  0.311    0.727    0.576    3.609    0.006    0.027    0.0000    0.006   0.397    1.067 

C454596    0.277    0.644    0.418    3.527    0.016    0.038    0.0000    0.016   0.374    1.381 

C454590    0.329    0.745    0.651    3.607    0.006    0.029    0.0000    0.010   0.382    0.986 

 

LOCALITY 4: MYSTERIOUS EVAPORITES 
 

AVERAGE COMPOSITION (WT%) 

 

Sample     MgO       K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)   

C454625    2.761    7.517   7.624    52.900    0.135    0.342    0.003    23.191    0.207    5.325 

C454610    2.838    8.784   14.511    53.081    0.028    0.234    0.001    16.644    0.080    3.797 

C454607    3.172    7.789   11.374    53.915    0.086    0.359    0.003    18.344    0.274    4.688 

C454627    3.803    8.790   5.903    48.137    0.046    0.188    0.005    26.472    0.034    6.621 

C454614    3.206    8.537   12.227    49.620    0.054    0.196    0.007    19.596    0.114    6.385 

 

STOCHIOMETRIC FORMULAS (NORMALIZED TO 22 LAYER CHARGES) 

 

Sample      Mg          K        Σ Fe       Si        Na        Ca         Mn          P    Al(IV)    Al(VI) 

C454625    0.274    0.638    0.384    3.521    0.017    0.024    0.0000    0.012   0.391    1.427 

C454610    0.287    0.760    0.740    3.599    0.004    0.017    0.0000    0.005   0.028    1.302 

C454607    0.318    0.667    0.574    3.620    0.011    0.026    0.0000    0.015   0.362    1.089 

C454627    0.386    0.765    0.303    3.282    0.006    0.014    0.0000    0.002   0.715    1.411 

C454614    0.276    0.572    0.545    3.844    0.007    0.013    0.0000    0.005   0.150    1.119
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LOCALITY: BART CLIFF 
 

AVERAGE COMPOSITION (WT%) 

 

Sample     MgO       K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)   

C454632    3.518    8.166   13.796    51.283    0.051    0.964    0.005    14.130    0.575   7.511 

C454640    3.419    7.688   12.099    55.213    0.042    0.307    0.004    15.349    0.165   5.811 

C454634    3.019    7.489   12.971    41.476    0.042    3.031    0.007    12.250    0.281  19.441 

C454636    3.711    8.608   15.407    52.296    0.039    0.307    0.006    13.381    0.124   6.125 

 

STOCHIOMETRIC FORMULAS (NORMALIZED TO 22 LAYER CHARGES) 

 

Sample      Mg          K        Σ Fe       Si        Na        Ca         Mn          P    Al(IV)    Al(VI) 

C454632    0.370    0.735    0.732    3.619    0.007    0.073    0.0000    0.034   0.343    0.832 

C454640    0.346    0.666    0.618    3.751    0.001    0.022    0.0000    0.009   0.239    0.990 

C454634    0.373    0.794    0.810    3.446    0.007    0.270    0.0000    0.020   0.533    0.666 

C454636    0.387    0.768    0.810    3.658    0.005    0.023    0.0000    0.007   0.335    0.768 
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Chemical Analysis 

 

Considering the weight % of the major oxides, as determined using a microprobe 

analyser, the differences in chemical composition are most conspicuous among the Al2O3 

and Σ FeO (total iron) (see below).  All data are listed in Appendix J. 

The SiO2 content is consistent for both illites (48.0 - 54.3%) and glauconites (49.6 

– 55.2%).  The silicon values in Figure 42E display relatively minor aluminum-for-

silicon substitution in the tetrahedral occupancy of illites and significantly greater ionic 

substitution for glauconites.  The overall consistent silicon values in the tetrahedral 

occupancy characterize stability of the silicon ions at the tetrahedron site and do not 

provide evidence of Al for Si substitution.  The lesser content of aluminum in glauconites 

is compensated with iron at the octahedral site (see formula 4).  The apparent difference 

in aluminum-silicon interaction between glauconites and illites is in accord with the 

different nature of these two minerals.  The Al2O3 content is between 20.6 – 26.4% for 

illites and significantly less, 13.3 – 19.5%, for glauconites. 

An inverse relationship between iron and octahedral aluminum exists for the 

glauconites (Figure 42A).  Such negative correlation between these two cations indicates 

a direct Al-for-Fe substitution at the octahedral site.  Similar correlations have been 

observed by other workers (Longuépée and Cousineau, 2006; Ireland et al., 1983), 

linking the alteration to burial diagenesis.  Significantly smaller aluminum-for-iron 

substitution appears to occur for illites, attesting for the different structural nature of the 

mineral and thus distinct alteration processes during burial diagenesis. 
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The Σ FeO (total iron) contents lie between 4.3 - 8.3% for illites and 11.2 – 

15.4% for glauconites.  The relationship between total iron and interlayer cations (mostly 

K+) for the glauconites and illites suggests release of potassium during aluminum-for-

iron substitution, as a result of diagenesis.  The enrichment of potassium and iron is also a 

function of mineral maturity, as the evolved and highly evolved glauconites bear 

significantly higher amounts of these two oxides (Odin & Matter, 1981; Amorosi, 1997) 

(Figures 42B). 

The MgO content is 2.7 – 4.2% for illites and 2.8 – 3.7% for glauconites.  The 

positive slope (Figure 42C) in the graphed data is likely a function of mineral maturity 

where the dominating cations of potassium, iron and magnesium are more abundant in 

more mature glauconites and transformed illites.  Strong positive correlation between the 

interlayer cations and the iron + magnesium ions at the octahedral site (mainly iron and 

magnesium but also manganese) are directly related to mineral maturity for glauconites 

and a chloritization process in the case of illites (discussed in detail later). 

The K2O content is between 6.3 – 8.7% for illites and 8.1 – 8.7% for glauconites 

(Table 6 & Appendix K).  Abundance of K2O above 8% characterizes well developed 

glauconite, regardless of the classification scheme used (Table 5).  However, it should be 

emphasized that illite would not be apparent if the nature and maturity of the glaucony 

grains would be determined using merely potassium abundance as a criteria of mineral 

maturity.  In such case, the glaucony grains would be classified as evolved glaucony-to-

glauconite and / or glauconitic-mineral / -mica (Figure 43).  Although the classification 

scheme has been successfully applied in numerous studies (Odin and Matter, 1981; 

Amorosi, 1995; Amorosi et al., 2007), it appears to be of limited use for this study, 
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possibly due to the late Paleozoic age of the strata, and complex tectonic history of 

the Sverdrup Basin which affected the nature of the glaucony minerals.  Similarly, 

chemical composition must be supplemented with XRD, SEM and petrographic 

microscopy to discard the possibility of diagenetically altered celadonite. 

Although it must be considered that the diagenetic alteration affected the resulting 

compositions of the illites and glauconites, it is assumed that the alteration equally 

affected the studied strata, resulting in linear gain and / or loss of the distinct cations.  

Regardless of the degree of alteration, the distinctiveness of illite and glauconite as 

separate minerals becomes apparent in the plotted compositional data (Figures 42A-F). 
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TABLE 7 – VALUES OBTAINED FROM QUANTITATIVE OXIDES DATA 

NORMALIZED TO 11 OXYGENS (PER HALF CELL) USED TO QUALIFY THE 

MINERALS OF THE STUDIED FACIES  

 

SAMPLE 
TOTAL 

INTERLAYER 
CATIONS 

Al (VI) / 
Al VI + 
Fe(III)VI 

R II / (R II +  
R III) 

OCTAHEDRAL 

Fe2+ 
USING 

0.25 
RATIO 

Fe3+ 
USING 

0.25 
RATIO 

Al (VI) 
OCTAHEDRAL 

Al (IV) 
TETRAHEDRAL 

C454593 0.8176 0.4 0.27 0.205 0.615 0.7990 0.369 
C454589 0.7610 0.4 0.24 0.173 0.519 0.9670 0.375 
C454625 0.6910 0.7 0.19 0.096 0.288 1.3390 0.479 
C454646 0.6503 0.4 0.31 0.195 0.586 0.9740 1.083 

C454594B 0.7675 0.5 0.23 0.144 0.432 1.0740 0.390 
C454632 0.8492 0.4 0.29 0.183 0.549 0.7950 0.380 
C454610 0.7849 0.4 0.24 0.185 0.555 0.9290 0.401 
C454596 0.7142 0.6 0.19 0.104 0.313 1.2830 0.473 
C454640 0.6987 0.5 0.26 0.155 0.464 0.9810 0.248 
C454607 0.7190 0.5 0.23 0.144 0.431 1.0720 0.380 
C454634 1.0901 0.3 0.31 0.203 0.608 0.6460 0.553 
C454627 0.7863 0.7 0.22 0.076 0.227 1.4100 0.717 

C454636 0.8036 0.3 0.30 0.203 0.608 0.7600 0.343 

C454590 0.7887 0.5 0.25 0.163 0.488 0.9750 0.393 
C454520 0.2262 0.1 0.56 0.372 1.116 0.1860 1.914 
C454614 0.5963 0.5 0.21 0.136 0.409 1.1130 0.157 
C454533 0.6153 0.8 0.20 0.056 0.169 1.4100 0.269 
C454540 0.6627 0.7 0.19 0.080 0.239 1.3750 0.421 
C454570 0.7092 0.7 0.24 0.069 0.207 1.3270 0.428 
C454575 0.6706 0.7 0.20 0.088 0.265 1.3520 0.369 

 

*Black colour represents glauconites, red colour represents illites, blue colour represents 

misc. glauconitic mixed green clays 
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FIGURE 42 – Distribution and relationship of chemical elements for glauconites (black 

diamonds) and illites (pink diamonds).  Each point represents an average of 10 – 20 

microprobe analyses obtained for each sample (Appendix K).  Data spreads signify the 

heterogeneity of the studied glaucony.  (A) A distinct break in iron composition implies 

the uniqueness of both minerals.  Negative slope signifies Al-for-Fe substitution at the 

octahedral site.  (B) Association of iron and interlayer cations as a function of mineral 

maturity.  (C) Association of iron / magnesium and interlayer cations as a function of 

mineral maturity.  (Samples C454614 and 454646 have been omitted due to random 

distribution deviated from the main trend.)  (D) Loss of tetrahedral silica in glauconite 

impacts the R
2+

 cations uptake at the octahedral site.  The relationship between the two is 

neutral for the Fe-illitic mineral.  (Samples C454614, C454646, 454640 have been 

omitted due to random distribution deviated from the main trend.) 

 (E) Generally neutral relationship between Si and octahedral Al implies stable Si 

position and unlikely Al-for-Si substitution at the tetrahedral site.  (F) Increase in Mg 

appears to be independent of the Al within the Fe-illitic minerals.  Illitization (Al-uptake) 

directly affects the Mg within the glauconites. 
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FIGURE 43 – Nature and maturity of studied glaucony grains using potassium as 

maturity criteria (after Odin and Matter, 1981; red colour) and (after Amorosi, 1995; 

black colour).  Although a distinction exists between the illites and glauconites, this sub-

division would neglect occurrence of illites in the studied samples, classifying it as 

evolved glaucony / glauconitic mineral. 
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Mineralogical Characterization 

 

 Bulk and clay fraction analyses (<2µm) were performed on six glauconite (Figure 

44) and three illite samples to confirm its mineralogy, variability of peak-shapes and their 

position as a function of glauconite maturity (Odin and Matter, 1981; Odin and Fullagar, 

1988).  The XRD analysis is supplemental to the chemical analysis and petrographic 

microscopy, as no distinction can be made between illite-type minerals and glauconites 

based solely on the XRD testing.  Decrease in distances between the peak (001) and (020) 

on the XRD diagrams, and corresponding increase in K2O has been observed as a 

function of glauconite maturity by various workers (Odin and Matter, 1981; Odin and 

Fullagar, 1988, Amorosi et al., 2007).  A comparative study was made to confirm the 

advanced maturity of the glaucony minerals in the studied strata by examining the shape 

and distances of 001 and 020 mica peaks.  Reference sample of glauconite mineral from 

the Geological Survey of Canada (GSC), in Calgary, was used to additionally confirm 

structural alteration of the studied minerals, suspected to occur in response to the 

diagenesis (mainly Al for Fe replacement) and weathering (oxidation of Fe).  Although 

the heterogeneous nature of glauconites cannot be confirmed against a sample from 

outside of the study area, the comparison of XRD peak shapes as a function of maturity 

should be applicable equally to all glauconite samples.  The comparison was not 

performed against the illite samples as its maturity cannot be inferred in the same fashion.  

The following is a summary of results obtained from the XRD analyses for the 

glauconites of this study.  All data are included in Appendix N. 
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X-Ray Diffraction (XRD) Analysis 

 

The position of 001 and 020 peaks of the studied glauconite minerals is very 

consistent, ranging between 10.0 – 10.2º for 001 peak, and 20.5 – 20.6ºÅ for 020 peak, 

using º2Theta scale.  (Sample C454597 is an exception; 020 peak is at position 20.26º).  

Consistency in position of the 001 and 020 peaks reflects mature the state of the 

glauconite minerals (Odin and Matter, 1981; Amorosi et al., 2007).  The shapes of the 

001 and 020 peaks however, are highly variable, ranging from broad to narrow, with both 

symmetrical and asymmetrical sides (Figure 44).  The variability in shape suggests 

heterogeneity of the mineral within its mixed layer, which may be composed of swelling 

clays and / or chlorite layers (Meunier et al., 2005).  Most of the samples show well-

developed, narrow 020 peak which likely results from aluminum-for-iron diagenetic 

substitution at the octahedral site (Figures 42A-F; Longuépée and Cousineau, 2006).  As 

a comparison, illites, confirmed through chemical analysis, also display high variability 

in shape 001 and 020 peaks (Appendix N).  The peaks consistently range between 10.1 – 

10.2º and 20.2 – 20.6º respectively, using º2Theta scale.  However, the 20º peak is not 

always developed, suggesting variable composition and different nature of this mineral 

(Appendix N).   

Due to high variability of the glaucony minerals, as depicted by the variable 

shapes of the representative peaks, no correlations can be attained between the samples 

using XRD peak width and size as a criteria.  However, consistent position of the 001 and 

020 peaks (Figure 44) confirms a mature stage of the glauconites (Odin and Matter, 1981; 
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Amorosi et al., 2007).  The variability in shape of the XRD peaks is likely a result of 

diagenetic alteration of these upper Paleozoic strata. 

Another mineral consistently occurring in the XRD analyses is chlorite.  The well-

developed shape and amplitude of the 14.4 – 14.5º peak confirms high abundance of 

chlorite (Figure 44; Appendix N). 
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FIGURE 44 – XRD plots of representative glauconite samples.  Note consistent 001 and 

020 peak spacing, implying mature state of the glauconite (Odin & Matter, 1981), and 

variable widths of the 001 peak likely a result of mixed layer clays. 
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Morphological Characterization 

 

Petrographic Analysis 

 

 Physical characteristics of the studied glaucony grains (illites and glauconites) 

were verified using a petrographic microscope.  Thin sections were analysed in plane- 

and cross-polarized light to determine morphological trends, colour variations and 

relationships of the green minerals with the surrounding cements.  The physical 

characteristics were compared against the compositional (microprobe) and mineralogical 

(XRD) data to determine the origin of the glaucony.  The analysis reveals both 

parautochthonous (transported from the place of origin by storm surges) and 

autochthonous (authigenic with minor transport) origin of the green facies.  The origin 

characterization was determined using a classification scheme developed by Amorosi 

(1995), as it appeared to be applicable to the petrographic observations.  The chemical 

composition of both glauconite groups is similar and consistent (Appendix J-K).  

Therefore, no further sub-divisions were established.  Additionally, no conspicuous 

morphological differences were observed between the illites and glauconites, as both 

display similar colours, size and texture, therefore, both are described concurrently. 

The chemical composition of the variably-coloured grains, verified using 

microprobe (Appendix J), appears to be completely independent of the glauconite colour 

within the studied deposits (Figures 44 & 45).  Although defined as a maturity indicator 

by various workers (Odin and Matter, 1981; Amorosi, 1997), and contrary to a previous 

study on the Trold Fiord Formation (Reid et al., 2008), colour cannot be used as a 
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maturity indicator for these glaucony facies.  The yellow – brown colour of illites and 

some glauconites depicts partial ferrugination (hematization), as confirmed through 

microprobe analysis (Table 5 & Figure 45-46).  Presence of Fe
3+

 in illites, in addition to 

the conspicuous yellow-brown colour (Figure 47) reflects iron oxidation as a result of 

post-burial uplift and re-exposure (telogenesis). 

Both the illites and glauconites depict film-coating and granular habits.  Film-

coating, green in colour, randomly and discontinuously coats detrital chert grains, 

whereas the granular grains are randomly intermixed with the detrital matrix.  The partial 

coatings are often inter-mixed with chlorites, suggesting a direct diagenetic 

transformation of heterogeneous illite-type-intermediates (details & images follow).  The 

spatial distribution for both minerals is either random (parautochthonous-type) (Amorosi, 

1997), or partially selective within phosphate-rich intervals (autochthonous-type) 

(Amorosi, 1997). 

Grain size of the granular glaucony ranges from being similar to the matrix (very 

fine sand) to being significantly larger (medium sand) from the surrounding matrix 

(Figures 45-46).  The grains that are larger than matrix, ranging up to 250µm in size, are 

well developed and dark green in colour (Figures 45-46).  All granular glaucony are well 

rounded, significantly differing from the angular to sub-angular detrital matrix.  Poor 

sorting of the glaucony grains with the derital matrix implies authigenic (autochthonous) 

origin of the globular grains, as no hydrodynamic processes are capable of selectively 

transporting medium-sized glauconites and very fine-grained detrital quartz and chert 

grains.  Due to minor density differences (2.65 for quartz and 2.4 - 2.95 for glauconite), 
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quartz and chert grains similar in size would be present intermixed with the medium-

grain sized glauconites. 

Discontinuous coating of chert grains must be considered carefully.  A possibility 

exists that silicification of some glauconite grains occurred during burial diagenesis, as 

shown by grain boundaries amalgamated with silica cements (Figure 45C & D).  These 

may imply Si
4+

 ionic expulsion during Al-for-Si substitution at the tetrahedral site during 

burial.  The chemical analyses reveal a possibility of such alteration (Figure 42D & E). 

Phosphatic grain overprinting occurs abundantly within the glauconite grains.  

These appear to have formed during an early phase of glauconite formation, as no 

secondary overprinting is present (Figure 51).  Such phosphate-embedding into the 

glauconite is feasible as both minerals form in similar conditions (Carson and Crowley, 

1993).  Additionally, abundant chlorite cements filling micro-fractures within the 

glauconite grains and coatings of grain boundaries are observed within various samples.  

Confirmed through the XRD to be well developed and abundant, the chlorites in the 

glaucony facies may be directly linked to diagenetic alterations of smectite-type clays and 

illite-like minerals.  The chlorite (secondary) and phosphate (primary) alterations of the 

glauconites are responsible for heterogeneous compositions (Appendix J).  These 

alterations result in heterogeneous-zoned-glaucony fabrics, commonly observed in SEM 

imaging (Figure 50-52).  Further discussion of these alteration fabrics follows. 
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FIGURE 45 – Examples of the studied glauconites.  (A-B) PPL (left) and XPL (right) 

plates of sample C454634 (FeO 12.9%, MgO 3.0%, K2O 7.5%) showing well formed 

parautochthonous (Amorosi, 1995) glauconites (arrows).  (C-D) PPL (left) and XPL 

(right) plates of sample C454589 (FeO 13.3%, MgO 2.8%, K2O 8.2%) showing partially 

altered glauconites.  Note the faint grain boundaries and possibly partial dissolution 

(arrows).  (E-F) Sample C454593 showing mature parautochthonous glauconites 

diagenetically altered, as implied by variable colours (arrows).  The alterations possibly 

involve partial Fe-for-Al substitution.  Rim-to-core analysis was not performed to 

confirm the Fe variability. 
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FIGURE 46 – Additional examples of the studied glauconites.  (A-B) PPL (left) and 

XPL (right) plates of sample C454610 (FeO 14.5%, MgO 2.8%, K2O 8.8%) showing 

glauconitic film coating some of the detrital matrix, inferring in situ formation 

(autochthonous origin) (arrows).  (C-E) PPL (left), XPL (right) and (RPL) lower left 

plates of sample C454646 (FeO 14.8%, MgO 4.8%, K2O 6.2%) showing oxidized 

glauconite grains (arrows).  Ferrugination is apparent under the reflected light (RPL) 

(lower left). 

 



 

 

224 

 

 

  
 

  
 

  

A

G

F

B 

B

H

G

F

B 

CI

G

F

B 

D

J

G

F

B 

E

K

G

F

B 

C454646 

C454646 C454646 

C454610 C454610 



 

 

225 

 

 

 

 

 

 

 

 

 

 

FIGURE 47 – Examples of the studied illites.  (A-B) PPL (left) and XPL (right) plates of 

sample C454625 showing well formed ferrian illites (arrows).  (C-F) PPL (left) and XPL 

(right) plates of sample C454596 (middle row) and C454533 (bottom row) showing 

ferrian illites (arrows).   Note morphological similarities to glauconites. 
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Scanning Electron Microscopy (SEM) Analysis 

 

Evidence for an authigenic (autochthonous) and parautochthonous (transported 

from the place of origin by storm surges) origins of the studied glauconite becomes 

apparent under scanning electron microscope.  Although in all situations the glauconite 

grains are well-developed, with generally small compositional variations between the 

rim-to-core grain transects (Appendix J), a glauconite-film coating was observed in one 

specimen (Figure 48A & B).  Composition of the film coating, verified using EDX, is 

typical of glauconite.  The film-coating fully covers the sub-rounded, inter-particle silica 

cemented grains.  A small break within one of the grains displays well developed 

cleavaged surface (Figure 48B).  Considering the mineralogy of the matrix verified 

through petrographic and cathodoluminescent microscopy, the grain is likely feldspar.  

Additionally, remnants of detrital quartz grains altered into globular glauconite grains 

sporadically occur in the glauconitic quartz and chert rich facies, further signifying 

authigenic (autochthonous) origin of the grains.  The alteration appears to be non-

selective, randomly altering the detrital grains from all sides.  The boundaries of poorly 

preserved quartz grains are serrated, indicating gradual dissolution (Figure 48C).  Rare 

occurrences of such diagenetic alteration reflect the mature stage of the glauconites, as 

confirmed through chemical (microprobe) and mineralogical (XRD) analysis. 

Broken grains and fractured surfaces healed with calcite and / or chlorite cements 

are some of the apparent features observed under the SEM that characterize glauconite of 

parautochthonous origin.  Such grains approximate the size of the quartz and chert rich 
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matrix suggesting sediment transport under similar hydrodynamic conditions (Figure 

48D).  Calcite and / or chlorite cemented fractures, which are moderately abundant in the 

parautochthonous grains are mesogenetic features formed during deep burial. 

SEM analysis reveals three distinct nano-structures of the glaucony.  The variability 

of the nano-morphologies does not appear to be composition and / or maturity dependent 

(Figure 48 & Table 6).  However, the study did not focus on systematic observations of 

the nano-structures of all samples, due to difficulties encountered in trying to isolate 

glaucony grains, which is due to pervasive silica cementation that binds the detrital 

matrix with the glaucony grains.  Nonetheless, the grains and aggregates analyses using 

SEM can be considered as representative of the deposits due to their similar composition 

and maturity as shown by the microprobe and XRD analyses (this chapter; & Appendix 

N). 

The three nano-structure types include:  (1) randomly oriented flakes, uniformly 

coating glauconite grain surfaces (Figure 48E & F), (2) well developed “rosette” fabrics, 

more structured from Type-1 nano-structures (Figure 48I & J), and (3) poorly developed, 

possibly re-worked flakes with nano-porous structures within the grain surfaces (Figure 

48G-H).  The nano-pores possibly represent cavities left by framboidal pyrites, variably 

abundant within the studied strata.  Similar nano-structures were observed by various 

workers (Odin and Matter, 1981; Ivanovskaya et al, 2003, Geptner and Ivanovskaya, 

2000; Wigley and Compton, 2007). 

Similarly to glauconites, SEM analysis of illites reflects their homogeneous 

composition, as shown by the uniform colour of the analysed grains (Figure 47).  The 

globular illites are locally cemented by silica and phosphate (Figure 48M - O).  Close-up 
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analysis of the nano-structures was mostly ineffective due to the irregular surfaces, 

and oblique orientation of the illites.  General observations of the illites however, do not 

reveal unique morphologies and appear to be generally undistinguishable from the 

glauconites of the studied sections. 
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FIGURE 48 – Examples of nano-structures.  (A-B) Glauconitic film coating feldspar 

grain (outlined).  (C) Alteration of siliceous grain (1) (homogeneous grey in colour) by 

glauconite (2).  (D) Broken grains and healed fractures of parautochthonous glauconites 

(outlined).  (E-F) Nano-structure of randomly oriented flakes uniformly coating the 

glauconite surface (outlined).  (G-H) Poorly developed flakes, possibly reworked, with 

nano-cavities left by framboidal pyrite (arrow).  (I-L) Well developed rosette nano-

structure.  (M-O) Examples of illites.  The grains are homogeneous in composition 

(single colour) and smooth in appearance.  Rare framboidal pyrite is labelled with arrows. 

(Images A-B, E-O taken under secondary-electrons (SE) mode, C-D taken under back-

scatter electron mode). 
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Heterogeneous Zonation of Glauconite 

 

 Zoned fabrics attributed to primary mineral formation processes and diagenetic 

alterations locally occur within some of the glauconite.  These alteration fabrics are 

exclusive to the globular-textured grains, occurring both randomly and preferentially 

along the grain margins (Figures 49 - 51).  Three separate types of alterations that 

resulted in the zoned glauconites are attributed to: (1) sulphate alteration (2) phosphate 

inclusions, and (3) chloritization processes. 

 

Sulphate Alteration 

 

Sulphate-altered, zoned grains are not apparent when examined under a 

petrographic microscope.  However, scanning electron microscopy reveals distinctive 

dark-grey coloured areas within some of the glauconite grains (Figure 49).  Scanned for 

chemical composition, the heterogeneous zones reveal traces of SO3 (Appendix J).  The 

alterations are either random within the grains, or have affected the rims preferentially 

with significantly more SO3, but also slightly less SiO2 and Σ FeO (Figure 49 & 

Appendix J).  Variations in iron between rim-and-core have been observed by numerous 

workers (Eder et al., 2007; Longuépée and Cousineau, 2006).  Such variations have been 

interpreted to result from a diagenetic aluminum-for-iron substitution (Longuépée and 

Cousineau, 2006), which may also be partially attributed to the complex processes of the 

glauconite formation (Odin & Matter, 1981).  Although similar trends of aluminum-for-

iron substitution have been observed among the homogeneous glauconites of this study, 
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the SO3 bearing grains do not show such iron and aluminum correlations, suggesting 

independent chemical reaction of these SO3 bearing grains.  Chemical analysis confirms 

the light- and dark-coloured intra-particle zones (Appendix J) to be directly correlative 

with the abundance of SO3.  The variations in composition must be of diagenetic origin as 

sulphates and glauconites form under substantially different and independent conditions.  

The sulphate altered zoned grains are well-developed and often broken, suggesting 

transport, and thus parautochthonous origin (Amorosi, 1997).  The transported grains 

likely developed micro-fractures which in turn were saturated with SO3 bearing fluids 

readily available from oxidized pyrites.  The SO3 in turn precipitated into evaporites 

(Figure 49). 
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FIGURE 49 – Sulphate alterations of glauconite grains.  (A-B) Back-scatter electron 

(BSE) (left) and secondary-electrons (SE) (right) images of sulphate crystals (gypsum) on 

the surface of glauconite grain (arrows).  (C-D) Back-scatter electron (BSE) close-up 

image displaying typical distribution of zoned glauconite grains (arrows) in samples 

under SEM.   
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Phosphate Inclusions 

 

Phosphate frequently occurs in the glauconitic facies in the form of cements and 

locally as intra-clasts within the tempestite successions (previous chapters).  Additionally, 

phosphate occurs as an intra-particle constituent of the glauconite grains.  Such locally 

occurring glauconite grains are characterized by distinctive irregular zoning, which is 

conspicuous under the SEM (Figure 50), but also observed through a standard 

petrographic analysis (Figures 45 & 46).  The phosphate alterations are significantly 

different from previously discussed sulphate alterations, as these occur more frequently 

and are characterized by random, bright (iron-bearing) inclusion within the glauconite, 

when examined under the SEM (Figure 50). 

The nature of these phosphate inclusions appears to be of primary origin since no 

indications of substitution exists between the interlayer oxides (CaO, Na2O, K2O) and 

P2O5 oxides.  The lack of positive correlations is in accord with the fact that phosphorus 

cannot be easily accommodated within the sheet silicate lattice of glauconite through a 

process of ionic replacement (Carson & Crowley, 1993).  It is therefore unlikely that the 

phosphate inclusions formed due to diagenesis (Figure 50).  Additionally, the phosphate-

zoned glauconitic grains are intermixed with homogeneous glauconite grains.  If 

diagenesis altered the glauconitic strata, the alteration would be more uniform, affecting 

all, or most of the glauconitic minerals.  However, the sporadically zoned grains, inter-

mixed with abundant homogeneous glauconite grains indicate that such a possibility is 

unlikely.  Temporal association of phosphate and glauconite is widely known to occur 

(Carson and Crowley, 1993; Odin & Letolle, 1980; McArthur et al., 1988).  Both organic 
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(release of P during decomposition of organic matter) and inorganic (sourced through 

upwelling of oceanic waters) sources likely contributed to the abundance of phosphate.  

Since both minerals form in similar marine environments and require comparable 

depositional conditions (Carson and Crowley, 1993), the primary association of the two 

minerals is probable. 
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FIGURE 50 – Heterogeneous zonation associated with phosphatic alterations of 

glauconite grains.  Gl – glauconite, Ph – phosphate; Qz – quartz, Ca – calcite, Dol - 

dolomite).  (A-B) Secondary-electrons (SE) image of fractured glauconite grain with 

phosphatic alterations (random light-grey patches) (arrows).  (C-D) Secondary-electrons 

(SE) (left) and back-scatter electron (right) images of phosphatic alterations (1) of a 

glauconite grain (Gl) in siliceous cement (Qz).  (E-H) Back-scatter electron images of 

phosphatic alterations (outlined and labelled). 
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Chloritization Processes 

 

Chlorite is one of the most abundant constituents of the glauconitic samples.  It 

occurs as both, inter- and intra-particle cement, frequently coating grain boundaries of 

detrital quartz, chert and authigenic glauconite grains.  Chlorite locally replaces siliceous 

sponge spicules.  As intra-particle cement, it commonly coats micro-fractures and alters 

rims of the globular glauconite grains (Figures 28A & C, Figure 51F).  The chloritization 

of glauconite occurs through a process of replacement.  Progressive expulsion of 

potassium ions (K+) and uptake of iron ions (Fe
2+

) results in the chloritized rims of many 

glauconite grains (Figure 51G).  The rims, however, still bear significant amounts of 

potassium (4-6 wt. %) and thus cannot be classified as a fully-developed chlorite.  A 

sharp compositional boundary between the centers and rims of the chloritized grains is 

characterized by significantly lighter (iron-rich) coloured zones under the SEM (Figures 

51A-D; Appendix J), and a prominent break between the plotted data (Figure 51G).  The 

values of grain centers (cores) range between 6.5 - 9.0 % for K2O and between 3.7 - 9.4 

% for Σ FeO whereas the rims have K2O values between 4.1 - 6.3 % and Σ FeO between 

14.6 – 19.1 % (Figure 51G).  Such alteration depicts a diagenetic chloritization of the 

glauconitic minerals.  The chlorite grain and micro-fracture cementation is related to 

burial diagenesis.  Progressive transformation of smectite-type clays likely resulted in 

formation of the abundant chlorite cements.  These cements frequently corrode and to a 

variable extent replace the detrital and authigenic grains (Figure 28). 
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FIGURE 51 – (A-D) Chloritized glauconite grains (light grey colour) (arrows) in quartz-

rich matrix (Qz).  The rims have significantly less potassium and more iron than the 

grain-centers.  The alterations are independent of micro-fractures within the glauconite 

grains.  Images taken in back-scatter electron (BSE) mode.  (E-F) Chloritized glauconite 

grains (light grey colour) growing preferentially within micro-fractures of glauconite 

grain (arrows).  Images taken in back-scatter electron (BSE) mode.  (G) Graph showing 

chloritized and non-chloritized portions of the glauconite grains (light grey and grey 

coloured, respectively).  An inverse relationship is apparent between K2O and FeO, 

where chloritized zones have significantly less K2O.  Apparent break between two data 

points clusters attest for the different nature of the two minerals. 
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Glauconite and Depositional Environments 

 

The glaucony facies of the Trold Fiord Formation are primarily associated with 

fine-grained siliciclastics of the offshore-transition zone (LF6C & 5) and phosphatic silty 

mudstones of the proximal offshore settings (LF7) (see chapter 3).  As discussed earlier 

in this chapter, the large size and well-developed globular morphology of the glaucony 

grains (LF7) attests for their autochthonous origin (Amorosi, 1997) within the proximal 

offshore setting, whereas random, sporadic occurrence of similar grain sized and 

commonly broken glaucony grains (LF6C & LF8) indicates local transport within 

offshore-transition zone and thus parautochthonous origin (Amorosi, 1997) (Figure 52). 

Since iron in glauconite is present in both Fe
2+

 and Fe
3+

 states, at the octahedral 

site, fairly unique redox conditions are required to stabilize it (Ireland et al., 1983; 

Coleman, 1985, Carson et al., 1993).  Lithofacies and stratigraphic analyses (chapters 3 & 

4) suggest that the Wordian and Capitanian offshore-transition zone and proximal 

offshore to be such environments, where relatively low sedimentation rates, low energy 

levels, semi-confined oxygen-deficient conditions, and a constant reworking of sediments 

through bioturbation, allowed Fe
2+ 

and Fe
3+

 to co-exist beneath the sediment-water 

interface. 

This research indicates that the abundance of iron sequestrated in numerous 

minerals, in the various lithofacies of Trold Fiord Formation, reflects spatial distribution 

of iron likely caused by both nearshore-fluvial and deep-upwelling processes.  The 

shoreface sandstones (LF5) and tempestites horizons of the offshore-transition zone 

(LF6C) lack autochthonous glauconite as water agitation (relatively high energy levels) 
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and well-oxygenated waters (unconfined substrate) prevented glauconite formation, 

stabilising the dissolved Fe as Fe 
3+ 

(Figure 52).  The ferric iron in these proximal 

lithofacies is apparent in the form of abundant hematite-rich cements (LF5) (see chapter 

3).  The proximal offshore (LF7) and distal offshore-transition zone (LF6C) represented 

an optimal semi-confined zone below wave-base where Fe could be stabilised in the form 

of Fe
3+

 and Fe
2+

.  Low energy and associated oxygen-deficient conditions, periodically 

influenced by bioturbation and storm-mixing, further induced glaucony formation within 

this zone (Figure 52).  Alternatively, siliceous mudstones (LF7) of the offshore-zone 

characterize oxygen-depleted zone where prevailing bacterial sulphate reduction 

processes reduced Fe into Fe
2+

, precipitating pyrite instead of glauconite (Figure 52). 

 Understanding the origin of iron which is both widespread and abundant in 

various forms in the Trold Fiord Formation may help to improve Middle Permian 

paleogeographic interpretations in the Sverdrup Basin. 

Pervasively hematite cemented shorface sandstones (LF5) coincide with a broad 

transgression which culminated at the Roadian-Wordian boundary (see chapter 4).  At 

that time the sea and associated shoreface erosion reached onshore areas where red 

paleosols were well-developed including older iron-rich red weathering units.  In many 

areas at the periphery of the Sverdrup Basin, green Middle Permian Trold sandstones rest 

unconformably on much older Upper Carboniferous-Lower Permian red sandstones and 

paleosols of the Canyon Fiord Formation (Thorsteinsson, 1974; Beauchamp and 

Theriault, 1994).  The iron-rich sediments, now in the shallow shoreface zone, were re-

worked providing dissolved iron to be stabilised in the form of Fe
3+

 within the newly 

deposited sediments (LF5).  Furthermore, storm induced unidirectional currents 
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transported the dissolved iron-rich waters and clay particles in a basinward direction, 

providing the necessary chemistry to form glaucony minerals.  Diagenetic processes 

imposed on the glaucony and iron-rich clays in the offshore-transition zone facies (LF6) 

account for abundant glauconitic (illite and chlorite) cements (see chapter 3). 

In the offshore-zone, upwelling was likely the main source of iron along with 

other nutrients such as phosphate.  In addition, residual land-derived iron, not yet 

sequestrated as hematite and glauconite in more proximal settings may have contributed 

to the iron budget in more distal settings.  The lithofacies in this zone (LF7 & LF8) depict 

abundant phosphates and commonly occurring framboidal pyrite suggesting open 

offshore marine and oxygen-deficient conditions beneath the sediment-water interface. 
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FIGURE 52 – (A) Spatial distribution of iron-bearing minerals in Wordian / Capitanian 

strata as a function of depth / energy levels / bioturbation and associated oxygen 

availability.  (B) Interpreted acting processes and general depth-zonation associated with 

formation of iron-bearing minerals.  Suboxic processes leading to glauconitization are a 

function of oxygen availability associated with distal parts of the marine shelf and 

subsequent sediment deposition. 



 

 

250 

 

 

 



 

 

251 

 

Glauconite and Sequence Stratigraphy 

 

Introduction 

 

Using glauconite to assist in sequence stratigraphy has been attempted by some 

workers with variable success (Amorosi, 1995; Amorosi and Centineo, 2000).  Due to its 

origin, associated with slow sedimentation rates and low energy conditions (Odin & 

Matter, 1981), glauconite-bearing horizons have been inferred to be associated with 

transgressive systems tracts and their parasequences (Baum & Vail, 1988; Van Wagoner 

et al., 1990; Mitchum & Van Wagoner, 1991).  However, beyond the obvious association 

with TSTs, understanding the distribution of glaucony in a stratigraphic model requires a 

thorough approach (Amorosi, 1995).  Sequence stratigraphic interpretations of glauconite 

bearing horizons require information about: (1) their maturity (nascent to highly 

evolved), (2) their spatial distribution (lateral and vertical) and (3) the genetic attributes 

(autochthonous versus allochthonous) of individual grains.  To be of any value, these 

parameters must be contrasted with independently acquired information about sequence 

stratigraphic correlations and systems tracts. 
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Correlations 

 

The glauconite was sub-divided into three groups based on K2O and FeO wt. % as 

both indicate maturity of the green mica (Odin & Matter, 1981; Amorosi, 1995) (Figure 

53).  The samples came from East Mount Leith, Mysterious Evaporites and Bart Cliff 

sections (Appendix J).  Glauconite of similar composition may be inferred to have similar 

spatial and temporal attributes, due to the formation processes within the same semi-

confined depositional environment (Odin & Matter, 1981).  Three groups of glauconites 

(Figure 53), determined to be the most compositionally similar (K2O / FeO), were plotted 

against the existing sequence stratigraphic model of this study determined through 

lithofacies analysis (Figure 54).  Two samples determined to be chloritized and / or 

significantly altered were disregarded (Figure 54). 

Considering Al-for-Fe substitution and partial K expulsion due to diagenesis (this 

chapter), it can be assumed that glauconite of group A is the least altered as the K2O and 

FeO values are the highest.  Groups B and C have undergone more diagenetic alteration 

as their K2O / FeO values progressively decrease (Figure 53).  When plotted against our 

sections, glauconite groups reveal little or no correlations (Figure 54).  No glauconite-

horizons appear to be correlative with low-order sequence stratigraphic horizons.  

Therefore, there is no evidence that glauconite similar in composition formed 

simultaneously across the environmental gradient represented by the cross-section of 

Figure 53.  One exception is glauconite that lies beneath the sub-Capitanian unconformity 

at Bart Cliff and Mysterious Evaporites.  It is possible that the similar composition of 
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these glauconites represents a comparable mode formation and / or diagenetic 

processes beneath the unconformity. 

Relative abundance of glauconite was also examined in the context of sequence 

stratigraphic correlations.  Categories of abundant, common and rare assessed through 

thin section analysis were used to characterize relative abundances.  The cross-section 

(Figure 54) shows that the distribution of glauconite is independent of low order TST or 

RST.  In contrast to Amorosi, (1995), this observation indicates that low sedimentation 

rates required for glauconite to form are independent of systems tracts.  However, it does 

appear that the glauconite frequently occurs in scoured, coarse grained tempestites, which 

may or may not correspond to ravinement surfaces and thus early-high order TSTs 

(Figure 54).  Further study of potential high-order eustatic cyclicity of the Wordian and 

Capitanian Trold Fiord Formation is required to refine this observation.  However, one 

must keep in mind the difficulties in determining high-order base level shifts in storm 

dominated marine shelf as they are obscured by autocyclic sedimentation and associated 

facies shifts (see chapter 4). 
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FIGURE 53 – Glauconite correlations based on chemical composition of K2O-FeO 

oxides (wt. %).  Three groups of samples (Type A-C) of similar in composition 

glauconites represent similar formation and / or diagenetic processes.  Type A is the least 

altered group of glauconite (highest FeO and K2O wt. %), whereas type B and C are 

progressively most altered samples (lowest FeO and K2O wt. %). 
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FIGURE 54 – Cross sectional correlation (E-W) of three stratigraphic sections of 

glauconite bearing facies.  Each group of similar in composition glauconite is labelled 

with a different colour.  Note most frequent occurrence of glauconite in tempestite 

horizons of LF6 and mudstone-bearing sandstones of LF7. 
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Glauconite Study – Summaries and Conclusions 

 

Middle Permian Glaucony Facies in the Sverdrup Basin 

 

Detailed investigation of glaucony (green minerals), which is variably abundant in 

the siliciclatic facies of the Trold Fiord Formation reveals an assemblage of potassium 

bearing green micas.  Through chemical analysis, the glaucony was compared against a 

classification scheme of the International Mineralogical Association (IMA) standard, 

revealing abundant forms of glauconite and illite minerals.  Additionally, abundant 

chlorite cements were verified through SEM and XRD analyses.  A close association of 

these dioctahedral (glauconite and illite) and trioctahedral (chlorite) green micas reveals 

their complex structural and chemical nature which is related to their complex formation 

and diagenetic processes.  The glauconites reveal significant aluminum-for-iron 

substitution (illitization), partial iron-for-potassium substitution (chloritization) and 

hematite alterations (ferrugination).  These processes are the result of complex 

transformations in the mesogenetic and telogenetic realms.  Additionally, two of the 

samples reveal iron bearing green micas with a highly variable heterogeneous 

composition of potassium and iron which precluded a proper assignment to a specific 

mineral.  These are best described as mixed layer glauconitic (potassium and aluminum 

bearing) green clays. 

This study reveals a mature state for all glauconites which require approximately 

10
5
-to10

6
 years to form (Odin and Matter, 1981).  Two forms of glauconite exist in the 

studied strata: autochthonous glauconite and parautochthonous glauconite (after Amorosi, 
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1995).  The in situ autochthonous type frequently coats detrital grain fragments, 

filling axial canals of sponge spicules and partially cementing fossil fragments.  Well-

developed autochthonous glauconite grains are often significantly larger from the 

surrounding detrital matrix, reaching approximately 250 microns.  The glaucony of the 

Trold Fiord Formation can be sub-divided into three groups based on compositional K2O 

and FeO variations.  Parautochthonous glauconite has similar composition to in situ 

grains.  It is characterized by broken and fractured grains intermixed with the detrital 

matrix.  The broken grain fragments are of the same size as the detrital matrix, which is 

approximately 90 microns in size. 

 

Glaucony Minerals and the Depositional Environment 

 

 The autochthonous glaucony of the Trold Fiord Formation formed within distal 

offshore-transition and proximal offshore settings.  Low sedimentation rates, low energy 

levels, extensive bioturbation and oxygen-deficient conditions, which prevailed in these 

settings, allowed iron to stabilize in Fe
2+

 and Fe
3+

 states as the green micas formed. 

The abundant iron which sequestrated into various iron-bearing minerals 

originated from nearshore-fluvial and upwelling-offshore zones.  Both sources aided in 

the formation of glaucony minerals which mainly formed in the proximal offshore zone.  

The significant amounts of iron and green-clays minerals transported from the nearshore-

fluvial sources coincide with a late stage of Roadian transgression which flooded and 

eroded previously deposited oxidized paleosols of Canyon Fiord Formation.  

Additionally, close association of phosphate with autochthonous glaucony indicates 
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upwelling as a source of nutrients-rich waters which aided in the formation of 

glaucony in the proximal offshore settings.  Parautochthonous glauconite occurs mainly 

in tempestite horizons and spiculitic cherts suggesting transport and deposition into 

shallower parts of a marine shelf through combined and unidirectional flows associated 

with relatively frequent storm events. 

 

Glauconite as a Tool of Sequence Stratigraphy 

 

 Sequence stratigraphy in a storm dominated marine shelf is difficult as frequently 

occurring erosive surfaces makes it difficult to determine significant horizons such as 

high-order sequence boundaries.  Using glaucony as a stratigraphic tool has been 

attempted using similarity of chemical composition (K2O and FeO) and variations in 

glauconite abundance.  Glauconite composition reveals no correlations with sequence 

stratigraphic horizons.  Rare compositional similarities likely imply homogeneous 

formation and / or diagenetic processes which these facies experienced.  Similarly, 

distribution of glauconite did not reveal significant associations related to low order TST 

or RST.  The low sedimentation rates required to form glauconite are therefore 

independent of systems tracts.  Any possible correspondence of glauconite to high-order 

TST – RST must be examined with caution as prevailing autocyclic sedimentation in the 

studied strata likely overprinted the high-order eustatic cycles.  The glauconite of the 

Trold Fiord Formation, therefore, cannot be used as a sequence stratigraphic tool. 
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CHAPTER 6 

Summary and Conclusions 

 

This study, based on the detailed analysis of five stratigraphic sections on NW 

Ellesmere Island, has led to the following advances in the understanding of the Middle 

Permian succession of the Sverdrup Basin: 

 

Lithostratigraphy 

 

 Three Middle Permian stratigraphic units outcrop in the study area: the Assistance, 

Degerböls and Trold Fiord formations. 

 The Roadian Assistance Formation (sandstone, minor shale) is thickly developed in 

the western part of the area (Borup Fiord Pass), reaching more than 300m, but 

pinches out rapidly to the east, north and south suggesting deposition in a structurally-

confined area probably resulting from the Melvillian Disturbance. 

 The Wordian and Capitanian Trold Fiord Formation (glauconitic sandstone) and 

correlative Degerböls (spiculitic chert) formations form a uniform stratigraphic 

blanket that ranges from 120 m to the west to 34 m to the east, indicating much lower 

sedimentation rates at a time of passive subsidence. 

 The absence of carbonates in the Degerböls Formation is unusual as carbonates are 

typically developed in the lower part of the formation to the north, west and south on 

Ellesmere Island.  This may reflect unique environmental conditions in the study area. 
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Sedimentology 

 

 The complex lithostratigraphic succession represented by the Assistance, Trold Fiord 

and Degerböls formations is grouped into eight lithofacies, four of which are unique 

to the Assistance Formation, and four to the Degerböls-Trold Fiord couplet. 

 Both sets of lithofacies represent sedimentation on a storm dominated shelf with 

lithofacies ranging from middle to lower shoreface in the proximal areas, to shallow 

and deep offshore transition zone in the intermediate area, and to deeper water upper 

offshore in the distal area.  

 Frequent storms and their various sedimentary products dominated the study area 

throughout the middle Permian.  The most fundamental difference was a significantly 

higher sedimentation rate during the Roadian (Assistance Formation) than during the 

Wordian and Capitanian (Trold Fiord and Degerböls formations).  As a result, a 

biogenic factory developed in the offshore area during the Wordian and Capitanian, 

while glauconite accumulated in the more proximal areas. 

 A rich suite of ichnofossils in all three studied formations suggest open marine, well 

oxygenated conditions across the shelf. 
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Sequence Stratigraphy 

 

 Two long-term transgressive-regressive (T-R) sequences are recognized based on the 

distribution of the various lithofacies and their environmental interpretations.  

 The Roadian-Wordian sequences, comprises a Roadian TST, represented by the 

Assistance Formation, and as Wordian RST, represented by the lower part of the 

Degerböls and correlative lower Trold Fiord Formation.  The sequence is bounded at 

the base by a broad regional sub-Roadian unconformity and at the top by an 

unconformity that roughly coincides with the Wordian-Capitanian boundary. 

 The Capitanian sequence is represented by a TST and a RST contained within the 

upper part of the Degerböls Formation and its correlative upper Trold Fiord 

Formation.  The sequence is bounded at the top by a regional sub-Triassic 

unconformity. 

 A number of higher-order sequences were recognized nested within both the Roadian-

Wordian and the Capitanian sequences.  Correlations of higher-order sequences was 

not possible between sections, due to lack of continuity of outcrops, but also due to 

the fact that some apparent cycles may not necessarily represent responses to base 

level fall or rise, but rather autocyclic products and lobe switching in an environment 

dominated by sporadic, yet powerful storms. 
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Glauconite 

 

 The so-called mineral glauconite, which is locally abundant in the Trold Fiord 

Formation, is shown, through geochemical analysis, to be represented by a variety of 

minerals that range from variably altered glauconite to iron-rich illite and chlorite.  

 Our glauconite is invariably mature based on geochemical criteria developed by other 

workers in other basins. 

 Petrographically, there is evidence of both autochthonous glauconite and 

parautochthonous glauconite.  Autochthonous glauconite formed in an environment 

that ranged from proximal offshore to the mid offshore-transition zone.  

Parautochthonous glauconite were remobilized by storms and transported landward 

into the more proximal offshore transition zone and lower shoreface environment. 

 Contrary to a long-held general assumption about the Sverdrup Basin, glauconite is 

not everywhere abundant in the Trold Fiord Formation.  It does occur in significant 

abundance at certain stratigraphic horizons.  Furthermore, we could not establish any 

lineages between glauconite abundance or the similarity in composition in relation to 

their position in the low-order sequence stratigraphic model.  Glauconite is just as 

abundant in the TST as the RST, in contrast to some previous studies from other 

basins.  There may be a relationship with higher-order sequences. 

 Glauconite formed beneath the sediment-water interface where low sedimentation 

rate and intense bioturbation allowed dissolved iron to take on both a Fe
2+

 and Fe
3+

 

state, essential for glauconite formation in the offshore transition zone and shallow 

offshore.  The abundance of hematite in the shoreface environment, and of pyrite in 
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the deeper offshore environment, indicates that iron was supplied mostly from 

land, and not from upwelling as usually invoked in other sedimentary basins.  

 We surmise that iron was supplied mostly from land and became increasingly 

available following the Roadian transgression (one of the late Paleozoic‟s most 

powerful) and subsequent t onlap of Wordian and Capitanian strata onto significantly 

older red beds and paleosols of the older Canyon Fiord Formation, which most likely 

provided the source of iron. 

Future Work 

 

Roadian Depositional System 

 

 This study demonstrated the existence of a thick wedge of sandstone belonging to the 

Assistance Formation in the Borup Fiord Pass area, and provided evidence that this 

wedge pinches out entirely to the east, north and south.  Additional sections of the 

Assistance Formation need to be measured and properly analysed to enable a proper 

delineation and understanding of this unique tectonically-controlled system. 
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Source of Iron in Trold Fiord Formation 

 

 A comparative sedimentological and geochemical study of the Canyon Fiord 

Formation may reveal similarities between red bed deposits, especially paleosols in 

the Canyon Fiord Formation and hematitic and glauconite deposits of the Trold Fiord 

Formation.  This would further enhance our understanding of the source of iron in the 

Trold Fiord Formation and may provide an explanation as to why glauconite was 

relatively abundant at the margin of the Sverdrup Basin from the Wordian to the 

Changhsingian (Late Permian), but not before or after. 

 

Early Eradication of Carbonate Factories 

 

 Our study does not provide an explanation for the absence of carbonate strata in the 

Degerböls Formation. Biogenic chert is well known to have replaced carbonate 

factories during the Capitanian and Lopingian across the Sverdrup Basin, but never as 

early as the Wordian as evidenced here. Cold water, the traditional explanation for the 

eradication of carbonate factories, is not a sufficient explanation to explain its 

occurrence millions of years earlier in the study area than elsewhere. Alternately, our 

rich trace fossil assemblages provide little evidence in terms of a stressed 

environment, such as resulting from low-oxygen conditions. Future studies should 

focus on alternate explanation such as low carbonate saturation and even ocean 
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acidification which may prove to have played role in the early eradication of 

carbonate factories. 

 

High Order Stratigraphy and Glauconite 

 

 Glaucony minerals of the Trold Fiord Formation reveal no correlations to low order 

eustatic sea-level changes.  However, systematic sampling of studied successions 

would greatly improve resolution of glauconite distribution, possibly permitting to 

determination of high-order eustatic sea-level shifts.  It must be emphasised, however, 

that discontinuous strata related to autocyclic sedimentation during the Wordian – 

Capitanian in the Sverdrup Basin greatly limits accuracy of any high-order sequence 

stratigraphic studies. 

 

Diagenesis of Glauconite 

 

 Degree of diagenesis inflicted on glaucony minerals may reveal its original 

composition.  Such study can be attempted by unfolding Al-for-Fe substitution at the 

octahedral site of glauconite, considering enrichment and / or depletion of certain 

cations at the interlayer and tetrahedral sites within glauconite structure. 
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APPENDIX A 

LIST OF ROCK SAMPLES AND CORRESPONDING THIN SECTIONS 

 

Sample ID refers to number in the Geological Survey of Canada (Calgary) 

curation system whereas field ID refers to numbers assigned to rock samples in the field. 

 

Field ID Sample ID Meterage (m) 

GG09-01-01 C-454502 0 

GG09-01-02 C-454503 14 

GG09-01-03 C-454504 27.5 

GG09-01-04 C-454505 37 

GG09-01-05 C-454506 49 

GG09-01-06 C-454507a 56 

GG09-01-06 C-454507b 56 

GG09-01-07 C-454508 75 

GG09-01-08 C-454509 75.5 

GG09-01-09 C-454510 76.5 

GG09-01-10 C-454511 100 

GG09-01-11 C-454512a 106.5 

GG09-01-11 C-454512b 106.5 

GG09-01-12 C-454513 107 

GG09-01-12 C-454513c 107 

GG09-01-13 C-454514 136.5 

GG09-01-14 C-454515a 279.5 

GG09-01-14 C-454515b 279.5 

GG09-02-01 C-454516 172 

GG09-02-02 C-454517 180 

GG09-02-03 C-454518 184 

GG09-02-04 C-454519 187 

GG09-02-05 C-454520 190 

GG09-02-06 C-454521 199 

GG09-02-07 C-454522 206 

GG09-02-08 C-454523 220 
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GG09-02-09 C-454524 226 

GG09-02-10 C-454525 231.5 

GG09-02-11 C-454526 232 

GG09-02-12 C-454527 232.5 

GG09-02-13 C-454528a 233 

GG09-02-14 C-454529a 233.5 

GG09-02-14 C-454529b 233.5 

GG09-02-15 C-454530 233.7 

GG09-02-16 C-454531 234 

GG09-02-17 C-454532 239.5 

GG09-02-17 C-454533 240 

GG09-02-18 C-454534 251 

GG09-02-19 C-454535a 254 

GG09-02-19 C-454535b 254 

GG09-02-19 C-454535c 254 

GG09-02-19 C-454535d 254 

GG09-02-20 C-454536 262 

GG09-02-21 C-454537a 263 

GG09-02-21 C-454537b 263 

GG09-02-22 C-454538 260 

GG09-02-23 C-454539 275 

GG09-02-24 C-454540a 279.5 

GG09-02-24 C-454540b 279.5 

GG09-02-25 C-454541a 280 

GG09-02-25 C-454541b 280 

GG09-03-01 C-454542 283 

GG09-03-02 C-454543 284 

GG09-03-04 C-454544 307 

GG09-03-05 C-454545 308 

GG09-03-06 C-454546 324 

GG09-03-06 C-454546b 324 

GG09-03-07 C-454547a 335 

GG09-03-07 454547b 335 
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GG09-03-08 C-454548 345 

GG09-03-09 C-454549 349 

GG09-03-10 C-454550 350 

GG09-03-11 C-454551 345 

GG09-03-12 C-454552 346 

GG09-03-13 C-454553 347 

GG09-03-14 C-454554 281 

GG-09-04-01 C-454555 6.5 

GG-09-04-02 C-454556 13.5 

GG-09-04-03 C-454557 21.5 

GG-09-04-04 C-454558 54.5 

GG-09-04-04 C-454558 54.5 

GG-09-04-05 C-454559 60.5 

GG-09-04-06 C-454560 66.5 

GG-09-04-07 C-454561 80 

GG-09-04-09 C-454562 89 

GG-09-04-09 C-454562 89 

GG-09-04-10 C-454563 95 

GG-09-04-11 C-454564 106 

GG-09-04-13 C-454565 109 

GG-09-04-14 C-454566 113 

GG-09-05-01 C-454567 133 

GG-09-05-01 C-454568 133.5 

GG-09-05-02 C-454569 136 

GG-09-05-03 C-454570a 139 

GG-09-05-03 C-454570b 139 

GG-09-05-04 C-454571 140 

GG-09-05-05 C-454572 145 

GG-09-05-06 C-454574a 0 

GG-09-05-06 C-454574b 0 

GG-09-05-07 C-454575a 44 

GG-09-05-07 C-454575b 44 

GG-09-05-09 C-454576a 11.5 
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GG-09-05-09 C-454576b 11.5 

GG-09-05-10 C-454577 23 

GG-09-05-11 C-454578 24.5 

GG-09-05-11 C-454579 25 

GG-09-06-01 C-454580 0 

GG-09-06-03 C-454581a 7 

GG-09-06-03 C-454581b 7 

GG-09-06-04 C-454582 10 

GG-09-06-05 C-454583 13 

GG-09-06-06 C-454584 31.5 

GG-09-06-07 C-454585 32 

GG-09-06-08 C-454586 38.5 

GG-09-06-09 C-454587 41.5 

GG-09-06-10 C-454588 48 

GG-09-06-10 C-454589 48 

GG-09-06-11 C-454590 53 

GG-09-06-12 C-454591 54 

GG-09-06-13 C-454592a 62 

GG-09-06-13 C-454592a 62 

GG-09-06-13 C-454592b 62 

GG-09-06-14 C-454593 63.5 

GG-09-06-15 C-454594a 69.5 

GG-09-06-15 C-454594b 69.5 

GG-09-06-16 C-454595 81 

GG-09-06-16 C-454595 81 

GG-09-06-18 C-454596 92 

GG-09-06-19 C-454597 98 

GG-09-06-20 C-454598 100 

GG-09-06-21 C-454599 107 

GG-09-06-22 C-454644a 44 

GG-09-06-22 C-454644b 44 

GG-09-06-23 C-454645 56 

GG-09-06-24 C-454646a 1m below end Permian in N. fault block 
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GG-09-06-24 C-454646b 1m below end Permian in N. fault block 

GG-09-06-25 C-454647 Lingulid sample (N. fault block) 

GG-09-06-26 C-454648 Brachiopod sample (E. Mt. Leith) 

GG-09-07-01 C-454600 0 

GG-09-07-02 C-454601 2 

GG-09-07-03 C-454602a 8 

GG-09-07-03 C-454602b 8 

GG-09-07-04 C-454603 11.5 

GG-09-07-05 C-454604 12 

GG-09-07-06 C-454605 16 

GG-09-07-07 C-454606 21 

GG-09-07-08 C-454607 24 

GG-09-07-09 C-454608 48 

GG-09-07-10 C-454609a 50 

GG-09-07-10 C-454609b 50 

GG-09-07-11 C-454610a 54 

GG-09-07-11 C-454610b 54 

GG-09-07-12 C-454611a 60 

GG-09-07-12 C-454611b 60 

GG-09-07-13 C-454612 60.5 

GG-09-07-14 C-454613 62 

GG-09-07-14 C-454613a 62 

GG-09-07-14 C-454613b 62 

GG-09-07-15 C-454614a 63 

GG-09-07-15 C-454614b 63 

GG-09-07-15 C-454614 63 

GG-09-07-16 C-454615 66 

GG-09-07-16 C-454615 66 

GG-09-08-01 C-454616 67 

GG-09-08-02 C-454617a 72 

GG-09-08-02 C-454617b 72 

GG-09-08-03 C-454618 75 

GG-09-08-04 C-454619a 78 
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GG-09-08-04 C-454619b 78 

GG-09-08-05 C-454620 82 

GG-09-08-06 C-454621 90 

GG-09-08-06 C-454621b 90 

GG-09-08-07 C-454622a 94 

GG-09-08-07 C-454622b 94 

GG-09-08-08 C-454623 102 

GG-09-08-09 C-454624a 111 

GG-09-08-09 C-454624b 111 

GG-09-08-10 C-454625 112.5 

GG-09-08-11 C-454626 120 

GG-09-08-12 C-454627a 123 

GG-09-08-12 C-454627b 123 

GG-09-08-13 C-454628 127 

GG-09-08-14 C-454629 128 

GG-09-08-15 C-454630 130 

GG-09-08-16 C-454631a 129.5 

GG-09-08-16 C-454631b 129.5 

GG-09-09-01 C-454632 0 

GG-09-09-02 C-454633 1.5 

GG-09-09-03 C-454634 2 

GG-09-09-04 C-454635 3 

GG-09-09-05 C-454636 3.7 

GG-09-09-06 C-454637 5 

GG-09-09-07 C-454638 11 

GG-09-09-08 C-454639 21 

GG-09-09-09 C-454640 25 

GG-09-09-10 C-454641 22 

GG-09-09-11 C-454642 28 

GG-09-09-12 C-454643 32 
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APPENDIX B 

BIOSTRATIGRAPHY - CONODONT DATA 

 

Two conodont specimens (P-elements) were recovered from a sample of Borup 

Fiord Pass northwest section at 133 metre.  The specimen is identified as Jinogondolella 

(Mesogondolella) gracilis, a juvenile specimen characterized by an intermediate sized 

form with subtle serrations previously only seen in the lower Assistance Formation (C. 

Henderson personal communication).  The images were taken using Electron Scanning 

Microscope (SEM) at Calgary Foothills Hospital‟s research lab. 
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APPENDIX C 

TRACE FOSSILS DESCRIPTIONS 

This Appendix provides a catalogue (descriptions and photographs) of the various trace 

fossils encountered in this study. 

 

Asterosoma 

 A single occurrence of faintly preserved trace in cross-sectional orientation.  Gentle 

concentric laminations of finer sediment inside the main circular structure.  The main 

circular structure is approximately 20 mm in diameter. 

 Discovered at Borup Fiord Pass southeast section (locality 1) at 275 metre in silty 

spiculitic cherts (LF8).  This is a Fodinichnia structure associated with Cruziana 

ichnofacies.  Isolated occurrence likely due to poor preservation and weathered bedding 

surfaces. 

 

 
Asterosoma at Borup Fiord Pass SE 

 

Arenicolites 

 Locally abundant vertical U-tubes thinly lined with mud laminea, average 8 cm in length 

and 0.5 cm in diameter.  Undisturbed host sediment separates the U-tubes.  Associated 

bedding planes display distinctive, thinly mud-lined, paired circular traces, averaging 3 

cm apart.  The traces are moderately abundant in the top few centimetres of outcropping 

sandstones. 

 Occurring at numerous outcrops of East Mount Leith and Mysterious Evaporites sections 

(localities 3, 4) in tempestite sandstones of LF6 & LF7.  This is a Fodinichnia structure of 

a suspended deposit-feeding organism associated with Skolithos ichnofacies. 
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Arenicolites at East Mount Leith  Arenicolites at East Mount Leith 

 

Brachiopod / Bivalve Adjustment Trace (BAT) or Psilonichnus ? 

 Well exposed in both cross-sectional and horizontal orientations.  Averaging 1 cm in 

thickness, trace similar to fugichnia with visible influence of brachiopods. 

 Occurring in numerous sandstones of LF3 and LF6 at Borup Fiord Pass northwest, East 

Mount Leith and Mysterious Evaporites. 

 

  

Brachiopod Adjustment Trace at East Mount Leith (left) and Mysterious Evaporites (right) 

 

 

Conichnus 

 Conical, subcylindrical structure, thinly lined, perpendicular to bedding, occurring in 

tempestite sandstone facies of LF6 at East Mount Leith section (locality 3). 

 Associated with Skolithos ichnofacies, Conichnus is generally associated with higher 

energy environment. 
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Conichnus (lower part) and Phycosiphon (upper part) at East Mount Leith  

 

Cylindrichnus 

 Simple, vertical to sub-horizontal tube structures, up to 30 mm long and 10 mm wide.  

Distinctive, multiple concentric laminations, well preserved in planar views.  Internal fill 

consisting of sand is appears to be identical to the host strata. 

 Occurring at several horizons at East Mount Leith and Mysterious Evaporites sections 

(localities 3, 4).  This suspension feeding burrow is part of Skolithos ichnofacies. 

 

  
Cylindrichnus at East Mount Leith  Cylindrichnus at East Mount Leith 
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Diplocriteria 

 Distinctive vertical, U-shaped spreiten burrow, averaging 5 cm in length, reaching a 

maximum of 15 cm.  Individual tubes, 4 mm in diameter, are spaced on average 15 mm 

apart.  The spreiten is retrusive, well preserved in cross-sectional orientation.  The U-

tubes are both divergent and convergent.  Infilling sediment appears muddier than the 

host strata. 

 Domichnia structure of a suspension-feeding organism (Fürsich, 1974a).  This trace fossil 

occurs at the East Mount Leith (locality 3) and Borup Fiord Pass southeast sections 

(locality 1).  Locally abundant, yet observed at a single horizon within each section.  

Considered as a distal end member of the Skolithos ichnofacies. 

 

  
Diplocriteria at East Mount Leith  Diplocriteria at Borup Fiord Pass SE 

 

fugichnia 

 Well formed, vertical traces up to 10 cm long, disrupting laminations of host sandstone 

strata.  Cross-cutting relationship with Zoophycos observed locally. 

 Occurs in tempestite sandstones of LF6 at Mysterious Evaporite section (locality 4). 

 

 

fugichnia at Mysterious Evaporites 
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Lockeia  

 Abundant spherical, convex upward traces averaging 15 mm in length and 5 mm in width.  

Largest traces are 20 mm long.  Exposed on bedding plane of sandstone as hypo-relief 

structures.  Isolated occurrence at single locality.  Highly abundant when present. 

 Found exposed on a bedding plane of sandstone strata in a fault block, approximately 

500 m north of the East Mount Leith section.  This section was not measured due to poor 

exposure.  The exposed sandstones however, are representative of LF6.  This trace 

fossil is directly related to Lingula brachiopods abundantly present in the bioturbated 

outcrop.  The trace is a result of brachiopod burrowing at the sediment – water interface 

(Häntzschel, 1975). 

  

 

Lockeia (˟north fault block of E. Mt. Leith) 

Macaronichnus 

 Distinctly walled with clean sand structures, average 5 mm in diameter.  Occurs in high 

abundance as a curving, unbranched, meandering burrow.  Infill consists of structureless 

host sand sediment.  Circular, spherical and elongated burrows are well preserved. 

 Single occurrence of abundant traces in LF6 sandstones at East Mount Leith.  

Fodinichnia structure (Clifton & Thompson, 1978) associated with Skolithos ichnofacies. 
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Macaronichnus at East Mount Leith  Macaronichnus at East Mount Leith 

 

Ophiomorpha 

 Distinctive lining of circular structure with agglutinated pelletoidal muddy sediment, 

averaging 10 mm in diameter. 

 A single occurrence in cross sectional orientation, found in tempestite sandstone of LF6 

at East Mount Leith (locality 3).  Suspension feeding burrow Fodinichnia / Domichnia 

structure of a suspension feeding organism, part of Skolithos ichnofacies. 

 

 

Ophiomorpha at East Mount Leith 
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Palaeophycus 

 Branched and unbranched, horizontal to incline structure, averaging 5 mm in diameter.  

The sediment fill consists of structureless sand in sand hosted strata.  Burrows are thinly 

lined with mud. 

 Domichnia structure of a suspension feeder (Pemberton & Frey, 1982) exposed at East 

Mount Leith, Mysterious Evaporites and Bart Cliff (localities 3-5) in tempestite sandstones 

of LF6.  Associated with Skolithos ichnofacies. 

 

  
Palaeophycus at East Mount Leith  Palaeophycus at East Mount Leith 

 

Phycosiphon 

 Small, irregular in shape meandering structures averaging 2 to 3mm in diameter.  This 

streite bearing burrow has mud infill. 

 Locally occurring in high abundance in sandstones of LF4 and LF6 at Borup Fiord Pass 

southeast and East Mount Leith (localities 1, 3).  Fodinichnia structure associated with 

Cruziana ichnofacies. 

 

 
Phycosiphon at East Mount Leith 

 



 

 

292 

 

 

Phycodes (?) 

 Well preserved bundles of circular and spheroical structures exposed in longitudinal view 

of the homogeneous host strata.  The traces are unlined with internal fill of phosphatic 

mud differing from the host sediment which consists of silty spiculitic strata.  No planar 

exposure was found in the blocky steep outcrop, therefore, it cannot be determined if the 

rounded branches originate from a single curved stem.  Individual traces range from 3-

5mm. 

 This trace fossil occurs at the Borup Fiord Pass southeast and northwest (localities 1, 2) 

in well exposed outcrops of spiculitic cherts (LF8).  It is a probable fodinichnia structure 

produced by endo-benthic crustaceans (Miller, 2001), characteristic of Cruziana 

ichnofacies. 

 

  

Phycodes (?) at Borup Fiord Pass NW (left) and Borup Fiord Pass SE (right) 
 

Planolites 

 Simple irregular structure, 3-5mm in diameter.  Discontinuous meandering traces are 

exposed on the bedding planes.  Burrows consist of unlined walls, with structureless 

sediment fill of mud in sandy strata. 

 Highly abundant when present, sporadically occurring at Mysterious Evaporites and 

Borup Fiord Pass south-east (localities 1, 4), frequently cross-cutting Zoophycos lobes.  

Fodinichnia structure of a deposit feeder (Pemberton & Frey 1982). 
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Planolites at Mysterious Evaporites 

 

Rosselia 

 Bulbous, vertical, funnel shaped structure 20 cm long and approximately 5 cm wide at the 

thickest part of the funnelled burrow.  Characteristic mud lining inside the burrow, well 

preserved in cross-sectional orientation.  Lack of exposure in a horizontal orientation. 

 A single trace, observed at Mysterious Evaporites section in sandstones of LF6.  Likely 

more abundant, but difficult to assess due to moderate preservation potential of this 

trace.  Interpreted as fodinichnia structure of a deposit feeder.  This trace fossil is 

associated with Cruziana ichnofacies. 

 

 
Rosselia at Mysterious Evaporites 
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Skolithos 

 Simple, unbranched structure.  Steeply inclined, averaging 0.5 cm in width and 20 cm in 

length.  Burrow walls are thinly lined with mud, bearing homogenous host sediment of 

very fine sand inside. 

 Occurring as isolated trace fossil in sandstones of LF6 at East Mount Leith and 

Mysterious Evaporites (locality 3, 4).  Fodinichnia structure of Skolithos ichnofacies. 

 

 
Skolithos at East Mount Leith 

 

Thalassinoides (?) 

 Poorly preserved ichnofabric exposed on bedding planes of dark glauconitic sandstones 

of LF4.  Densely spaced, resulting in intensely bioturbated host strata.  Irregularly 

branched traces average 1cm in width.  The burrow fill appears identical to the host 

sediment of muddy sand. 

 Occurring in poorly preserved outcrop at the Borup Fiord Pass southeast section (locality 

1), the trace cannot be identified with full confidence.  Interpreted as a fodichnia / 

domichnia structure (Bromley, 1996) of a deposit feeding crustacean, the trace is 

associated with the Cruziana ichnofacies. 
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Thalassinoides (?) at Borup Fiord Pass SE 

 

Zoophycos / Spirophyton 

 Complex, large structures, up to 60 cm in diameter.  Lobes are flat-planar or helicoidal.  

The later depicts lobes coiled around a central axis (Spirophyton, synonym, Olivero, 

2007).  Spreite is locally preserved in cross-sectional orientation. 

 This trace is pervasively abundant at all studied sections (localities 1-5) in silty and sandy 

strata of LF4 and LF6.  It is moderately abundant and generally smaller in silty spiculitic 

strata of LF8.  It is a Fodinichnia / Pasichnia structure (Ekdale, 1977) of a deposit feeding 

organism, generally associated with Cruziana and Zoophycos ichnofacies. 

 

 
Zoophycos at Mysterious Evaporites 
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APPENDIX D  

THIN SECTIONS DESCRIPTIONS 

 

*The “C” number refers to number in the Geological Survey of Canada (Calgary) curation 

system, whereas numbers in brackets correspond to field ID of rock samples.  “MF” refers to 

microfacies. 

A classification scheme of Folk (1974) was used to determine quartz-, sub-lithic and 

lithic-sandstones.  Abundance of quartz, feldspar and rock fragments (including chert) determine 

whether a rock is quartz-, feldspathic-, sub-lithic- or lithic-arenite.  Additionally, sandstone 

classification of Williams, Turner and Gilbert (1982) was applied in naming sandstone microfacies 

(MF1, MF3 and MF6).  Using this classification sandstones with <5% matrix are classified as 

arenites.  If matrix exceeds 5% the term wacke is used (Turner et al., 1982). 

 

C454502 (1-1) (MF1) 
Calcareous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  Abundant xeno – to 

hypidiotopic dolomite intermittently with iron rich cores (ankerite).  Well developed inter-particle 

calcite cement.  Locally abundant, partially pyritized mud laminations and hematite cements.  

Phosphatic extra-clasts with angular coarse silt (qtz.) and calcified spicules (minor).  Abundant 

clay cementation associated with organic laminations.  These are fibrous and have high 

birefringence.  Grains are moderately well compacted. 

C454503 (1-2) (MF2) 

Grainstone / Rudstone.  Moderately well preserved, abundant broken up fossil fragments 

(brachiopods and bryozoans).  Blocky calcite cements, (possibly marine phreatic).  Allochems are 

possible graded.  Abundant inter– and intra-particle phosphate cements.  Borings in shell 

fragments (entobia).  Possible glauconite.  Brachiopods are punctuate and pseudo-punctate. 

C454504 (1-3) (MF1) 

Calcareous Sub -lithic Arenite.  Coarse silt to very fine-grained sandstone.  Possible muscovite 

and chlorite between the detrital matrix.  Low abundance of randomly oriented fossil fragments.  

Possibly glauconitized zooecia.  Abundant inter-particle calcite cements.  Detrital grains have 

serrated grain boundaries. 

C454505 (1-4) (MF2) 

Grainstone / Rudstone.  Horizontally layered fossils.  Intra-particle structures completely 

covered with opaque cements (hematite).  Blocky and syntaxial calcite inter- and intra-particle 

cements.  Minor silt size detrital grains of quartz and chert. 
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C454506 (1-5) (MF1) 

Fossiliferous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  Allochems are 

matrix supported, mostly randomly oriented.  Abundant pyrite and hematite inter- and intra-

particle cements.  Pervasive silica cementation and blocky calcite overgrowths.  No grading.  

Locally silicified shell fragments.  Possibly dolomite cements. 

C454507A (1-6) (MF1) 
Calcareous Sub-lithic Arenite.  Carbonate cemented (coated) coarse silt to very fine-grained 

sandstone with minor poorly preserved brachiopod shells.  Low abundance of phosphatized 

organic laminations. 

C454507B (1-6) (MF1) 

Fossiliferous Sub-lithic Arenite.  Carbonate cemented (coated) coarse silt to very fine-grained 

sandstone with minor poorly preserved brachiopod shells. 

C454508 (1-7) (MF3) 
Fossiliferous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  Moderately 

abundant large poorly preserved brachiopod shell fragments.  Minor small lingulid fragments 

scattered in the detrital matrix.  Locally abundant intra-particle phosphate cement (deposited 

inside brachiopod shells).  Sample moderately dolomitized.  Sporadic burrows with partially 

glauconitized mud fills.  Shell fragments are calcified with blocky (neo-morphic) cements.  

Moderate phosphate and pyrite cements. 

C454509 (1-8) (MF3) 

Glauconitic Sub-lithic Arenite.  Moderately sorted.  Grains range from medium-silt to very fine 

sandstone.  Moderately bioturbated, with partially phosphatized organics inside the burrows.  

Grains are much more loosely packed in the phosphate and glaucony inter-particle cements.  

Porosity is overprinted with clay. 

C454510 (1-9) (MF4) 
Siliceous Silty Mudstone.  Very abundant bright fibrous clay cements.  Detrital siltstone / 

sandstone is mostly composed of quartz.  Grains are sub-angular to sub-rounded with serrated 

grain boundaries.  Very abundant pyrite and abundant phosphate cementation.  Sporadic 

“patchy” grey clay zones.  Possibly muscovite, chlorite and glauconite.  Poorly preserved minor 

brachiopod shells fragments.  (30µm mode of grains, odd 140µm grains). 

C454511 (1-10) (MF1) 

Glauconitic Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  Abundant cements 

of chlorite.  Minor poorly preserved fossil fragments.  Some calcite cements.  Grain contacts 

sutures.  Porosity overprinted with chlorite and calcite (blocky) cements.  (Sample is coarser than 

typical sub-lithic arenite).  Chlorites and possibly glauconites coating chert grains. 
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C454512A (1-11) (MF3) 

Muddy Sub-lithic Arenite.  Silt to very fine-grained sandstone interlayered with silty mudstone. 

Abundant chlorite cementation and glauconite cementation.  Chlorite cementing micro-stylalites.  

Glaucony cementing loosely packed chert and quartz grains.  Mudstone has moderately sorted 

angular / sub-angular detrital quartz grains.  Abundant pyrites of possibly poorly preserved shell 

fragments. 

C454512B (1-11) (MF3) 

Muddy Sub-lithic Arenite.  Silt to very fine-grained sandstone interlayered with silty mudstone.  

Mudstone is bounded by micro-stylalitic boundaries abundantly cemented with chlorite and 

phosphate.  Poorly preserved fossil fragments.  Porosity is filled with chlorites and pyrites.  

Mudstone interval abundant in phosphate cements.  Detrital grains are mostly angular. 

C454512A (1-11) (MF3) 

Muddy Sub-lithic Arenite.  Silt to very fine-grained sandstone interlayered with  silty mudstone.  

Silica and possibly hematite cements.  Preferential horizontal layering of fossils and mud 

laminations. 

C454513 (1-12) (MF3) 

Muddy Sub-lithic Arenite.  Poorly sorted.  Detrital grains of chert and quartz (20-140µm).  

Abundant phosphates cements.  Very poorly preserved re-calcified shell fragments.  Chlorite 

cements coating shell fragments.  Some dolomite cementation. 

C454515A (1-14) (MF3) 

Spiculitic / Fossiliferous Sub-lithic Arenite.  Grains much more compacted than typical PF3 

samples, however still abundant in detrital chert.  Abundant silica cementation, likely from 

dissolved spicules whose outlines are faintly seen in reflected light.  Coarse silt to very fine -

grained sandstone abundant in horizontally layered lingulid shell fragments.  Lingulid shells are 

partially phosphatized / dissolved / pyritized.  Destructive dolomite cementation. 

C454515B (1-14) (MF5-MF3) 

Spiculitic / Fossiliferous Muddy Sub-lithic Arenite.  Sample similar to A.  Lingulids fractured / 

dissolved edges / bored, preferentially layered.  Dissolved spicules provide abundant silica 

cements.  Phosphate cements moderately abundant. 

C454516 (2-1) (MF1) 

Calcareous Sub-lithic Arenite.  Sandstone well compacted with dissolved grain boundaries.  

Abundant calcite and silica cementation.  Minor poorly preserved fossil fragments.  More 

compacted and coarser than other sub-lithic arenites. 
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C454517 (2-2) (MF4) 

Siliceous Mudstone.  Laminated, abundant in pyrite.  Abundant in patchy dark “dots” – likely 

bioturbation (?).  Larger structures are completely phosphatized.  Abundant clay particles. 

 

C454518 (2-3) (MF1) 

Calcareous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  Abundant calcite 

cementation.  Low abundance of phosphate cements and pyrites.  Minor poorly preserved fossils. 

C454519 (2-4) (MF3) 

Fossiliferous / Spiculitic / Muddy Sub-lithic Arenite.  Fossiliferous very fine-grained lithic 

arenite.  Large brachiopod fragments, bryozoans, spicules fragments in detrital matrix.  Abundant 

inter- and intra-particle phosphate cements.  Abundant pyrites and locally abundant glaucony.  

Moderately abundant mud laminations.  Possibly oxidized chlorites.  Moderately bioturbated.  

Abundant silica cementation (dissolved spicules).  Abundant glauconitized spicules (intra-particle 

glaucony)  Neomorphic calcites.  Silt matrix sub-rounded to sub-angular. 

C454520 (2-5) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Abundant quartz and chert (50-30%).  Glaucony slightly 

larger than the detrital matrix.  Abundant mud laminations.  Moderately abundant pyrites and 

phosphate cements.  Abundant glaucony.  Partial glauconitization of detrital grains observed.  

Bioturbated. 

C454521 (2-6) (MF4) 

Siliceous Mudstone.  Bioturbated.  Very abundant organic debris and laminations horizontally 

layered.  Abundant fibrous clays and pyritized debris. 
C454522 (2-7) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Silt to very fine-grained, moderately sorted sandstone.  

Chert – quartz even 50-50%.  Moderately abundant glaucony.  Moderately abundant phosphate / 

pyrite / hematite cements.  Abundant organics.  Abundant chert cementation makes it difficult to 

differentiate detrital chert grains. 

C454523 (2-8) (MF3) 
Glauconitic Muddy Sub-lithic Arenite.  Silt to very fine-grained sandstone.  Abundant fibrous 

clay cements.  Moderately abundant muscovite.  Moderately abundant hematite, pyrite, 

phosphate, organic laminations.  Abundant glaucony. 

C454524 (2-9) (MF3) 
Glauconitic Muddy Sub-lithic Arenite.  Bioturbated.  Quartz to chert ratio 50-30%.  Abundant 

organics.  Hematite rich cements, and moderately abundant pyritized organics.  Minor feldspars.  

Moderate to abundant phosphate cements.  Abundant crypto-crystalline chert cement.  Abundant 

glaucony. 
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C454526 (2-11) (MF3-MF5) 

Muddy Sub-lithic Arenite inter-mixed with silty mudstone.  Bimodal.  Abundant in clays, 

organics and phosphate cements.  Possibly chlorite bearing.  Abundant glauconite and fibrous 

clays (high birefringence).  Moderately abundant muscovites.  Spiculitic cherts is mottled, 

phosphate abundant.  Glaucony is moderately abundant in close proximity to the mudstone / lithic 

arenite. 

C454527 (2-12) (MF3) 

Spiculitic Sub-lithic Arenite.  Detrital quartz and chert grains in siliceous cement.  Crypto-

crystalline silica from dissolved spicules.  Low abundance of glaucony.  Locally very abundant 

spiculitic chert moderately well preserved.  Moderately abundant to abundant phosphate 

cements, possibly some hematite cements and glaucony.  (Glaucony looks like hematite in 

reflected light). 

C454528A (2-13) (MF5) 
Mottled Spiculitic Chert.  Bioturbated.  Abundant phosphate and silica cementation.  Burrows 

filled with phosphate, spicules and spiculitic dark chert. 

C454528B (2-13) (MF5) 

Mottled Spiculitic Chert.  Low abundance of glaucony.  Minor hematite (?) cements, crypto-

crystalline cements in burrows.  Various degree of re-crystallized silica. 

C454529 (2-14) (MF7) 

Mottles Spiculitic Chert.  Abundant phosphate.  Some pyritization and hematite cementation.  

Low abundance of “brownish” (oxidized (?)) glaucony. 

C454530 (2-15) (MF7) 

Mottled Spiculitic Chert.  Locally abundant “brownish” glaucony mineral (orange in reflected 

light).  Very abundant phosphate cements.  Locally present, large spicules recrystallized into 

chalcedony. 

C454531 (2-16) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Glauconitic cherty siltstone to very fine-grained 

sandstone.  Abundant chert approximately even ratio with quartz.  Very abundant phosphate 

overprinting grains.  “Chert mass” cementing detrital grains.  Clays surrounding grains.  

Moderately well sorted matrix.  30-130um size; ~90um average.  Angular to sub-rounded grains.  

Glauconite mostly in cement form. 
C454532 (2-17) (MF5_MF3) 
Silty Spiculitic Chert @ sharp contact with muddy Sub-lithic Arenite.  Large spicules poorly 

preserved, calcified.  Detrital grains quartz ~100um angular to sub-angular.  Glaucony grains and 

partially silicified green grains moderately abundant to abundant.  Abundant partial hematite 

cementation of spicules; moderately abundant.  Pervasive fibrous (?) greenish cements (high 
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birefringence) and alteration of chert.  Partial locally abundant pyritization of grains.  

Moderate abundance of phosphate cements.  Very abundant brownish / greenish mineral 

(cement) orange in reflected light. 

C454533 (2-17) (MF3) 

Glauconitic Sub-lithic Arenite.  Very abundant glauconite ~40%, quartz 40%, chert 20%.  50-

170µm, 120µm average.  Glauconite grains are the same size as the detrital components.  

Bioturbated.  Burrows are filled with moderately abundant laminations, detrital silt grains.  Some 

pyritization of organics.  Moderately abundant phosphate “film” covered grains.  Some very poorly 

preserved large spicules re-crystallized and over-printed with green mineral. 

C454534 (2-18) (MF5) 

Mottled Spiculitic Chert.  Very abundant inter- and intra-particle phosphate cements.  Burrows 

filled with detrital quartz, phosphate and micro-crystalline silica.  Spicules are poorly preserved 

but random orientation can still be inferred.  Sporadic large spicules re-crystallized with mega-

quartz. 

C454535A (2-19 (MF5) 

Fossiliferous Spiculitic Chert.  Matrix supported, horizontally layered, large fossil fragments.  

These comprise large bryozoans, some small brachiopod fragments, foraminifers and large 

spicules.  Abundant inter and intra-particle phosphate cements.  No glaucony or hematite.  Minor 

pyrite. 

C454535B (2-19) (MF5) 

Fossiliferous Spiculitic Chert.  Locally bioturbated.  Moderately abundant detrital quartz grains 

intermixed with spiculitic matrix.  Minor fossil fragments. 

C454535C (2-19) (MF5) 

Fossiliferous Spiculitic Chert.  Mostly bryozoans but also brachiopod shell fragments.  Single 

large echinoderm fragment dominates the sample. 

C454535D (2-19) (MF5) 

Fossiliferous Spiculitic Chert.  Fossils are scattered, randomly oriented.  Foraminifers and 

large spicules re-calcified. 

C454536 (2-20) (MF5) 

Fossiliferous Mottled Spiculitic Chert.  Large fossil fragments horizontally layered.  Mostly 

brachiopods and some bryozoans.  Abundant pyritized organics in burrows.  Some brachiopod 

shells with boring marks.  Borings are pyritized.  Abundant inter- and intra- particle phosphate 

cements.  Partial silicification of fossils.  Abundant calcification of large spicules.  Locally 

moderately abundant detrital quartz, very fine-grained. 
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C454537A (2-21) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Abundant glaucony.  Silt to very fine-grained sandstone, 

loosely packed.  Grains (chert) mostly partially altered with green mineral (glauconite or chlorite).  

Quartz – chert ratio approximately even.  Grains range between 20-220µm along long axes; 

100µm average grain size.  Abundant organics laminations and partially pyritized organic debris.  

Moderately sorted, angular to sub-rounded.  Possibly minor feldspar. 

C454537B (2-21) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Very abundant glaucony (20-30%).  Chert – quartz ratio 

is rather even.  Abundant organics.  Preferential glauconitization / chloritization of chert. 

C454538 (2-22) (MF5) 

Mottled Spiculitic Chert.  Very abundant phosphate cements.  Burrows filled with mud and 

partially pyritized organics. Moderately abundant quartz intermixed with spicules.  Quartz is 

coarse silt to very fine in size. 

C454539 (2-23) (MF5) 

Silty Spiculitic Chert.  Spiculitic matrix intermixed with lithic arenite.  Average grain size is 

90µm.  Grains are sub-angular to sub-rounded.  Locally abundant organic laminations are 

partially pyritized.  Abundant phosphate cements. 

C454540A (2-24) (MF5) 

Fossiliferous Spiculitic Chert.  Shell fragments are horizontally layered.  Sample has very 

abundant lingulid fragments.  Spiculitic chert is partially grain supported (~half sample).  Very 

abundant phosphate cements.  There are partially silicified large brachiopod shells. 

C454540B (2-24) (MF5) 

Fossiliferous Spiculitic Chert.  Shell fragments are more randomly oriented.  The sample is 

matrix supported.  Low to moderately abundant detrital quartz intermixed with spicules. 

C454541A (2-25) (MF3) 
Muddy Sub-lithic Arenite.  Abundant phosphate cements and moderately abundant calcite 

cements.  Quartz – chert ratio is approx. even.  Detrital grains are angular to sub-rounded 

averaging 90µm in size.  Low abundance of pyrite. 

C454541B (2-25) (MF3) 

Muddy Sub-lithic Arenite.  Sample moderately mottled.  Abundant phosphate cements.  Locally 

abundant iron-rich cements (?) (orange in reflected light). 

C454542 (3-1) (MF5-MF3) 
Muddy Sub-lithic Arenite – Spiculitic Chert.  Locally present large, re-calcified spicules.  

Bimodal.  The spicules are approx. horizontally layered.  The lithic arenite (second lithology) is 

fossiliferous.  Fossils are horizontally layered; bryozoans and brachiopods.  Also some lingulids, 
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foraminifers.  Abundant phosphate cements.  Minor burrows are filled with phosphate.  

Lingulids are partially phosphatic, partially silicified.  Moderately abundant pyrite. 

C454543 (3-2) (MF5) 

Mottled Spiculitic Chert.  Burrows are filled with phosphate cements and calcified spicules.  Low 

abundance of lingulids.  Moderately abundant / abundant glauconitized spicules.  Moderately 

abundant phosphate and calcite cements.  Detrital quartz is intermixed with spicules averaging 

~100µm in size. 

C454544 (3-4) (MF5) 

Mottled Spiculitic Chert.  Pervasive phosphate cementation, especially in burrows.  Moderately 

abundant detrital grains averaging ~100µm in size. These are intermixed with abundant spicules.  

The spicules are mostly ~40µm in diameter.  Largest ones are 110µm. 

C454545 (3-5) (MF5) 

Mottled Spiculitic Chert.  Very abundant phosphate cements.  Abundant dissolution fabrics and 

pyritized laminations, possibly partially cemented with hematite. 

C454546 (3-6) (MF3-MF5) 

Muddy Sub-lithic Arenite - Spiculitic chert. Detrital grains are inter-mixed with calcified 

spicules.  Very abundant calcite cements.  Bioturbated with locally abundant siliceous spicules.  

Very large brachiopod shells fragments separating dark chert from spiculitic chert. 

C454547A (3-7) (MF5-MF3) 

Spiculitic Chert – Muddy Sub-lithic Arenite  Abundant phosphate cements.  The sample 

possibly represents a system of burrows in a spiculitic chert. 

C454547B (3-7) (MF3-MF5) 

Muddy Sub-lithic Arenite – Spiculitic chert.  Progressive change of glauconitic, lithic chert into 

lithic chert and into spiculitic chert.  Abundant phosphate cementation.  Abundant, partially 

pyritized and hematite cemented organic laminations in the glauconitic chert / chert portion of the 

sample.  Spiculitic chert mottled with dark chert. 

C454548 (3-8) (MF5) 

Mottled Spiculitic Chert.  Approx. fining upward sample.  Lower half moderately abundant in 

large calcified / re-silicified spicules, and the upper half siliceous spicules.  Abundant phosphate 

cements.  Upper half moderately abundant in partially pyritized, chemical dissolution fabrics 

(laminations).  The laminations branch off in different directions including vertical. 
C454549 (3-9) (MF5) 
Mottled Spiculitic Chert.  Abundant to very abundant phosphatic cements.  Burrows have more 

phosphate cements than the surrounding cements.  Sporadic large spicules are re-calcified and 

silicified.  Low abundance of green mineral (glauconites).  Moderate abundance of mud / organics 

debris and laminations. 
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C454550 (3-10) (MF3) 

Muddy Sub-lithic Arenite (glauconitic at top)  Abundant phosphate cements.  Abundant 

pyritization and hematite cementation.  Abundant glaucony in the bottom portion of the sample.  

Abundant to moderately abundant dissolution laminations.  Chert and quartz ratio is approx. 

equal.  Abundant fibrous clays are cementing the detrital grains.  Grain boundaries are serrated 

and sutured. 

C454551 (3-11) (MF3) 

Sub-lithic Arenite.  Bioturbated.  Abundant phosphate cements.  Moderately abundant organic 

laminations.  Quartz – chert ratio is approx. equal.  Locally abundant carbonate cements 

overprinting the main fabric.  Locally moderately abundant glaucony (brownish / greenish 

cements of clay). 

C454552 (3-12) (MF5-MF3) 

Muddy Sub-lithic Arenite – Spiculitic Chert.  Bimodal.  Spiculitic chert @ sharp contact with 

glaucony(?) (or chlorite) bearing dark chert.  The glaucony (or chlorites) are very abundant in 

fibrous green / bright clay cements.  Abundant phosphate cements.  Silty siliceous mudstone.  

Moderately abundant glaucony in spiculitic chert. 

C454553 (3-13) (MF3-MF5) 
Muddy Sub-lithic Arenite - Spiculitic Chert. Abundant phosphate cements and moderately 

abundant glaucony cements.  Abundant silica cements (likely from dissolved spicules).  

Moderately abundant hematite (?) cements.  Some pyrite. 

C454554 (3-14) (MF3) 
Muddy Sub-lithic Arenite.  Bioturbated.  Sporadic pyritized organic laminations.  Abundant 

hematite cementing the laminations.  Abundant phosphate cements.  Chert – quartz ratio is 

approx. equal.  Moderately abundant calcite cements. 

C454555 (4-1) (MF3) 
Glauconitic – Spiculitic Sub-lithic Arenite.  Coarse siltstone intermixed with poorly preserved / 

dissolved spicules.  Spicules contribute to abundant silica cementation in microcrystalline and 

chalcedony forms.  Abundant re-crystallized spicules.  Grains range in size between 50-90µm, 

with 60µm average and odd 100µm ones.  Grains are sub-angular to sub-rounded, moderately to 

well sorted.  The glauconite grains are larger than the detrital grains.  Partial glauconitization 

observed.  Sample bioturbated.  Burrowed partially pyritized debris.  Glauconite is moderately 

abundant.  Some mica flakes mixed with cements.  Low abundance of phosphates.  Minor 

feldspar.  Sample bear approx. 50% quartz and 25% chert.  Some hematite cements (?) 

C454556 (4-2) (MF3) 

Spiculitic Muddy Sub-lithic Arenite.  Mostly bioturbated coarse siltstone.  Abundant calcite 

cementation.  Poorly preserved calcite replaced with silica cements.  Minor micas.  Grains range 
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between 40-130µm, averaging 70µm.  Low abundance of spicules observed (possible source 

of silica cements).  Some pyritization.  Abundant phosphate cementation.  Abundant zones of 

organics, some pyritized.  Abundant clay cements (?).  Sample contains approx. 50% quartz and 

25-30% chert. 

C454557 (4-3) (MF3) 

Glauconitic – Spiculitic Sub-lithic Arenite.  Coarse siltstone.  Abundant bioturbation.  

Abundant poorly preserved spicules are intermixed with silt matrix. Minor hematite cements (?)  

Moderate abundance of organics and phosphate cements.  Grains are angular to sub-rounded, 

ranging in size between 30-70µm (70µm is average).  Large glauconite grains.  Ratio of quartz to 

chert is approx. even. 

C454558 (4-4) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Abundant calcite cementation.  Abundant poorly 

preserved brachiopod fragments partially silicified.  Grains have serrated edges, are well sorted 

and sub-angular to sub-rounded.  Some grains are elongated.  The size ranges between 60-

130µm, averaging 100µum.  Moderate phosphate cements overprint the main fabric.  Moderately 

abundant clays.  Detrital matrix ration is approx. 50% quartz to 20% chert.  No glauconite. 

C454559 (4-5) (MF1) 
Fossiliferous Calcareous Sub-lithic Arenite.  Approx. 50% quartz to 10% chert.  Grains are 

sub-angular to angular.  Very abundant pervasive carbonate cementation.  Loosely packed 

matrix.  Fossil fragments of moderately abundant echinoderms, abundant brachiopods and 

bryozoans.  The fossil fragments are horizontally layered.  Moderate abundance of phosphate 

cements.  No glauconite.  Abundant pyritization observed in the brachiopod shells, along foliation. 

C454560 (4-6) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  

Sporadic large fossil fragments of brachiopod and bryozoan in detrital matrix.  ~50% quartz and 

20% chert matrix.  Grains range in size between 50-120µm, averaging 90-100µm.  Abundant 

intra- and inter-particle phosphate and calcite cements.  Authigenic quartz replacing calcite of the 

primary fossils fabrics.  Abundant inter-particle calcite cements often corroding the detrital matrix.  

Glauconite grains are moderately abundant (5-10%).  Low abundance of pyrite. 

C454561 (4-7) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  

Sporadic large fossil fragments of pseudo-punctate brachiopods and bryozoans.  Single large, 

poorly preserved echinoderm fragment.  Foraminifers are in low abundance.  Abundant 

phosphate inter- and intra particle cements.  (In reflected light orange intra-particle cement but 

not opaque in cross-polars).  Angular to sub-rounded grains.  Quartz 50% and chert 20%.  

Abundant pervasive carbonate cements.  Moderately abundant authigenic quartz, re-crystallized 
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on shell fragments.  Grains range between 50-150µm, mostly 90µm in size.  Minor pyrite and 

glauconite.  Possibly intra-particle glaucony.  No hematite. 

C454562A (4-9) (MF1) 

Calcareous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  Approx. ratio of 50% 

quartz to 30 % chert.  Angular to sub-angular grains.  Grains range in size between 50-150µm, 

100µm mostly.  Abundant inter-particle calcite cementation and silica cementation.  Glaucony in 

low abundance.  Moderate phosphate cements, low pyrite and no hematite 

C454562B (4-9) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  

Single layer of fossils includes brachiopods and bryozoans fragments moderately / poorly 

preserved.  Authigenic quartz growing on brachiopod shells.  Moderately abundant glaucony 

within the fossiliferous layer.  Moderately abundant phosphate cements.  Sample is bioturbated.  

Locally, partial pyritization of foliation of brachiopod shells. 

C454563 (4-10) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Large fragments of punctuate brachiopods, 

bryozoans (both moderately abundant) and echinoderm fragments (low abundance) scattered in 

the detrital matrix.  Grain ratio of 50% quartz and 20-30% chert (approx.).  Abundant calcite 

cementation supports the skeletal fragments.  Abundant intra-particle phosphate and pyrite.  

Pyrite also cements fossil surfaces.  Possibly low abundance of hematite cement.  Moderate 

glaucony. 

C454564 (4-11) (MF1) 
Fossiliferous Calcareous Sub-lithic Arenite.  Abundant large brachiopod and bryozoan 

fragments.  Single echinoderm fragment.  Abundant overprinting calcite cementation overprinting 

the main fabric.  Borings noted in shell fragments.  Abundant intra- and inter-particle phosphate 

cement.  Low abundance of glaucony.  Pyrite is sporadically cementing organic laminations 

C454565 (4-13) (MF3) 

Muddy Sub-lithic Arenite.  Coarse siltstone to very fine-grained sandstone.  Intermittently fine -

grained.  Detrital grains are well preserved.  Bioturbated.  Grain ratio 50% quartz and 30% chert.  

Grains are between 30-120µm, averaging 100µm.  Clay “whisks” surrounding some grains.  

Calcite cementation moderately to very abundant.  Abundant silica cementation.  Abundant 

calcite cements overprinting the main fabric.  Abundant phosphate cements.  No glauconite.  

Sporadically pyritized organic debris 

C454566 (4-14) (MF1-MF3) 

Fossiliferous Calcareous Sub-lithic / Muddy Sub-lithic Arenite.  Layered.  Abundant large 

fossil fragments of bryozoas and brachiopods in silty matrix, overlaid by the silty matrix.  

Abundant lamination of pyritized and phosphatized organics.  Very abundant inter-particle 
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phosphate cement.  Abundant calcite cement and inter-and intra-particle silica cement.  Low 

abundance of  glaucony.  Some hematite (?) cementing organic debris.  Multiple phases of calcite 

cementation, silicification and interactions of phosphate with calcite, calcite with silica, and silica 

with silica 

C454567 (5-1) (MF1-MF3) 

Glauconitic / Spiculitic / Fossiliferous Sub-lithic Arenite / Muddy Sub-lithic Arenite (?).  

Glaucony is moderately abundant.  Abundant calcite and silica cementation.  Silica cementation 

obscures chert grains.  Bioturbated.  Burrows are lined with spicules (?)  Sample mottled with 

spicules.  Spicules are mostly dissolved.  Glaucony and phosphate fills up the axial canals.  

Detrital matrix has sub-angular to sub-rounded grains.  Serrated grain boundaries.  Grains are 

between 50-100µm, 90µm average.  Low abundance of phosphate cements.  Sporadic pyrite and 

hematite cements.  Abundant silica cements. 

C454568 (5-1) (MF3) 
Muddy Sub-lithic Arenite.  Abundant organic laminations.  Abundant pyritization and glaucony.  

Abundant destructive calcite cements.  Moderately abundant phosphate cements.  Moderately 

abundant poorly preserved brachiopod fragments.  Some brachiopod shells have borings that are 

glaucony cemented.  Grains are between 50-150µm, 100µm average.  Glaucony grains are 90-

150µm; generally larger than the detrital grains.  Detrital grains are angular to sub-rounded. 

C454569 (5-2) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Abundant glaucony (~20%).  Quartz and chert ratios are 

approx. even at 30-30%.  Bioturbated.  Minor lingulid fragments.  Some pyritization.  Partially 

dissolved spicules.  Moderately abundant phosphate (?) cements.  Well sorted.  Partial 

glauconitization observed. 

C454570A (5-3) (MF4) 

Siliceous Mudstone.  Grain size is between 30-110µm, 40µm mostly.  Abundant organic debris, 

partially pyritized.  Abundant glaucony, clay and silica cements.  Low abundance of phosphate 

cements.  Moderately abundant muscovite (?).  Hematite is moderately abundant in organic 

laminations. 

C454570B (5-3) (MF4-MF3) 

Siliceous Mudstone / Muddy Sub-lithic Arenite.  Dark chert cement mass (likely due to 

dissolution of silica).  Pervasive silica cementation.  Organics are moderately abundant.  

Abundant glauconite. 

C454571 (5-4) (MF3-MF4) 

Glauconitic Sub-lithic Arenite / Siliceous Silty Mudstone.  Abundant  detrital quartz matrix in 

chert cement mass.  Abundant glaucony grains.  Moderately abundant hematite and pyrite 
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cementation.  Locally abundant scattered organic debris and organic laminations partially 

hematite cemented and pyritized.  Micro-stylolites present. 

C454572 (5-5) (MF3-MF5) 

Glauconitic / Spiculitic Sub-lithic Arenite.  Bimodal, or part of thin section with better 

preserved spicules.  Abundant silica cementation and glauconite.  Bioturbated.  Grains are 

between 20-100µm, averaging 70µm.  Abundant phosphate cements.  Locally abundant hematite 

(?) cements.  Pyritized organics.  Abundant randomly oriented spicules.  Phosphate cement in 

axial canals.  Abundant silica re-crystallization. 

C454574A (5-6) (MF5-MF4) 
Spiculitic Chert mottled with Siliceous Silty Mudstone.  Abundant large dolomitized spicules 

scattered in siliceous spiculitic matrix.  Abundant dolomitization (rhombs) and poly-crystalline 

silica cements.  Very abundant phosphate cements.  Phosphatized silt clasts.  Random minor 

quartz grains up to 80µm.  Hemetite cements (?). 

C454574B (5-6) (MF5) 

Spiculitic Chert.  Very abundant inter- and intra-particle phosphate cementation.  Chemical 

dissolution laminations. 

C454575A (5-7) (MF5) 
Fossiliferous Spiculitic Chert.  Abundant lingulids brachiopod fragments, moderately abundant 

foraminifers.  Abundant  large spicules in siliceous spiculitic matrix.  Large spicules are calcified.  

Very coarse sponge spicules up to 500µm diameter often calcified into poikilotopic calcite.  

Abundant phosphate cements.  Locally occurring hematite cements.  Moderately abundant pyrite 

cements, bryozoans, brachiopod shell fragments.  Foraminifers are well preserved.  Spicules and 

fossils are intermixed with poorly sorted detrital quartz matrix.  Grains range between 50-200µm.  

Sample partially grain supported. 

C454575B (5-7) (MF5) 
Fossiliferous Spiculitic Chert.  Mottled spiculitic matrix.  Abundant calcite cementation. Fossils 

are sub-horizontally layered.  Otherwise similar to A. 

C454576A (5-9) (MF4-MF5) 
Silty Siliceous Mudstone / Muddy Sub-lithic Arenite mottled with Spiculitic Chert.  

Bioturbated.  Abundant calcite crystals.  Minor feldspars.  Grains range between 40-120µm, 

averaging 50µm.  Very abundant crypto-crystalline silica cement (possibly from dissolved 

spicules)  Possibly iron rich dolomite – very abundant. 

C454576B (5-9) (MF4-MF3) 

Silty siliceous Mudstone / Muddy Sub-lithic Arenite.  Sample similar to A; very abundant 

crypto-crystalline silica cement.  Abundant bioturbation.  Dark silt supported with chert cementing 

mass (60-40% ratio).  Very abundant dolomite overprinting the main fabric (up to 20%). 
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C454577 (5-10) (MF3-MF5) 

Glauconitic Sub-lithic Arenite mottled with Spiculitic Chert.  Very abundant crypto-crystalline 

silica cementing quartz and chert grains.  Abundant glaucony (brown in color).  Abundant inter-

particle phosphates.  Some locally abundant pyritization.  Mottled with spicules (burrows?)  The 

detrital grains are well sorted, and sub-rounded. 

C454578 (5-11) (MF5-MF3) 
Glauconitic / Fossiliferous Spiculitic Chert mottled with Spiculitic Muddy Sub-lithic Arenite.  

Poorly preserved re-calcified and re-silicified brachiopod and bryozoans fragments. Moderately 

abundant phosphate, pyrite and glaucony.  Spicules are randomly oriented and horizontally 

layered.  Precipitated dolomite on re-silicified shells. 

C454579 (5-11) (MF5) 

Fossiliferous Spiculitic Chert.  Horizontally layered fossils in spiculitic matrix.  These include 

foraminifers, poorly preserved brachiopods and bryozoans fragments, poorly preserved 

echinoderms.  Locally abundant intra-particle phosphate cement.  Abundant dolomite cement. 

C454580 (6-1) (MF3 & MF2) 

Muddy Sub-lithic Arenite / Grainstone.  Bimodal distribution.  Half of the sample is abundant in 

fossils, mostly grain supported with very abundant dark opaque (pyrite or hematite?) cement.  

Quartz rich siltstone matrix, possibly with chert grains.  Silica cementation prevents identifying 

chert grains.  Second half of the sample is composed of poorly sorted quartz rich siltstone.  

Sample is locally bioturbated with finer grains in the burrows.  Some calcite cements.  Very 

abundant crystalline pleochroic green / brown mineral overgrowing the main fabric (chlorites?).  

Layering noted. 

C454581A (6-3) (MF2) 

Grainstone / Rudstone.  Grain supported sample of very abundant fossil fragments.  Abundant 

calcite cementation.  Bioturbated.  Burrows are filled with siliceous mudstone. Low abundance of 

poorly sorted quartz sand / silt grains.  Possibly local intra-particle glauconitization. 

C454582 (6-4) (MF2) 

Grainstone / Rudstone intermixed with chert granules, cemented with very abundant hematite.  

Abundant calcite intra-particle cementation.  Matrix is composed of poorly sorted chert rich 

sandstone/ siltstone grains. 

C454583 (6-5) (MF6) 

Granule bearing Sub-lithic Wacke / Siltstone.  Poorly sorted chert bearing fine-grained 

sandstone / siltstone with sporadic jasper pebbles.  Very abundant pyrite cementation.  Some 

hematite cementation close to chert granules.  Minor fossil fragments. 
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C454584 (6-6) (MF1) 

Muddy Sub-lithic Arenite.  Very abundant calcite cementation.  Very fine-grained (coarse 

siltstone).  Some phosphate, pyrite, hematite cementation. 

C454585 (6-7) (MF3) 

Muddy Sub-lithic Arenite.  Coarse siltstone.  Abundant calcite cementation.  Possibly some 

glauconitization. 

C454586 (6-8) (MF3) 

Glauconite bearing Muddy Sub-lithic Arenite.  Glaucony in cement form (or chlorites).  Some 

phosphate and pyrite cementation. 

C454587 (6-9) (MF3) 

Glauconite bearing Muddy Sub-lithic Arenite.  Some phosphate and pyrite cementation.  

Possibly partial glauconitization (or chloritization) of chert grains(?). 

C454588 (6-10) (MF3) 
Glauconite bearing Muddy Sub-lithic Arenite.  Some calcite / phosphate cements.  Possibly 

partial glauconitization of chert. 

C454589 (6-10) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Moderately sorted with silt.  Abundant glauconite grains 

larger than the detrital matrix.  Moderate phosphate cements.  Possibly partial glauconitization of 

chert. 

C454590 (6-11) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Abundant glauconite grains approx. same size as the 

detrital matrix.  Horizontally layered lingulids in top of slide.  Abundant phosphate cementation.  

Some pyrite and hematite (?) 

C454591 (6-12) (MF3 & MF4) 

Glauconitic Muddy Sub-lithic Arenite intermixed with Silty Siliceous Mudstone.  Abundant 

glauconite. Fossil fragments are matrix supported.  The matrix is abundant in glauconite and dark 

“chert mass”.  Abundant detrital quartz and chert.  (Chert mass likely due to dissolution of 

spicules).  Fossils possibly horizontally layered.  Hematite rhombs. 

C454592A (6-13) (MF6-MF1) 

Granule bearing Sub-lithic Wacke / Siltstone.  Bimodal distribution.  Chert granules and 

pebbles intermixed with large fossil fragments in chert siltstone, calcareous spicules and 

glauconite matrix.  Abundant calcite cementation.  Possibly some hematite and phosphate 

cementation.  Cements overprint the chert granules. 
C454593 (6-14) (MF3) 

Glauconite-rich Muddy Sub-lithic Arenite.  Abundant glauconite grains.  Glauconite grains 

larger than the detrital sediments.  Abundant phosphate cementation. 
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C454594 (6-15) (MF3) 

Glauconite bearing Muddy Sub-lithic Arenite.  Less glauconite.  Some calcite cementation and 

phosphate.  Partial glauconitization observed. 

C454595 (6-16) (MF5) 

Fossiliferous Spiculitic Chert.  Abundant phosphatic silt clasts.  Clasts comprise calcareous 

spicules, glauconite grains and detrital chert siltstones.  The spiculitic chert is intermixed with 

detrital siltstone.  Some dolomite rhombs present.  Extensive chalcedony cementation. 

C454596 (6-18) (MF5) 

Glauconitic Spiculitic Chert matrix intermixed with quartz and possibly chert grains.  Spicules 

dissolution prevents from seeing the detrital chert.  Moderately abundant glaucony grains are 

intermixed with spicules.  Abundant phosphate and moderately abundant hematite cements. 

C454597 (6-19) (MF5) 

Glauconitic Spiculitic Chert with some quartz and possibly chert mixed matrix.  Abundant 

glaucony.  Glaucony fills in axial canals.  Abundant chalcedony cementation.  Low / moderate 

phosphate cementation. 

C454598 (6-20) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Mottled with spiculitic chert.  Carbonate cementation.  

Some phosphate and pyrite cements.  Also the spiculitic chert is intermixed with quartz siltstone, 

glaucony and dolomite rhombs bearing.  Possibly ankerite. 

C454599 (6-21) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Moderate abundance of calcite, hematite and 

phosphate cements.  Possibly minor lingulid fragments. 

C454600 (7-1) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Coarse silt to fine-grained sandstone.  Fossil 

fragments and chert granules in silty quartz matrix.  Abundant calcite cement.  Shell fragments 

are locally grain supported.  Low abundance of glauconite. 

Large brachiopod shell fragments are partially silica replaced.  Chert granules are partially 

overprinted with pyrite and phosphate cements.  Local abundant pyrite is overprinting the shell 

fragments.  Low abundance of glaucony grains and intra-particle cements (in brachiopod spines). 

Silty matrix is moderately to poorly sorted.  Grains are sub-angular.  Most grains are quartz; some 

chert grains.  Grains range between 40-140µum (average 90µm)  

C454601 (7-2) (MF6) 
Fossiliferous Chert  Conglomeratic Sub-lithic Wacke.  Chert pebbles / cobbles in fossiliferous 

quartz dominated matrix.  Detrital silt is intermixed with fossils.  Very abundant pyrite cementation 

(?).  Matrix supported conglomerate. 
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C454602A (7-3) (MF1-MF2) 

Fossiliferous Calcareous Sub-lithic Arenite / Rudstone.  Fossil fragments in silty matrix.  

Abundant carbonate cements.  Shell fragments are locally grain supported.  Low abundance of 

glauconite grains and intra-particle cements.  Fossils include brachiopods and bryozoans.  Poorly 

sorted quartz and chert matrix.  Sub-angular to sub-rounded grains ranging in size between 20-

180µm, averaging 90µm.  

C454602B (7-3) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Fossil fragments in silty matrix.  Locally grain 

supported.  Abundant intra-particle glauconite cements.  Abundant carbonate cements.  

Horizontal layering of shells. 

C454603 (7-4) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Coarse silt to fine-grained sandstone. Fossil 

fragments are scattered in silty matrix.  Abundant carbonate cements.  Fossils are poorly 

preserved.  Some intra-particle glauconite.  Lingulid fragments.  Average grain size is 90µm.  

Mostly quartz, some chert grains.  Low abundance of phosphate cements. 

C454604 (7-5) (MF3) 

Muddy Sub-lithic Arenite.  Coarse silt to very fine-grained sandstone.  Abundant calcite 

cements.  Well compacted.  Some phosphates and poorly preserved fossil fragments. 

C454605 (7-6) (MF3) 

Muddy Sub-lithic Arenite.  Well sorted.  Chemical compaction (grain boundaries dissolution).  

Average grain size is 100µm.  Grains are sub-rounded.   Abundant pyrite and phosphate 

cements.  Low abundance of glauconite.  Dolomite rhombs noted.  Minor fossil fragments. 

C454606 (7-7) (MF3) 

Glauconitic Sub-lithic Arenite.  Abundant pyrite cements.  Minor poorly preserved fossil 

fragments.  Moderate phosphate cementation.  Moderately abundant mud laminations partially 

pyritized.  Grains are well to moderately sorted, ranging in size between 50-170µm (100µm 

average).  Low abundance of glauconite. 

C454607 (7-8) (MF3) 
Glauconitic Sub-lithic Arenite.  Abundant pyrite cementation.  Abundant glauconite grains.  

Moderate phosphate cementation.  Minor poorly preserved fossils.  Glauconite grain size average 

100µm.  Detrital matrix ranges between 50-90µm, (60µm average).  Moderately abundant pyrite.  

Some mud laminations. 

C454608 (7-9) (MF3) 

Glauconitic Sub-lithic Arenite.  Abundant glauconite grains.  Very abundant phosphate 

cementation.  Some pyrite cementation.  Glauconite grains range between 90-13oµm.  Matrix is 
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well to moderately well sorted, sub rounded, ranging in size between 70-120µm, (100µm 

average). 

C454609A (7-10) (MF3) 

Glauconitic Sub-lithic Arenite.  Abundant glauconite.  Very abundant phosphate cements.  

Moderate pyrites (framboids).  Authigenic quartz in poorly preserved brachiopod shells.  Detrital 

grains range between 50-110µm, (90µm average).  Glauconite grains are of the same size as the 

detrital matrix. 

C454610A (7-11) (MF3) 

Glauconitic / Fossiliferous Sub-lithic Arenite.  Fossil fragments in chert rich siltstone matrix.  

Very abundant phosphate cementation (inter- and intra-particle in large bryozoans).  Locally grain 

supported.  Possible horizontal layering.  Glauconite is moderately abundant.  Abundant 

chalcedony and crypto-crystalline silica cementation.  Locally moderately abundant, poorly 

preserved spicules.  Locally abundant glauconite.  Everything is scattered.  Moderately abundant 

mud laminations.  Abundant partial silicification of poorly preserved brachiopod shells.   Poorly 

sorted chert rich matrix (quartz and chert).  Sporadic silt clasts (very coarse grained). 

C454611A (7-12) (MF5) 

Fossiliferous Spiculitic Chert mixed with quartz siltstone matrix.  Partial glauconitization.  

Silicified shell fragments.  Spicules are poorly preserved.  Micro-crystalline, crypto-crystalline and 

chalcedony cementation.  Detrital quartz matrix ranges between 70-120µm, (100µm average).  

Spicules diameter is 50-100µm, with approx. 50µm average.  Difficult to tell due to silica 

cementation. 

C454612 (7-13) (MF3-MF5) 

Glauconitic / Fossiliferous / Spiculitic Sub-lithic Arenite.  Fossiliferous spiculitic chert / chert 

rich siltstone to very fine-grained sandstone matrix.  Very abundant phosphate cementation.  

Some lingulid shell fragments.  Spicules are moderately well preserved.  Fossils are moderately 

to poorly preserved.  Partial silicification.  Some pyrite cementation.  Abundant borings in 

brachiopod shell.  Likely sharp contact between spiculitic chert and lithic arenite. 

C454613A (7-14) (MF3) 
Glauconitic / Fossiliferous / Spiculitic Sub-lithic Arenite.  Very abundant spicules intermixed 

with detrital matrix.  Pervasive phosphate cementation.  Spicules are poorly preserved.  Some 

fossil silicification and pyrite cementation observed.  Sporadic chert granules.  Fossils include 

brachiopod shell and bryozoan fragments.  Matrix is moderately well sorted.  Grains range 

between 50-110µm, averaging 100µm.  Spicules size ranges between 50-110µm. 

C454614A (7-15) (MF3) 

Glauconitic / Fossiliferous Sub-lithic Arenite.  Horizontal layering of large brachiopod shells.  

Horizontal mud / phosphate filled burrows.  Abundant pyrite cementation.  Abundant progressive 
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glauconitization.  Lower half of sample is chert rich siltstone.  Some poorly preserved fossil 

fragments.  Partial silicification observed.  Horizontal layering of brachiopod shell fragments.  

Some bryozoans fragments.  Well sorted sub-rounded 70-140µm, averaging 110µm. 

C454615 (7-16) (MF6-MF3) 

Chert Conglomeratic Sub-lithic Wacke intermixed with horizontally layered shell fragments, 

sharply overlain by lithic arenite.  Bimodal distribution.  Very coarse grained to granule sized chert 

grains in chert rich silty matrix.  Matrix calcite and phosphate cemented.  Well sorted grains range 

between 60-110µm, averaging 90µm.  Chert is oxidized (red) inside.  Abundant phosphate 

overprints grain fabric.  Sporadic bryozoans and brachiopod shell fragments are intermixed with 

very coarse detrital grains. 

C454616 (8-1) (MF3) 

Muddy Sub-lithic Arenite.  Calcite cemented.  Possibly some clay and silica cementation.  

Partial, low abundance of glauconitized (or chlorite cemented) chert grains.  Well sorted.  Grains 

range between 60-120µm, averaging 100µm average.  Grains are sub-rounded. 

C454617A (8-2) (MF1) 

Fossiliferous Calcareous Sub-lithic Arenite.  Abundant calcite cementation.  Moderate 

framboidal pyrite cementation.  Horizontal layering of shell fragments.  Abundant lingulid shell 

fragments.  One large echinoderm fragment.  Brachiopod and bryozoans fragments are partially 

silicified.  Well sorted matrix, 50-90µm in size, averaging 80µm.  Detrital grains are sub-rounded. 

C454618 (8-3) (MF3-MF5) 

Glauconitic Sub-lithic Arenite mottled with fossiliferous spiculitic chert.  Abundant coarse chert 

and quartz grains intermixed with abundant lingulid fragments in chert rich siltstone matrix (half) 

and spicules matrix (half).  Bimodal distribution subdivided with shells and granules.  Abundant 

phosphate cementation within the spiculitic interval.  Moderate abundance of very poorly 

preserved spicules.  Pale green / brown mass cementing chert siltstone (chlorite? / glauconite? / 

silica?), possibly dissolved spicules.  All components intermixed.  Grains range in size between 

60-110µm, averaging 100µm. 

C454620 (8-5) (MF3-MF5) 
Fossiliferous Muddy Sub-lithic Arenite / Spiculitic Chert.  Bimodal distribution.  Chert rich 

siltstone cemented with calcite separated by horizontally layered poorly preserved brachiopod 

shells, overlain with silty spiculitic chert facies.  Calcite and phosphate cemented.  Abundant 

chalcedony cementation and micro-crystalline cementation.  Low abundance of glauconite.  

Poorly preserved brachiopod fragments are cemented with blocky calcites.  Some spicules are 

calcified.  Chert grains are overprinted, “corroded” with phosphate.  Moderate abundance of 

burrows filled with phosphate, spicules and detrital grains.  Great examples of silica replacement 

of calcite in brachiopod shells.  Grains range in size between 50-150µm, averaging 100µm. 
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C454621 (8-6) (MF3) 

Muddy Sub-lithic Arenite intermixed / mottled (in one zone) with silty spiculitic chert.  Abundant 

phosphate cementation.  Possibly partial glauconitization of chert grains.  Silicification of 

bryozoans fragments observed.  Moderate abundance of mud laminations.  Sub-angular to sub-

rounded detrital grains.  These are moderately well sorted.  Some calcified spicules, up to 150µm 

in diameter. 

C454622A (8-7) (MF3) 

Fossiliferous Sub-lithic Arenite with sporadic poorly preserved spicules.  These are 

sporadically calcified.  Abundant phosphate cementation.  Possible partial glauconitization.  

Abundant phosphate clasts (dark green / brown mass; spicules, detrital components inside).  One 

clast has abundant hematite cemented spicules.  Moderately abundant lingulid fragments and 

poorly preserved minor brachiopod shell fragments. 

C454622B (8-7) (MF5) 
Spiculitic Chert intermixed with chert rich siltstone.  Moderately abundant calcified spicules.  

Abundant silica cements. 

C454623 (8-8) (MF4) 

Glauconitic Silty Siliceous Mudstone.  Very abundant black “mass” cement.  Moderate 

glauconite grains and some spicules are intermixed with siltstone.  (Dissolved spicules likely 

cause the dark mass of cryptocrystalline cements).  Poorly to moderately sorted grains ranging in 

size between 20-80µm, averaging 70µm. 

C454624A (8-9) (MF3-MF5) 
Muddy Sub-lithic Arenite intermixed with spiculitic chert.  Possibly spicules in burrow system 

an in situ or sponge.  Moderate abundance of phosphate cements.  Possibly partial 

glauconitization.  Moderately abundant pyrites.  Dark clay cementation (?).  Very fine spicule 

“needles”.  The diameter of the larger spicules is 80µm, up to 150µm, averaging 90µm.  All 

spicules are re-crystallized.  Silt grains range between 50-100µm. 

C454625 (8-10) (MF3) 

Glauconitic Sub-lithic Arenite.  Abundant glauconite grains.  Glauconite is brownish in color.  

The sample has very abundant phosphate, hematite (local) and pyrite (local) cements.  Detrital 

grains are sub-angular to sub-rounded in shape.  Grains range between 50-70µm, averaging 

70µm. 

C454626 (8-11) (MF3) 
Sub-lithic arenite.  Calcite and phosphate cemented, mostly calcite cements.  Well sorted 

matrix, ranging between 60-110µm, averaging 90µm.  The detrital grains are sub-rounded. 
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C454627 (8-12) (MF3 – MF4) 

Glauconitic Sub-lithic Arenite intermixed with silty siliceous mudstone.  Abundant glauconite 

grains and mud laminations.  Abundant pyrites and moderately abundant phosphate cements.  

Sample is moderately to poorly sorted.  Grains range between 20-100µm, averaging 90µm. 

C454628 (8-13) (MF3-MF5) 

Spiculitic Sub-lithic Arenite.  Spicules are more dominating in half of the sample.  Abundant 

phosphate cementation.   Minor poorly preserved fossil fragments.  Possibly minor partial 

glauconitization.  Detrital grains range between 30-100µm, averaging 90µm.  The detrital grains 

are sub-angular, moderately well sorted.  Sample is bioturbated.  Locally abundant pyrites.  

Phosphate cements are always abundant where the spicules are present. 

C454629 (8-14) (MF3) 

Spiculitic Sub-lithic Arenite.  Moderate abundance of phosphate.  Abundant calcite cements.  

Alteration of chert grains with calcite(?)  Approximate layering observed.  Moderately abundant 

mud laminations and locally abundant spicules.  Low abundance of poorly preserved fossil 

fragments.  Locally abundant pyritized sponge spicules.  These are up to 200µm in diameter with 

chalcedony overgrowth.  Detrital grains range between 40-100µm, averaging 70µm. 

C454630 (8-15) (MF3) 
Muddy Sub-lithic Arenite.  Moderately abundant phosphate cements and abundant calcite 

cements.  Alteration of chert grains with calcite (?).  Grains range between 50-100µm, averaging 

60µm.  Local hematite cements.  The detrital grains are sub-rounded to sub-angular,  moderately 

well to well sorted.  Abundant dissolved spicules. 

C454631A (8-16) (MF3) 

Muddy Sub-lithic Arenite.  Moderately abundant phosphates and abundant calcite cements.  

Alteration of chert grains with carbonate (?) or clays (?).  The detrital grains are sub-angular to 

sub-rounded, averaging 80µm in size.  Moderately abundant mud laminations (parts of burrows?) 

and abundant dissolved spicules. 

C454632 (9-1) (MF3) 

Muddy Sub-lithic Arenite.  Phosphate cemented.  Moderately abundant calcite cements.  

Locally, moderately abundant glauconitized chert grains.  Detrital grains range between 50-

180µm, averaging 80µm.  The grains are sub rounded and moderately well sorted.  There are 

discontinuous mud laminations, partially pyritized. 

C454633 (9-2) (MF3) 
Muddy Sub-lithic Arenite.  Fossil fragments in poorly sorted matrix composed of glauconite 

grains, spicules, and chert rich silt.  Abundant phosphate cements and locally abundant hematite 

cements.  Abundant glauconites. 
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C454634 (9-3) (MF3) 

Glauconitic Sub-lithic Arenite.  Abundant phosphate cementation.  Bioturbated.  Moderately 

sorted, sub-rounded detrital grains ranging in size between 70-140µm, averaging 100µm.  

Glauconite (or chlorites?) possibly preferentially coat chert grains.  Some pyrite cementation. 

C454635 (9-4) (MF3) 

Glauconitic / Fossiliferous Muddy Sub-lithic Arenite.  Increased abundance of glauconite.  

The detrital matrix is poorly sorted.  Quartz grains are up to 400µm in size but the pervasive 

matrix is coarse silt to very fine in size.  The grains are angular to sub-rounded.  Fossils are 

matrix supported.  These comprise brachiopod fragments.  Some hematite cementation.  

Glauconite grains are the same size as the large detrital grains.  Matrix is chert rich.  Locally 

abundant phosphate cements. 

C454636 (9-5) (MF3) 

Glauconitic / Spiculitic Muddy Sub-lithic Arenite.  Abundant glauconite, mottled with spicules 

and phosphatized mud.  Sporadic intermixing with re-silicified spicules (in burrows).  Pyrite, 

hematite, phosphate cements present.  Detrital matrix is well to moderately sorted, ranging in size 

between 50µm to 290µm, averaging 90µm.  Minor lingulid fragments. 

C454637 (9-6) (MF5) 
Mottled Spiculitic Chert.  Abundant detrital chert rich siltstone is intermixed with spicules.  

Abundant phosphate cements.  Some calcified spicules and some glauconite grains.  Sample is 

bioturbated.  Burrows are filled with phosphate cements and detrital quartz grains. 

C454638 (9-7) (MF5) 
Spiculitic Chert intermixed with detrital siltstone (mostly quartz grains).  Moderate phosphate 

cements and some glauconitized spicules. 

C454639 (9-8) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Less glauconite as previously.  Abundant calcite 

cements altering chert grains.  Phosphate and hematite cementation.  Detrital grains are sub-

angular to sub-rounded, averaging 80µm.  Locally abundant re-silicified spicules.  Possibly 

bioturbated. 

C454640 (9-10) (MF3) 

Glauconitic Muddy Sub-lithic Arenite.  Partial glauconitization.  (Glaucony not developed as 

well as in lower samples).  Moderately abundant glauconitized grains.  Abundant phosphate 

cements.  Minor, poorly preserved bryozoans fragments.  Clay cementation. 

C454642 (9-11) (MF3) 

Glauconitic Fossiliferous Sub-lithic Arenite.  Fossil fragments in chert siltstone matrix, rich in 

glauconite.  Moderate abundance of calcite cements. 
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C454643 (9-12) (MF3) 

Muddy Sub-lithic Arenite.  Bioturbated, moderately abundant in calcite cements.  Phosphate 

penetration of chert grains (?) (reflected light).  Abundant phosphate in burrows.  Detrital grains 

are angular to sub-rounded.  Minor feldspar noted. 

C454644A (6-22) (MF3) 

Muddy Sub-lithic Arenite.  Well sorted detrital grains composed of quartz and chert, and minor 

glauconite grains. 

C454644B (6-22) (MF3) 

Muddy Sub-lithic Arenite.  sorted detrital grains composed of quartz and chert, and minor 

glauconite grains. 

C454645 (6-23) (MF5) 

Mottled Spiculitic Chert.  Burrows are abundant in phosphate cement.  Spicules are 

recrystallized into micro-crystalline chert. 
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APPENDIX E  

STRATIGRAPHIC SECTIONS 
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APPENDIX F  

ELECTRON MICROPROBE ANALYSIS (EMPA) SAMPLES 

(Supplemental to glauconite analysis) 

 

 

Locality Sample 

     1  454520  Fossiliferous muddy dark chert / Fossiliferous spiculitic chert 

     1  454533  Glauconitic muddy dark chert 

     1†  454537A Glauconitic muddy dark chert 

     1  454540  Fossiliferous spiculitic chert 

     2  454570  Siliceous mudstone 

     2  454575  Fossiliferous spiculitic chert 

     3  454589  Glauconitic muddy dark chert 

     3  454590  Glauconitic muddy dark chert 

     3  454593  Glauconitic muddy dark chert 

     3  454594B Glauconitic muddy dark chert 

     3  454596  Glauconitic spiculitic chert 

     3†  454597  Glauconitic spiculitic chert 

     3  454646  Glauconitic muddy dark chert 

     4  454607  Glauconitic muddy dark chert 

     4  454610  Glauconitic / Fossiliferous muddy dark chert 

     4  454614  Glauconitic / Fossiliferous muddy dark chert 

     4†  454618  Glauconitic muddy dark chert 

     4  454625  Glauconitic muddy dark chert 

     4  454627  Glauconitic muddy dark chert 

     5  454632  Muddy dark chert 

     5  454634  Glauconitic muddy dark chert 

     5  454636  Glauconitic / Spiculitic muddy dark chert 

     5  454640  Glauconitic muddy dark chert 

Localities are: 1 – Borup Fiord Pass south-east; 2 – Borup Fiord Pass north-west; 3 – East Mt. 

Leith; 4 – Mysterious Evaporites; 5 – Bart Cliff 

† - Image only 
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APPENDIX G  

CATHODOLUMINESCENCE MICROSCOPY SAMPLES 

(Supplemental to lithofacies analysis) 

 

 

Locality Sample 

     1  454507B Fossiliferous calcareous quartz arenite 

     2  454561  Fossiliferous calcareous quartz arenite 

     4  454608  Glauconitic Dark muddy chert 

     4  454626  Dark muddy chert 

Localities are: 1 – Borup Fiord Pass south-east; 2 – Borup Fiord Pass north-west; 3 – East Mt. 

Leith; 4 – Mysterious Evaporites; 5 – Bart Cliff 

† - Image only 
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APPENDIX H  

ELECTRON SCANNING MICROSCOPY (SEM) & ENERGY DISPERSIVE X-RAY 

(EDX) SAMPLES 

(Supplemental to lithofacies and glauconite analysis) 

 

 

Locality Sample 

     1  454520  Fossiliferous muddy dark chert / Fossiliferous spiculitic chert 

     1  454524  Muddy dark chert 

     1  454532  Muddy dark chert 

     2  454570  Siliceous mudstone 

     2  454575  Fossiliferous spiculitic chert 

     3  454589  Glauconitic muddy dark chert 

     3  454593  Glauconitic muddy dark chert 

     3  454594B Glauconitic muddy dark chert 

     3  454596  Glauconitic spiculitic chert 

     3  454597  Glauconitic spiculitic chert 

     4  454607  Glauconitic muddy dark chert 

     4  454610A Glauconitic / Fossiliferous muddy dark chert 

     4  454610B Glauconitic / Fossiliferous muddy dark chert 

     4  454614  Glauconitic / Fossiliferous muddy dark chert 

     4  454618  Glauconitic muddy dark chert 

     4  454625  Glauconitic muddy dark chert 

     4  454627  Glauconitic muddy dark chert 

     4  454646  Glauconitic muddy dark chert 

     5  454634  Glauconitic muddy dark chert 

     5  454635  Glauconitic / Fossiliferous muddy dark chert 

     5  454636  Glauconitic / Spiculitic muddy dark chert 

Localities are: 1 – Borup Fiord Pass south-east; 2 – Borup Fiord Pass north-west; 3 – East Mt. 

Leith; 4 – Mysterious Evaporites; 5 – Bart Cliff 
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APPENDIX I  

X-RAY DIFFRACTION (XRD) ANALYSIS SAMPLES 

(Supplemental to lithofacies and glauconite analysis) 

 

 

Locality Sample 

     1  454532  Silty spiculitic chert 

     1  454546  Muddy dark chert 

     1  454520  Glauconitic muddy dark chert 

     1  454534  Mottled spiculitic chert 

     2  454570  Siliceous mudstone 

     2  454597  Glauconitic spiculitic chert 

     3  454589  Glauconitic muddy dark chert 

     4  454607  Glauconitic muddy dark chert 

     4  454610A Glauconitic / Fossiliferous muddy dark chert 

     4  454625  Glauconitic muddy dark chert 

     4  454627  Glauconitic muddy dark chert 

     4  454646  Glauconitic muddy dark chert 

     5  454634  Glauconitic muddy dark chert 

     5  454636  Glauconitic / Spiculitic muddy dark chert 

     5  454640  Glauconite muddy dark chert 

Localities are: 1 – Borup Fiord Pass south-east; 2 – Borup Fiord Pass north-west; 3 – East Mt. 

Leith; 4 – Mysterious Evaporites; 5 – Bart Cliff 

 



 

 

339 

 

APPENDIX J  

MICROPROBE DATA (WT. %) 

Sample  MgO      K2O      FeO      SiO2     Na2O     CaO      MnO      Al2O3    P2O5     (OH)        

C454593_1   2.919    8.708    15.726    51.705    0.027    0.383    0.000    13.938    0.114    6.480    

C454593_2   2.869    8.490    14.949    50.429    0.027    0.343    0.000    14.066    0.160    8.667    

C454593_3  2.946    8.625    16.334    50.114    0.063    0.353    0.000    13.415    0.220    7.929 

C454593_4   3.043    8.752    15.087    51.420    0.051    0.325    0.008    14.346    0.142    6.825    

C454593_5   2.983    8.607    15.603    50.908    0.036    0.357    0.001    13.805    0.170    7.530    

C454593_6   3.020    8.540    15.117    49.755    0.043    0.370    0.000    13.883    0.131    9.142    

C454593_7   2.950    8.504    15.723    49.721    0.054    0.394    0.000    13.710    0.158    8.787    

C454593_8   2.818    8.329    15.268    49.794    0.069    0.327    0.000    13.753    0.151    9.491    

C454593_9   2.873    8.341    14.365    50.106    0.046    0.422    0.000    14.308    0.140    9.400 

C454593_10  2.928    8.327    14.638    50.159    0.048    0.349    0.000    13.945    0.156    9.449   

C454593_11  3.043    8.445    15.667    51.755    0.044    0.352    0.000    13.658    0.142    6.895    

C454593_12  2.954    8.298    14.982    50.482    0.058    0.328    0.001    13.739    0.185    8.975    

C454593_13  3.005    8.653    16.119    51.695    0.048    0.332    0.005    13.227    0.166    6.750    

C454593_14  3.043    8.679    15.536    50.621    0.058    0.295    0.012    13.286    0.120    8.350    

C454593_15  2.992    8.570    14.843    51.224    0.053    0.408    0.000    13.786    0.154    7.970 

C454593_16  3.039    8.488    15.639    49.844    0.047    0.316    0.000    13.024    0.159    9.443    

C454593_17  3.006    8.569    14.671    50.388    0.020    0.341    0.012    14.211    0.161    8.618 

C454593_18  2.936    8.376    14.802    51.630    0.024    0.390    0.009    14.478    0.144    7.212    

C454593_19  2.911    8.501    15.223    50.824    0.055    0.350    0.004    14.507    0.161    7.466    

C454593_20  3.062    8.575    14.182    50.227    0.039    0.376    0.000    14.578    0.133    8.828    

C4545 93_21  2.993    8.601    14.630    51.631    0.037    0.337    0.006    14.762    0.111    6.891    

C4545 93_22 3.111    8.635    15.092    49.970    0.021    0.377    0.000    13.944    0.154    8.695   

 

C454589_1   2.881    8.274    14.351    51.515    0.044    0.269    0.000    15.429    0.134    7.105    

C454589_2   2.206    6.980    10.492    59.551    0.055    0.233    0.000    14.866    0.059    5.556    

C454589_3   2.954    7.891    12.838    49.638    0.050    0.256    0.014    15.944    0.099    10.318 

C454589_4   2.949    8.437    13.192    51.704    0.066    0.265    0.005    16.715    0.110    6.557    

C454589_5   2.932    8.345    12.984    51.710    0.059    0.287    0.010    16.956    0.115    6.601    

C454589_6 core  2.867    8.171    14.319    49.894    0.032    0.250    0.017    14.909    0.130    9.410    

C454589_7   2.980    8.154    13.233    51.312    0.064    0.278    0.000    17.227    0.167    6.584    

C454589_8   2.572    7.767     9.796    49.685    0.001    0.249    0.000    18.701    0.049    11.179    

C454589_9   2.917    7.833    13.301    48.637    0.053    0.278    0.000    15.244    0.149    11.590    

C454589_10  2.825    7.639    12.321    47.740    0.030    0.293    0.000    16.227    0.133    12.792    

C454589_11  2.600    8.236    11.413    52.244    0.023    0.278    0.014    19.222    0.079     5.890    

C454589_12  3.165    8.534    15.198    51.079    0.055    0.274    0.000    15.005    0.223     6.469    

C454589_13  2.842    8.285    11.978    52.227    0.049    0.260    0.000    18.510    0.112     5.737    

C454589_14  2.894    8.608    13.293    51.399    0.018    0.242    0.000    17.081    0.070     6.394    

C454589_15  2.750    8.215    13.258    50.426    0.043    0.240    0.019    16.641    0.089     8.321    

C454589_16  3.057    8.508    16.547    50.271    0.048    0.203    0.020    13.301    0.155     7.888 

C454589_1 rim2  2.534    8.211     9.963    51.752     0.023     0.259     0.000    20.501     0.124     6.634 

C454589_1 core 3.022    8.595    16.451    50.522     0.044     0.242     0.000    13.641     0.092     7.393    

C454589_2 rim  2.900    8.313    12.163    49.637     0.050     0.423     0.000    18.336     0.276     7.901    

C454589_2 core  3.129    8.385    15.028    49.317     0.063     0.338     0.000    14.809     0.149     8.782    

C454589_3 rim  0.500    1.431     2.331    89.419     0.039     0.076     0.000     3.411     0.025     2.767    

C454589_3 core  2.828    8.404    12.522    51.902     0.043     0.249     0.000    18.223     0.045     5.783 

C454589_4 rim  2.826    8.119    11.584    51.697     0.053     0.292     0.024    19.435     0.072     5.900    

C454589_4 core  3.237    8.299    16.365    49.778     0.056     0.253     0.000    12.982     0.159     8.871    

C454589_5 rim  2.678    8.214    11.202    51.334     0.045     0.293     0.000    19.536     0.109     6.589    

C454589_5 core  2.999    8.422    15.180    50.485     0.048     0.262     0.015    14.790     0.154     7.644    

C454589 cement1  4.792    0.711    25.643    44.081     0.000     0.188     0.004    15.682     0.036     8.864    

C454589 cement2  3.104    0.432    17.865    60.455     0.056     0.151     0.005    11.164     0.030     6.738    

C454589 cement3 3.316    0.403    18.451    59.349     0.056     0.198     0.034    11.506     0.062     6.627    

C454589 cement4  4.282    0.199    22.987    50.491     0.016     0.138     0.000    13.586     0.017     8.286    

C454589 cement5  2.675    0.513    14.957    65.839     0.062     0.151     0.020     9.827     0.005     5.950 
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Sample  MgO      K2O      FeO      SiO2     Na2O     CaO      MnO      Al2O3    P2O5     (OH)   

 

C454625_1   2.962    7.783     9.180    51.646    0.088    0.321    0.002    20.573    0.195     7.252    

C454625_2   2.770    7.256     7.842    52.440    0.081    0.382    0.018    21.915    0.189     7.106    

C454625_3   2.996    7.710     8.460    52.795    0.116    0.332    0.000    21.560    0.174     5.857    

C454625_4   3.110    7.341     8.291    52.217    0.180    0.374    0.000    21.454    0.200     6.834    

C454625_5   2.767    7.252     5.988    54.091     0.290     0.429     0.000    24.741     0.207     4.232    

C454625_6   2.578    7.378     5.718    51.832     0.145     0.401     0.000    25.823     0.217     5.906    

C454625_7   2.591    7.658     7.307    53.186     0.116     0.403     0.000    24.010     0.267     4.462    

C454625_8   2.954    7.694     9.053    52.541     0.086     0.310     0.000    21.095     0.273     5.994    

C454625_9   2.466    7.457     7.244    53.473     0.132     0.396     0.000    25.141     0.210     3.481    

C454625_10  2.649    7.507     7.809    53.158     0.099     0.279     0.000    23.329     0.204     4.966    

C454625_11  2.819    7.605     8.341    53.156     0.122     0.266     0.000    23.175     0.231     4.285 

C454625_12  2.626    7.524     7.587    53.217     0.107     0.291     0.000    24.452     0.198     4.000    

C454625_13  2.705    7.475     7.555    54.076     0.127     0.343     0.000    23.961     0.209     3.550    

C454625_14  2.339    7.337     5.016    52.904     0.214     0.253     0.017    26.894     0.180     4.847    

C454625_15  3.145    7.778     9.690    53.028     0.113     0.270     0.000    19.732     0.177     6.066  

C454625 cement1  0.840    2.103     3.983    73.957     0.190     0.165     0.030    11.735     0.074     6.924    

C454625 cement2  1.062    1.840     6.440    72.066     0.138     0.191     0.006    11.943     0.139     6.175    

C454625 cement3  2.403    7.225     6.369    53.028     0.176     0.435     0.012    25.084     0.234     5.035    

C454625 cement4  1.291    2.644     7.039    66.601     0.217     0.221     0.001    15.594     0.098     6.293    

C454625 cement5  1.474    1.567    10.148    68.726     0.116     0.707     0.000    13.041     0.611     3.610  

   

C454646_1coredk1  3.902    7.633     9.410    49.087     0.105     0.320     0.018    25.742     0.127     3.658    

C454646_1 rim lg1 5.672    2.653    20.168    45.575     0.063     0.174     0.036    15.816     0.042     9.803    

C454646_2   4.259    6.318    17.539    40.775     0.083     0.237     0.003    23.059     0.046     7.680        

C454646_3   4.285    6.172    17.497    41.657     0.067     0.233     0.026    24.113     0.049     5.899        

C454646_4core dk  3.867    7.889     7.926    48.612     0.092     0.303     0.028    25.899     0.038     5.348    

C454646_4 rim lt  5.884    5.178    18.697    38.744     0.082     0.229     0.049    23.366     0.004     7.764       

C454646_5   3.844    8.170     5.811    50.132     0.106     0.287     0.000    27.376     0.082     4.192        

C454646_6core dk  2.349    6.516     4.283    60.205     0.114     0.223     0.000    21.666     0.011     4.632    

C454646_6 rim lt  2.199    3.107     8.521    66.308     0.056     0.136     0.040    13.553     0.017     6.064       

C454646_7   5.696    5.049    17.251    35.878     0.117     3.127     0.037    23.359     2.426     7.060  

C454646_8   6.049    5.427    16.630    38.363     0.083     0.208     0.070    25.875     0.012     7.283       

C454646_9 core dk  3.816    8.260     5.622    50.641     0.117     0.291     0.003    27.622     0.117     3.511    

C454646_9 core lt  10.852    1.147    27.373    26.099     0.028     0.152     0.091    20.697     0.009    13.552 

C454646_10coredk 4.076    8.047     6.959    48.392     0.103     0.371     0.025    26.879     0.078     5.069  

C454646_10core lt  6.261    3.867    22.543    33.775     0.038     0.176     0.023    23.040     0.041    10.236    

C454646_11  4.673    6.360    14.314    43.171     0.080     0.204     0.019    25.745     0.048     5.385       

C454646_12 lt  8.239    3.145    22.017    31.842     0.060     0.121     0.063    26.067     0.001     8.444       

C454646_13 dk 3.601    8.468     5.164    50.679     0.130     0.288     0.005    28.024     0.055     3.586 

C454646_13 lt 5.037    6.178    14.703    42.055     0.080     0.255     0.007    25.466     0.042     6.176       

C454646_14 dk  2.550    7.591     3.790    57.161     0.100     0.254     0.012    24.519     0.092     3.932      

C454646_15 dk  2.879    9.082     4.090    49.167     0.138     0.258     0.001    29.861     0.015     4.508       

C454646_15 lt  6.451    4.385    19.171    35.666     0.157     0.183     0.023    25.525     0.031     8.404      

C454646_16 dk  3.591    8.330     7.292    47.983     0.121     0.302     0.004    27.192     0.038     5.149       

C454646_16 lt  4.711    4.184    15.871    42.288     2.053     0.235     0.025    23.577     0.012     7.044       

C454646_17 lt  4.322    6.310    14.624    41.955     0.068     0.263     0.007    24.772     0.037     7.641    

C454646_18 dk  2.791    9.029     4.103    48.080     0.119     0.241     0.017    29.507     0.005     6.109      

C454646_18 lt  5.311    5.636    16.281    37.964     0.083     0.203     0.045    26.437     0.050     7.990       

C454646_18 lt2  5.050    2.828    22.151    32.421     1.093     0.170     0.005    22.773     0.018    13.491       

C454646_19 lt  7.987    2.455    21.144    32.836     0.046     0.302     0.047    21.346     0.167    13.671    

C454646_20lt  9.649    1.774    25.351    27.125     0.044     0.096     0.057    23.436     0.016    12.453       

C454646_21 dk  3.473    8.576     6.597    43.756     0.105     0.216     0.009    27.146     0.012    10.111       

C454646_21 lt  5.663    5.329    17.338    36.129     0.069     0.152     0.027    25.219     0.025    10.048      

C454646_21 lt2  6.417    3.343    25.166    30.808     0.025     0.080     0.001    23.281     0.023    10.857       

C454646_21 lt4  6.576    2.391    28.187    28.788     0.026     0.065     0.002    22.313     0.022    11.627          

C454646_21 lt6  6.645    4.555    19.102    37.308     0.071     0.125     0.048    24.836     0.027     7.283    

C454646_21 dk2  3.526    8.500     5.883    45.086     0.091     0.162     0.000    26.829     0.034     9.889       
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Sample  MgO      K2O      FeO      SiO2     Na2O     CaO      MnO      Al2O3    P2O5     (OH)   

C454646_22 cmt  5.682    0.483    20.956    52.983     0.376     0.109     0.033    13.630     0.033     5.714       

C454646_22 cmt  0.806    1.110     2.851    87.546     0.062     0.081     0.002     5.088     0.000     2.452       

C454646_22 cmt  0.687    2.993     1.478    84.267     0.088     0.087     0.014    10.570     0.013     0.000   

     

C454594b_1  2.790    7.750    10.011    56.706     0.035     0.306     0.000    17.862     0.071     4.470       

C454594b_2  3.203    8.656    12.243    52.117     0.060     0.336     0.000    18.177     0.090     5.119        

C454594b_3  3.192    8.677    11.806    52.041     0.045     0.370     0.000    18.064     0.066     5.740        

C454594b_4  3.089    8.624    11.306    51.831     0.037     0.335     0.000    19.167     0.078     5.534        

C454594b_5  3.197    8.564    12.057    52.094     0.061     0.374     0.000    17.957     0.098     5.596        

C454594b_6  2.755    8.384    10.214    50.423     0.029     0.378     0.000    19.069     0.057     8.690        

C454594b_7  2.885    8.523    10.572    50.464     0.043     0.341     0.000    18.869     0.064     8.239        

C454594b_8  3.036    7.851     8.972    55.745     0.068     0.527     0.000    17.825     0.254     5.722        

C454594b_9  3.038    8.404    10.428    49.315     0.038     0.379     0.012    18.969     0.055     9.362        

C454594b_10  2.986    8.408    11.899    49.605     0.047     0.337     0.028    17.488     0.064     9.138        

C454594b_11  2.908    8.374    12.147    49.693     0.031     0.368     0.000    18.405     0.122     7.952       

C454594b_12  2.996    8.413    11.750    49.266     0.025     0.388     0.000    18.281     0.089     8.792        

C454594b_13  3.059    8.713    11.726    48.538     0.033     0.336     0.000    17.525     0.047    10.023    

C454594b_14  3.254    8.463    12.568    47.506     0.040     0.290     0.000    16.209     0.029    11.640 

C454594b_15  2.916    7.955     9.946    44.941     0.055     0.326     0.031    18.752     0.059    15.018    

 

C454632_1  3.635    8.336    14.197    51.161     0.055     0.382     0.000    13.737     0.150     8.347 

C454632_2  3.506    8.292    14.687    52.180     0.073     0.365     0.000    13.836     0.211     6.850        

C454632_3   3.376    7.981    12.971    49.426     0.052     2.707     0.016    14.048     1.852     7.571    

C454632_4   3.357    8.167    13.268    50.718     0.020     0.439     0.000    14.811     0.147     9.072        

C454632_5   3.560    8.150    13.402    51.774     0.041     0.397     0.000    14.717     0.119     7.838        

C454632_6   3.352    7.940    12.829    50.065     0.035     0.412     0.008    15.041     0.148    10.169    

C454632_7   3.630    8.242    14.125    51.751     0.036     0.388     0.005    13.919     0.119     7.785        

C454632_8   3.513    8.298    13.385    50.223     0.026     0.375     0.000    13.958     0.099    10.122       

C454632_9   2.994    8.237    14.489    46.979     0.102     0.410     0.000    16.211     0.361    10.219        

C454632_10  3.507    8.193    13.295    50.867     0.021     0.388     0.000    14.413     0.132     9.184        

C454632_11 lt  2.958    8.020    13.108    48.784     0.079     0.433     0.000    16.246     0.211    10.161        

C454632_11 dk  2.632    7.257    10.383    46.102     0.020     0.283     0.000    16.330     0.123    16.868            

C454632_12 dk  2.580    6.424     8.100    41.697     0.040     0.375     0.020    15.982     0.264    24.519    

C454632_12 lt  3.121    7.892    11.838    46.343     0.048     0.600     0.000    15.734     0.299    14.124        

C454632_12 lt  3.402    8.092    13.347    49.094     0.034     0.397     0.000    14.456     0.152    11.027            

C454632_14  3.414    8.192    13.458    48.536     0.043     0.385     0.000    13.842     0.132    11.997    

C454632_15  3.574    8.101    13.427    49.523     0.047     0.391     0.000    14.367     0.127    10.442    

C454632_16  3.308    7.964    13.261    47.429     0.040     0.528     0.000    14.361     0.257    12.853        

 

C454533_1  3.742    6.730     4.422    47.748     0.087     0.323     0.035    22.310     0.092    14.511     

C454533_2  3.294   6.588     5.132    46.432     0.088     0.294     0.017    21.173     0.098    16.883     

C454533_3  2.879    6.744     4.580    46.134     0.043     0.379     0.000    21.275     0.086    17.881     

C454533_5  2.295    3.949     4.061    57.446     0.055     0.194     0.000    16.152     0.008    15.840      

C454533_6  3.719    7.274     3.902    51.314     0.092     0.211     0.032    22.725     0.055    10.677      

C454533_7  3.006    6.149     3.537    48.575     0.061     0.265     0.000    19.902     0.077    18.428     

C454533_8  3.150    6.385     4.429    46.281     0.039     0.259     0.000    19.127     0.081    20.248     

C454533_9  3.290    6.444     3.650    45.058     0.054     0.265     0.000    20.124     0.054    21.063      

C454533_10  3.464    6.787     4.991    47.302     0.042     0.240     0.000    21.009     0.092    16.076      

C454533_11  3.456    7.009     4.437    47.652     0.072     0.536     0.000    21.678     0.133    15.028     

C454533_12  3.192    6.135     4.343    44.126     0.051     2.010     0.002    21.612     1.491    17.037     

C454533ct1  0.609   1.068     1.152    76.702     0.052     0.159     0.013     3.840     0.010    16.396     

C454533ct2  0.302   0.066     0.810    89.626     0.046     0.065     0.000     1.173     0.000     7.913     

C454533ct3  0.016    0.066     0.045    90.739     0.089     0.043     0.000     0.768     0.000     8.235      

C454533ct4  0.352    0.158     0.927    88.477     0.048     0.081     0.039     1.520     0.000     8.398     

C454533ct5  0.089    0.100     0.257    92.493     0.048     0.047     0.000     0.802     0.012     6.152      

 

C454540A_1  2.751    7.656     5.020    52.595     0.096     0.352     0.000    25.965     0.173     5.392     

C454540A_2  3.100    7.085     6.260    54.550     0.075     0.389     0.033    23.225     0.224     5.059      
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Sample  MgO      K2O      FeO      SiO2     Na2O     CaO      MnO      Al2O3    P2O5     (OH)   

 

C454540A_3  3.086    7.465     7.265    54.939     0.059     0.348     0.011    21.863     0.180     4.785     

C454540A_4  3.131    7.543     7.474    54.433     0.071     0.352     0.004    22.237     0.170     4.585      

C454540A_5  3.350    7.535     7.171    53.988     0.065     0.293     0.010    22.502     0.185     4.903     

C454540A_6  2.758    7.314     4.943    53.782     0.047     0.405     0.015    25.588     0.134     5.014     

C454540A_7  2.611    7.069     4.747    56.435     0.041     0.366     0.000    24.525     0.154     4.050   

C454540A_8  3.417    7.011     6.412    54.523     0.051     0.459     0.000    21.922     0.185     6.021     

C454540A_9  2.220    6.667     3.277    52.311     0.050     0.574     0.011    28.386     0.102     6.403     

C454540A_10/cr/lt 3.670   7.768     7.304    54.384     0.076     0.318     0.000    21.571     0.120     4.791     

C454540A_10/rim/dk 1.133   2.011    3.706    78.761     0.066     0.187     0.000     9.080     0.033     5.022     

C454540A_11 3.619   7.231     7.699    54.245     0.095     0.346     0.000    20.365     0.234     6.166     

C454540A_12 3.095   7.328     6.702    54.200     0.073     0.345     0.041    23.138     0.250     4.829      

C454540A_13 3.474   7.627     8.030    54.459     0.079     0.323     0.000    20.891     0.176     4.941     

C454540A_14 4.035   7.144     9.045    53.061     0.066     0.318     0.005    17.011     0.170     9.147     

C454540A_15 3.302   7.482     7.628    54.278     0.057     0.334     0.007    21.239     0.186     5.488     

C454540A_16 3.272   7.142     7.118    52.502     0.075     0.391     0.005    20.755     0.217     8.520     

C454540Acmt1 0.415   1.371     0.659    89.172     0.091     0.108     0.000     5.708     0.000     2.475     

C454540Acmt 2 0.476   1.414     0.788    86.204     0.084     0.093     0.018     5.993     0.010     4.919     

C454540Acmt3 0.397   1.259     0.535    89.385     0.078     0.096     0.000     5.312     0.000     2.939     

C454540A_17_odd 5.376   0.028     9.855    35.712     2.133     0.604     0.043    32.473     0.025    13.752      

 

454610_1   2.697    8.786   15.334    52.641     0.036     0.230     0.000    16.286     0.098     3.890    

454610_2  2.736    8.783   14.271    53.329     0.037     0.225     0.000    17.352     0.082     3.184    

454610_3   2.918    8.801    13.728    53.588     0.017     0.248     0.000    16.833     0.095     3.771    

454610_4  3.010    8.954    14.259    53.220     0.026     0.231     0.007    16.320     0.082     3.891 

454610_5  2.150    6.884    12.339    40.539     0.043     0.309     0.014    11.476     0.080    26.167 

454610_6  2.341   7.356    13.635    43.030     0.037     0.289     0.000    12.259     0.091    20.959    

454610 chl?  6.249     0.000    37.524    24.614     0.006     0.317     0.000    20.108     0.044    11.138 

454610_7  2.623    8.690    15.871    52.214     0.020     0.204     0.000    15.862     0.103     4.414 

454610_8  3.025    8.739    13.865    53.654     0.015     0.239     0.000    17.025     0.067     3.372 

454610_9  2.860    8.735    14.251    52.918     0.044     0.264     0.002    16.830     0.036     4.059    

454610_10  2.849    8.151    13.872    47.714     0.024     0.372     0.000    13.965     0.073    12.981 

454610_11  2.705   7.995    13.083    46.904     0.022     0.377     0.000    13.653     0.033    15.229 

454610_12  2.398    7.925    13.668    46.778     0.024     0.294     0.000    14.751     0.086    14.076 

454610_13  2.396    7.845    12.789    45.398     0.037     0.341     0.000    14.773     0.105    16.318 

454610_14  2.543    8.220    14.592    47.976     0.038     0.203     0.021    13.975     0.131    12.303    

454610_15  2.584    8.490    14.428    50.110     0.035     0.456     0.025    15.507     0.196     8.166      

 

454596_1  2.883    7.253     9.038    54.702     0.117     0.717     0.021    21.352     0.371     3.546 

454596_2 rim 3.027    7.113     8.234    52.180     0.061     0.743     0.000    19.261     0.196     9.182    

454596_2 core  2.449    6.938     8.229    54.548     0.061     0.712     0.014    21.228     0.285     5.537 

454596_2 core 2.621    7.117     8.326    52.889     0.071     0.696     0.025    20.797     0.326     7.132 

454596_2 rim 2.876    7.415     8.312    52.832     0.063     0.576     0.000    20.615     0.241     7.071    

4545-96_2 rim    3.018    6.843     7.552    47.752     0.123     0.707     0.015    18.442     0.317    15.232 

454596_3 core  3.032    7.383     7.497    53.109     0.106     0.673     0.002    21.517     0.301     6.381 

454596_3 rim 2.556    6.908     8.013    55.203     0.085     0.653     0.003    20.587     0.204     5.788 

454596_4 rim 2.691    7.370     8.793    52.276     0.101     0.567     0.020    21.681     0.276     6.224    

454596_4 core   2.872    7.278     9.135    48.743     0.124     0.556     0.000    19.593     0.244    11.454 

454596_4 core 3.070    7.686     9.636    51.213     0.111     0.413     0.000    21.164     0.306     6.402 

454596_4 rim     2.990    7.528     9.355    53.583     0.150     0.532     0.000    21.835     0.288     3.737    

454596_4 core  2.774    7.337     8.240    53.897     0.110     0.590     0.040    21.618     0.294     5.100 

454596_5  3.071   7.000     7.259    49.029     0.105     0.686     0.008    19.523     0.190    13.130 

454596_6    2.950    7.291     9.433    50.932     0.091     0.554     0.006    20.830     0.333     7.579    

454596_7       2.866    7.280     8.812    55.237     0.102     0.418     0.002    19.759     0.280     5.246 

454596_8 core   2.692    7.128     7.883    55.921     0.115     0.376     0.009    20.361     0.318     5.197 

454596_8 core  2.926    7.516     8.646    51.871     0.084     0.368     0.011    21.950     0.388     6.241 

454596_8 rim  2.216   6.115     9.633    54.959     0.068     0.248     0.027    17.625     0.392     8.717 

454596_8 rim  2.674    7.328     9.234    48.347     0.106     4.169     0.011    19.663     3.484     4.985  
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Sample  MgO      K2O      FeO      SiO2     Na2O     CaO      MnO      Al2O3    P2O5     (OH) 

 

454596_9 core 2.933    7.418    10.467    51.792     0.090     0.744     0.000    20.530     0.489     5.537 

454596_9 core      3.102    7.585    10.028    52.307     0.102     0.648     0.005    20.355     0.428     5.439    

454596 9 core      3.033    7.331    10.015    51.515     0.081     0.429     0.000    20.292     0.251     7.052    

454596 9 rim       2.896    7.191     9.547    51.818     0.127     1.912     0.000    20.009     1.519     4.981 

454596_9 rim 2.717    7.406     8.336    52.255     0.108     0.594     0.006    23.412     0.395     4.773 

454596_10   2.492    6.968     6.473    50.894     0.121     0.447     0.000    23.976     0.348     8.281 

454596_11   2.167    5.091     5.954    63.042     0.084     0.452     0.002    14.584     0.257     8.368 

454596_12   2.772    7.363     7.990    49.270     0.062     0.507     0.041    20.248     0.169    11.577    

454596_13  2.413    6.914     6.697    45.532     0.093     0.695     0.000    20.722     0.211    16.724  

454596_14   2.691    7.178     8.033    51.858     0.133     0.551     0.001    24.001     0.366     5.187    

454596_15     3.005    7.496     8.373    50.758     0.088     0.611     0.000    20.881     0.435     8.352    

454596_16     2.972    7.991     9.941    56.222     0.065     0.473     0.000    18.851     0.204     3.280    

454596_17      2.953    7.583     8.909    53.785     0.097     0.564     0.001    21.515     0.202     4.390    

454596_18      2.966    7.056     7.885    42.810     0.115     0.540     0.004    18.342     0.172    20.110 

454596_19      2.860    8.383     8.379    51.495     0.140     0.418     0.000    23.790     0.359     4.176  

454596_20     2.921    7.380     8.090    53.699     0.080     0.583     0.012    21.071     0.173     5.991 

454596_21       3.110    7.714     9.464    53.026     0.070     0.460     0.000    19.709     0.229     6.216     

454596_22      1.914    8.136     4.142    52.224     0.365     0.339     0.000    30.529     0.207     2.143   

454596_23  2.193    5.052     6.197    39.208     0.093     0.565     0.006    13.965     0.280    32.441 

454596_24      0.000    15.369     1.776    64.411     0.961     0.000     0.000    16.828     0.000     0.654   

 

454640_1  3.594     8.061    12.390    54.000     0.016     0.355     0.000    16.814     0.181     4.588    

454640_2     3.626     7.936    11.633    51.398     0.054     0.370     0.011    16.625     0.169     8.180 

454640_3       3.672     8.135    12.248    53.793     0.037     0.345     0.020    16.627     0.176     4.948 

454640_4       3.851     8.244    12.509    51.836     0.062     0.283     0.030    15.460     0.172     7.555 

454640_5  3.665     7.966    12.677    52.438     0.053     0.350     0.000    15.654     0.185     7.012 

454640_7    3.660     8.130    14.296    51.484     0.056     0.313     0.009    14.490     0.174     7.387   

454640_8    3.639     8.123    14.497    51.967     0.040     0.345     0.000    14.671     0.157     6.560   

454640_9    3.353     7.959    10.964    52.941     0.051     0.336     0.000    18.260     0.176     5.961 

454640_10      3.865     8.112    14.435    51.525     0.050     0.319     0.000    15.312     0.212     6.170 

454640_11  3.573     8.316    12.246    51.966     0.048     0.365     0.000    16.538     0.126     6.821   

454640_12     0.014     0.054     0.194   101.269     0.011     0.008     0.010     0.099     0.023     0.000 

454640_13    3.567     8.211    12.591    51.491     0.028     0.339     0.000    16.111     0.228     7.436   

454640_15      3.746     8.308    12.413    52.832     0.044     0.316     0.000    16.814     0.151     5.375   

454640_16     3.398     8.299    11.632    53.430     0.036     0.295     0.004    17.912     0.133     4.859   

454640_17      3.781     8.632    13.226    52.002     0.052     0.275     0.000    15.510     0.213     6.308   

454640_18      3.725     8.250    11.883    52.176     0.058     0.317     0.003    16.830     0.125     6.633 

454640_19      3.354     7.963    14.972    51.385     0.028     0.333     0.000    16.062     0.229     5.672   

454640_20  3.665     7.942    12.511    52.083     0.041     0.334     0.000    17.777     0.145     5.502 

454640_21     3.207     7.572    10.973    54.690     0.135     0.352     0.018    19.050     0.253     3.751   

 

454607_1  3.284     8.015    13.813    53.927     0.070     0.241     0.000    15.348     0.186     5.115    

454607_2       2.856     7.949    10.689    54.508     0.079     0.358     0.000    19.173     0.198     4.190    

454607_3    2.928     7.922     9.113    53.512     0.071     0.460     0.000    20.745     0.313     4.937 

454607_4       3.028     7.769     9.868    54.545     0.091     0.348     0.000    19.860     0.238     4.250    

454607_5       3.223     7.969    12.604    54.814     0.072     0.289     0.000    16.887     0.216     3.928 

454607_6    3.525     7.761    13.037    54.718     0.094     0.344     0.000    15.734     0.288     4.497    

454607_7  3.058     7.887    10.648    54.198     0.097     0.386     0.000    18.913     0.216     4.598 

454607_8  2.855     8.041    10.884    54.789     0.074     0.306     0.000    19.977     0.273     2.801 

454607_9  3.522     8.098    13.200    53.124     0.084     0.303     0.000    15.565     0.158     5.949 

454607_10  3.242     7.656    10.797    54.973     0.084     0.344     0.000    18.125     0.210     4.568    

454607_11  3.082     8.004    11.382    53.735     0.088     0.305     0.000    18.279     0.197     4.925    

454607_12  3.289     7.661    10.897    54.369     0.106     0.347     0.024    18.704     0.216     4.389 

454607_13  2.905     8.092    11.185    53.425     0.083     0.364     0.000    19.202     0.328     4.418 

454607_14  2.855     7.573     9.462    52.539     0.072     0.465     0.000    20.943     0.348     5.742   

454607_15  3.636     7.713    12.753    52.705     0.108     0.404     0.000    15.795     0.431     6.454    

454607_16  3.412     7.352    11.696    54.207     0.073     0.377     0.007    19.857     0.299     2.717    

454607_17  3.115     7.635    11.358    52.785     0.068     0.426     0.000    18.718     0.449     5.445     
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Sample  MgO      K2O      FeO      SiO2     Na2O     CaO      MnO      Al2O3    P2O5     (OH) 

 

454607_18  3.191     7.713    11.412    52.791     0.089     0.394     0.000    17.975     0.355     6.079    

454607_19  3.227     7.295    11.711    53.937     0.089     0.371     0.016    18.022     0.315     5.016     

454607_20  3.580     8.231    14.330    50.941     0.016     0.318     0.000    13.413     0.088     9.083  

454607_21  2.834     7.774    11.113    40.985     0.060     0.355     0.000    17.210     0.397    19.271     

 

454634_1  3.461     8.224    13.174    51.218     0.034     0.373     0.013    14.238     0.102     9.164 

454634_2  3.041     7.808    12.791    47.167     0.055     3.235     0.000    13.759     2.373     9.772 

454634_3  0.000     0.008     0.046     2.394     0.102     0.002     0.000     0.837     0.027    96.585 

454634_4  3.189     8.169    14.556    49.283     0.048     0.344     0.007    14.025     0.172    10.209 

454634_5  3.410     8.315    14.479    49.168     0.043     0.346     0.000    13.965     0.144    10.129    

454634_6  3.387     8.269    13.679    48.164     0.027     0.369     0.000    13.529     0.095    12.480    

454634_7  3.548     8.438    14.207    45.936     0.034     0.369     0.002    13.223     0.109    14.133    

454634_8  0.318     0.006     0.211     0.000     0.120    55.737     0.015     0.004     0.038    43.551 

454634_9  3.214     8.475    14.648    47.487     0.032     0.299     0.014    13.504     0.114    12.213 

454634_10  3.410     8.398    14.025    47.940     0.029     0.314     0.000    14.338     0.153    11.396 

454634_11  3.348     8.457    14.323    47.118     0.029     0.316     0.018    13.758     0.122    12.512 

454634_12  3.305     8.309    13.969    43.853     0.021     0.380     0.000    12.905     0.112    17.147  

454634_13  3.306     8.349    15.454    42.515     0.015     0.314     0.000    11.787     0.111    18.148    

454634_14  3.137     8.082    12.616    44.939     0.026     0.378     0.019    14.327     0.073    16.403  

454634_15  3.072     8.100    14.140    41.720     0.062     0.343     0.000    13.914     0.140    18.511 

454634_16  3.220     8.423    14.858    43.540     0.045     0.332     0.000    14.301     0.186    15.096 

454634_17 core 2.971     7.979    14.283    41.011     0.030     0.378     0.010    14.300     0.224    18.815 

454634_17 core 3.405     8.162    14.575    42.596     0.033     0.382     0.026    13.103     0.137    17.580    

454634_18  3.350     7.960    15.245    41.325     0.055     1.616     0.008    11.648     1.488    17.305 

454634_19  3.073     8.069    13.895    40.372     0.029     0.272     0.017    12.874     0.109    21.288    

454634_20  3.517     8.546    15.852    43.792     0.040     0.267     0.003    11.747     0.063    16.173 

454634_21  3.177     9.244     4.862    47.991     0.042     0.180     0.002    27.844     0.028     6.631  

 

454627_1  3.457     8.855     5.309    48.774     0.036     0.159     0.001    27.111     0.045     6.252    

454627_2   4.392     8.443     6.700    46.412     0.049     0.182     0.000    24.788     0.087     8.947 

454627_3  3.720     8.637     6.061    46.699     0.040     0.160     0.000    26.521     0.017     8.149 

454627_4  4.002     8.851     5.653    48.127     0.078     0.186     0.002    26.137     0.045     6.919 

454627_5  3.209     9.078     4.997    49.369     0.031     0.142     0.000    27.842     0.028     5.306 

454627_6  4.390     8.543     7.071    48.587     0.064     0.202     0.000    25.504     0.017     5.621   

454627_7  3.994     8.632     5.774    45.439     0.034     0.212     0.014    25.449     0.023    10.429 

454627_8  4.454     8.393     7.128    47.328     0.029     0.233     0.005    24.896     0.088     7.444   

454627_9  3.409     8.869     5.461    47.500     0.041     0.177     0.021    27.025     0.000     7.496   

454627_10  3.609     8.877     5.433    43.959     0.054     0.206     0.000    26.306     0.022    11.536 

454627_11  4.157     8.493     6.523    45.102     0.049     0.236     0.019    24.964     0.031    10.425    

454627_12  4.394     8.609     6.758    45.959     0.057     0.228     0.000    25.205     0.029     8.761 

454627_13  3.951     8.671     6.078    48.063     0.048     0.179     0.000    25.881     0.034     7.094    

454627_14  4.181     8.606     6.566    47.493     0.044     0.238     0.019    26.009     0.023     6.823 

454627_15  3.704     8.592    14.298    51.559     0.019     0.323     0.023    14.465     0.100     6.914    

  

454636_1  3.757     8.521    14.477    52.758     0.054     0.333     0.016    14.252     0.118     5.716 

454636_2  3.774     8.665    15.761    52.432     0.035     0.270     0.000    12.873     0.111     6.077   

454636_3  3.738     8.570    15.919    53.123     0.027     0.262     0.007    12.792     0.127     5.436 

454636_4  3.691     8.604    14.614    52.423     0.038     0.321     0.000    13.649     0.087     6.573 

454636_5  3.542     8.443    15.842    52.262     0.063     0.274     0.000    13.885     0.101     5.589 

454636_6  3.683     8.629    15.964    52.144     0.042     0.281     0.011    12.504     0.074     6.668 

454636_7  3.750     8.644    16.392    53.002     0.044     0.262     0.002    12.422     0.093     5.388   

454636_8  3.816     8.732    16.525    51.731     0.057     0.318     0.007    11.994     0.154     6.667 

454636_9  3.602     8.531    14.450    53.164     0.025     0.308     0.000    14.221     0.082     5.618   

454636_10  3.797     8.596    15.895    52.691     0.050     0.322     0.002    12.777     0.147     5.722   

454636_11 core 3.730     8.704    16.176    52.232     0.040     0.279     0.015    12.412     0.136     6.274    

454636_11 core 3.720     8.684    15.658    52.069     0.040     0.345     0.007    13.353     0.153     5.970    

454636_11 rim 3.656     8.680    14.544    51.763     0.044     0.327     0.000    14.043     0.127     6.816 

454636_11 rim 3.939     8.669    16.131    52.597     0.033     0.377     0.000    12.231     0.208     5.816  



 

 

345 

 

Sample  MgO      K2O      FeO      SiO2     Na2O     CaO      MnO      Al2O3    P2O5     (OH) 

 

454636_12  3.764     8.721    16.841    52.233     0.033     0.279     0.000    11.830     0.134     6.165 

454636_13   3.631     8.561    14.972    52.383     0.048     0.317     0.000    14.222     0.142     5.722    

454636_14  3.657     8.596    13.600    51.937     0.034     0.311     0.004    15.061     0.090     6.711 

454636_15  3.743     8.567    15.453    51.319     0.033     0.350     0.005    13.842     0.153     6.533   

454636_16  3.694     8.613    15.416    52.390     0.051     0.282     0.015    13.698     0.135     5.706 

454636_17 core 3.455     8.447    14.619    52.006     0.020     0.305     0.006    14.476     0.124     6.540   

454636_17 rim 3.121     8.372    11.662    52.127     0.040     0.474     0.019    17.290     0.183     6.712  

 

454590_1  3.212     8.493    12.719    52.035     0.057     0.430     0.000    17.067     0.262     5.726 

454590_2   3.274     8.580    14.097    52.645     0.055     0.332     0.000    14.770     0.220     6.025   

454590_3  2.984     8.177    10.866    52.610     0.054     0.476     0.000    19.184     0.148     5.500 

454590_4  3.411     8.430    12.911    50.198     0.040     0.420     0.008    15.914     0.194     8.474 

454590_5  3.231     8.636    13.726    53.524     0.035     0.341     0.001    16.207     0.185     4.115 

454590_6   3.246     8.608    11.674    50.012     0.032     0.382     0.000    17.644     0.128     8.272    

454590_7  3.184     8.526    10.788    49.927     0.039     0.454     0.000    18.657     0.158     8.268 

454590_8  3.256     8.527    12.751    52.701     0.063     0.357     0.000    17.064     0.118     5.164 

454590_9  3.121     8.183    10.741    48.923     0.050     0.463     0.000    17.207     0.094    11.218 

454590_10  3.271     8.569    13.325    54.050     0.038     0.350     0.004    16.582     0.173     3.639 

454590_11  3.250     8.439    11.949    52.309     0.065     0.494     0.005    16.858     0.127     6.505  

454590_12  3.324     8.524    13.010    52.170     0.032     0.326     0.000    16.589     0.149     5.873   

454590_13  3.263     8.662    12.785    52.214     0.036     0.428     0.000    16.543     0.110     5.960  

454590_14  3.234     8.672    12.560    53.385     0.016     0.328     0.000    17.029     0.134     4.642 

454590_15  3.151     8.514    12.089    51.500     0.051     0.322     0.000    18.016     0.189     6.166    

454590_16  9.008     3.526    18.308    29.491     0.045     0.196     0.022    22.444     0.067    16.894  

 

454520_1   10.844     1.467    22.939    24.933     0.018     0.191     0.022    21.010     0.104    18.472 

454520_2  9.774     0.920    21.438    26.058     1.127     0.176     0.020    20.630     0.047    19.812 

454520_3  11.531     0.182    27.163    20.794     0.023     0.251     0.012    19.952     0.057    20.036 

454520_4  11.329     0.575    26.693    21.141     0.027     0.240     0.000    19.575     0.052    20.368  

454520_5  10.921     0.454    25.309    20.052     0.014     0.261     0.021    19.649     0.045    23.277 

454520_6  8.353     1.559    20.010    27.221     0.979     0.552     0.000    20.859     0.080    20.389 

454520_7   9.909     1.786    21.426    23.473     0.035     0.391     0.026    19.830     0.122    23.002 

454520_8  11.031     0.817    24.535    20.820     0.003     0.296     0.004    19.478     0.052    22.962   

454520_9  8.207     2.763    19.946    26.173     0.013     0.334     0.000    21.661     0.085    20.817 

454520_10   8.207     2.763    19.946    26.173     0.013     0.334     0.000    21.661     0.085    20.817 

 

 
Sample       MgO              K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)      SO3     

 

C454597_1        2.641       7.968    13.062    45.750     0.044     0.247     0.020    15.172     0.036    14.975     0.085  

C454597_2dk      2.095       6.069     9.296    36.982     0.041     1.169     0.016    12.677     1.009    28.933     1.712     

C454597_3dk      2.085       6.470     9.755    38.945     0.035     0.127     0.024    14.295     0.096    26.524     1.646 

C454597_3lt        0.002       0.017     0.183    97.557     0.000     0.004     0.014     0.031     0.012     2.169     0.013 

C454597_4          2.836       8.579    15.499    50.554     0.019     0.216     0.000    13.981     0.093     8.162     0.061 

C454597_5cr       2.674       7.940    12.169    47.645     0.066     0.251     0.005    15.373     0.092    13.656     0.126    

C454597_5rm      2.312       7.151    10.326    42.782     0.053     0.144     0.000    14.541     0.064    21.049     1.576    

C454597_6 dk     2.291       6.907    10.150    42.023     0.031     0.144     0.000    14.328     0.081    22.576     1.469 

C454597_7cr       2.806       8.165    13.885    47.596     0.036     0.234     0.002    14.061     0.096    12.981     0.138 

C454597_7rm      2.564       7.650    12.682    45.685     0.030     0.180     0.004    14.238     0.072    16.104     0.792 

C454597_8dk      1.972       6.064     8.296    39.581     0.020     0.084     0.000    14.236     0.036    27.829     1.879    

C454597_9dk      2.202       6.550    10.760    41.013     0.027     0.163     0.004    13.580     0.102    24.110     1.491 

C454597_10cr     2.690       7.989    14.428    48.397     0.045     0.281     0.008    14.102     0.068    11.832     0.160 

C454597_10rm   2.429       7.217    12.323    43.677     0.058     0.175     0.000    13.504     0.125    19.401     1.092 

C454597_11dk    2.203       7.054    10.808    43.064     0.032     0.273     0.000    14.875     0.125    21.449     0.118 

C454597_12dk    2.340       6.994    12.125    42.346     0.043     0.155     0.025    13.350     0.046    21.405     1.171 

C454597_13cr     2.670       7.982    14.038    47.179     0.060     0.230     0.011    13.729     0.053    14.007     0.042 

C454597_13dkr   2.422       7.143    12.556    42.988     0.043     0.131     0.000    12.780     0.035    20.561     1.339    

C454597_13dk    2.003       5.683    10.353    34.982     0.026     0.139     0.000    11.715     0.041    32.576     2.482  



 

 

346 

 

Sample       MgO              K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)      SO3   

  

 

C454597_14cr     2.768       7.932    14.841    47.207     0.058     0.262     0.000    13.952     0.065    12.863     0.052 

C454597_14cr     2.756       8.159    14.807    48.028     0.036     0.243     0.004    13.878     0.071    11.952     0.066  

C454597_14cr     2.858            8.041    14.635    47.375     0.056     0.244     0.000    13.768     0.044    12.914     0.066 

C454597_14rm    2.112           6.409    9.699    40.134     0.042     0.139     0.019    14.270     0.051    25.106     2.020 

C454597_14rm    2.677           7.565   14.214    44.690     0.044     0.224     0.000    14.072     0.053    15.525     0.937 

C454597_14rm    2.661           7.494   12.648    43.878     0.024     0.160     0.002    13.614     0.013    18.484     1.023 

C454597_15cr     2.787           8.053   14.464    47.826     0.049     0.255     0.000    13.770     0.057    12.682     0.057 

C454597_15cr     2.833           7.958   14.387    47.432     0.055     0.325     0.009    13.852     0.053    13.020     0.077 

C454597_15rm    2.597           6.909   12.349    42.144     0.030     0.117     0.004    13.609     0.054    20.704     1.484 

C454597_15rim   2.494           6.862    11.664    41.609     0.026     0.143     0.000    12.952     0.049    22.509     1.690    

C454597_16cr1   2.364           7.427   11.952    44.760     0.077     0.252     0.000    15.068     0.058    18.001     0.042  

C454597_16cr     2.395           7.357     11.715    43.933     0.070     0.202     0.001    15.433     0.056    18.742     0.095    

C454597_16rm    2.039           6.212     8.997    37.349     0.073     0.216     0.014    14.240     0.079    29.023     1.757    

C454597_16rm    2.098           6.751          9.804    41.675     0.066     0.189     0.000    14.942     0.037    23.467     0.974 

C454597_17dk    2.128           6.436   10.606    39.358     0.063     0.137     0.016    13.150     0.144    26.014     1.948 

C454597_18cr     2.610           7.923   14.235      47.113     0.052     0.248     0.000    13.830     0.094    13.833     0.062 

C454597_18cr     2.584           7.801     13.990    46.689     0.072     0.237     0.000    13.712     0.063    14.685     0.168 

C454597_18rm    2.440           7.204   11.496    43.270     0.029     0.196     0.000    13.849     0.070    20.658     0.789 

C454597_18rm    2.337       7.077    11.839    42.045     0.040     0.148     0.000    12.953     0.081    22.049     1.430    

C454597_19dk    2.155 6.543   10.410    39.493     0.028     0.122     0.010    13.116     0.057    26.298     1.768  

C454597_20dk    1.708 5.780    7.858    36.450     0.046     0.075     0.008    14.044     0.081    31.464     2.485    

C454597_21dk    2.078 5.972    8.297    37.068     0.037     0.267     0.000    12.975     0.102    30.805     2.401  

C454597_22dkr  2.367 7.224   10.084    43.182     0.026     0.296     0.000    15.687     0.069    20.541     0.525 

C454597_23cr    2.782 8.184   14.260    47.404     0.027     0.211     0.038    13.647     0.040    13.331     0.074    

C454597_23rm   2.730 7.845   13.502    46.237     0.062     0.208     0.014    14.053     0.058    14.691     0.601 

C454597_24cr    2.687 8.154   13.155    47.104     0.055     0.309     0.000    14.633     0.070    13.787     0.047 

C454597_24cr    2.673 8.069   13.131    47.343     0.073     0.280     0.000    14.660     0.083    13.628     0.061    

C454597_24rm   2.207 6.630    9.034    39.656     0.028     0.220     0.000    14.324     0.068    26.035     1.797    

C454597_24rm   2.453 7.542   11.811    44.423     0.037     0.147     0.006    14.022     0.083    18.290     1.185    

C454597_25dk    2.459 7.355     11.599    44.610     0.043     0.241     0.000    14.610     0.084    18.650     0.351 

C454597_26dk    2.273 6.966     10.425    42.388     0.025     0.182     0.000    14.355     0.065    22.385     0.935    

C454597_27lt      2.669 7.803     14.082    47.109     0.049     0.238     0.006    13.174     0.089    14.751     0.031 

C454597_28cr    2.665 8.081     14.306    48.509     0.030     0.264     0.000    13.552     0.083    12.408     0.102 

C454597_28rm   2.285 6.832      10.661    41.446     0.055     0.246     0.013    14.049     0.056    24.269     0.090  

 

C454614_1          2.873       8.108   11.414   51.795     0.058     0.169     0.000    19.703     0.086     5.724     0.068    

C454614_2          3.428        8.685    12.673    50.133     0.052     0.201     0.000    18.941     0.127     5.729     0.033 

C454614_3        3.407        8.525    12.539    50.525     0.061     0.201     0.015    19.401     0.093     5.183     0.048    

C454614_4          3.267        8.341    13.440    48.762     0.065     0.212     0.000    19.792     0.127     5.890     0.107 

C454614_5          3.413        8.471    12.944    49.400     0.067     0.198     0.000    19.452     0.086     5.917     0.051    

C454614_6          3.317        8.712    12.895    49.892     0.040     0.199     0.013    19.288     0.112     5.466     0.065    

C454614_7          3.143        8.299    12.574    48.512     0.048     0.222     0.003    20.018     0.114     6.983     0.085 

C454614_8          3.441        8.712    13.052    49.010     0.051     0.179     0.015    18.589     0.120     6.806     0.025  

C454614_9          3.098        8.381    12.209    48.629     0.050     0.241     0.003    20.214     0.092     7.032     0.049    

C454614_10        3.285       8.686    12.908    49.472     0.043     0.211     0.003    19.027     0.096     6.226     0.044 

C454614_11        3.093       8.703    12.386    49.493     0.047     0.186     0.000    20.339     0.142     5.546     0.064    

C454614_12        3.192       8.647    12.099    49.039     0.043     0.183     0.032    19.368     0.137     7.195     0.065 

C454614_13        2.863       8.423    10.830    49.851     0.041     0.218     0.000    20.816     0.096     6.765     0.096    

C454614_14        3.132       8.645    11.241    51.198     0.053     0.215     0.000    19.536     0.076     5.851     0.055 

C454614_15        3.132       8.608    11.205    48.627     0.030     0.196     0.007    19.923     0.153     8.082     0.034    

C454614_16        3.006       8.354    11.177    50.280     0.056     0.168     0.005    19.663     0.153     7.074     0.063    

C454614_17        3.458       8.677    12.033    49.041     0.054     0.178     0.025    19.168     0.145     7.173     0.048 

C454614_18        3.082       8.752    11.439    48.516     0.083     0.159     0.000    19.814     0.135     7.981     0.041 

C454614_19        3.317       8.569    11.945    48.048     0.077     0.197     0.010    19.022     0.208     8.564     0.044 

C454614_20        2.865       8.124    13.775    47.071     0.078     0.203     0.028    19.025     0.115     8.599     0.117 

 C454614_cnt1     0.864       0.231     4.375    88.666     0.053     0.085     0.000     2.938     0.005     2.742     0.041 

C454614_cnt2     2.135       0.163    11.013    74.761     0.039     0.146     0.012     5.676     0.015     5.868     0.171  



 

 

347 

 

 

Sample       MgO              K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)      SO3     

 

C454614_cnt3     2.526       0.156    11.718    72.466     0.039     0.150     0.000     6.754     0.000     6.134     0.058 

C454614_cnt4     0.221       0.705     0.821    88.933     0.061     0.063     0.000     2.510     0.003     6.501     0.182 

C454614_cnt5     0.258       0.320     1.453    89.817     0.070     0.069     0.000     1.677     0.031     6.262     0.045  

 

C454570_1          4.440 7.916     5.133    55.216     0.063     0.367     0.031    22.804     0.146     3.851     0.033 

C454570_2          3.949 7.914     5.099    54.333     0.082     0.362     0.000    24.249     0.188     3.788     0.035    

C454570_3          4.686 7.823     6.034    54.849     0.094     0.329     0.000    21.316     0.077     4.760     0.032 

C454570_4          3.868 7.879     4.795    54.131     0.059     0.410     0.003    24.847     0.114     3.846     0.048 

C454570_5          4.615 7.691     5.860    56.460     0.111     0.305     0.000    20.627     0.104     4.196     0.032    

C454570_6          4.606 8.085     7.225    54.274     0.109     0.296     0.006    20.013     0.207     5.156     0.024 

C454570_7          4.449 7.858     4.797    54.649     0.073     0.396     0.000    23.118     0.186     4.425     0.050 

C454570_8          3.393 7.677     5.336    51.609     0.031     0.870     0.010    25.098     0.765     5.101     0.109    

C454570_9          4.354 7.853     5.913    53.942     0.097     0.352     0.000    22.042     0.189     5.206     0.053 

C454570_cnt1     1.084 2.606     1.492    80.643     0.078     0.132     0.015     9.828     0.031     4.069     0.019    

C454570_cnt2     1.696 1.083     4.597    81.720     0.022     0.103     0.001     6.881     0.031     3.837     0.029 

C454570_cnt3     0.720 1.490     1.188    86.658     0.060     0.098     0.000     5.881     0.021     3.848     0.037 

C454570_cnt4     0.657 1.466     1.170    88.142     0.039     0.100     0.000     5.350     0.019     3.032     0.026 

C454570_cnt5     0.716 2.091     0.793    85.369     0.059     0.079     0.025     7.440     0.002     3.396     0.029     

 

C454575_1spic   2.889        7.416     6.652    52.854     0.092     0.555     0.029    24.638     0.226     4.616     0.034 

C454575_2spic   1.965      3.985    3.733    76.428     0.067     0.276     0.000    11.123     0.062     2.353     0.011 

C454575_3        2.922      7.416     5.905    55.863     0.049     0.443     0.000    23.384     0.089     3.912     0.016     

C454575_5       3.328      7.715     8.090    53.642     0.052     0.531     0.006    21.440     0.083     5.088     0.022    

C454575_6spic  1.888      5.347     3.459    66.706     0.063     0.349     0.016    18.022     0.043     4.096     0.010     

C454575_7         3.922      7.766     8.723    52.955     0.089     0.424     0.000    19.971     0.128     6.002     0.020 

C454575_8         3.269            7.387     6.691    54.094     0.067     0.502     0.000    22.617     0.099     5.264     0.011 

C454575_9         3.156            7.571     6.756    53.790     0.086     0.400     0.002    23.029     0.032     5.159     0.018    

C454575_10gl-qtz1  0.853      3.140       1.583    79.858     0.051     0.167     0.009    10.317     0.021     4.002     0.001 

C454575_10gl-qtz2  1.812      6.589       3.193    60.319     0.089     0.329     0.024    23.118     0.029     4.475     0.023 

C454575_10gl-qtz3  0.042      0.128       0.147    95.480     0.074     0.033     0.014     0.756     0.009     3.318     0.000 

C454575_10gl-qtz4  0.017      0.095       0.160    96.241     0.009     0.152     0.026     0.515     0.000     2.787     0.001    

C454575_10gl-qtz5  0.230      0.651       0.434    92.703     0.016     0.121     0.000     2.327     0.000     3.513     0.005 

C454575_11      2.482      6.289     4.907    61.099     0.054     0.394     0.046    20.283     0.027     4.401     0.017    

C454575_12      3.235         7.357     7.486    53.111     0.068     0.472     0.000    21.684     0.048     6.513     0.026 

C454575_13      3.137         7.267     6.602    53.725     0.094     0.462     0.026    22.509     0.102     6.041     0.036 

C454575_15      3.061         7.044     6.694    52.833     0.055     0.428     0.032    21.056     0.121     8.672     0.004 

C454575_16      3.647         7.367     8.483    52.198     0.109     0.393     0.029    20.272     0.134     7.330     0.035    

C454575_17      3.041        7.313     6.496    53.239     0.067     0.489     0.008    23.385     0.102     5.857     0.005 

C454575_18      3.138         7.245     7.047    52.874     0.089     0.568     0.022    22.418     0.075     6.523     0.000    

C454575_19      3.197         7.339     7.453    53.561     0.097     0.512     0.000    22.362     0.144     5.327     0.007    

C454575_20spic  1.366      3.778       2.459    68.960     0.052     0.241     0.000    12.620     0.010    10.499     0.016 

C454575_21cmt   0.901      2.386       2.771    74.628     0.070     0.162     0.004     8.048     0.031    10.984     0.016  

C454575_21cmt   0.355        1.344      1.251    75.697     0.139     2.921     0.000     5.474     0.007    12.793     0.020 

C454575_21cmt   0.521        0.271      1.902    81.614     0.041     0.130     0.000     2.562     0.007    12.953     0.000  

C454575_21cmt   0.205        0.668     0.403    83.355     0.092     0.310     0.000     2.738     0.000    12.197     0.032 

C454575_22spic  1.899        4.60      3.883    63.696     0.050     0.291     0.000    13.973     0.022    11.560     0.019  

C454575_23spic  0.195        0.591      0.597    82.683     0.038     0.064     0.000     2.104     0.017    13.687     0.025 

C454575_24cmt   0.231        0.775      0.471    81.885     0.113     0.104     0.020     3.348     0.000    13.014     0.037    

C454575_25spic  2.135        5.615     4.533    56.458     0.049     0.333     0.017    18.246     0.065    12.520     0.030 
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APPENDIX K  

AVERAGE COMPOSITION (WT. %) OF GLAUCONITE GRAINS FOR EACH 

STUDIED SECTION 

 

 

Locality Sample    MgO       K2O       FeO       SiO2      Na2O      CaO       MnO       Al2O3     P2O5      (OH)   

     1 C454520    10.091    1.405   22.777    24.015    0.228    0.289    0.013    20.509    0.071   20.603 

     1 C454533    3.226    6.381   4.317    48.006    0.062    0.452    0.008    20.644    0.206   16.697 

     1 C454540A    3.070    7.309   6.356    54.211    0.066    0.376    0.010    23.219    0.181    5.203 

 

     2 C454570    4.262    7.855   5.577    54.385    0.080    0.410    0.006    22.679    0.220   4.481 

     2 C454575    3.206    7.336   7.053    54.179    0.077    0.466    0.012    21.946    0.089   5.618 

 

     3 C454593    2.977    8.584   15.403    51.291    0.0438    0.359    0.003    13.992    0.152   7.193 

     3 C454589    2.851    8.236   13.268    52.301    0.0481    0.259    0.005    16.431    0.122   6.478 

     3 C454646    4.801    6.249   14.840    41.663    0.0893    0.716    0.026    24.921    0.444   6.249 

     3 C454594B    3.059    8.356   11.220    52.889    0.0481    0.374    0.000    18.208    0.111   5.733 

     3 C454596    2.795    7.605    8.364    53.099    0.1251    0.531    0.008    22.425    0.285   4.762 

     3 C454590    3.214    8.518   12.628    52.606    0.0452    0.388    0.002    16.933    0.166   5.502 

 

     4 C454625    2.761    7.517   7.624    52.900    0.135    0.342    0.003    23.191    0.207   5.325 

     4 C454610    2.838    8.784   14.511    53.081    0.028    0.234    0.001    16.644    0.080   3.797 

     4 C454607    3.172    7.789   11.374    53.915    0.086    0.359    0.003    18.344    0.274   4.688 

     4 C454627    3.803    8.790   5.903    48.137    0.046    0.188    0.005    26.472    0.034   6.621 

     4 C454614    3.206    8.537   12.227    49.620    0.054    0.196    0.007    19.596    0.114   6.385 

 

     5 C454632    3.518    8.166   13.796    51.283    0.051    0.964    0.005    14.130    0.575   7.511 

     5 C454640    3.419    7.688   12.099    55.213    0.042    0.307    0.004    15.349    0.165   5.811 

     5 C454634    3.019    7.489   12.971    41.476    0.042    3.031    0.007    12.250    0.281  19.441 

     5 C454636    3.711    8.608   15.407    52.296    0.039    0.307    0.006    13.381    0.124   6.125 

 

Localities are: 1 – Borup Fiord Pass south-east; 2 – Borup Fiord Pass north-west; 3 – East Mt. 

Leith; 4 – Mysterious Evaporites; 5 – Bart Cliff 
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APPENDIX L  

STOCHIOMETRIC FORMULAS CALCULATED ON THE BASIS OF 22 LAYER 

CHARGES 

 

 

Locality Sample      Mg          K        Σ Fe       Si        Na        Ca         Mn          P    Al(IV)    Al(VI) 

 

     1 C454533    0.332    0.561    0.226    3.731    0.009    0.034    0.001    0.012   0.269 1.410 

     1 C454540A    0.306    0.618    0.319    3.578    0.009    0.026    0.001    0.010   0.422 1.374 

     1 C454520    1.307    0.156    1.488    2.087    0.038    0.027    0.001    0.005   1.908 0.191 

 

     2 C454570    0.417    0.658    0.275    3.572    0.010    0.029    0.000    0.012   0.428 1.326 

     2 C454575    0.318    0.623    0.353    3.605    0.010    0.033    0.001    0.005   0.395 1.325 

 

     3 C454593    0.314    0.775    0.820    3.632    0.006    0.027    0.0000    0.009   0.358 0.809 

     3 C454589    0.295    0.728    0.692    3.625    0.006    0.019    0.0000    0.007   0.367 0.975 

     3 C454646    0.501    0.558    0.782    2.918    0.012    0.054    0.001    0.026   0.910 1.147 

     3 C454594B    0.311    0.727    0.576    3.609    0.006    0.027    0.0000    0.006   0.397 1.067 

     3 C454596    0.277    0.644    0.418    3.527    0.016    0.038    0.0000    0.016   0.374 1.381 

     3 C454590    0.329    0.745    0.651    3.607    0.006    0.029    0.0000    0.010   0.382 0.986 

 

     4 C454625    0.274    0.638    0.384    3.521    0.017    0.024    0.0000    0.012   0.391 1.427 

     4 C454610    0.287    0.760    0.740    3.599    0.004    0.017    0.0000    0.005   0.028 1.302 

     4 C454607    0.318    0.667    0.574    3.620    0.011    0.026    0.0000    0.015   0.362 1.089 

     4 C454627    0.386    0.765    0.303    3.282    0.006    0.014    0.0000    0.002   0.715 1.411 

     4 C454614    0.276    0.572    0.545    3.844    0.007    0.013    0.0000    0.005   0.150 1.119 

 

     5 C454632    0.370    0.735    0.732    3.619    0.007    0.073    0.0000    0.034   0.343 0.832 

     5 C454640    0.346    0.666    0.618    3.751    0.001    0.022    0.0000    0.009   0.239 0.990 

     5 C454634    0.373    0.794    0.810    3.446    0.007    0.270    0.0000    0.020   0.533 0.666 

     5 C454636    0.387    0.768    0.810    3.658    0.005    0.023    0.0000    0.007   0.335 0.768 

 

Localities are: 1 – Borup Fiord Pass south-east; 2 – Borup Fiord Pass north-west; 3 – East Mt. 

Leith; 4 – Mysterious Evaporites; 5 – Bart Cliff 

Σ - Total Fe (Fe3+ + Fe2+) 
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APPENDIX M  

GLAUCONITE PLOTS 

(Supplemental to glauconite and sequence stratigraphy) 
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APPENDIX N  

XRD DATA PLOTS 

 

C454570 (BULK) 
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C454589 (BULK) 

 

C454597 (BULK) 
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C454607 (BULK) 

 

C454636 (BULK) 
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C454646 (BULK) 

 

454520 (CLAY FRACTION) 
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454532 (CLAY FRACTION) 

 

C454534 (CLAY FRACTION) 
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C454546 (CLAY FRACTION) 

 

C454570 (CLAY FRACTION) 
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C454589 (CLAY FRACTION) 

 

C454597 (CLAY FRACTION) 
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C454607 (CLAY FRACTION) 

 

C454610 (CLAY FRACTION) 
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C454625 (CLAY FRACTION) 

 

C454627 (CLAY FRACTION) 
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C454634 (CLAY FRACTION) 

 

C454626 (CLAY FRACTION) 
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C454640 (CLAY FRACTION) 

 

C454646 (CLAY FRACTION) 
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ILLITE SAMPLES 

C454625 (CLAY FRACTION) 

 
C454627 (CLAY FRACTION) 
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C454570 (CLAY FRACTION) 

 

 

 




