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Foreword

This report is the published product of a study by the British Geological Survey (BGS)
commissioned by efas under Cas Purchase Order No. 20017984, and undertaken between 1
April 2013 and 31 July 2013. The purpose of the study wasdertake a petrographic and
stable isotope investigation of samples of carbeoateented sediment recovered from the
BraemarPockmark Aea of the North Sea, to evaluate their origin as possible metlesived
authigenic carbonate (MDAC) deposits. This report pregéetsesultof the petrographiand
stable isotopebservations from the samples.
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Figure 60. CaC@MgCOs-SrCG; molar ratio plot illustrating the compositions of the late
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Figure 65. Photograph showing the range of shapes and sizes of the fragments of carbonate
cemented sandstone and siltstone in sample HG10 STN 29A. The fragments are highly
irregular but some are modergtevell rounded, and may also be bored by marine
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Figure 66. BSEM photomicrograph showing typical uncompacted grain fabric with angular
detrital grains of fine sand, which are wedmented by interstitial microporous
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can be seen to be extensively bored with fine open borings penetrating from the
external surfaces. The rock displays a bioturbated fabric with irregular patches of more
darkergrey porous sandy sediment filling burrows and wisps of ligitey, more
(18T o ) Y=o [ 1Y o | PO 4
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sandsbtne. It shows tightly coalescing microspheroidal or globular aggregates of
dolomicrite. Coarser rhombs of latéage lowmagnesian calcite (lighgrey) have

nucleated within the dolomite matrix, and replace the dolomite. Sample HG10 STN
2 = P 75

Figure 73. BSEM photomicrograph showing the detail of the micritic dolomite cement
within porous sandy parts of the sample. The dolomite preserves -@evelbped
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intergranular pore walls. Some of the spheroids display cellular structures that possibly
represent mineralised bacterial cells. Sample HG10 STN.29B...........cccoevvvvieeeeeeenn. 76
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micritic dolomite cement (open red circles) and later replacive microsparry calcite
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Summary

This reportdescribeghe findings of a programme of wodkdetaken by the British Geological

Survey (BGShn behalf othe Centre for Environment, Fisheries & Aquaculture Scidi@efag

to characteriselevensamples of carbonateementedine sandyand siltysediment, recovered

by Cefasfrom the seabeth the BraemarPockmark Area of the North Seg@he samples were
collected from an area of active methane seeps handigjective of this study was tharacterise

the origin and formation of carbonatemented sediment, and in particutaiconfirm whether or

notthe carbonateementations associated with the anaerobic oxidation of methane and sulphate
reduction related tsubseabed leakage of metharhes t udy wi | | contribu
evaluation of thdBraemarPockmark as an area to be designated as an @éfSipecial Area of
Conservation (JNCC, 2008

Three endmembertypes of carbonateemented sediment have been differentiaisthg the
mineralogy of their carbonate cements

Aragonitedominated cementomprising: (i) early isopachous graspating aragonitdringes

coating detrital grains; (ii) spheroidal aggregates of micritic or microcrystalline aragbmétse

may coalesce to form a | ocal,layd; (d)eoarseeacicmarc r i t
aragonite overgrowths on molluscan shell fragments

The aragonite is strontivmich with up to 2 mole% SrCg£n solid-solution

The aragoniteementedock hasbeendemonstrated to have formed later than the magnesian
calcitecenmented lithologies.

High-magnesium calcitdominated cementscomprising: (i) early globular, spheroidal
aggregates of very fine grained higlagnesium calcite coating detrital graifg) icl ot s 0,
framboidal microbotryoidal aggregates of micritic or microtalfge highmagnesium calcite.
These micrite aggregatepalesce to fon a locally dense micritic matrixiii) microcellular
fabrics composedof magnesian calcite microcrystathat closely resemble fossilised and
mineralised bacterial celldDenser areas of cementatiame formedas these microcellular
structures coales@nd become more compacted.

The magnesian calcites typically haM@35 mole% MgCQin solid-solution.

Dolomitedominated cementgomprising: (i) early graincoating dolomite fringes formed of
microcolloform globules(ii) microcellular fabrics, comprisingggregates of dolomite similar to
that observed in some of the magnesialtitecemented sampleasnd that closely resemble
fossilised and mineralised bacterial cell.

The dolomite is a higlealcium dolomite which contains up to 10 mole% excess Gaél@ive
to ideal stoichiometric dolomite.

Minor amounts of latestage calcite replace both early micritic magnesian calcite and micritic
dolomitic in some of the samples§his calcite is much lower in magnesium content than the
original magnesian calcite that replaces

The recrystallisation of higlmagnesian calcite and its partial replacement by lower magnesian
calcite, is closely associated with minor late dolomite precipitation. The formation of this
dolomite was probably promoted by the increased cdrat@n of magnesium ions in the
sediment porewater as a result of this replacement process, leading to localised minor
dolomitisation of the carbonate sediment.

Petrographic observations also show that the micritic carbonate sediments were being reworked
by benthic marine organisms, prior to lithification and then redeposited asysated faecal

pellets composed of micrite. Much of the evidence of burrowing preserved in these carbonate
cementedsedimentswas probably associated with this process. Theogeiphic evidence
suggests that these micritic sediments were produced by and associated with abundant bacteria,

X
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which probably provided the base of a food chain for larger, higiter organismsprior to
lithification of these sediments.

Stable isotope raalyses showthat the aragonite and magnesian calcite cemangshighly
depletedwith respect td°C,  w °@pdy vallles betweerdlto-55 &. This is con:
diagenetic origin in which carbonate precipitaticn related to methane oxidatiomand is
characteristic of MDAC deposits dedmzd previously from other areaherefore, this provides

strong evidence to the hypothesis that the aragoanmig magnesian calciemented sandstones

and siltstones recovered from tBmemarPockmark area of the North Sea represent MDAC.

In contrast, the dolomite cements (samples HG10 STN29A, HG10 STN2BB@6& STN 31C)

ar e char a&@svalussebatwebn@3.0land-1 8 . @pg, Which are closer to that
expected for carbonates produced during bacterial reduction processes. The dolomite cements in
these samples are all very closely associated witpréservation of cellular fabrics that closely
resemble mineralised bacterial structures, it the syngenetic formation of early diagenetic
framboidalpyrite. The formation of this micritic dolomite cementtigerefore consistent with the

early diageneét dolomite precipitation within the sulphigdeduction zone close to the sediment
surface, or with a significant input of carbonate/bicarbonate ions produced from bacterial
sulphide reduction.

The observedi®0 signature of the aragonitemented MDAC materials carbonate cements is
broadl y s i*@ioflthe aragonie cénterts ptedicted to be in equilibrium with seawater
under presentlay northern North Sea sbad temperatures { 10 °C). Althoughsome of the
observed @ valuegsane slighty héavier than predicted, suggesting that they may have
formed wnder slightly cooler conditions.

In contrast to the aragonite MDAC cements, the fmgtgnesium calcite MDAC cements are
significantly heaier that that predicted to be in equilibrium with seawater at the prdagnt
seabed?®¢(ii.se.priedi cted t o phedor taleite)wEvennallodingdan t o
i ncr e d% dor High magnesium calcite, these data suggest that carbonate Téraeat
precipitated under significantly colder conditions than predagt (calculations suggest

approximately 3 to 10AC colder), oftfOthanom s
SMOW. Both colder marine temperatures afi@-enriched marine water ithe North Sea
during the last glacial maxi mum®cobseriedinthd er e f

magnesian calcite cements (and to a lesser extent, the aragonite cements) in these MDAC
samples from thBraemarPockmark area.

The more complex MDE& samples represented by HG2 STN 46B and HG2 STN 46C, in which
magnesiastalcite cemented MDAC isupersedetly aragonitd cemented MDAC indicates that

in the area where these samples formed, there have been at least two distinct phases of MDAC
formation:an earlier phase during cooler conditions (possibly during the last glacial maximum)
when highmagnesian calcite was precipitated; and a later phase of MDAC formation under
warmer conditions closer to presealdy marine temperatures, when aragonite wasptated.

The dolomitic carbonate cements are ®iomil ar
precipitates from present day seawater. These too could have been fomingdcooler marine
temperatures than the presena y . Ho we v e 'C valuds suggestsgHatt these fotmed

with a significant input of carbonate derived from the bacterial iron and sulphate reduction in the
sediment, rather than dominantly from bacterial methane oxidation.

Virtually all of the carbonateemented sedimesampesexamined in this study display abraded

and wellworn and rounded surfaces. This indicates that most of the pdabbb®bblesized
fragments are clasts of-veorked carbonateemented sediment that have eroded from their
original sediment source. Théoee, they do represent in situ carboredenented rocks.
Observations show that the clasts have also been exposed to oxidising conditions on the sea floor
during this process.

Xi
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1 Introduction

1.1 GENERAL

The British Geological Survey (BG8as been contractdxy theCentre for Environment, Fisheries

& Aguaculture SciencéCefas) to undertake a petrological and geochemical studysoite of 11
samples of diageneticarbonatecemented sedimentlast®recoveredy Cefas from th@raemar
Pockmark Area of the Mrth SeaThe samples were collected from an area of active methane seeps
(Hovland and Sommerville, 1985; Dando et al., 1991; Jtdal, 1994. The objective of this

study isto characterise the origin and formation of carberoateented sediment, andparticular

to confirmwhether or nothe carbonatecementations associated with the anaerobic oxidation

of methane and sulphate reduction related tessared leakage of methane (cf. Jorgensen, 1992
and Judd, 2001 he study wi | | c evatuttion ob thdBraemarPockntatkRsA S 6 s
an area to be designated as an Offshore Special Area of Conservation (JNCC, 2008).

Methane seepages from the seabed of the North Sea may be give rise to increased local benthic
production, with a richer fauna, as esult of the development of a bactdmased food web
(Hovland and Judd, 198&ando et al., 1991Dando,2001). The sediments in thBraemar
Pockmark areare thereforeconsidered to be gbotentiallyimportant ecological significance

and there is a regqement to adequatelgocument andharacterise these features in order to
develop appropriate conservation management plans for such habitsafisié&re watersThe
structures consist of carbonatemented sediments that are believedawee aMethaneDerived
Authigenic Garbonate (MDACYrigin.

1.2 SITE LOCATION AND G EOLOGICAL BACKGROUND

Pockmarks on seabed are common on the thick sedimensitdepo the central pamf the
northern North Sea (Jansen 1976; Long 1986; Dando et al., T&8dy.are believedot have

been formed by the rapekpulsionof overpressured fluidthrough the seabed, which displaced

the fine muddy sediment to form characteristic craters and depressimhd €t al., 1994;
Hovland and Judd, 1988; Hewd and Talbot 1987Dando et al., 1991 Judd, 2001 The
escaping fluid may ba submarine release groundwaterfrom aquifer formationsut in the
majority of cases it is believed to be largely the release of methane gas that is responsible for the
formation of these features. The gasymaginate from the microbial decomposition of organic
matter within thenearseabed sediments (fermentation zoiney ef er r emi ctrog ba & |
Obi ogenicd or 0 b a ¢ franr theadis€ociatpa f métldanedhydrates? (6.6. 1 )
Solheim and Elvenbi, 1993, referred to by Dando 200tJ,by release of gas produced by the
thermocatalytic destruction of kerogens deep within the sediments or shallow hydrocarbon
reservoirs (‘thermogenic' gas). Typicallye gas is primarily composed of methane {CH

One sucharea ofpockmarls occurs inthe BraemarField in U.K. Licence Block16/03, the

location of whichis shown inFigurel. It is situated abou?40km eastof the Orkney Islandand

185 km off the northeast csteof Scotlandlatitude N58°59'12" longitude E1°28'34") and the site

has an area of 5.18 KrfdNCC, 2012) The general characteristics of the Braemar Pockmark are
similar to those of the Scanner Pockmark about 80 km to the southwest but the carbonate
structures in the Braemar siteeamore abundant and diverse in form compared to the Scanner
site (JNCC, 2012)The pockmarks are shallow, ovoid, seabed depression, several meters wide,
lying in a depth of approximately 120 m of wat&€he site is associateslith methane leaking

through the seabed, and the habitat created supports chemosynthetic organisms that feed off the
bubbling m¢hane gas.
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The regional Quaternargeologicalsuccession has been described by Sjejrup et al. (E9®@il)
Johnson et al., (1993and isbroadlysimilar to thatencountered at thBcannemPockmarksite,
which have been described in detail by Hovland and Somerville (1886Y) (1986),Dando et

al. (1991),Judd et al. (1994), Dando (2001), Judd (2001) B@C (2008).The seabed stace
sedimentgypically comprise a thick sequence of very soft mlalyiered grey to greyishrown
clays and silts, with horizons of sandy seelts and rare small pebbles, represergiagiomarine
deposis of late Weichselian to Holocenage.Theseovelly Pleistocene sediments comprisisgff,

dark greyclays andsilts of thereworked proximal glaciomarine deposigidfirm to hard dark
grey to browniskgrey, muddy, pebbly sands or sandy muds (with rare shell fragniempssited
during the glacialnterglaciatglacial cycle from the Saalian to the Weichselidrhese
Pleistocene strata wersubjected to icéoading during the late Weichselian (Devensian)
glaciation As for the Scanner Pockmark siteetstress religreduction of sediment volume, and
associated melting of ground idaring glacial retreat and unloading, is believed to have created
instability, leading to the rapid release of the gas trapped and accumulated in permeable
sediments beneath lepermeability layers in the underlying sedirteeresultirg in the formation

of pockmarks

o oHG246

®
HG3 42

.HGS 37

oHG6 31

0 0.5 1 2 Kilometers

Figure 1. Location map of theBraemar Pockmark Offshore Special Area of Conservation
Area in the northern North Sea @ata provided by Cefags.

Active gas seepage occurs within tBeaemar Pockmark at the present dayhe Jurassic
Kimmeridge Clayis the principal hydrocarbon source rock for several producing oil and gas
fields in this area of the North Seand together with deeper Carboniferous coals could
potentially provide a deep saar of thermogenic methamathin the region In the case of the
Scanner Pockmarko methane accumulation was encountered in hydrocastaaoration wells

drilled nearby suggesting that these rocks are not the source of methane in the Scanner
Pockmark (Jdd et al., 1994)The most likely source of methafer the Scanner Pockmar&
thought be derived from the biogenic decomposition of lignite within the shallow Tertiary

2
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Hordaland and Nordland Group strata underlying the area (Judd et al., 1994). Thisiocoris
supported byevidence from seismic profiles for gas accumulations in these strata (Andrews et
al., 1990), together with the very light carbon isotope signa@ited ppg) of discharging
methane samples collected from the Scanner Pock{Hakandand Irwin, 1989cited by Judd

et al., 1994)hat indicates bacterial (biogenicjnethane sourc@Burke, 1992Judd et al., 1994

Judd, 2001

1.3 SAMPLES

Background details of the 11 samples of potential MDAC material fronBtaemarPockmark
submittedorovided by Cefaso the BGS for petrological and stable isotope anafysisummarised

in Table 1). The samples wereollected during the Braemar 2012 cruise. Each sample provided
consi sted of seaegmant siocl afst sar manaffer cement
photographed and wasually-representativéi ¢ | &a@nt each of the samples wasbsequently
selectedfor analysis. Thanineralogical, petrographical and stable (oxygen and carbon) isotope

characteristicef these samples are presented in this report.

Table 1. List of MDAC samples submitted for petrologicaland C and O stable isotope

analysis

Sample
number

Cruise

Description

HG2 STN 46B

Braemar 2012

Olive-grey and miefrey, rregukr, lenticular, abraded fragments of carbon
cemented siltstone and fine sandstone, tabdlar carbonateemented burrow
fills in fine sandstone and siltstone, locatlgeply bored or with calcareou
serpulid/ worm encrustation Patchy iron oxyhydroxie-stained surfaces

HG2 STN 46C

Braemar 2012

Olive-grey and darigrey, rregular, lenticular, abraded fragments of carbon
cemented siltstone and fine sandstone, and tubular carloemagsted burrow
fills in fine sandstone and siltstone, locally bo@dencrusted with calcareo
serpulidsPatchy iron oxyhydroxidstained surfaces

HG3 STN 42B

Braemar 2012

Dark-grey, rregular and sulequant fragments of carbonaemented siltston
and very fine sandstone. Generally highly abraded andreweided, with
abundant surface borings.

HG3 STN 42C

Braemar 2012

Dark-grey, and ight grey to crearcoloured, very fine sandstone and siltst
clasts. Well rounded and abraded with a few surface bolirgsoxyhydroxide
stained surfaces on some clasts and gaialls.

HG6 STN 31C

Braemar 2012

Pale buffgrey, with pale mmngebrown stained surface.régular lenticular, platy
and elongate tubular fragments of carbonate cemented siltstone to fine sar
Commondeepsurface borings.

HG8 STN 31B

Braemar 2012

Dark grey to olivegrey, irregular, elongate anglaty, subrounded to
moderately welrounded and abraded fragments dominated by carbo
cemented siltstongSome iron oxyhydroxidstained surfaces. Locally bored.

HG8 STN 3B

Braemar 2012

Dark grey to olive-grey, rregular, elongate anglaty, subrounded to
moderately welrounded and abraded fragments dominated by carbo
cemented siltstone&Some stronghystained, lightgrey fragments permeated |
buff-coloured iron oxyhydroxide staining.

HG8STN 37C

Braemar 2012

Dark grey to olivegrey, irregular, elongate anglaty, subrounded to
moderately welrounded and abraded fragments dominated by carbo
cemented siltstone.

HG9 STN 30A

Braemar 2012

Irregular, lenticular, abraded and swwunded fragmes of carbonateemented
siltstone and fine sandstone, and tubular carbarsatented burrow fills in fine
sandstone and siltstone, with surface boriBgsne surfaces stained by pale by
brown iron oxyhydroxide staining.

HG10 STN 29A

Braemar 2012

Dark gey, olivegrey and lighigrey iregular, lenticular, abraded and solinded
fragments of carbonateementedsandstone and siltstonavith deep surface
borings.Locally patchilystained by iron oxyhydroxides.

HG10 STN 29B

Braemar 2012

Irregular fragment®f mid- to darkgrey carbonateemented siltstone and fir|
sandstone. Abundant surface borings, angular and-rawgtided abrade
fragments. Locally patdly- to stronglystained by pale orangamff iron
oxyhydroxides. Some borings stained by iron oxyhyidte films.

3
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2 Analytical methods

2.1 PETROGRAPHICAL ANALY SIS

2.1.1 Polishedblock sectionpreparation

It was originally intended to prepab®th 30 um thick, epoxyesin impregnated, polished thin
sections for detailed petrographical analysis, and separate pdiilsloid for micredrilling for

stable isotope subampling and analysis (cf. approach used previously by Milodowski et al.,
2009). The polished blocks would have been prepared from the countergartsoff material

used in preparation of the polishednttgsectionsHowever, on receipt of the samples it was
observed that most of the samples were very fine grained micritic carbonate and siltstone.
Consequently, a greater advantagesto be had in carrying out petrographical analgsisctly

on the polishé blocks in order to be able to more carefully constrain subsequesasyiling of
well-characterised material for stable isotope analysis of the carbonate mineral cements.
Therefore, polished thin sections were not prepared and both petrographicalecisataom and
subsequent stable isotope mis@mpling were carried out directly on the polished block
specimens.

Polishedblock sections for petrographical analysis were prepared from stoakdhbetweer20

to 35 mm in diameterthat were sawn from thRIDAC samples. The blockaere impregnated
with epoxyresin under vacuum in order to stabilise the materighdtished section preparation.
These resifimpregnated blocks were thesliced and polished to produce polisheblocks
approximately 8 mm thick The polished blockswere finished by polishing with 0.45 pm
diamond pasteTheseblocks were usedfor detailed petrographical analysis by backscattered
scanning electron microscopy (BSEM) and subsequentlyniom-sampling by micredrilling,

for stable sotope analysis as described in Sec#dh

2.1.2 Optical microscopy

The polished blocks were initially scanned, using a digital flathy@tcal scanner, to provide
reference images of the whole bloskction area. The polishedblocks were thenbriefly
examined ireflectedlight using a Zeiss Axioplan 2 petrological (polarising) microscope.

2.1.3 Cathodoluminescence microscopy

The polished blocks were examined by cathodoluminescence (CL) microscopy in order to
differentiae different types and generations of carbonate cement, and the location of bioclastic
carbonate detritus, on the basis of variationduminescence characteristicslineralogical
variations and subtle differences in minor and trace element chemistry wattiionate minerals

can produce significant differences in luminescence characteristics when the mineral is irradiated
with electrons Marshall, 1988. In particular, this luminescence microscopy technique is very
sengtive to small variations in iron (B8 and manganese (M content within calcite and
dolomite, and is able to differentiate growth zoning and different mineral generations within
these carbonate mineral cements.

CL analysis was performed using a Technosyn Model 8200 Mark Il-catltbde
cathodoluminoscope stagaeounted ora Nikontransmittedoptical microscopefitted with long
working distance objective lensdmages were captured usin@p@spokeZeissAxioCam MRc5
digital microscope camera.
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2.1.4 Scanning electron microscopyand electron probe microanalysis

Backscattered scanning electron microscopy (BSEM) was used to makaesodition
petrographical observations of the polish&gttions.Image brightness in BSEM images is
related to the average atomic number of the phases observed (Bodlisie, 1981), and this
therefore allows differentiation of the mineralsserved in polished sections on the basis of the
image brightnessPrior to BSEM examination, thpolished surface of the section was made
electrically conductive by coating witla thin layer of carbon (250A thick) by vacuum
evaporation of carbon.

BSEM analyses werearried out using &EI QUANTA 600 environmentalscanning electron
microscopg ESEM) fitted with an Oxbrd Instruments INCA Energy 450 enerdigpersive X
ray microanajsis (EDXA) system with a 50 mfrPeltiercooled (liquid nitrogen free) silicon
drift detector (SSD) Xay detector capablaf operatingat very high input Xray count rates (up
to ~10 counts per secondfhe ESEM was operated in contienal high vacuum mde, with a
routine electron beam accelerating voltagie20 kV which was reduced to between-20 kV
where finemresolutionwas requiredand beam probe currents of betwéeh7 and 4.5A, and a
working dstance of 7-10 mm. Mineral/phase identification & aided by microchemical
information obtained from simultaneous observation of sgmntitative EDXA spectra
recorded from features of interest.

Quantitative electron probe microanalyfEPMA) of the carbonate cements observed in
polished thin section @ also undertaken FSEM-EDXA. Quantitative EDXA elecbn probe
microanalyses were dermed using a 20 kV electron beangminal 4.5 nAbeam currenatan
optimisedworking distance of @ mm to givea X-ray counting livetimes of 30 secondsvith
deadtimes of between 30 to 45%EDXA data were acquired, processed and interpreted using
the Oxford Energy INCA Suite Version 4.15 Issue 18d+SEB)9 software packageThe
EDXA systemis capable of detecting elements from atomic nhumbéxodof) to atomic nurber

92 (uranium), and hagetection limits of the order of 0.2 to 0.5 wt. % for most common major
elements.

Most of the carbonate cement fabrics observed were highly microporous, with the reghi that
electron probe volume included significant void spacesulting in low analytical totals.
Furthermore, the carbonate cements vitinately admixed with, abundant fine grained detrital
silicate clay mineral, quartz, feldspar and msemlimentparticles, and occasionally authigenic
pyrite. Consequently, nmg of the EPMA data obtained include a contribution from the entrained
detrital silicate grains that could not be completely resolved from the carbonate mineral matrix
by EPMA. However, most of the silicate mineral impurities contribute mainly Si, Al,&,aNd
occasionally Fe and S is contributed from pyritee EPMA data foMg, Ca, Sr and Fe (where

S was not presentire attributed hereompletelyto the carbonatenineral chemistry. The
carbonate mineral chemistwas thereforeletermined after calcuiag the theoretical carbonate
(CO5%) ion concentration by summation of the equivalent carbonate component associated with
each metal cation, i.e.

Total CQ* = [EquilalentCO:* from C&* + Mg?* + Mn?* + Fe?* + Sr*']

The data were then normalised ©@01wt % and the mineral stoichiometric structural formula
calculated by determining the molar ratios of each cation component.

2.2 STABLE ISOTOPE ANALY SIS

Fifty-five subsamples of MDAC were analysed to determine oxygen and carbon stable isotope
( 0 a r*@) campositio of the carbonate componente areas for micksampling were
identified from optical scanningand BSEM images carried out previously on the resin
impregnated polished block¥his methodology has bearery successfully used in previous
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studies to sample and analyse discrete generations of carbonate mineralisation in intergrown
polymineralic ormulti-generatiorcarbonate cements (Milodowski et al., 2005).

Micro-sampling was undertaken usinguagstercarbidemicro-drill, whilst observing he block
sample in reflected lighunder an optical microscop&he micraedrill was capable of drilling and
recovering materiafrom areas as small a€0.1 nm. However, in order to obtain sufficient
matrial for stable isotopa@nalysis areas up ® mm dianeter were drilledin general, 5 sub
samples were drilled for isotopic analysis from each of the 11 polished blocks prepared from the
MDAC samples. The exceptions for this were for santp@®8 STN 37Cwhere 4 subsamples

were prepared, and sampl&8 STN 3B where 6 subsamples were prepared

2.2.1 Small carbonatesampleanalysis method

All 55 subsamples were analysed 8f0 a 1°@ usitig thesmall carbonate analysis metidod
using a fullyautomated analytical system. 1R00 0  engcro-drilled powdered carbone
sample were placed in reaction viagline in an Isoprime gasource mass spectrometer
analysis system. The reaction vialere evacuatetb remove atmospheric G@nd moisture,
and phosphoric acid walendelivered to the vessels. The reaction betwghosphoric acid and
the carbonate mineral was carried out at 90 °C, and the resultapr@idced was continuously
collected by condensation using liquid nitrogen for the reaction time of 15 miantesthen
delivered to the Isoprime ga®urce mass sgtrometer for analysis.

The resultant gas values were corrected wusin
0 isotope, and reported with respect to the accepiedndPee Dee Belemnite (vPDB) scale
(McCrea, 1950; Rosenbaum and Sheph28@6) A further normalisation through the primary
standard is also applied. These values were then correcteddolithearbonate mineraising

the appropriate fractionation factors fiwe differentcarbonate mineralat a temperature of 90

°C: for cakite a fractionation factor df.00798was usedandfor dolomite a fractional factor of
1.0087was used. For aragonite the same fractiondaotor as for calcite was usathceit is

similar tothat of calcie within experimental error.

2.2.2 Classicalcarbonate analysis method

Because the Isoprimémall carbonatesampl® analysis method is designed primarily for the
analysis of calcite and aragonite samples, a subset of dolomite samples were also analysed using
the classical analysis method, to provide assoheck on the reliability of the small carbonate
analysis method for dolomite.

Between 610 mg of sample was loaded into sample reaction tubes and placed in reaction vessel
containing 46 ml of anhydrous phosphoric acid. The vessels tene evacuatedt>1.0* mb to

remove atmospheric carbon dioxide and moisture. The reaction vessels are then sealed and
placed in a controlled temperatusater bathat 55°C and allowed tohermally equilibrate for
approximately30 mirutes. Readbn with the phosphoriccad was carried ouby introducing the

acid into samplegaction tubes within the sealeV;acuated vessel. The vessels are intermittently
agitated tamaintaincontinuationof the reactiopand then left for 16 ¢urs to ensure reaction has

gone to completin.

The gaswas cleaned up cryogenically by expanding it through an dry ietdae cold trap
maintained at90°C, and collected in cleadry collection vessels using liquid nitrogefhe
vesselswere then sealed and transferred to an Thermo MATT253 dietl gas source mass
spectrometefor analysis

The resultant gas valuegerec or r ect ed wusing Craigbs cdherecti
Y0 isotope,and reported with respect to the accepted vPDB scale. A further normalisation
through the primarstandard wsialso appliedThese values are thenrrected to solid carbonate

values using fractionation factas described above (see Secfidhl).

6
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3 Mineralogy and ptrograply

3.1 SAMPLE HG2 STN 46B

SampleHG2 STN 46B comprised a series of fragments of dark grey to light brownish grey
carbonatecemented fine sandstone and siltstone ranging in size from <10 mm to 120 mm
diameterThe fragments are typically irregular in form, varying from rough plates to sutbedun

and subangular elongate forms that appear to be cemented burrowFfidjsré 2). Many of the
fragments appeared to be abraded and rounde
burrowli k e 0 f o r mmsonlyeegula. Thesurfaces of the fragments commonly boyed
marine organismsand severalclasts were seen to be encrusted tite calcareougubes
secreted bgeapulid wormgtubeworms).

Figure 2. Photograph showing the ramge of shapes and sizes of the fragments of carbonate
cemented sandstone siltstone in sampt¢G2 STN 46B.

Sample HG2 STN 46BndHG2 STN 46Chave the most complex mineralogy and fabric of all

of the MDAC samples examingdith multiple generations of carbate cementThe polished

section prepared through a fragment of HG2 STN 46B is shovngure 3. It shows a lower

layer of darkgrey carbonate cemented sediment separated by an irregular abraded and eroded
surface, from an uppérorizon of lighter grey carbonate sediment. The erosion surfaaleds
penetrated by a large swirtical boring which passed downwards into a large and irregular

7
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chamber, and the boring and chamber are padidég by carbonateeemented sand andtsil

The upper carbnatecemented horizon is also affected by borings. The erosion surface and the
walls of the borings arstained by very fing-disseminatedron oxyhydroxide, indicating
oxidationwasassociated witlthe erosion and burrowirartivity.

Figure 3. Polished section through a fragment of carbonateemented siltstone and
sandstone.lt shows grey aragonitecemented siltstonefine sandstone resting on an eroded
surface of darker grey magnesian calciteemented siltstom-fine sandstone. Aragonite
cemented siltstonedine sandstone fills burrows in the underlying magnesian calcite
cemented siltstondine sandstoneThe erosion surface and thenargins of the burrow walls
are stained by orangebrown secondary iron oxyhydroxide. SampleHG2 STN 46B.

In thin sectionboth carbonatecementedhorizonswere seen t@omprise moderateiyto well-

sorted very fine sandstone to siltstone, dominated by angular grains of detrital(Figante 4

and Figure5). Detrital K-feldspar, albite and muscovite are present in minor to trace amounts,
and apatite, zircon, ilmenite and magnetite are also present as trace detrital components. Eroded
fragments of aragonitic bivalve shelisad foraminiéral testsand large, wellounded pelloidal
carbonate graingprobably faecal pelletspre common in the upper carbora@mented
sandstonéayer. The shel |l fragments are commont¢dm iOmi d
diameter and up to 200 um deep (d€gure 7). Both carbonate layers hawen 6 opend
Oexpandedd or wunciompakitel ©ghei def abt al ,-gr ai n
grained carbonate cement, with relativégw simple point and long grato-grain contacts
(Figure4 and Figure5). Thisindicates that the carbonate cementation occuakdr close to,

the surface of the sea bed and befany significant burial compaction, andhe carbonate
cementsmay in part have grown displacively in the sediment fordimg sand grains apart
Several of the detrital quartz grains display etching and corrosion by tlemagrlwementée.g.

Figure 5, Figure 6 and Figure 7). BSEM-EDXA revealed that the lower layer is cemented by
magnesian calcite but the upper layer is cemented by aragonite.

8
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HV det | v D » 500 m - '

20,00 kv
Figure 4. BSEM photomicrograph showing an uncompacted grain fabric in the lower,
magnesian calcitecemented sandstone (mid grey with detrital grains of quartz (dark

grey) and minor K-feldspar (light grey). The bottom left hand edge shows the weakly
cemented margin of a large burrow &ature. Sample HG2 STN 46B.

‘; ? p 3 / i X : ' ‘. ,ﬁ‘z

HV det Mod D

2000 L4 ma
Figure 5. BSEM photomicrograph showingan uncompacted fabric of detrital grains of
quartz (dark grey) and minor K-feldspar (mid-grey) in the lower, micro-porous aragonite-

cemented sandstone (lighgrey). The outline of large pelloidal carbonate grais can be seen
in the centreand top left hand cornerof the image. Sample HG2 STN 46B.

9
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The aragonite cement is characterisedh®sy growth ofcoarseracicular (needldike) prismatic

crystals up to 50 min length (Figure 6). Of t en t he aragbnkéeé ¢€oys
aggregates r adi at The gragongepcenaeytdebally wdry micreperdus & s .
patches(Figure 7). Elsewhere,iher (1-5 e m di amet er )-to-blatky aragonitee e g
crystals fill between the larger crystals to fopatches of locallgenser cemer{Figure6). This

finer grained aragonite appears to be a later generation or the lastfsteggoaite cementation.

The magnesian calcite cement is generally much finer grained and micritic in character, with
little or no tendency to form euhedral crystdfsg(re8). It typically occurs as microcrystalline
calcite thathas nucleated within the matrix of the sedimgrgnetrating between the clay
particles andlisplacively pushing apart tHene clay matrixmaterial. It also replaces the clay
matri x, producing 06f eRgurdd. Cagldte crystaliite sizmiisausuallg t r u
| ess t hidoweveé?,maentightlycemented parts of the carbonatemented clasthow
coarsening of the calcite by partial recrystallisation of the micritic catoitéorm calcite
microsparrite(Figure9). Close to the contact with the overlying aragoiéeented sandstone,
small cavities and voids in the magnesian calo@imented matrix are sometimes lined or filled

by small euhedral crystals of aragonikeglre 8). The aragonite rests on theagnesian calcite
surfaces and clearly pedates the precipitation of the magnesian calcite.

Quantitative EPMA major element compositional data for the aragonite and magnesian calcite
cements are presented in detaiTable2. Their compositional variation, expressed in terms of
molar proportions of CaC£MgCO;-SrCQG;, is summariseth Figure10andFigurell

The aragonite is strontitimearing, with between 1 to 2 mole % Srd@ solid-solution(Figure

10) within the aragonite crystal lattice (i.e. the structural formula of the aragonite can be
represented as ©ao0.05510.020.01C0s). Together with the prismiat morphology, the relatively

high Sr content suggests that this carbonate cement is aragonite rather than calcite, since Sr is
much more abundant in aragonite than in calcite (Deer et al., 1962a,b). This is because Sr is
much more readily incorporated the orthorhombic crystal structure of aragonite, which can
form a partial soliesolution series with the erdember orthorhombic strontianite (SrgO

Aragonite cement has been recorded previously by Judd (2005) in MDAC from the Mid Irish
Sea, and needlad aragonite have also been described encrusting sand grains (similar to the
porefilling acicular aragonite described above) by Croker et al. (2005) from SEM observations
of recovered from potential MDAGamples recoverdad the Western Irish Sea. Similacicular

and fipell etedo aragonite fabrics have been
areas (e.g. Hovland and Talbot, 1987; Jensen et al., 1992; Bohrmann et al., 1998; Peckmann et
al., 2001; Muralidhar et al., 2006; Milodowski et al., 200®ckmann et al. (2001) report the
formation of acicular Srich aragonite cement, with between 83EDO0 ppm Sr, in MDAC
associated with methane seeps from the Black Sea. The strontium content of the aragonite
cements reported by Peckmann et al. (200d)Mihodowski et al. (2009) from the Mid Irish Sea

is alsoof a similar order of magnitude to those we describe fronBtaemarPockmark area

The EPMA data for the magnesian calcite show it to corteiweenl3 to 23 mole % MgC®

in solid-solution(Figure11) within the calcite lattice (i.e. the structural formula of the calcite can
be represented as §a0.sMJo.230.1480s). Most analyse®f the micritic calcite cluster towards
the higher end of this range. However, SEXA observations indicate that the
recrystallisation of the micrite to coarser microsparry calcite cerr@ire9) producedcalcite
with a lower magnesium contefithe compositionof the calcitdies about third of the way along
the @mpositional join between ende mber cal ci t e a nsdch, thesdemantsd d o
are at highmagnesian calcitend of the calcite (CaGPmagnesite (MgCg) solid-solution
series (cfDeer et al., 1962k, Mackenzie et al., 1983 he composition $ within the range of
composition of magnesium calcitecorded fromMDAC samples fronelsewhere (Jensen et al.,
1992). Itis muchmore magnesiathan calcite reportedfrom some sites (e.g. Peckmann et al.,
2001) but less magnesian than the calaitescrbed previously by the authorBom MDAC
samples recovered frothe Mid Irish Sea (Milodowski et al., 2009).

10
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HV curr det vacMode WD
Figure 6. BSEM photomicrograph of the aragonite cementshowing typical fabric of
coarser acicular (needlelike) crystals with smaller, more equant and blocky aragonite

crystals between Detrital quartz (grey) and perthitic K -feldspar (right) display markedly
etched and corrodedgrain boundaries. Sample HG2 STN 46B.

' . : S “ s x
Ly ¥ = oy . ; —~a 0. : !
HV [ curr | det | vacMode | WD
Figure 7. BSEM photomicrograph showing acicular microcrystalline aragonite (white)
forming a highly microporous cement betweenetched detrital quartz grains (mid-grey).

The edge of an aragonitic mollusc shell is seen at the left edge of the image, and displays
fine porous micro-boring structures. Sample HG2 STN 46B.

11
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3 | vacMode | WD

BSED | Low vacuum | 7.0 mm MDAC HG2 STN 46B (1
Figure 8. BSEM photomicrograph shows microporous micritic high-magnesian calcite
cement, comprising anhedral micrecrystals (light grey) penetrating into, displacing and

replacing interstitial clay matrix material (darker grey). Occasional coarser euhedral
aragonite crystals (white) are seen within large voids in the matriSample HG2 STN 46B.

- & 3 r . 4‘ '
FPCEESY 0
HV curr det vacMode WD — 7]
High vacuum [10.0 mm M HG2 STN 46B (1
Figure 9. BSBEM photomicrograph illustrating the recrystallisation and coarseningup of
the highly micro-porous, magnesian calcite micritic cement (dark) to denser, less

magnesian calcite microsparrite cement (miegrey). The coarser microsparrite calcite
eventually replaceshe finer micritic matrix calcite. Sample HG2 STN 46B.
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Calcite/Aragonite
CaCO03

Dolomite
CaMg[COs],

7,
s, P
| Y
S ;
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s

. Strontianite
Magnesite MgCO Srco3

Figure 10. CaCO3;-MgCO3-SrCO3; molar ratio plot illustrating the composition of the
acicular and densearagonite cemens (red circles) in MDAC sample HG2 STN 46B
relative to endmember carbonate minerals

Calcite/Aragonite
CaCo3

Dolomite
CaMg[CO:]»

. S - - = — Strontianite
Magnesite MgCO Srco3

Figure 11. CaCO3;-MgCO3-SrCO3; molar ratio plot illustrating the composition of the
partially recrystallised micritic high magnesian calcitecemens (red circles) in MDAC
sampleHG2 STN 46B, relative to endmember carbonate minerals
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Table 2. Electron microprobe analysesof carbonate cements and other carbonate components in sampl&2 STN 46B.

WEIGHT % OXIDE (normalised) IONIC RATIO [normalised to 3 [O]

No. CO, | *Total
MgO | CaO | MnO | FeO | SrO (calc) | wt%

COMMENTS
Mg?* | Ca?* | Mn®" | Fé*" | Sr** | CO4”

1 | o0.00] 54.83] 0.00| 0.00| 1.51| 43.66] 100.00| 0.00| 0.99] 0.00| 0.00| 0.01| 1.00| Acicular aragonite
2 | 0.00] 55.04] 0.00| 0.00| 1.25| 43.71| 100.00] 0.00 0.99| 0.00 0.00 0.01| 1.00| Acicular aragonite
3 | 000| 5515/ 0.00] 0.00| 1.10| 43.74| 100.00| 0.00| 0.99| 0.00| 0.00 0.01| 1.00| Acicular aragonite
4 | 000| 54.99| 0.00] 0.00] 1.31] 43.70| 100.00| 0.00( 0.99| 0.00| 0.00| 0.01| 1.00| Acicular aragonite
5 | 000 54.97| 0.00] 0.00| 1.33| 43.70| 100.00 0.00| 0.99| 0.00 0.00| 0.01| 1.00| Acicular aragonite
6 | 0.00| 54.77| 0.00| 0.00| 1.59| 43.64| 100.00] 0.00| 0.98| 0.00]| 0.00] 0.02| 1.00| Acicular aragonite
7 | 0.00] 54.94] 0.00| 0.00] 1.37| 43.69| 100.00] 0.00| 0.99| 0.00] 0.00] 0.01] 1.00| Acicular aragonite
8 7.84| 45.69| 0.00| 0.93| 0.39| 45.15| 10000/ 0.19| 0.79| 0.00| 0.01| 0.00| 1 go| Micritic magnesian calcite, partially recrystallised

microsparrite

9 8.35| 45.23| 0.00| 0.92| 0.23| 45.27| 100.00| 0.20| 0.78| 0.00| 0.01| 0.00| 1 qg| Micritic magnesian calcite, partially recrystallised
microsparrite

10 | 6.82| 46.89| 0.00| 1.05| 0.25| 44.99| 100.00| 0.17| 0.82| 0.00| 0.01| 0.00| 1 qg| Micritic ”?f‘gneSia“ calcite, partially - recrystallised 1
microsparrite

11 | 8.26| 45.02| 0.00| 1.21| 0.29| 45.21| 100.00| 0.20| 0.78| 0.00| 0.02| 0.00| 1 gg| Micritic ”??gneSia“ calcite, partially recrystallised
microsparrite

12 | 5.78| 47.34| 0.00| 1.84| 0.33| 44.71| 100.00| 0.14| 0.83| 0.00| 0.03| 0.00| 1qg | Micritic ”??gneSia“ calcite, partially recrystallised
microsparrite

13 | 5.55| 46.87| 0.00| 2.67| 0.30| 44.60| 100.00| 0.14| 0.82| 0.00| 0.04| 0.00| 1 qg| Micritic ”??gneSia“ calcite, partially recrystallised
microsparrite

14 | 8.83| 41.25| 0.00| 4.59| 0.36| 44.97| 10000| 0.21| 0.72| 0.00| 0.06| 0.00| 1 gg| Micritic ”??gneSia” calcite, partially recrystallised
microsparrite

15 | 8.52| 42.57| 0.00| 3.65| 0.24| 45.03| 1090.00/ 0-21| 0.74| 0.00| 0.05| 0.00| 1 qgg| Micritic magnesian calcite, partially recrystallised
' ’ microsparrite

16 | 8.27| 43.96| 0.00| 2.45| 0.21| 45.11| 1090.00| 0.20| 0.76| 0.00| 0.03| 0.00| 1 qgp| Micritic magnesian calcite, partially recrystallised
' ’ microsparrite

17 | 5.42| 48.22| 0.00| 1.35| 0.31| 44.70| 1090.00| 0.13| 0.85| 0.00| 0.02| 0.00| 1 oq| Micritic magnesian calcite, partially recrystadits to
) ’ microsparrite

Note: * Analytical totals were low (<90%) because the cements were very microporous. Therefore all data were normalised to 100%
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Table 2 (continued). Electron microprobe analysesof carbonate cementsn sampleHG2 STN 46B

WEIGHT % OXIDE (normalised) IONIC RATIO [normalised to 3 [O]

No. CO, | *Total
MgO | CaO | MnO | FeO | SrO (calc) | wt%

COMMENTS
Mg?* | Ca?* | Mn®" | Fé*" | Sr** | CO4”

Micritic magnesian daite, partially recrystallised t

18 9.27| 44.96| 0.00| 0.00| 0.26| 45.51| 100.00| 0.22| 0.78| 0.00| 0.00| 0.00| 1.00| . .
microsparrite

Micritic magnesian calcite, partially recrystallised

19 9.27| 45.17| 0.00| 0.00| 0.00| 45.56| 100.00| 0.22| 0.78| 0.00| 0.00| 0.00| 1.00| . :
microsparrite

Micritic magnesian calcite, partially recrystallised

20 8.64| 45.69| 0.00| 0.00| 0.28| 45.40| 100.00| 0.21| 0.79| 0.00| 0.00| 0.00| 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

21 8.39| 46.20| 0.00| 0.00| 0.00| 45.41| 100.00| 0.20| 0.80| 0.00| 0.00| 0.00| 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

22 9.10| 44.12| 0.00| 1.38| 0.00| 45.40 | 100.00] 0.22| 0.76| 0.00| 0.02| 0.00| 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

23 8.09| 45.68| 0.00| 0.96| 0.00| 45.26| 100.00| 0.20| 0.79| 0.00| 0.01| 0.00| 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

24 9.10| 45.10| 0.00| 0.30| 0.00| 45.50| 100.00| 0.22| 0.78| 0.00| 0.00| 0.00| 1.00 microsparrite

Micritic magnesian calcite, partially rectgdised to

25 7.64| 4457| 0.00| 2.78| 0.00| 45.01| 100.00| 0.19| 0.78| 0.00| 0.04| 0.00| 1.00 . .
microsparrite

Micritic magnesian calcite, partially recrystallised

26 8.94| 45.56| 0.00| 0.00| 0.00| 45.50| 100.00| 0.21| 0.79| 0.00| 0.00| 0.00| 1.00 . .
microsparrite

Micritic magnesian calcite, partially recrystallised

27 9.01| 45.25| 0.00| 0.00| 0.28| 45.46| 100.00| 0.22| 0.78| 0.00| 0.00| 0.00| 1.00 . .
microsparrite

Micritic magnesian calcite, partially recrystallised

28 8.01| 44.45| 0.00| 2.08| 0.40| 45.06| 100.00| 0.19| 0.77| 0.00| 0.03| 0.00| 1.00 . .
microsparrite

29 0.00| 55.12| 0.00| 0.00| 1.15| 43.73| 100.00/ 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring

30 0.00| 55.05| 0.00| 0.00| 1.24| 43.71| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring

31 0.00| 55.09| 0.00| 0.00| 1.19| 43.73| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented borim

32 0.00| 55.05| 0.00| 0.00| 1.24| 43.71| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring

33 0.00| 55.07| 0.00| 0.00| 1.21| 43.72| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring

Note: * Analytical totalswere low (<9%8%6) because the cements were very microporous. Therefore all data were normalised to 100%
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WEIGHT % OXIDE (normalised)

IONIC RATIO [no rmalised to 3 [O]

No "\go | cao | mno | Feo | sro ((c:zgé) *Jvct’ot/f' Mg | ca®* | Mn?* | Fe* | si®* | cog? COMMENTS
34 0.00( 55.01| 0.00| 0.00| 1.28| 43.71| 100.00f 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring
35 0.00( 54.89| 0.00| 0.15| 1.26| 43.70| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring
36 0.00( 55.00f 0.00| 0.00| 1.29| 43.70| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring
37 0.00| 55.07| 0.00| 0.00| 1.21| 43.72| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemetted boring
38 0.00| 55.10| 0.00| 0.00| 1.17| 43.73| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Dense aragoniteemented boring

Note: * Analytical totalswere low (<9%4) because the cements were very microporous. Therefore all data were normalised to 100%
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The inteface between the higmagnesian calciteemented sandstone layer and diverlying
aragonitecemented sandstoierizonis very sharpKigure12). Similarly, the burrow walls and
contacts between the aragoritemented sandstondl fn the subvertical burrow and the high
magnesian calciteemented host sandstone are also very shiaigure 13). Although the
aragonitemineralised fabrics cut across the magnesian calcite, there is little or no permgation o
aragonite into the adjacent magnesian calm@ented matrix of the host sediment. However,
BSEM observations suggest that the magnesian caleiteented sandstone immediately in
contact with the aragon#semented sediment, is slightly more microporathin narrow zones
(<100 em wide) immediately beneath the cont a
the presence of darker zones beneath the contact areas revealed in BSEM irnggiatZ and

Figure 13). This may indicate that there has been some dissolution and leaching of the
magnesian calciteemented sandstone prior to the deposition of the overlying aragonite
cemented sediment layer and associated infilling of burrows by aragenimted sediment.

High-resolution BSEM petrography revealed the presencauttiigenicpyrite disseminated
throughout the carbonatemented sediment. In contrast to some of the other samples examined
from theBraemarPockmark, the pyrite is not framboidahstead it occurs as very fine grained
(<2 &m) i sol at ed indnmattly assodatet éandepdoballyr cpeydl) avithsthe
micritic high-magnesian calcitdoth thesediment beneath tlegosional contact surfacend the
walls of the burrowsin the magnesian calciteemented sandstone are stained ordorge/nto a
depth of 12 mm (Figure 3). BSEM-EDXA observations show that this is due to theetial
oxidation andalteration of pyriteto finely-disseminated secondary irarxide (probably iron
oxyhydroxide).Many of the other fragments of carboratmented clasts recovered from this
sampling location in th&raemarPockmark displayed faint staining of their surfaces by iron
oxyhydroxide Figure2), which is probably of similar origin.

T » Y ;
HV urr det vacMode W
20.00 kV|1.2 nA | BSED | Low vacuum | 6.9 mm MDAC HG2 STN 46B (1

Figure 12. BSEM photomicrograph showing the sharp interface between aragonigwhite)

and magnesian calcite (mid grey) cemented sandstone layers. Both sandstones display
uncompacted detritd quartz (dark grey) and minor K -feldspar (light grey). Some quartz
grains are etched and corroded by the carbonate cements. The orientation of this image is
inverted relative to the orientation shown inFigure 3. Sample HG2 STN &B.
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i | G | e
Figure 13. BSEM photomicrograph of a burrow filled by fine sand cemented by acicular
aragonite (white), within fine sand cemented by highmagnesian calcite (miegrey). The
burrow walls are sharply-defined with a very narrow fringe of more porous sandstone
(darker). Sample HG2 STN 46B.

The petrographic observatiorshow that this carbonateemented sediment has a complex
history. The sharply definedalls to the burrowsf marinemacrofauna that aggreserved in the
magnesiancalcitecemented sedimenestify that the sediment must have beexasonably
competent and rigigbrior to the deposition of later sediment thdilled these structures and
which was subsequently cemented by aragortitewever, the sediment must stillieabeen
reasonably soft enough to allowrbowing organisms to penetratdo the sedimentThe finer
scaleboring microstructureseen on the surfaces of tb@rbonatecementectlasts are genetsl

not sedimenfilled or cemented by aragonite, and prolygmbstdate both mgnesian calcite and
aragonite precipitation, and were clearly produced afenpletelithification of the sediment
The observations also indicate that there was a hiatus in carbonate precipitation between the
precipitation of magnesiatalcite and the precipitation of later aragonite, during which sediment
erosion and burrowing activity occurred. Duritlys time the sea bed and sediment surface
environmentmust havebeen oxic, since this erosion and burrowing was accompanied by
oxidation of pyrite in thenearsurfaceof the sediment and in the walls of burrovihe sequence

of sedimentary andostdepositionalliagenetic events can be summarised as follows:

1.Deposition of very fine sand and silt sediment
2.Bioturbation;

3.Precipitation of ncritic high-magnesian calcite within the nesurface of the sediment,
simultaneously associated with iron and sulphate reduction iartbeic sediment and
the precipitation ofine authigenic pyrite

4.Partial recrystallisation of micritic higimagnesiarcalcite to fine grained lower magnesian
calcite, probably accompanied by partial lithificatmfrthe sediment;

18



CR/13/078 Final 1.0 Commercial-in-confidence 14 October 2013

5.Erosion and burrowing of the partially lithified sedimesdsociated with the development
of oxic seabed conditiorsccompanied by oxidation @lyrite in the neasurface of the
sediment;

6.Renewed deposition of fine sand and silt sediment;
7. Precipitation of aragonite within the neaurface of the sediment and lithification;

8.Erosion of the aragonimagnesian calciteemented sediment, with locahnsport and
abrasion of the eroded clasts of carbortamented sandstone and siltstone.

3.2 SAMPLE HG2 STN 46C

Sample HG2 STN 46C is mineralogically similar to HG2 STN 46 contains both aragonite
and magnesian calcite cements. The sample comprisegs ckeiragments of dark grey to light
brownish grey carbonateemented fine sandstone and siltstone ranging in size from <5 mm to
50 mm diameter. The fragments were typically irregular in form, varying from lentidfdaty

and moderately welroundedclasts, toelongatetubular forms some of whichppear to be
partially hollow and may represent carboregenented sedimeffitted burrow structures
(Figure14). As in HG2 STN 46B,he surfaces ahe fragmentsarecommonly bored by marine
organisms angome of the larger platglasts were seen to be encrusted by white calcareous
tubes secreted by serpulid worrB®me of the clast surfaces are weakly oxidised and stained by
iron oxyhydroxide.

KODAK Gray Scale c . M

Figure 14. Photograph showing the range of shapes and sizes of the fragments of carbonate
cemented sandstoneand siltstone in sample HG2 STN 46C. Many fragments are
moderately well rounded, and some are encrusted with calcareous serpulid tubes.
Elongated tubular fragments of carbonate cemented siltstone are also present.
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The polished section prepared through a fragment of HG2 STNs4€hown inFigurel15. It has

a cent rrepteseritad by ey wellrounded and abraded clast of dajiey magnesian
calcitecemented fine sandstone to siltstombjch is enclosed within a matrix of lighter buff
grey-coloured aragoniteemented very shg fine sandstone. The host shelly fragments of the
host sediment ardomnated bymolluscan shell fragmentgp to 8 mm in lengthand are well
sorted and have a strong beddpagallel alignment. However, bioclastssalinclude some
microporous edhoid spines and formaminiferal tes{s.g. Figure 16). Both the magnesian
calcitiec ement ed sandstone 6&écor e -amented sbellyasandstorteh e
di spl ay uncompact ed digured@andi-iguned®, aidich pdicatethe f a b r
carbonate cements must have formed in the-sigidiace of the sediment before any significant
burial and compaction.

The enclosing shelly sediment contains some burrows up to 3 mm diameter that are partially
filled with similar aragonitccemented sechent. The magnesian calcitee me n t 6cor e
contains an empty cavity up to 4 mm in diameter that may represent a boring by a marine macro
organism The molluscan shell fragments are typically riddled by the very fine borings of marine
organisms.

Theawt er margin of the 6cored clast and the el
of finely-disseminated iron oxyhydroxide which imparts a buff colour to the rock. Some of the
bioclasts are more heavily impregnated by oraogsvn iron oxyhydrgide (Figurelb).

abraded surfaces
of magnesian-
ggmented clast

Figure 15. Polished section through a fragment of carbonateemented siltstone and
sandstone. It shows a c eaundedahd aliradedrclasbofdario mp r i s
grey magnesian calcitecemented fine sandstone to siltstone, enclosed within a matrix of

lighter buff -grey-coloured aragonitecemented very shelly fine sandstone The magnesian
calcite-cemented core has a large empty boring. The aragonitemented silstonefine
sandstone contains large burrows partiallyfilled with similar sediment to the host rock.

The aragonitic sediment and surfaces of the core clast are stained by orarg®wn by
finely-disseminatedsecondary iron oxyhydroxide. SampléHG2 STN 46C.
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HV “T"ourr | det | vacMode | WD
Figure 16. BSEM photomicrograph of a crosssection through an echinoid spine showing
the detail of its internal structure. The spine sits within a matrix of fine sandstone

comprising uncompactedand corroded detrital quartz and K-feldspar grains, cemented by
interstitial pore -filling microporous acicular aragonite. SampleHG2 STN 46C

20.00 kV[2.6 nA| i 110. HG2 STN 46C
Figure 17. BSEM photomicrograph showing uncompacted detrital grain fabric of corroded
angular detrital quartz (mid -grey) and quartz-K-f el ds par l'ithic grain

matrix of interstitial micritic magnesian calcite. Abundant fine grained pyrite (white) is
disseminated througlout the micrite matrix. SampleHG2 STN 46C
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HV
20.00 kV|2.6 nA | BSED |High vacuum|10.0 mm| HG2 STN 46C

Figure 18 BSEM photo mi cr ogr aph of mi critic magnesi an

clast 6. The calcite comprises 6églobular agg

with fine interstitial pyrite (white) between the calcite aggregates. SampldG2 STN 46C

20.00 kV|2.6 nA | BSED |High vacuum|10.0 mm| HG2 STN 46C

Figure 19. BSEM photomicrograph showing fibrous to acicular aragonite cement forming
a microporous interstitial cement in sandstone. Coarser needles of aragonite can be seen to
form syntaxially-orientated overgrowths on the surface of a figment of mollusc shell (top

left of image). SampleHG2 STN 46C

22



CR/13/078 Final 1.0 Commercial-in-confidence 14 October 2013

The micritic magnesian calcieementoft he 0 c or e af bl@bslar aggregatesup te t s
10em i n dmadeetwep of very fine Figukel8 Th)sfoensg st al
relatively tightlycemented sandstone fab(ieigure 17 and Figure 18). Locally, patches of the
micritic magnesian calcite have partially recrystallised and coarsened up. EXs that this

later calcite is much lower in magnesiuAbundant fine authigenic pyrite occurs interstitially
partly filling the residualmicroporosity between the micrite aggregatéigire18). As inHG2

STN 46Cthe pyritein this carbonateemented sedimerg not framboidal, which contrasts with

the framboidal pyrite generally foundin most of the othersamples ofcarbonatecemented
sediment from th&raemarPockmark arealhe abundance of fine pyrite probably accounts for

the dark grey colour of the &édcore clasto.

The aragonite cement in the shelly sandstone host rock comprises fine acicular or acute prismatic
crystal aggregates of aragonite filling the intergranular por¢Bigure 16 and Figure 19). The
aragonite crystals are loosgdacked, and as result the cement is highly micropaféigsire 16

and Figure 19). In addition to the fingrained pordilling aragonite, meh coarser needlée

crystals of aragonite have formed as syntaxial overgrowths on the outer surfaces of many of
mollusc shell detritusHigure19). The porefilling acicular aragonitenust have precipitatddter

than the coaes aragonite overgrowths on mollusc shells, sincgais seen tdill between the

earlier aragonite overgrowth crystalsqure19).

Quantitative EPMA major element compositional data for the aragonite and magnesian calcite
cementsare presented in detail fable3. Their compositional variation, expressed in terms of
molar proportions of CaC£MgCO;-SrCQ;, is summarised ifrigure20.

The aragoniteements strontiumbearing, wih between 1 to 2 mole % Sr@@ solid-solution
(Figure20) within the aragonite crystal lattice (i.e. the structural formula of the aragonite can be
represented as Ga0.99510.020.01C0s). The prismatic morphologyf the crysals coupled with

the relatively high Sr conteidentify this carbonate cemerg aragonite rather than calcite, since
Sr is much more abundant in aragonite than in calcite (Deer et al., 19@2ashs because Sr is
much more readily incorporated ihet orthorhombic crystal structure of aragonite, which can
form a partial soliesolution series with the endember orthorhombic strontianite (SrgO
However, some analyses indicate the presence of up to 3 mole % Mg@Ome aragonite
crystals.The chenstry of the aragonite in the shell fragments is different in that it is generally
low in strontium Figure 20). The aragonite cement is very similar to that described from sample
HG2 STN 46B andound previouslyn other MDAC sednentselsewherdsee Sectiol.1).

The EPMA data for thenicritic magnesian calcite show it to contain betweérial2l mole %
MgCO;s in solid-solution Eigure 20) within the calcite lattice (i.e. theractural formula of the
calcite can be represented aspfasMgo2-014C0Os). Most analyses of the micritic calcite
cluster towards the higher end of this raagd are similar to the micritic calcite cement found in
sample HG2 STN 46BAs such, theseements are at higmagnesian calcite end of the calcite
(CaCQ)-magnesite (MgCg) solid-solution series (cf. Deer et al., 1962a,b; Mackenzie et al.,
1983). However, SEMEDXA observations indicate that the recrystallisation of the micrite to
coarser micrsparry calcite cement produced calcite with a lower magnesium c¢Riguaite 20)

with about 5 mole % MgCg&in sold solution (i.e. GasMgo.0sCOs).

The petrographic observations show that this carbereatented sediment has angaex
history similar to that of sample HG2 STN 46B (see Se@ian The preservation of an abraded
and wornclast of magnesian calciteemented sedimerds a pebble within the aragonite
cemented shelly sandstomelicate thathere was a hiatus in carbonate precipitation between the
precipitation of magnesian calcite and the precipitation of later aragonite. It shatvthe
magnesian calciteementedediment must have beerll-lithified, and then eroded prior to the
depodtion of aragonitecemented sandston€he finerscale boring microstructures seen on the
surfaces of the carbonatemented clasts are generally not sedirfilatl or cemented by
aragonite, and probably pegate both magnesian calcite and aragoniteigtation, and were
clearly produced after complete lithification of the sedim&he aragoniteemented rock has
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also been abraded and worn, indicating that a second phase of erosion occurred after aragonite
precipitation.During this time the sea bed dasediment surface environment matto have

been oxic, since this erosion and burrowing was accompanied by oxidation of pyrite in the near
surfaceof the sediment and in the walls leérings on the surfaces of the clasts of carbenate
cemented sedimenthe sequence of sedimentary and jategiositional diagenetic events can be
summarised as follows:

1.Deposition of very fine sand and silt sediment;
2.Bioturbation;

3.Precipitation of micritic highmagnesian calcite within the nesurface of the sediment,
simultaneously associated with iron and sulphate reduction in the anoxic sediment and
the precipitation of fine authigenic pyrite;

4.Partial recrystallisation of micritic higimagnesian calcite to fine grainedver magnesian
calcite, associated with furthkthif ication of the sediment;

5.Erosion and burrowing of the lithifieigh-magnesian calcite cemented rock, and current
rolling and abrasion of eroded clasts

6.Renewed deposition éhe sandand abundant shelly detritus

7. Precipitation of aragonite within the aresurface of the sediment and lithificatidnitially
aragonite formed overgrowths seeded on aragonitic shell fragments but subsequently,
aragonite cement precipitated as an intergranular cement in the sediment

8.Erosion of the aragonieagnesian calciteemented sediment, with local transport and
abrasion of the eroded clasts of carbomatmented sandstone and siltstone, and
oxidation of pyrite to form finely disseminated iron oxyhydroxide now staining the clasts.

Calcite/Aragonite
CaCO3

Dolomite
CaMg[CO:],

Strontianite

Magnesite MgCO3 sSrco3

Figure 20. CaCO3-MgCO3-SrCO3; molar ratio plot illustrating the composition of the
aragonitic bivalve shells (solid red circles), acicular aragonite cement (open red circles),
and micritic high-magnesian calcite in (solid blue circlespnd later coarser magnesian
calcite replacing micritic calcite (slid green circles)MDAC sample HG2 STN 46C relative

to endmember carbonate minerals.
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Table 3. Electron microprobe analysesof carbonate cementsn sampleHG2 STN 46C

WEIGHT % OXIDE (normalise d) IONIC RATIO [normalised to 3 [O]

No. CO, | *Total
MgO | CaO | MnO | FeO | S1O | (oif | o

COMMENTS
Mg? | ca®* | Mn*" | Fe* | Sr** | CO

Micritic magnesian calcite, partially recrystallised

1 7.68| 47.03| 0.00| 0.00| 0.00| 45.29( 100.00| 0.19| 0.81| 0.00| 0.00| 0.00| 1.00 microsarrite

Micritic magnesian calcite, partially recrystallised

2 7.05| 47.29| 0.00| 0.53| 0.00| 45.13| 100.00| 0.17| 0.82| 0.00| 0.01| 0.00| 1.00 microsparrite

Micritic magnesian calcite, partlgl recrystallised to

3 7.77| 46.11| 0.00| 0.90| 0.00| 45.21| 100.00| 0.19| 0.80| 0.00| 0.01| 0.00 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

4 6.19| 48.31| 0.00| 0.53| 0.00| 44.98| 100.00| 0.15| 0.84| 0.00| 0.01| 0.00 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

5 7.93| 46.35| 0.00| 0.43| 0.00| 45.29| 100.00( 0.19 0.80| 0.00| 0.01| 0.00 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

6 7.55| 46.96| 0.00| 0.25| 0.00| 45.24| 100.00| 0.18| 0.81| 0.00| 0.00| 0.00 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

7 7.44| 46.66| 0.00| 0.73| 0.00| 45.17| 100.00| 0.18| 0.81| 0.00| 0.01| 0.00 1.00 microsparrite

Micritic magnesian calcite, partially recrystallised

8 7.34| 47.25| 0.00| 0.20| 0.00| 45.21| 100.00( 0.18 0.82| 0.00| 0.00| 0.00 1.00 microsparrite

9 8.77| 44.89| 0.00| 0.71| 0.27| 45.35| 100.00| 0.21| 0.78| 0.00| 0.00| 0.01| 1.00| Micritic magnesian calcite, partially recrystallised
microsparrite

10 | 8.02| 45.87| 0.00| 0.54| 0.36| 45.22| 100.00| 0.19| 0.80|0.00 | 0.00| 0.01| 1.00 | Micritc magnesian calcite, partially recrystallised
microsparite

11 | 5.84| 48.68| 0.00| 0.56| 0.00| 44.92| 100.00| 0.14| 0.85|0.00 | 0.00| 0.01| 1.00| Micritic magnesian calcite, partially recrystallised
microsparrite

12 | 8.06| 46.22| 0.00| 0.19| 0.25| 45.28| 100.00| 0.19| 0.80|0.00 | 0.00| 0.00| 1.00| Micritic magnesian calcite, partip recrystallised to
microsparrite

13 | 6.53| 48.18| 0.00| 0.00| 0.25| 45.04| 100.00| 0.16| 0.84|0.00 | 0.00| 0.00| 1.00| Micritc magnesian calcite, partially recrystallised
microsparrite

Note: * Analytical totals were low (<90%) because the cements were verypoions. Therefore all data were normalised to 100%
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Table 3 (continued). Electron microprobe analysesof carbonate cementsn sampleHG2 STN 46C

WEIGHT % OXIDE (normalised) IONIC RATIO [normalised to 3 [O]

No. CO, | *Total
MgO | CaO | MnO | FeO | S1O | (04 |\ o0

COMMENTS
Mg®* | ca®* | Mn?* | Fe* | Sr** | COZ

14 | 6.89| 47.59| 0.00| 0.17| 0.27| 45.08| 100.00| 0.17| 0.83| 0.00| 0.00| 0.00| 1.00 | Micritic magnesian calcite, partially recrystallised
microsparrite

15 0.00| 5491| 0.00| 0.23| 1.14| 43.71| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragoniteporefilling cement

16 0.00| 54.71| 0.00| 0.17| 1.47| 43.65| 100.00| 0.00 0.98| 0.00| 0.00| 0.01 1.00 | Aragoniteporefilling cement

17 0.00| 55.06| 0.00| 0.00| 1.22| 43.72| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragoniteporefilling cement

18 0.00| 54.61| 0.00| 0.21| 1.55| 43.63| 100.00| 0.00 0.98| 0.00| 0.00| 0.02 1.00 | Aragoniteporefilling cement

19 0.00| 5491| 0.00| 0.19| 1.20| 43.70| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragoniteporefilling cement

20 1.20| 53.21| 0.00| 0.31| 1.44| 43.85| 100.00| 0.03 0.95| 0.00| 0.00| 0.01 1.00 | Aragoniteporefilling cement

21 0.00| 54.99| 0.00| 0.15| 1.13| 43.72| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragoniteporefilling cement

22 0.39| 53.89| 0.00| 0.40| 1.66| 43.66| 100.00| 0.01 0.97| 0.00| 0.01| 0.02 1.00 | Aragoniteporefillin g cement

23 0.00| 54.57| 0.00| 0.00| 1.84| 43.59| 100.00| 0.00 0.98| 0.00| 0.00| 0.02 1.00 | Aragoniteporefilling cement

24 0.00| 54.17| 0.00| 0.33| 1.96| 43.54| 100.00| 0.00 0.98| 0.00| 0.00| 0.02 1.00 | Aragoniteporefilling cement

25 0.00| 55.91| 0.00| 0.00| 0.15| 43.93| 100.®| 0.00 1.00| 0.00| 0.00| 0.00 1.00 | Aragonite shell

26 0.00| 55.63| 0.00| 0.00| 0.51| 43.86| 100.00| 0.00 1.00| 0.00| 0.00| 0.00 1.00 | Aragonite shell

27 0.00| 55.60| 0.00| 0.00| 0.55| 43.85| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragonite shell

28 0.00| 55.57| 0.00| 0.00| 0.59| 43.85| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragonite shell

29 0.00| 55.70| 0.00| 0.00| 0.42| 43.88| 100.00| 0.00 1.00| 0.00| 0.00| 0.00 1.00 | Aragonite shell

30 0.00| 55.10f 0.00| 0.00| 1.18| 43.73| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Aragonite cement overgrowth on shel

31 0.00| 54.98| 0.00| 0.00| 1.32| 43.70| 100.00| o0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragonite cement overgrowth on shell

32 0.00| 54.94| 0.00| 0.00| 1.37| 43.69| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragonite cement overgrowth on shell

33 0.00| 55.16| 0.00| 0.00| 1.10| 43.74| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Aragonite cement overgrowth on shell

34 0.00| 54.82| 0.00| 0.00| 1.52| 43.66| 100.00| 0.00 0.99| 0.00| 0.00| 0.01 1.00 | Aragonite cement overgrowth on shell

Note: * Analytical totalswere low (<986) because the cements wereywaicroporous. Therefore all data were normalised to 100%
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Table 3 (continued). Electron microprobe analysesof carbonate cementsn sampleHG2 STN 46C

WEIGHT % OXIDE (normalised) IONIC RATIO [normalised to 3 [O]

No. . COMMENTS
MgO | CaO | MnO | Feo | sro | €Oz | Total |y or | coor | pn2t | pe* | 2 | cOZ?
(calc) | wt%

35 0.00| 54.70| 0.00| 0.00| 1.67| 43.63| 100.00| 0.00| 0.98| 0.00| 0.00| 0.02| 1.00| Aragonite cement overgrowth on shell

36 0.00| 54.94| 0.00| 0.00| 1.37| 43.69| 100.00| 0.00| 0.99| 0.00| 0.00| 0.01| 1.00| Aragonite cement overgrowth on shell

37 0.00| 54.79| 0.00| 0.00| 1.56| 43.65| 100.00| 0.00| 0.98| 0.00| 0.00| 0.02| 1.00| Aragonite cement overgrowth on shell

38 2.06| 53.43| 0.00| 0.00| 0.24| 44.27| 100.00| 0.05| 0.95| 0.00| 0.00| 0.00| 1.00| Coarse magnesium calcite

39 1.93| 5352 | 0.00| 0.00| 0.31| 44.23| 100.00f 0.05| 0.95| 0.00| 0.00| 0.00| 1.00| Coarse magnesium calcite

40 2.13| 53.24| 0.00| 0.00| 0.37| 44.26| 100.00| 0.05| 0.94| 0.00| 0.00| 0.00| 1.00| Coarse magnesium calcite

a1 1.87| 53.62| 0.00| 0.00| 0.27| 44.23| 100.00f 0.05| 0.95| 0.00| 0.00| 0.00| 1.00 | Coarse magnesium calcite

42 1.98| 53.46| 0.00| 0.00| 0.33| 44.24| 100.00f 0.05| 0.95| 0.00| 0.00| 0.00| 1.00| Coarse magnesium calcite

43 2.01| 53.41| 0.00| 0.00| 0.33| 44.24| 100.00| 0.05| 0.95| 0.00| 0.00| 0.00| 1.00| Coarse magnesium calcite

Note: * Analytical totalswere lov (<95%) because the cements were very microporous. Therefore all data were normalised to 100%
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3.3 SAMPLE HG3 STN 42B

Sample H@ STN 4B comprised a series of fragments of dark grey to light brownish grey
carbonatecemented fine sandstone asitistone rangig in size from5 mm to70 mm diameter.

The fragments were typically irregular in forrmcluding lenticular, platy, branching and
elongateforms. Sme of these may represent carbonatemented sedimeffitied burrow
structures Kigure 21). Most of the clasts appear to be abraded aodearately welrounded

Their surfacesare commonly bored by marine organisms and some of the clast surfaces are
weakly oxidised and stained by orarg®wn films of iron oxyhydroxide.

CoOM

KODAK Gray Scale

11/0t/20]3 pmm—m—

-
Figure 21. Photograph showing the range of shapes and sizes of the fragments of carbonate
cemented sandstone and siltstone in samplelG3 STN 42B. Many fragments are
moderately well rounded, and most display open borings by marine organisms.

The polished section prepared through a fragment 08 BGN 4B is shown inFigure 22. In
section this fragment was seen to have a disturbed fabric comprising convoluted laminae of
weakly-cemented microporous sandstone preservetsadated within more tighthcemented
sandstone. Detailed petrographic examination shows that theaemetinted sandstone has also
been sufferedsynsedimentary disruptiowith localised brecciatiomnd recementation of the
fragmented rockFigure 23). This clast is a fine grained sandstone with detrital components
comprising mainly of angular to stdmgular sangrade quartz, with minor Heldspar,
plagioclase andccasionamuscovite Minor clay-grade illite kaolinite and possi chlorite are

also presentThe matrix of the sandstone is predominantly micritic ‘mgignesian calcite.
Detrital quartz grains locally display minor etching or corrosion. The detrital muscovite has been
altered with leaching and exfoliation of the gimalong their basal cleavage. The mica alteration
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occurred prior to cementation since the micritic magnesian calcite enclosed exfoliated grains and
penetrates along the exfoliated mica cleavage (illustrategyure24).

Figure 22. Polished section through a fragment of dominantly magnesian calci#=mented
fine sandstone. It shows contorted laminae of weakdgemented microporous sandstone
(darker areas) and patches of more tightlycemented sandstonelight grey). A large
burrow with iron oxyhydroxide stained surfaces can be seen near the centre of the of the
section. SampleHG3 STN 42B.

The tightlycemented and weaklgemented sandstone both disphsry uncompacted grain
fabric with only minima) simple grain contactsFigure 23 to Figure 26). The grains appear to

ofl oatd within the micrite matri x, indicat.i
surface and before significasg¢dimenburial. In polished sectionhe wellcemented parts of the
sandstone also display, relatively larggergranular areag00200e m i n  dthabaree t e r

occupied by micritic calcite cement (elgigure 25). Thesear e o6over si zedbé co
detrital silicate grain size of the rock, and represent pelloidal ggcaimposed of micritic high
magnesian caltg with dispersed fine quartz silt and clay minerdlbesepelloidal grainsare
generally roundedand encased within subsequent gidteng micrite, and some may possibly

be faecal pellets suggesting that the micritic carbonate precipitation was sgitae@d, and

was beingioturbated andeworked bybenthicmarine organisms during deposition.

The micritic magnesian calcite in both the tightgmented areas and very porous weakly
cementeehreas is very similar in character. It typically comprisesisimna 6 gl obul ar 6 a
micritic highhrmagnesian calciteupto®0 e m i n di ameter, often sul
microsparry magnesian calcit€igure 27). Within the more porous sandstone, this micritic
magnesian caite forms colloform fringes coating and encrusting the detrital sand gFams¢

26), andweakly binding the sandrainstogether.The microsparry calcite overgrowth on the
micritic carbonate locally developed a more compléxita with colloform banding consisting

of an initial layer of lowmagnesian calcite coated by a subsequent layer ofrhégimesian

calcite Figure 28). Some of the micritic magnesian calcite is also recrystallised and patchily
replaced and overprinted by microcrystalline tavagnesian calcitd-{gure28).
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20.00 kV|2.6 nA| BSED

Figure 23. BSEM photomicrograph of fragmented and brecciatedsandstone cemented by
micritic magnesian calcite, with weakly-cemented porous sand filling between the
fragments of cemented rock. SamplélG3 STN 42B.

det
BSED

Figure 24. BSEM photomicrograph showng uncompacted gran fabric of detrital quartz
(mid-grey) 6 f | oat i ngo imicritica magredian ialkite cefment (light-grey). A
detrital muscovite grain has beenexfoliated and subsequentlyenclosed withn the calcite
Pyrite microcrystals (white) have precipitated along the exfoliated cleavag&ample HG3
STN 42B.
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P P e e T e -
Figure 25. BSEM photomicrograph showing uncompacted grain fabric withdetrital quartz
(dark grey) 6 f | oat i ng 6 miariticamagnesitair dalgite aerentlight grey). The
0 o v e r areanfanititic calcite in the centre of the image representpelloidal carbonate
grain. SampleHG3 STN 42B.

e '3 RPRL A
HV det [ vacMode [ WD
§ Hih vacuum [10.0 mm HG3 STN 42B
Figure 26. BSEM photomicrograph of a porous sandstone region, showing uncompacted

detrital grains of quartz (mid-grey) and K-feldspar (white), weakly cemented by thin
colloform fringes of micritic magnesian calciteSampleHG3 STN 42B.
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W et 8
RN T8t

P

20.00 kV|2.6 nA | BSED |High vacuum|10.0 mm| HG3 STN 42B

Figure 27. BSEM photomicrograph showing typical micritic carbonate cement comprising
smal | 6gl obul ar 6 a g gmagngsan elsite sufrounched oy & tim @f hi ¢
coarse microsparry magnesian calcite. SampléiG3 STN 42B.

high-Mg

/ calcite

HV curr det vacMode WD
High vacuum [10.0 mm| HG3 STN 42B
Figure 28. BSEM photomicrograph showing 6égl obul ar
high-magnesian calcite surrounded by a microcolloform rim of later calcite cement
comprising an initial band of low-magnesian calcite subsequently overgrown by high

magnesian calcite. Som& g | o b ul ar &oreadjsplayeatchy replacement of high
magnesian calcite by microspary low-magnesian calcite. SamplelG3 STN 42B.
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HV T cur | det | vacMode | WD
Figure 29. BSEM photomicrograph showing fine microstructure within the micritic high-
magnesian calcite matrix. The micritic carbonate comprises small spheroidal or
6framboidal 6 aggregates of fibrous ow caorcea §.s

Pyrite has precipitated within the interstitial microporosity, and very small dolomite
crystals are encased within the micritic calcite. SamplelG3 STN 42B.

AV [ ourr [ det | vachode | WD
20.00 kV|2.6 nA| BSED |High vacuum|10.0 mm HG3 STN 42B

Figure 30. BSEM photomicrograph showing framboidal pyrite within a micritic high-
magnesan calcite matrix. HG3 STN 42B.
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High-resolution BSEM observations of the micritic high magnesian calcite matrix revealed an

evenfiner microstructure comprised dine spheroidl or 6framboi dal 6 aggd

microcrystds of highmagnesi an, of t en nu erdtre(Bigure 20). Simmilaru n d
textures have been described previously from dolomitic MDAC from the Mid Irish Sea
(Milodowski et al., 2009)andclosely resemblenineralisedandfossilisedbacterial cell fabrics
described in the literature (e.g. Martill and Wilby, 1994; Wilby and Whyte, 19%&xefore lis
microfabric might indicate that the magnesian calcite seen in this sample froBrabenar
Pockmark may also kemilarly of microbialorigin.

A minor amount of dolomite is closely associated with the micritic magnesian calcite. The
dolomite occurs as tinydiomorphic (i.e. euhedral) rhombrystals disseminated within the

micrite matrix. Is position within the sequence of cartate cements is unclear. It may partially
replace some of the high magnesian calcite but is also seen to be encrusted by subseguent high
magnesian calcitd-{gure29).

Authigenic prite is common in this sample, and is closelysasated with the micritic
magnesian calcite. Pyriteoccurs as minor microcrystalline fillsvithin the interstial
microporosityin the micrite Figure29). It also occurss framboidal pyriteKigure30), which is
characteristic of lowtemperatureand early diagentc sulphide formation within the sulphide
reduction zoneof marine sediment¢Berner, 1969; 1980; Rickard, 1970; 1975; Sweeney &
Kaplan, 1973).Some of this pyrite has been oxidisediron oxde or oxyhydroxidenear the
surfaces of the carbonatee me nt e d s a nrHissecondary ironcokide adcaunts for the
orange and retirown staining seen on these carborwamented rock fragments.

Electron microprobe analyses of ttecite anddolomite cement are presentedTiable4. These

data are summarised hgure31in terms of molar proportions of emdember CaC@MgCO;-

FeCQ. These data show that the eadlyg | obul ar , micritic magnes:i
colloform magnesian calcite overgrowth cements are-tiggnesian calcites with most analyses
showing between 18 to 24 mole % Mg&i@ solid-solution Figure31) within thecalcite lattice

(i.e. the structural formula of the calcite can be represented @8 o0@#MJgo240.18C0s3). Most
analyses of the micritic calcite cluster towards the higher end of this range and are similar to the
micritic calcite cement found ithe otker BraemarPockmark sampledHowever, SEMEDXA
observations indicate that the recrystallisation of the micrite to coarser microsparry aadcite
colloform microsparry calciteementovergrowthsproduceda relativelylow magnesiuntalcite
(Figure31) with between 15 mole % MgCQ in sold solution (i.e. Gas0.99MJ0.050.01C03). The
recrystallisation of the earfprmed highmagnesian calcite and its partial replacement by a less
magnesian calcite will potentially have liberatedgnesium into the porewaters of the sediment.
This may then have promoted the formation of the small amount of dolomite closely associated
with these calcite cements.

The EPMA data show that the dolomit@ssociated with the micritic calciie calciumrich
(composition of Cgs30.59MJo.470.45C03), with 3-5 mole% Ca in excess of the ideal stoichiometry

for dolomite CasMgosCOs. This is very similar to the excess Ca dolomites (average
composition CgsdVigo.4/0Os3) described by Jensen et al. (1992) from MDAeposits in the
Kattegat off the coast of Denmark. The presence of a significant excess in Ca in dolomite at low
temperature may indicate that the dolomite is relatively poorly ordered and/or metastable, and
may have precipitated rapidly (Vahrenkamp aBdvart, 1994) possibly forming via a
Aprotodol omited precursor (cf. Deer et al .,

The sequence of sedimentary and jhetositional diagenetic eventecorded fromsample
HG3STN 42Bcan be summarised as follows:

1.Deposition offine sand and silt seatient;

2.Microbial precipitation of micritic highmagnesian calcite within the nesurface of the
sediment, simultaneouslhaccompanied bythe precipitation of authigenic pyrite
associated with imoand sulphate reduction sediment

34

q

~

C



CR/13/078 Final 1.0 Commercial-in-confidence 14 October 2013

3.Syndepositional bioturb@n and reworking of the micritic magnesian caleith sand
prior to lithification;

4.0ngoing microbial pecipitation of micritic highmagnesian calcitandpartiallithification,
followed by disruptive brecciation of more lithifiegarts of thesandstone This
disruption may possibly be the result of gas bujdwithin the sediment and its sudden
release

5.Further microbial pecipitation of micritic highmagnesian calcitand lithification;

6.Partial recrystallisation, replacement and overgrasttimicritic high-magnesian calcitby
lower magnesian calcitd’he magnesium released to the porewaters during this process
may have given rise to very minor dolomitisation of the early micritic calcite

7.Erosion of the lithifiedcarbonatecementedsandstone, with absion of eroded clasts.
Boring of the clast surfaces by marine biota, and oxidation of pyrite near the clast
surface. This indicates that the sea bed environment was oxic at this time

Calcite/Aragonite
CaCo3

Dolomite
CaMg[CQs]z

,
.
LY
.
i /
e Y
" oy
L i
L ",
L L
L E

Magnesite MgCO3 Strontianite SrCO3

Figure 31. CaCOs;-MgCO3-SrCO3 molar ratio plot illustrating the composition of the
micritic and colloform high-magnesian calcite gpen red circles), recrystallised micritic
calcite (solid red circles) and dolomite microspar (skd blue circles). MDAC sample HG3
STN 42B, relative to endmember carborate minerals
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Table 4. Electron microprobe analysesof carbonate cements in sample H&STN 42B.

WEIGHT % OXIDE (normalised) IONIC RATIO [normalised to 3 [O]

No- 1 \Mgo | cao | Mno | Feo | sro (Sgé) *\TV?J/‘:' Mg? | ca®* |Mn?| Fe | s | cog? COMMENTS

1 9.70| 44.24| 0.00| 0.22| 0.28| 45.56| 100.00| 0.23 0.76| 0.00| 0.00| 0.00 1.00 | Micritic high magnesian calcite

2 8.82| 45.65| 0.00| 0.06| 0.00| 45.48| 100.00/ 0.21| 0.79| 0.00| 0.00| 0.00| 1.00| Micritic high magnesian calcite

3 9.84| 44.13| 0.00| 0.24| 0.20| 4559 | 100.00| 0.24 0.76| 0.00| 0.00| 0.00 1.00 | Micritic high magnesian calcite

4 9.79| 44.14| 0.00| 0.17| 0.33| 45.57| 100.00f 0.23 0.76| 0.00| 0.00| 0.00 1.00 | Micritic high magnesian calcite

5 9.04| 45.20| 0.00| 0.27| 0.00| 45.49| 100.00| 0.22 0.78| 0.00| 0.00| 0.00 1.00 | Micritic high magnesian calcite

6 9.45| 44.42| 0.00| 0.41| 0.22| 4551| 100.00f 0.23 0.77| 0.00| 0.01| 0.00 1.00 | Micritic high magnesian calcite

7 9.75| 44.05| 0.00| 0.62| 0.00| 45.58| 100.00| 0.23 0.76| 0.00| 0.01| 0.00 1.00 | Micritic high magnesian calcite

8 8.53| 45.26| 0.00| 0.54| 0.37| 45.31| 100.00/ 0.21| 0.78| 0.00| 0.01| 0.00| 1.00| Micritic high magnesian calcite

9 9.96| 43.49| 0.00| 0.61| 0.39| 45.54| 100.00| 0.24| 0.75| 0.00| 0.01| 0.00| 1.00| Micritic high magnesian calcite

10 9.61| 44.17| 0.00| 0.56| 0.11| 45.54| 100.00f 0.23 0.76| 0.00| 0.01| 0.00 1.00 | Micritic high magnesian calcite

11 6.02| 48.66| 0.00| 0.35| 0.00| 44.97| 100.00| 0.15| 0.85| 0.00| 0.00| 0.00| 1.00| Micritic high magnesian calcite

12 9.26| 43.44| 0.00| 1.93| 0.00| 45.37| 100.00|{ 0.22| 0.75| 0.00| 0.03| 0.00| 1.00| Micritic high magnesian calcite

13 9.10| 44.@| 0.00| 0.64| 0.00| 45.47| 100.00| 0.22 0.77| 0.00| 0.01| 0.00 1.00 | Micritic high magnesian calcite

14 431| 50.72| 0.00| 0.30| 0.00| 44.68| 100.00| 0.11| 0.89| 0.00| 0.00| 0.00| 1.00| Micritic high magnesian calcite

15 8.85| 45.05| 0.00| 0.67| 0.00| 45.42| 100.00| 0.21| 0.78| 0.00| 0.01| 0.00| 1.00| Micritic high magnesian calcite

16 7.64| 46.50| 0.00| 0.65| 0.00| 45.22| 100.00| 0.18 0.81| 0.00| 0.01| 0.00 1.00 | Micritic high magnesian calcite

17 7.53| 46.10| 0.00| 1.22| 0.00| 45.14| 100.00| 0.18| 0.80| 0.00| 0.02| 0.00| 1.00| Micritic high magnesian calcite

18 19.25| 32.96| 0.00| 0.57| 0.00| 47.22| 100.00{ 0.45| 0.55| 0.00| 0.01| 0.00| 1.00| Dolomite micospar within micritic calcite
19 19.79| 32.03| 0.00| 0.90| 0.00| 47.28| 100.00{ 0.46| 0.53| 0.00| 0.01| 0.00| 1.00| Dolomite micospar within micritic calcite
20 19.30| 32.70| 0.00| 0.79| 0.00| 47.21| 100.00| 0.45| 0.54| 0.00| 0.01| 0.00| 1.00 | Dolomite micospar within micritic calcite

Note: *Analytical totals were low (<90%) because the cements were very microporous. Therefore all data were normalised to 100%
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Table 4 (continued). Electron microprobe analysesof carbonate cements in sample H&STN 42B.

WEIGHT % OXIDE (normalised) IONIC RATIO [normalised to 3 [O]

No. CO, | *Total
MgO | CaO | MnO | FeO | S1O | (04 |\ o0

COMMENTS
Mg®* | ca®* | Mn?* | Fe* | Sr** | COZ

21 8.66| 45.36| 0.00| 0.58| 0.00| 45.40| 100.00| 0.21| 0.78| 0.00| 0.01| 0.00| 1.00| Colloform high magnesian calcite

22 8.40| 46.20| 0.00| 0.00| 0.00| 45.41| 100.00/ 0.20| 0.80| 0.00| 0.00| 0.00| 1.00| Colloform high magnesian calcite

23 8.38| 45.95| 0.00| 0.29| 0.00| 45.38| 100.00| 0.20 0.79| 0.00| 0.00| 0.00 1.00 | Colloform high magnesian calcite

24 7.61| 47.12| 0.00| 0.00| 0.00| 45.27| 100.00| 0.18| 0.82| 0.00| 0.00| 0.00| 1.00| Colloform high magnesian calcite

25 7.56| 47.18| 0.00| 0.00| 0.00| 45.26| 100.00( 0.18 0.82| 0.00| 0.00| 0.00 1.00 | Colloform high ma@nesian calcite

26 0.68| 55.24| 0.00| 0.00| 0.00| 44.08| 100.00( 0.02 0.98| 0.00( 0.00| 0.00 1.00 | Recrystallisedolloform low-magnesiarcalcite

27 0.61| 55.32| 0.00| 0.00| 0.00| 44.07| 100.00f 0.02| 0.98| 0.00| 0.00| 0.00| 1.00| Recrystalliseaolloformlow-magnesiarcalcite

28 0.81| 55.09| 0.00| 0.00| 0.00| 44.10| 100.00( 0.02 0.98| 0.00( 0.00| 0.00 1.00 | Recrystalliseaolloformlow-magnesiarcalcite

29 2.13| 53.54| 0.00| 0.00| 0.00| 44.33| 100.00| 0.05 0.95| 0.00( 0.00| 0.00 1.00 | Recrystalliseaolloformlow-magnesiarcalcite

30 0.66| 55.26| 0.00| 0.00| 0.00| 44.08| 100.00| 0.02| 0.98| 0.00| 0.00| 0.00| 1.00| Recrystalliseaolloformlow-magnesiaralcite

31 8.68| 45.59| 0.00| 0.30| 0.00| 45.43| 100.00| 0.21 0.79| 0.00| 0.00| 0.00 1.00 | Colloform high magnesian calcite

32 7.67| 47.04| 0.00| 0.00| 0.00| 45.28| 100.00| 0.18 0.82| 0.00( 0.00| 0.00 1.00 | Colloform high magnesian calcite

33 8.75| 45.78| 0.00| 0.00| 0.00| 45.47| 100.00f 0.21| 0.79| 0.00| 0.00| 0.00| 1.00| Colloform high magnesian calcite

34 9.41| 44.78| 0.00| 0.26| 0.00| 45.56| 100.00( 0.23 0.77| 0.00| 0.00| 0.00 1.00 | Colloform high ma@nesian calcite

35 9.44| 44.12| 0.00| 0.93| 0.00| 45.50| 100.00f 0.23| 0.76| 0.00| 0.01| 0.00| 1.00| Colloform high magnesian calcite

36 0.77| 55.13| 0.00| 0.00| 0.00| 44.10| 100.00| 0.02| 0.98| 0.00| 0.00| 0.00| 1.00| Colloformlow-magnesian calcite

37 0.85| 55.04| 0.00| 0.00( 0.00| 44.11| 100.00| 0.02| 0.98| 0.00| 0.00| 0.00| 1.00| Colloformlow-magnesian calcite

38 0.54| 55.41| 0.00| 0.00| 0.00| 44.06| 100.00f 0.01| 0.99| 0.00| 0.00| 0.00| 1.00| Colloformlow-magnesian calcite

39 0.80| 55.10/ 0.00| 0.00| 0.00| 44.10| 100.00| 0.02| 0.98| 0.00| 0.00| 0.00| 1.00| Cdloformlow-magnesian calcite

40 0.32| 55.44| 0.00| 0.24| 0.00| 44.00| 100.00| 0.01| 0.99| 0.00| 0.00| 0.00| 1.00| Colloformlow-magnesian calcite

Note: *Analytical totals were low (<95%) because the cements were very microporous. Therefore all data were nooridid%d t
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3.4 SAMPLE HG3 STN 42C

Sample H@ STN 4C comprised a series ofery wellrounded pebblike clastsof light
brownish grey carbonatsemented fine sandstommanging in size froml0 mm to 35 mm
diameter(Figure32). The fragnents wereseen to be pitted arlwbred by marine organismshe
featuresof this sample are very similar to those observed in HG3 STN 42B.

KODAK Gray Scale

KODAK Color Control Patches

---r .
i {
=y,

Figure 32. Photograph showing the range of shapes and sizes of the fragments of carbonate
cemented sandstone in sample HG3 STN 42C. Many fragments are moderately well
rounded, and most display open borings by marine organisms.

Figure 33. Polished section through a clast of magnesian calcitemented fine sandstonet|
shows the outer edges of the clast are coated with sand stained by iron oxyhydroxide. Large
borings produced by marine organisms are also evident. SamptéG3 STN 42B.
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