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Abstract

Lake margin deposits are the subject of increased study, but this is often focussed
on either clastic or carbonate/microbial dominated end members. This study
examines the interaction of clastic and carbonate systems. The Upper Triassic
Edderfugledal Formation in East Greenland provides superb exposures through
a carbonate dominated lacustrine succession. Fluctuations in lake level, inter-
preted as a response to cyclic, orbitally forced, climatic variance resulted in a
highly mobile lake shore zone. The response of the shore zone environment to
these fluctuations in lake level, and the interaction of both clastic and carbonate
components, are documented in this study. A general trend from more arid to
more humid conditions is recognised through the Edderfugledal Formation. This
trend is reflected in a transition from more ephemeral lacustrine conditions with
low sediment input to conditions where lacustrine episodes were more prolonged
and clastic input was increased. Deposits reflecting more ephemeral conditions
are dominated by extensive post-depositional disruption including desicca-
tion, pedogenic processes and evaporite precipitation. These effects increase to-
wards the lake margins where exposure was most common and most prolonged.
Increasingly humid conditions and the associated longer-lived lacustrine devel-
opments and increased clastic sediment input resulted in a very different form of
lake margin. During transgressive phases sediment input was pushed back to the
lake margin allowing extensive microbialite development. Ooidal shoals devel-
oped in shallow water beyond the extent of clastic input. The lakeward migration
of the ooidal shoals and the progradation of clastic systems eventually stifled the
microbialites prior to the next transgressive event. In a mixed clastic-carbonate
lacustrine setting the interaction of sediment supply and production are key fac-
tors in governing facies development and these are in turn predominantly con-
trolled by lake-level change and lake margin bathymetry.
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1 | INTRODUCTION

Lake margin deposits provide an opportunity to examine
the delivery and transfer of sediments into lacustrine sys-
tems. An increasing number of studies have examined lake
margin systems but these have often focussed on either clas-
tic or carbonate-microbial dominated facies associations
(Renaut & Owen, 1991; Martel & Gibling, 1991; Andrews &
Hartley, 2015; Liao et al., 2024; Platt & Wright, 1991; Moreau
et al., 2024). This study provides a rare example of the interac-
tion of clastic and carbonate facies from a dynamic lake mar-
gin recorded in the Upper Triassic Edderfugledal Formation
in the Jameson Land Basin, East Greenland.

The Edderfugledal Formation lies within the Upper
Triassic Fleming Fjord Group (Andrews et al., 2021;
Clemmensen et al., 2020; Clemensen, 1978, 1980a, 1980b)
and can be traced for over 150 km across the Jameson Land
Basin between 70° 20’ and 72° 20" N on the East Greenland
coast (Figure 1). Although dominated by carbonate facies,
including microbialites, the Edderfugledal Formation also
includes clastic facies, which tend to become more sig-
nificant up section. The facies recognised form distinct
cycles, interpreted to record regular, climatically con-
trolled, fluctuations in lake level within a closed basin
(Clemmensen, 1978). These cycles have been attributed to
orbital forcing by Clemmensen et al. (2020).

The upward transition from carbonate to clastic facies,
alongside the high frequency variations in lake level and su-
perb arctic exposures, have provided the ideal setting to ex-
amine the lateral and temporal interaction of a varied range
of carbonate and clastic environments which comprised the
lake margin sedimentary systems. This study largely draws
from the examination of five closely spaced (0.5-1.5km)
sections from Dvargarvedal, which lies towards the north-
ern margin of the Jameson Land Basin (Figure 1). Detailed
logging was undertaken of these sections and augmented by
thin section, scanning electron microscopy (SEM) and sta-
ble isotope analysis on selected samples.

The aim of this study is to characterise hitherto poorly
documented clastic-carbonate interactions in lake shore
zone settings, and to consider the controls on the observed
facies distributions. To achieve this the facies associations
are first described, before their vertical relationships are
examined in relation to fluctuating lake levels and concom-
itant transient shore zones. The lateral relationships are
then considered and depositional models are proposed.

2 | GEOLOGICAL SETTING

The Jameson Land Basin lies on the western margin of
the Greenland-Norway rift between 70°05’ and 73° N
(Figure 1). The central portion of the basin, on which this

study is focussed, is 200km long, 70km wide and is aligned
north-south. The basin margins are defined by the Stauning
Alper Fault in the west and the Liverpool Land high, on to
which the Triassic succession onlaps (Andrews et al., 2021)
in the east (Figure 2). A number of NE-SW oriented faults
divided the basin during the Early through Mid Triassic but
these appear to have had little, if any, control on deposition
by Norian times (Andrews et al., 2021). Activity on faults
of a similar orientation during the latest Rhaetian—Early
Jurassic has been suggested (Andrews et al., 2022).

Rifting in East Greenland occurred over a protracted pe-
riod, the initiation of which is the subject of some debate,
with some workers arguing for post-Caledonian (Devonian)
extension resulting from the collapse of the Caledonian
Orogen (McClay et al., 1986; Surlyk, 1990) and others sug-
gesting a strike slip origin for these early basins and true
extension only beginning after a major Mid Permian hia-
tus (Friend et al., 1983; Henriksen & Higgins, 1976). Two
rift events are suggested to have occurred during the Early
Triassic (Seidler et al., 2004) leading to deposition of a thick
marine turbidite succession which shallows upwards and
is overlain by a continental succession which reaches over
1.5km in thickness and comprises the rest of the Triassic
succession. Initial alluvial coarse clastics of the Pingo Dal
Group display distinct thickening into faults (Andrews
et al., 2021; Guarnieri et al., 2017) suggesting active faulting
during deposition. The overlying succession is dominated by
lacustrine units of the Gipsdalen and Fleming Fjord groups
which have a more tabular geometry, interpreted to reflect
deposition in a post-rift setting (Andrews et al., 2021).

The units which are the focus of this study lie within the
FlemingFjord Groupwhich formstheuppermostunitofthe
Triassic succession in the Jameson Land Basin (Figure 3)
and comprise the lacustrine-dominated Edderfugledal
and Malmros Klint formations and the fluvial dominated
Orsted Dal Formation (Clemmensen, 1980a; Clemmensen
et al., 2020). The Edderfugledal Formation is split into the
lower, microbialite-rich Sporfjeld Member and the over-
lying sandier Pingel Dal Member (Clemmensen, 1980a;
Clemmensen et al., 2020).

3 | METHODS: THIN SECTION,
SEM, XRD AND STABLE ISOTOPE
ANALYSIS

Thin section analysis was carried out on 38 samples. All
samples were first impregnated with blue epoxy in order
to highlight the porosity, and stained with a potassium
ferricyanide/alizarin red-S solution (Dickson, 1965) to fa-
cilitate the distinction of calcite (pink), Fe dolomite (blue)
and dolomite. All thin sections were examined using
standard transmitted-light petrography.
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FIGURE 1 (A) Geological map of the Jameson land and Scoresby Land regions of Central East Greenland. Inset map provides the
position of the geological map in its wider context. (B) Satellite image of the studied region. The location of the five sections that were logged
(Figure 9) along the eastern side of Dveergarvedal (a—e) are also indicated.
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FIGURE 2 Schematic cross section from the north-west to the south-east across the Jameson Land Basin illustrating the gross observed

stratigraphic geometries. See Figure 1 for location of areas identified on the cross section. The Edderfugledal Formation was deposited as a

widespread tabular unit during post-rift subsidence. See Figure 3 for lithological definition.

Energy dispersive X-ray spectroscopy (EDS) anal-
ysis and SEM imaging was performed on a QANTA-
650F SEM platform in the Earth Sciences Department,
University of Cambridge. Selected samples were highly
polished and coated with carbon. High vacuum mode
was used. Two Bruker XFlash 6 type detectors were used
for EDS analysis. A 20kV beam, 3 pm spot size and a
working distance (WD) of 13mm were used for EDS
analysis.

X-ray diffraction (XRD) was performed on four se-
lected samples to determine mineralogy in the Earth
Sciences Department, University of Cambridge. All data
were collected in Bragg-Brentano geometry on a D8
Bruker diffractometer equipped with Goebel mirrors for
primary CuKa parallel radiation and a Vantec position
sensitive detector. Collection conditions were: 3-60°
in 26, 0.04 step size, 150s/step divergence slits 0.6 mm.
Phase identification was performed with software Eva
10.0 (Bruker) using the PDF2 (Powder Diffraction File)
database from 1998.

Stable carbon and oxygen isotope analyses were un-
dertaken on 14 samples at the Godwin Laboratory for
Palaeoclimate Research, Department of Earth Sciences,
University of Cambridge. Approximately 250pg of the
dried homogenised sample was transferred in to exetainer
vials and sealed with silicone rubber septa using a screw
cap. The samples were flushed with CP grade helium then
acidified, left to react for 2h at 70°C and then analysed
using a Thermo Gas Bench preparation system attached
to a Thermo MAT 253 mass spectrometer in continuous
flow mode. Each run of samples was accompanied by 10

reference carbonates (Carrara) and two control samples
(Fletton). Carrara has been calibrated to VPDB using the
international standard NBS19. The results are reported
with reference to the international standard VPDB and the
precision is better than +0.08%. for 2C/**C and +0.10%.
for °0/™%0.

4 | THE EDDERFUGLEDAL
FORMATION

The Edderfugledal Formation lies within a series of lacus-
trine units which form the Upper Triassic succession of
East Greenland. Palynological evidence documented by
Andrews et al. (2014) places the Edderfugledal Formation
within the Norian. The transition from the gypsum bearing
units which lie below (Gipsdalen Group) through the car-
bonate facies of the Edderfugledal Formation and into the
more argillaceous facies of the overlying units (Malmros
Klint Formation) has been interpreted to be the result of
climate amelioration caused by the northward movement
of Pangea (Decou et al., 2017). Recurrent ordered altera-
tions of the facies recognised within the Edderfugledal
Formation define sedimentary cycles which have been
interpreted as the result of climatically controlled fluctua-
tions in lake level (Clemmensen, 1978). Orbital forcing
provides the most probable mechanism for the control
of these regular climatic fluctuations (Clemmensen
et al., 2020). The evaporative nature of the sedimentation
(carbonate), lack of progradational sedimentary packages
and the regular fluctuations of lake level are consistent

85UB01 SUOWIWIOD 8A 381D 3|qed ! dde 8y Aq peusenob a1e ajole YO ‘SN JOSa|ni 1oy Afeiq 1 8UIIUO AB|IM UO (SUORIPLOD-pLE-SWS} WD A8 1M ARe1q 1 U1 |UO//SONY) SUORIPUOD pUe Swid | 84} 88S *[5202/.0/7T] uo Ariqiauliuo A81Im ‘B8 L Aq #2€ 2dep/z00T 0T/10p/wioo" A3 1M Ateiq1jeuluo//sdny woy papeojumoq ‘g ‘Seoe ‘L.87SS02



ANDREWS and GUO

| 679

FIGURE 3 Stratigraphy of the
Jameson Land Basin after Clemmensen
et al. (2020) and Andrews et al. (2021).
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5 | FACIES ASSOCIATIONS

Six facies associations are recognised in the studied sec-
tions though the Edderfugledal Formation: laminated
dark grey mudstone; intercalated grey mudstone and sand-
stone; intercalated desiccated mudstone and sandstone;
nodular and brecciated grey-buff dolostone; microbialite;
and hummocky cross stratified sandstone and grainstone
facies associations. These are described, including addi-
tional analysis that was performed and interpreted in turn.
A summary of the characteristic features of each facies as-
sociation, the predominant processes responsible for their

Fluvial sandstone

Fluvial sst./mdst.
[Z Aeolian sandstone

] Lacustrine Ist. & microbialites

Lacustrine mdst. E Deep lake mdst.
Lacustrine mdst./evaporite Deep marine mdst.

% Lacustrine limestone Deep marine sst.

formation and the proposed depositional environment is
provided in Table 1.

51 | Laminated Dark Grey Mudstone
Facies Association

5.1.1 | Description

This facies association comprises laminated dark grey
mudstones which form intervals up to 2m thick but more
commonly range between 0.2 and 0.4m (Figure 4A).
The mudstones contain significant carbonate content.
Lamination ranges from 1 mm to sub-millimetre with rare

very fine sandstone laminae up to 2mm thick. Thicker
(0.1 m) limestones which lack internal structure are also

85UB01 SUOWIWIOD 8A 381D 3|qed ! dde 8y Aq peusenob a1e ajole YO ‘SN JOSa|ni 1oy Afeiq 1 8UIIUO AB|IM UO (SUORIPLOD-pLE-SWS} WD A8 1M ARe1q 1 U1 |UO//SONY) SUORIPUOD pUe Swid | 84} 88S *[5202/.0/7T] uo Ariqiauliuo A81Im ‘B8 L Aq #2€ 2dep/z00T 0T/10p/wioo" A3 1M Ateiq1jeuluo//sdny woy papeojumoq ‘g ‘Seoe ‘L.87SS02



20554877, 2025, 2, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/dep2.324 by Test, Wiley Online Library on [14/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

ANDREWS and GUO

680 |

surgsnied

QULSNOR[
Suneoorsaq

9seqaARM pUNoIe
10 3¢ uonisodop
—9e[ MO[[eYS

uLIsnoe[

[epunjoig
JUSWIUOIIAUD
Teuonisodaq

uonerodeas

/8ulkip pue Sunjom
ySnoIy) uonoenuod
pue uoisuedxa y3noiyy
uondnisip [euonisodap
-3s0d aAISUIXH

sagueyd

Kyurres pajeroosse

pUE UOIBIIISIP
JUNTULIIUT [ITM
uonsodap ‘A31aus y3ry
SO} Je “I9JBM MO[[RYS

SI9)eM pIjeudZAXO
Ul MO[J AI0JEB[[1SO0
PUE [RUONIAIIPIUN
s £319u9 Y3y
pue Moy SuneuIdy

s1o)em
orxoue pue Suries
JUWIPIS AST9UD MO

uonejaxdidaur
$S9201d

Jussaxd

os[e winsd43 1937e sydiowopnasg
"sdoj paq uaAdUN YHIM SPAq dUOISPNU
9)eU0qIEd PAJRINAIQ SNIJ T
9INJOBIJ 93IOTED YIIM SII0D A[NPOU JO
UOTIBIOOAIY "SOPISUNI[S saoeyd ur pue
SOUO0)SpNUW d)eU0qIEd JUIPUNOLINS
UM SJOBIUOD ASNIFIP YIIM (I9)19WRIp
ur wg o 03 dn) saynpou ajeu0qIE)
UOT}eUTWIE] JO SO0BI}—SPaq

QUO0)SPNU d)BUOGIED JAISSBU 11oY10)
SOSBQ POPEO] Y)IM SpUEs papeId Jory)
W 00Z—0S dTel SNiJ "UoneqIniolq
drqissod pue so1ddir JuaiInd pue
UOTIR[[I9S0 YOI} W O :9U0ISPUDS
SO[NPOU )BUOQIED PUL SYIBID
SISOIQUAS dIBI ‘SILID UOIIBIDISIP
‘uoneUIWe] WW 0S—0T :2U0ISPNIAT

(W GT°Q) SOUOISpPNU AJBUOGIRD AISSBUI
[BUOISBIOQ) *(SISB[D 9)[RIqOIdTUL
9)e3UO0[d ‘SISB[O QUOISIWI] POPUNOI
‘sureid zjrenb papunoi ‘sproo)

Spaq onoeYd YOIy} W T°( Il :aYj0
uonedynens

SS010 Aoowrwiny OId[UW Pue

sorddrx yuarind ‘Surpeis :auospuns
U01}8qINJOIq JOUTW PUE UOTJBUTUIE]
WIW €T :9U0JST]IS/dU0ISPNAT
SOUO0)SOW] QAISSEUL

(W T°0) 19301y} [RUOISEIOQ YOIy} WUl g
0} dn SeuUTUIR] SUOISPUES dUIJ AIA
9Iey "UOTEUTWe] WU (NS 0 WU

$2.1IN3)0NIIS b&aﬁuamﬁvm

I W9'0-1°0

213 W°0-50°0

(saseq painoos

IIM QWOS YOIy}

WU ()G [-S SOUOISpUES)
oIy We=20

(we
03 dn £[jeuondeoxa)
OI3 W'0-C°0

SOMISLIdjoeIRYD PIayg

S9INJORIY
Ut 931078
QUIITRISAIO
snid ayrwoop
pue 10780
RIGEERIA

dywojop
pue 9)107ed
ONIIOTA

9)TwIo[op
pue 931978d
ONIIOTN

DOL %SL0
0} dn snpd you
-9reuoqIe)

(duojspnur)
uonisodwo)

SOU0}SOTOp

Jnqg-£a18 pajerooaiq

Jng-£a1o QUOISPNIA pue Ie[NpoN

Juojspues

Juojspues pue duojspnu

(Surroyieam  ouy A10A pue PaIBIIISIP

1nq) £o19 QUOISPNIA Ppajerearau]
Quojspues

(Inq oury A1oA Juojspues

0} I9YJBaM)  PUEB SUOISI[IS puE duojspnur

K913 y1ep-£919 /U0ISPNIA £313 pajeresiajuy

Juojspnui £213

K13 yreq QUOISPNIA JTep pajeurure]

Inojo) 9ZIS UTBIH) UOIIRIJOSSE SR

‘Payrjuspl SUOI}BIDOSSE SaIde] 9] JO ENEESW Td14dV.L



20554877, 2025, 2, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/dep2.324 by Test, Wiley Online Library on [14/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

| 681

ANDREWS and GUO

QUOZ 310yS

I9)eMm MOT[BYS
—9[BIqOISIAL

JUSWUOIIAUD
reuonisodaq

sagueyo

Kjures pue UoneddIsap
M 90uddsamb jo
sporad pue ysemoeq
USeMS "MO[J AT0JR[[10SO
Aysusjur ySig

SULIO}

9)1[RIOIOIW S[RLIBA
ut Sun[nsal UoIsoId
£315us Y31y jo sporrad
IIM UOTIORIIUI pUB
uoneydroaid ajeuoqred
Jo uoryeIpaul [eIqOISTA

uonejaxdidayur
$§9201d

sureid

z)1enb pue s)Se[ooy3I] SWOS dPNJOUL
PUE P)IOS-[[oM dIB YOIYM ‘SIU0)SUTRIS
) ur Juasaxd aIe SINOJS [IS [[EWS
PUE UOTIEIIIILI)S SSOID A[SUe MO
SMOIINQ [BI1}IOA PUB SNUYIISIIN,T
[EUOISEII() "SYOBID SISOISUAS pue
UOT)BIO1SIP IIM sodeIp SUOISI[IS
/ouojspnuu d1ey ‘so[ddir oAem auIoS
M deurwopaid uoriesrens ssor
AoowwIny-0Id1W pue [eds ag1e]

suorjeuTUIe] UM} sadeIp pnu
OT)IWO[OP SUIOS "dOBJINS PIAONI 0}
[j00Ws YHM YOI} WW 0g-0T :$799YS
suojspnu

9Jeu0qIed PajRUIUIE] 10 SJUSWIeIJ
S[RIQOIOIW “BIDO1q ASIMATPa YIIm
P11 US3J0 opIm W ¢’ 03 dn sjpuuny
JOI[PI W0 YIIM dpIm g °0 03 dn
S93p1I :Suta3SAs jouund puv aspry
SPIOJUO PUE SPIOO “‘9}I[BIqOIOTUI
Ppare1ddaiq £q pauoide usljQ ‘surdreur
Je pajyeoun) SUIppaq [eUWINUT YHM
S9I0D JUSWIPAS ‘JOI[oI W70 03 dn
UIIM SPUNOW SPUNOUL Pa1od JUdUIPas
1MOToq

S9INJBaJ A} ULI0J/180D 3sY ], 'saoe[d
ul padoaasp suriof [eproroydsiuay
paYuI[ A[[e193eT "PIpNoUl S[eISAId
wnsd4S pue sureid zyrenb awios
PIm (I W $-§°0) SUoHeUIUIR]
9)TWO[OP PUE JII[ED YJOOWS
Suneurale :uoyDLUIUD] 271]DIGOAIIAT

$2.1IN30NIIS b&aﬁoamﬂOm

OIY) W OG-S I8
spaq ury) weg 03 dn

9)TwIo[op
pue 31078d

o1y wyo 03 dn poure:s duLg
SOTISLIdORIRYD Pag (suojspnur)
uonisodwo)

pnq—Aa13
Y311
/4213 3ySrT

Jjnq pue £319

Inofo)

Sp100
951800 AT9A
0] 9s1B0D suojsureid pue
/oUO0)SpUBS  QUOISpUEBS PIIIBIIS
ouly AI9A SSOI0 ASjoowruny
paureisd auyg
—aUOISPNIN 9[BIQOIOTIA
9ZIS UTRIH)  UONIRIDOSSE SAIOR]

(ponupuo)) T HTAV.L



20554877, 2025, 2, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/dep2.324 by Test, Wiley Online Library on [14/07/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License




ANDREWS and GUO

683

FIGURE 4 Edderfugledal Formation facies associations. (A) Laminated Dark Grey Mudstone Facies Association containing both finely
laminated intervals and thicker structureless beds (ice axe is 0.7m long). (B) Intercalated Grey Mudstone and Sandstone Facies Association
with sandstone components concentrated towards the base of the interval (black bands on the measuring stick represent 0.1 m intervals).
Photomicrographs of stained carbonate mudstones, (C) micritic and sparry lime mudstone of the Intercalated Grey Mudstone and Sandstone
Facies Association with both laminated (top) and more structureless (bottom) intervals illustrated and (D) dolostone consisting of very

fine and densely packed dolomite with abundant fine grained quartz. (E) Coarse grained, chaotic, ‘storm’ bed within the Intercalated Grey
Mudstone and Sandstone Facies Association overlying microbialte deposits. Intraclasts, arrowed, are suspended in a matrix of ooids and
quartz grains (pen is 0.12m long). (F) Intercalated Desiccated Mudstone and Sandstone Facies Association. Desiccation cracks, arrowed, are

prevalent.

present in some examples. Although little palaecontologi-
cal material was recognised from this facies association
during this study, previous workers have documented a
low-diversity assemblage of bivalves, and common con-
chostracans, from the wider Edderfugledal Formation
(see Clemmensen et al., 2020; Clemmensen, 1980a).

5.1.2 | Interpretation

The thin laminae and dark colouration, indicative of
the preservation of organic material (up to 0.75% total
organic carbon), are interpreted to reflect deposition
in a low energy and oxygen poor setting. The restricted
fauna and complete lack of a marine faunal assemblage
favour a lacustrine interpretation with deposition occur-
ring in oxygen poor bottom waters, below storm wave
base. A continental environment was also favoured for
the wider Edderfugledal Formation by Bromley and
Asgaard (1979) on the basis of the trace fossil assem-
blage they identified. This facies association can thus
be interpreted as a profundal lacustrine depositional
environment.

5.2 | Intercalated Grey Mudstone And
Sandstone Facies Association

5.2.1 | Description

This facies association is dominated by intercalated grey
mudstones/siltstones and sandstones (Figure 4B). The
proportion of sandstone shows considerable variability
even within individual units (0.2-2m thick). The mud-
stones/siltstones are laminated on a 1-3 mm scale and are
largely grey to dark grey in colour but commonly weather
to buff. Carbonate mudstone samples were subject to thin
section analysis from which both micritic calcite and do-
lomite were recognised (Figure 4C,D, red/pink and blue
staining respectively). Confirmation of the presence
of dolomite was made by XRD analysis of blue stained
material (Figure S2). In some samples, XRD analysis

highlighted the presence of dolomite where only calcite
is identified through staining and thin section analysis.
It seems probable therefore that in some instances the
dolomite has remained unstained, as is more characteris-
tic of non-ferroan dolomite. Minor bioturbation is noted
within the mudstones but this resulted in little disrup-
tion of the lamination. The intercalated sandstones are
composed of very fine sand and form beds 5-150 mm
thick. Scoured bases are common and internally, grad-
ing, current rippling and micro-hummocky cross strati-
fication are recognised. More rarely 0.1m thick beds
containing a chaotic mixture of ooids, rounded quartz
grains, rounded calcareous mudstone clasts and angular
elongate clasts of microbialite material (2-100mm) are
observed (Figure 4E). Structureless grey limestones and
dolomitic mudstones up to 0.15m thick are also recog-
nised within this facies.

5.2.2 | Interpretation
The presence of micro-hummocky cross stratification sug-
gests deposition in a shallower environment than that of
the Laminated Dark Grey Mudstone Facies Association
(Allen 1981a, 1981b). The lighter colour and the presence
of minor bioturbation further evidences shallower water
conditions with more oxygenated bottom waters. Grading,
current rippling and scoured bases in the intercalated
sandstone beds are interpreted as typical of underflow
deposits similar to those described from Lake Brienz by
Sturm and Matter (1978). Micro-hummocky cross stratifi-
cation within these sandstone beds indicates wave rework-
ing of these sediments. The thicker, more chaotic, coarse
beds are of a very different provenance with clasts sug-
gestive of derivation from a shallow lake margin. Such a
difference in provenance may indicate that these deposits
record storm generated density flows washing in coarser
material from the lake margins as opposed to the thinner
sand intercalations which originated from density cur-
rents issuing from a fluvial input.

The prevalent buff colour of the carbonate mud-
stone components of this facies has previously been
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interpreted as evidence for a largely dolomitic com-
position (Clemmensen, 1978, 1980b). However, the
petrographic and XRD analysis carried out here has
demonstrated that the mudstones are composed of a
mixture of micritic calcite and dolomite. The origin of
the micritic calcite is likely to be through primary pre-
cipitation (Kelts & Hstli, 1978). Primary/penecontempo-
raneous precipitation of dolomite has been documented
from a number of modern lake settings where intense
evaporation and recharge play an important role, often
in association with microbial activity (Last, 1990; Muir
et al., 1980; Warren, 1990; Wright & Wacey, 2005). A sim-
ilar situation could be envisaged here, and is consistent
with other indicators of arid conditions, although later
dolomitisation of calcite muds cannot be ruled out. The
features described here are consistent with deposition in
a shallow lake environment, at or around wave base. The
presence of dolomitic laminae further supports this in-
terpretation with this facies association reflecting more
arid, evaporative, conditions than prevailed during the
deposition of the laminated dark grey mudstone facies
association. The intercalation of very fine sandstone lam-
inae, interpreted as gravity driven underflow deposits,
are indicative of deposition in a proximal position with
respect to the lake margin.

5.2.3 | Intercalated Desiccated Mudstone
And Sandstone Facies Association description

The Intercalated Desiccated Mudstone and Sandstone
Facies Association consists of grey, buff weathering,
mudstones containing 10-50mm thick lamination
which are intercalated with very fine grained sand-
stones which are 2-10mm thick. Mud cracks which are
30-100 mm deep with largely straight edges are common
(Figure 4F) and more rarely shallower (10-50 mm) mud
cracks, often displaying ptygmatic style folding resulting
from compaction and carbonate nodules are recorded.
The sandstone interlaminations contain oscillation
ripples and current ripples. More rarely, thicker (50—
200mm) graded sandstone beds with loaded bases are
recorded. Rounded quartz grains are often noted within
these beds. Poorly defined traces of bioturbation are re-
corded throughout this facies. Apparently structureless
0.1-0.2m thick carbonate beds are also present, although
in some instances they contain subtle, 10-30 mm thick
laminations defined by thin sandstone interlaminations.
Samples examined in thin section contain fine grained
carbonates that display both blue and red/pink staining,
indicative of the presence of both dolomite and calcite.
The XRD results from one sample confirms the presence
of dolomite (Figure S3).

5.2.4 | Interpretation

The fine grained nature of this facies association indicates
deposition in a largely low energy environment with the
presence of oscillation ripples and minor bioturbation
suggestive of a relatively shallow standing body of water.
The mudcracks identified are interpreted as mostly the
product of desiccation, with a few others resulting from
syneresis. The abundance of desiccation cracks record
periodic evaporation to dryness indicative of ephem-
erality. The identification of syneresis cracks suggests
fluctuations in lake chemistry (Donovan & Foster, 1972;
Plummer & Gostin, 1981) which would also be expected
in an ephemeral lacustrine setting. The carbonate-rich
nature of the mudstones, in some instances forming struc-
tureless beds, provides further evidence for evaporative
conditions (Kelts & Hsii, 1978; Muir et al., 1980). The thin
sandstone intercalations containing current ripples, grad-
ing and with loaded bases are interpreted as underflow de-
posits which were subsequently reworked by wave action,
and are similar to those described from the grey mudstone
and sandstone facies association. Where these are thicker
and overlie desiccation surfaces, a sheet-flow interpreta-
tion is made with wave reworking of the bed tops occur-
ring during the subsequent filling of the lake following the
flood event.

The micritic carbonate is interpreted to have formed
through primary precipitation brought about by chang-
ing lake chemistry (Kelts & Hsii, 1978), similar to the
Intercalated Grey Mudstone and Sandstone Facies
Association. This process has been documented from a
number of recent examples (Last, 1990; Muir et al., 1980;
Warren, 1990; Wright & Wacey, 2005) some of which were
associated with microbial activity. This may be the case in
this example and such conditions are consistent with an
ephemeral, desiccating lacustrine interpretation.

5.3 | Nodular and Brecciated grey-buff
dolostone Facies Association

5.3.1 | Description

This facies association comprises nodular and brecci-
ated grey-buff carbonates that contain a complex suite
of disruption fabrics. The nodular forms are up to 0.2m
in diameter and have diffuse contacts with the surround-
ing carbonate mudstones (Figure 5A). Brecciation oc-
curs towards the nodule centre, with fractures commonly
filled with crystalline calcite (Figure 5B). Disruption is
also recorded in the surrounding sediments with slicken-
sides often recognised. The brecciated grey-buff carbon-
ates contain more pervasive disruption than the nodular
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FIGURE 5 Nodular and Brecciated Grey-Buff Dolostone Facies Association. (A) An irregular nodule typical of this facies association.
(B) Brecciated lime mudstone with variably sized fractures, some of which have been further enlarged by dissolution. (C) Brecciation
associated with nodule development. (D) Pseudomorphs after gypsum? within micritic mudstone. (E) Quartz bearing mottled lime
mudstone with circumgranular cracks filled with calcite.
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forms and occurs throughout beds up to 0.25m thick
which has led to the development of uneven bed tops.
The brecciation is similar in form to that found in the
nodular intervals with the development of angular frag-
ments and a crystalline calcite fill of the associated cavi-
ties (Figure 5A,C). Pseudomorphs displaying trapezoidal
to rhomboidal cross sectional forms (Figure 5D), after
gypsum?, are also often found in association with this
facies association. These are either found at bed tops or
within carbonate mudstones. Thin section analyses of the
carbonate mudstones provide evidence for the presence
of both calcite and dolomite. This is consistent with XRD
analysis (Figure S4). One sample was dominated by do-
lomite (Figure S3) but a single set of SEM EDX analysis
from another samples suggested an absence of dolomite,
highlighting the patchy distribution of both calcite and
dolomite. Thin section analysis has also allowed the iden-
tification of circumgranular cracks (Figure 5E).

5.3.2 | Interpretation

The pervasive brecciated texture which characterises this
facies association is interpreted to reflect post—or pene-
contemporaneous depositional modification of the sedi-
ment. The presence of slickensides and carbonate nodules,
some containing circumgranular cracks, provides evi-
dence for repeated wetting and drying, alongside incipi-
ent calcretisation processes. Such a setting would also be
consistent with the formation of evaporites, preserved as
pseudomorphs, which grew within the sediment as well
as on the sediment surface. The generation of uneven bed
tops over which the succeeding units are draped suggests
that disruption did occur at the sediment surface. The
brecciated and nodular textures recognised are character-
istic of palustrine carbonates (Alonso-Zarza, 2003; Freytet
& Verrecchia, 2002) which result from the exposure and
pedogenesis of lacustrine carbonate-rich mudstones.
Some vestiges of features consistent with the intercalated
desiccated mudstone and sandstone facies association
suggest that a transition between these two associations
often occurred, with the former association being over-
printed with palustrine features.

5.4 | Microbialite facies association

5.4.1 | Description
Microbialites are common throughout the Edderfugledal
Formation and often occur in association with the
Intercalated Grey Mudstone and Sandstone Facies
Association. A wide range of microbialite forms are re-
corded including sediment cored mounds, ridge and
runnel systems, and sheets. The sediment cored micro-
bialite mounds form features with up to 0.4m of relief
(Figure 6A) and are often fringed by breccia aprons con-
sisting of brecciated microbialite fragments, ooids and
oncoids. The sediment cores commonly contain bedding
which is truncated towards the microbialite covering. The
microbialites themselves are largely composed of smooth
carbonate laminations 0.5-4mm thick with occasional
examples containing quartz grains and gypsum. Laterally
linked hemispheroidal forms are also noted in some in-
stances. Of lesser relief and showing a distinct linear ar-
rangement are the ridge and runnel systems. The ridges
recognised are up to 0.8 m wide, are sediment cored, dis-
play up to 0.2m relief and are separated by runnels up to
0.3 m wide (Figure 6B). The coating microbialites are simi-
lar to those described above and thin into the runnels. The
runnel fill is commonly composed of an edgewise breccia
of microbialite fragments or laminated carbonate mud-
stones. In some instances edgewise breccias form the core
of the ridges. The most basic microbialite form is the later-
ally extensive sheets which are 10-20mm thick and dis-
play a smooth, to more ruckled appearance. Lamination is
similar to that described above but within the hollows of
the ruckled surface dolomitic mud drapes are commonly
observed, preceding continued microbialite lamination.
In thin section, the microbialites are composed of alter-
nating layers of fine grained calcite, fine grained dolomite
and occasionally include fine gypsum crystals which are
often mixed with fragments of reworked microbialite and
shell. Vertically aligned, often radiating, calcite crystals
up to 3mm long with a variably defined crystal shape are
also recognised within some laminations. These tend to be
preferentially developed in the dolomitic layers although
they are found elsewhere.

FIGURE 6 Microbialite, and Hummocky Cross Stratified Sandstone and Grainstone Facies Associations. (A) Sediment cored

microbialite mounds and (B) ridge and runnel systems—note the Intercalated Grey Mudstone and Sandstone Facies Association infilling the

runnel. The ridges are often formed where previous runnels had accumulated edgewise breccias which have subsequently formed resistant
ridges on which microbialites have preferentially accumulated. (C) Stacked micro-hummocky cross stratified (base) and wave rippled
(middle) sandstones which characterises the Pingel Dal Member. (D) Bioturbation (Fuersichnus) on a bed base within the Hummocky
Cross Stratified Sandstone and Grainstone Facies Association. (E) Micro-hummocky cross stratification and (F) low angle cross bedding in
the ooidal grainstones. Photomicrographs of the ooidal grainstones (stained), (G) moderately to well-sorted ooids with a small amount of
lithoclasts and quartz grains and (H) radial fibrous and concentric (tangential) ooids.
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5.4.2 | Interpretation

The Microbialite Facies Association is commonly found
overlying the Intercalated Grey Mudstone and Sandstone
Facies Association which is interpreted to have been de-
posited in shallow lacustrine conditions. The truncation of

bedding within the sediment cored microbialite mounds is
interpreted to reflect their erosional origin. Original stabili-
sation of the sediment surface would have occurred through
the growth of microbialite mats. Subsequent erosion would
have resulted in elevated patches which would form pref-
erential sites for continued microbialite accumulation and
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therefore increased stability. This would further focus cur-
rents around the bases of these features resulting in in-
creased erosion and truncation of bedding surfaces within
the sand cored mounds. The coarse grained nature of the
breccia aprons provides further evidence for the high en-
ergy setting. Sediment cored microbialite mounds have
also been identified from lacustrine environments within
the Old Red Sandstone of northern Scotland (Andrews &
Trewin, 2013; Fannin, 1969) where they have been inter-
preted as indicative of environments of elevated energy.
The generation of high relief columnular forms described
from Shark Bay, Western Australia have also been related
to high energy conditions (Hoffman, 1976).

An erosional origin is also suggested for the gen-
eration of the ridge and runnel systems identified
(Clemmensen, 1978). The edgewise breccia fill of some
runnels again illustrates the high energy conditions in-
volved in their formation. Where edgewise breccias form
the core of ridges it is suggested that the ridge and run-
nel system has been abandoned, prior to re-excavation,
at which point the edgewise breccias form the resistant
ridges favourable for microbialite accumulation. Ridge
and runnel structures have been recorded from the Great
Salt Lake, Utah (Carozzi, 1962) and Shark Bay, Western
Australia (Logan, 1981) where runnels are aligned per-
pendicular to the shoreline.

The microbialite sheets are interpreted as indicative of
lower energy conditions reflecting formation in protected
embayments. The episodic nature of microbialite laminae
formation and low energy conditions are highlighted by
the presence of dolomitic mudstone drapes between some
laminae. Microbialite sheets displaying similar features
have been described by Hoffman (1976) from Shark Bay
and observed in back-beach-pools alongside Kong Oscar
Fjord in East Greenland (Andrews & Trewin, 2013).

The fine nature of the lamination identified in all ex-
amples described is characteristic of stromatolite forms
with episodic accretion (Riding, 2000). Alternations be-
tween calcite dominated layers and dolomite dominated
layers probably reflect variability in lake water chemistry.
Vertically oriented calcite crystals in the dolomitic lay-
ers probably represent pseudomorphs after evaporites.
The relationship between the vertically oriented pseu-
domorphs and the dolomitic layers is consistent with
more evaporative conditions during their deposition. The
trapping of reworked stromatolitic material, gypsum and
shell fragments identified within some laminae is char-
acteristic of agglutinated stromatolite forms but are not
of sufficient abundance to warrant this classification.
These laminae record periods of increased energy, proba-
bly related to the erosive events discussed above that are
largely responsible for generating the variable stromato-
lite forms recorded.

55 | Hummocky cross stratified
sandstone and grainstone facies
association

5.5.1 | Description

This facies association comprises a clastic and a carbon-
ate element. The clastic portion is dominated by grey
hummocky cross stratified sandstones (Figure 6C) which
form well-indurated intervals up to 3m thick, compris-
ing 5-50mm thick very fine sandstone beds. Micro-
hummocky cross stratification predominates but simpler
wave ripples are also recorded. Occasional vertical bur-
rows are noted and Fuersichnus is also observed on some
bed bases (Figure 6D). Minor mudstone and siltstone
intercalations up to 5mm thick are recorded but are not
common. Where these fine grained intercalations are rec-
ognised rare large scale and smaller scale contorted mud
cracks have also been recorded.

The carbonate component of this facies association
comprises coarse to very coarse ooidal grainstones con-
taining hummocky cross stratification (Figure 6E) and
low angle cross bedding (Figure 6F) and forms beds up
to 0.4 m thick. Small scale scours are also common within
these units. Although ooids predominate, a small pro-
portion of lithoclasts and quartz grains are present. The
ooids are commonly moderately to well-sorted, range
from 0.2 to 0.5mm in size and are subspherical to spher-
ical in shape. Many ooids have nuclei composed of litho-
clasts, peloids or quartz grains (Figure 6G,H). In some
cases, ooid cortices exhibit alternating micrite and spar-
ite that are distinguishable where stained. Most ooids
are radial-fibrous, but concentric (tangential) ooids also
occur. Broken and regenerated ooids are also present.
Superficial ooids have a distinctive thin and asymmetric
cortex with quartz grains as nuclei and are dominant in
some places.

5.5.2 | Interpretation

The presence of micro-hummocky cross stratification is
interpreted as evidence for high intensity oscillatory flow,
as is often encountered in lacustrine lower shore-face set-
tings (Allen, 1981a, 1981b; Martel & Gibling, 1991; Dam
& Surlyk, 1993). Associated low angle cross bedded units,
characteristic of upper shore face processes provide fur-
ther evidence for a shore zone environment of deposi-
tion. Minor mudstone and siltstone intercalations record
periods of low energy deposition and the occurrence of
occasional desiccation and syneresis cracks indicate fluc-
tuations in lake level and salinities. Fuersichnus has been
interpreted as feeding traces of aquatic origin (Bromley &

85UB017 SUOWILLIOD @A) 8|gealjdde sy Aq peussnob afe sajote YO 8sn Jo Sajni 1oy ArelqiT auljuo A3]IM UO (SUONIPUOD-pUe-SLLBW0Y A8 IM"Afelq 1 fBU1|UO//SdNY) SUONIPUOD pue swie | 8y} 8eS *[5202/L0/yT] uo Arigiauluo A8|iIM ‘891 Aq vze 2dep/z00T 0T/10p/wod" Ao |1 Aelgjeut|uo//sdny Wwody pepeojumod ‘2 ‘S20z ‘2/8vSS0T



ANDREWS and GUO

| 689

Edderfugledal Fm

n=111

oscillation ripples

microbialite ridge and runnel

Malmros Klint/drsted Dal fms

flute marks

FIGURE 7 Palaeocurrent data collected from the Edderfugledal Formation and the overlying Malmros Klint/@rsted Dal formations.
The north-south orientation of the microbialite ridge and runnel systems along with the predominantly east-west orientation of oscillation
rippling favours a north to south palaeoslope orientation. This is confirmed with flute marks from the overlying Malmros Klint/@rsted Dal

formations.

Asgaard, 1979), consistent with a lacustrine shore zone in-
terpretation for this facies association.

The similarity in the structures recorded in the oo-
litic grainstones to those in their clastic counterpart,
suggest a similar lake shore zone depositional setting.
The radial-fibrous structure of ooids normally suggests
relatively low energy and less turbulent conditions
(Fliigel, 2004). However, the moderate to well-sorted na-
ture of the grainstone, alongside the sedimentary struc-
tures identified, indicate moderate to higher energy
levels. The occurrence of broken and regenerated ooids
is indicative of multiple periods of reworking and break-
ing during ooid formation (Fliigel, 2004). Superficial
ooids with symmetrical cortices are thought to form
in quiet water conditions and therefore were probably
transported into the shore zone from elsewhere. The
absence of fossils suggests that periods of stabilisation
were not long enough for shelled organisms to colonise
(Feldman et al., 1993), although it is probable that biota
were somewhat restricted in what would have been a
stressed environment. The relationship between the de-
velopment of oolitic shore zones and clastic dominated
shore zones is discussed below.

6 | PALAEOCURRENTS

Palaeocurrent data were collected from throughout the
examined sections and also from sandstones within the
overlying Malmros Klint Formation and at the base of the

@rsted Dal Formation (Figure 7). Oscillation ripples are
prevalent throughout the Edderfugledal Formation and
have a distinct east-west orientation. This closely mirrors
the orientation described from throughout the Fleming
Fjord Group by Mau et al. (2022), which was attributed
to prevailing wind directions during the Late Triassic. The
north-south orientation of microbialite ridge and runnel
systems, and flute marks, indicative of southerly directed
flow recorded at the base of the overlying Malmros Klint/
@rsted Dal formations, suggest a north to south palae-
oslope orientation in this locality. Therefore the orienta-
tion of the oscillation ripples may also have been impacted
by the palaeoslope in this instance. The significance of the
defined palaeoslope is that the facies correlated between
the five measured sections can then be considered with re-
spect to palaeobathymetry as will be discussed below.

7 | STABLE ISOTOPE ANALYSIS

Stable isotope analysis was carried out on 14 samples from
the Edderfugledal Formation. Samples were selected from
three separate sections and cover a range of palaeoenvi-
ronments as reflected by the facies associations identified.
To ensure that as wide a range of facies associations was
covered as possible, the samples from Dvergarvedal were
augmented with a number of samples from Tait Bjerg (see
Figure 1 for its location).

The stable isotope compositions of the main carbonate
palaeoenvironments are presented in Figure 8. The §'*0
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FIGURE 8 Cross plot of §'%0 versus §'*C values in %o0. The
colour of the data points indicate the interpreted depositional
environment and the outline indicates the locality: Solid outline,
southern Dvergarvedal; dashed line, central Dvergarvedal and
no outline, Tait Bjerg. The white cored outlier is thought to be
spurious and is not included in the regression.

values show a narrow range from —7.09 to —9.42%. Vienna-
Pee Dee Belemnite (VPDB) in most of the selected sam-
ples. The heaviest 5'%0 value of —4.56%. VPDB occurs in
the microbialites in Dvaergarvedal. The lightest §'*0 value
of —13.92%. VPDB is somewhat exceptional and was mea-
sured from a shore zone oolitic grainstone on Tait Bjerg.
The microbialites have heavy §'°C values ranging from
1.05 to 1.82%0 VPDB. The rest of the analysed samples
from Tait Bjerg and Dvaergarvedal, including lime mud-
stones, show 8"°C values around —1.13 to 1.79%o VPDB.

7.1 | Interpretation and discussion

It is known that stable isotope compositions of carbonates in
lacustrine environments are influenced by a wide range of vari-
ables. The 5"°C values are influenced by complex interlinked
environmental factors, such as the inflow water composition,
atmosphere CO, exchange, gas mixing through microbial activ-
ities and water residence time (McKenzie, 1985; Talbot, 1990;
Gierlowski-Kordesch, 2010). Variations in 8"°C values can
also be indicative of climate, in that the *C/"2C ratio changes
in response to microbial productivity and atmospheric CO,
exchange (McKenzie, 1985). In addition, the &3C values may
also reflect changes in soil productivity. Commonly, variations
in 8'%0 values are attributed to changes in temperature and/
or precipitation/evaporation ratio (Leng & Marshall, 2004). An
important factor influencing the §'®0 values is the 50 com-
position of inflow waters and the 5'*0 value of water vapour
exiting the lake via evaporation (Benson et al., 2013). More
negative 5'%0 values indicate increased inflow and freshening
of the lake water (Carroll et al., 2008). In contrast, the more pos-
itive 8'®0 values may reflect decreased recharge, a salinity in-
crease and a greater degree of evaporation (Bowen et al., 2008;
Frantz et al., 2014). However, it is important to treat the isotope

data with caution due to the possibility of diagenetic alteration
and the bulk nature of the analysis.

The samples analysed in this study were taken from three
different localities, two of which are only separated by 2km
(southern and central Dvergarvedal). If considered geo-
graphically, those samples analysed from Tait Bjerg tend to
show slightly lighter 8'*0 and §"°C values (Figure 8). More
significantly, there seems to be a consistency between the
identified palaeoenvironments and the §"°C values with in-
creasingly light values through shallow lake, palustrine to
desiccating lake deposits. As discussed above the potential
controls on 8"C values are complex, however higher values
are often interpreted as increased residence time and reduced
values to reflect decreased residence time and increased veg-
etation cover (Talbot, 1990). This is consistent with the palae-
oenvironments recorded, with those deposits reflecting more
evaporative, closed lake conditions having higher §'*C values
and those reflecting more open, fresher lake conditions hav-
ing lower 6'°C values. This should be treated with caution as
the data set is very limited, and dominated by palustrine and
microbialite deposits.

The microbialites show light 8"*C values but greater
variability in 8'®0 values. This could be explained by the
influence of regional variation in inflow (groundwater or
overflow), producing local perturbations in the §'*0 val-
ues. A similar, but wider, disparity in 880 values is re-
corded from the shore zone oolites and it seems probable
that the exceptionally light —13.2%o value is spurious.

8 | FACIES ASSOCIATION
DISTRIBUTION AND LAKE
EVOLUTION

The distribution and ordering of the facies associations, and
their interpreted environments of deposition, are now con-
sidered. Although the tabular nature of the Edderfugledal
Formation suggests that relief was limited across the basin
during its deposition (Andrews et al., 2021) it is clear that
shallower water, more ephemeral environments passed
basinward into deeper water, profundal environments.
However, it is also the case, given the subdued relief that
fairly small fluctuations in lake level could lead to the rapid
transit of facies belts over large distances. The vertical dis-
tribution of the facies associations will be considered first,
with respect to climatic drivers, before the lateral trends
that have been identified are discussed.

8.1 | Cyclic sedimentation

Clemmensen (1978) recognised six facies in the
Edderfugledal Formation: greenish mudstone—open
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TABLE 2 Matrix for the differentiation of depositional environments within the Edderfugledal Formation, forming the basis for a depth

rank system. Shoreface is tentatively split into lower and upper divisions.
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75-

% Sand 50-
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lacustrine; yellowish mudstone—carbonate flat; flat peb-
ble conglomerate—beach lag; stromatolite—nearshore
lacustrine; greyish sandstone—shoreline sandflat and,
reddish sandstone and mudstones—alluvial mudflat. It
was further recognised that a regular ordering of these
facies defined cyclic sequences which were interpreted
as the result of fluctuating lake levels. More distinct dif-
ferentiations have been possible here on the basis of a
number of diagnostic features (Table 2) allowing the
definition of profundal lacustrine (laminated dark grey
mudstones), shallow lake (intercalated grey mudstones
and sandstones), desiccating lake (intercalated desiccated
mudstones and sandstones), shore zone (hummocky cross
stratified sandstones and grainstones), palustrine (nodu-
lar and brecciated grey-buff dolostone) and microbial-
ite dominated environments. This has in turn allowed a

closer examination of cyclicity within the Edderfugledal
Formation. The cycles recorded here are variably devel-
oped with complete transgressive successions defined
by a transition from palaeoenvironments reflecting des-
iccating lake to shallow lake, often though microbialitic
limestones which show preferential development dur-
ing transgressive phases (see Andrews & Trewin, 2010),
with lake highstand marked by profundal conditions. The
regressive elements are more commonly condensed, po-
tentially reflecting the impact of reduced sediment sup-
ply, as is discussed more fully below. Cycles comprising
more complete transgressive elements are most common
in the more distal of the examined sections (Figure 9,
section E). Incomplete progressions through the facies
associations which depict the cycles occur where trans-
gression does not reach profundal conditions. This is the
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most common situation in the sections which are the
focus of this study, and particularly so in the more proxi-
mal locations (Figure 9). Although not recorded in this
study, sections observed in more distal locations further
to the south, in the Carlsberg Fjord region, contain cy-
cles where desiccation is not reached during a lowstand
lake phase, truncating the shallower water part of the
cycles. These differences in cycle type can be interpreted
to record changing climatic conditions or proximal-distal
(shallower-deeper) positions within the basin. It is there-
fore important to have a wider appreciation of the basin
configuration and regional climatic trends before inter-
preting the significance of such variations.

Cyclic successions are commonly identified from
ancient lacustrine successions (Olsen, 1986; Pietras
& Carroll, 2006; Andrews et al., 2016) and cycles of a
closely comparable nature have been reported from
the Middle Old Red Sandstone Stromness Flagstones of
northern Scotland (Andrews & Trewin, 2013) which, as
with those described here, have been attributed to orbit-
ally forced climatic cyclicity (Clemmensen et al., 2020;
Clemmensen, 1978).

Cycles in the lower portions of the sections which
form the focus of this study are most commonly defined
by the alternation of shallow lake and palustrine deposits.
The upper part of the sections examined contain cycles
comprising alternations of shallow lake and desiccating
lake deposits, although some profundal developments
are also recorded. These cycles vary between 0.2 and 1m
in thickness (Figure 9). Where dominated by palustrine
and desiccating lake deposits, the cycles tend to be thin-
ner, reflecting reduced sediment input during more arid
conditions.

The cycles recognised here largely appear to have an
asymmetric form (expanded transgression—condensed
regression). This may, to some extent, be an artefact of
their expression through the alternation of only two facies
associations, rather than a regular progression through the
full range of depth ranked palaeoenvironments, as is more
common elsewhere in the basin. However, this signature
can also be interpreted to reflect the dynamics of the lake
margin system. As climatic conditions became sufficiently
humid to sustain a lake, increased run off would have re-
sulted in elevated sediment supply as is recorded by the
thin sandstone beds that often mark the base of the shal-
low lake deposits. As the lake expanded, the lake margin,
and therefore the sediment input point, would have been
pushed back, potentially considerable distances in a low
gradient setting, restricting the delivery of sediment to the
more basinal regions. Progradation of lake margin systems
would only be likely to occur if the lake level stabilised,
as may be the case if the lake developed open hydrogra-
phy. With a return to more arid conditions the delivery of

coarser sediment would be restricted due to reduced run
off, resulting in what would appear to be a fairly simple
drying upward motif. Furthermore, the palustrine condi-
tions which often record the more arid phases result in the
disruption of underlying deposits, therefore reducing the
apparent thickness of the deeper water deposits. The com-
bination of such factors could therefore account for the ap-
parent asymmetric nature of the cycles recorded.

8.2 | Lateral facies trends and lake
shore zones

The superb exposures found in Dvargarvedal make it
possible to examine the lateral relationships between
the facies associations and their interpreted depositional
environments across the lake shore zone and speculate
as to how these responded to recurrent fluctuations in
lake level. The closely spaced nature of the five sections
examined has allowed the response and interaction of
both clastic and carbonate components of the shore zone
environment to be studied. The relationships between
the facies associations are first outlined before models
are proposed for the development of the facies patterns
recognised.

The lower portion of the logged sections are domi-
nated by carbonate-rich facies associations. Drying
upward cycles are recorded as alternations between
deposits reflecting shallow lake (Intercalated Grey
Mudstone and Sandstone Facies Association) and pal-
ustrine (Nodular and Brecciated Grey-Buff Dolostone
Facies Association) environments (Figure 9). Following
periods of shallow lake deposition, regular fluctuations
in lake level resulted in extensive post-depositional dis-
ruption interpreted to have occurred in a palustrine set-
ting. Disruption is more common in the more northerly
sections, as would be expected towards the basin mar-
gin where exposure would occur more frequently and
for more prolonged periods. To the south, the shallow
lake deposits increase in thickness reflecting the more
sustained nature of lake conditions away from the lake
shore. Desiccation did still occur but was less regular,
expressed by the presence of less disrupted desiccating
lake deposits. The configuration described demands a
fairly simple model (Figure 10A).

Up section, a general trend towards longer-lived lake
conditions is recognised and the distribution of facies
associations becomes more complex with the develop-
ment of both clastic and carbonate shore zone deposits
(Hummocky Cross Stratified Sandstone and Grainstone
Facies Association), and a laterally extensive microbialite
unit in the lowermost cycle (Figure 9). The occurrence
of profundal deposits (Laminated Dark Grey Mudstone
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FIGURE 10 Facies models for the two lake margin systems described. (A) Carbonate dominated: Palustrine conditions are prevalent

towards the lake margin where wetting and drying are sufficiently regular. In these regions evaporite minerals are precipitated and

pedogenic processes are active. During more arid conditions when lake-levels fall palustrine environments stretch far out in to the

basin. When lake-level rises these deposits are overlain by desiccating and shallow lake deposits. (B) Mixed carbonate-clastic shore zone:

Stromatolites form during the transgressive phase; the initial clastic influx is pushed back towards the basin margin by rising lake levels;

oolitic shoals develop in shallow water and later prograde along with clastic shore systems and stifle microbialite growth.

Facies Association) and the greater prevalence of shallow
lake deposits (Intercalated Grey Mudstone and Sandstone
Facies Association) at this time suggest that lake-level
fluctuations were of a higher magnitude and perennial
lacustrine conditions were more long-lived. The initial
transgression, which marks the change to more long-
lived perennial lacustrine conditions, is delineated by
the widespread development of microbialites. The posi-
tioning of microbialite developments has been noted as
commonly characteristic of transgressive conditions in
lacustrine settings (Andrews & Trewin, 2013) where sed-
iment input points are pushed back to the basin margins,
resulting in reduced sediment supply. A similar interpre-
tation can be made here. In the northernmost sections
(sections a, b and c in Figure 9) the initial transgression
is marked by a short-lived influx of clastic sediment,
probably recording the rejuvenation of fluvial systems as
climatic conditions became more humid. These deposits
were subsequently reworked by wave action and shore
zone processes, reflecting continuing transgression. As
the transgression progressed, the delivery of clastic sed-
iment was restricted as a result of the sediment input
points being pushed back towards the basin margin, and
shore zone ooidal grainstones began to form and accumu-
late. The development of ooidal grainstones is interpreted
to reflect relatively shallow water conditions which sup-
port the earlier suggestion of a low gradient lake margin,
with shallow water conditions extending over at least
2km. The grainstones are eventually overtopped by shore
zone clastics and the microbialites, which lay farther off-
shore, are inundated by intraclast/ooidal breccia. This

transition is interpreted as the progradation/lakeward
migration of both the clastic and carbonate shore zone
elements (Figure 10B). Progradation of shore zone sys-
tems is indicative of a period of more stable lake level
(Andrews & Hartley, 2015) and therefore suggests that
the lake may have become open at this time. Falling lake
level is then recorded as a transition through shallow
lake to desiccating lake deposits in the most distal section
prior to continued transgressive-regressive cycles, often
containing more restricted developments of shore zone
deposits and microbialites.

The key factors which controlled the development
and distribution of the described depositional environ-
ments and their related facies associations, in this ex-
ample of a mixed clastic-carbonate lake margin setting,
are the interaction of sediment supply and production
which govern facies development, and which are in turn
predominantly controlled by lake-level changes and lake
margin bathymetry.

8.3 | Climate and topography

The dominance of palustrine deposits in the Dvargarvedal
sections suggest that arid conditions prevailed at the time
of their deposition, leading to more ephemeral lacustrine
developments and low sediment input. This is consistent
with the prevalence of carbonate within the Edderfugledal
Formation which is indicative of arid conditions (Kelts
& Hsii, 1978; Muir et al., 1980) as is the relatively low
clastic input. The latter is of particular importance for
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the development of microbialitic limestones. It should
also be noted that subdued relief within the basin and
its catchments, as a consequence of the basin infilling
and the catchments degrading, may have contributed to
reduced clastic input (Andrews et al., 2021). However,
Clemmensen (1980b) suggested that the increased clas-
tic component recorded in the Pingel Dal Member re-
sulted from tectonic uplift in the north as evidenced by
the more sandy nature of the Edderfugledal Formation
in the Traill @ region (Clemmensen, 1978). Sediment
sourcing from the north at this time is consistent with
the greater abundance of microbialites south of the Pictet
Bjerge (Figure 1), however, the largely tabular nature of
the Edderfuggledal Formation (51.5-69m) suggests that
subsidence was largely uniform across the basin through-
out its deposition.

9 | CONCLUSIONS

The carbonate-rich lacustrine deposits of the Upper
Triassic Edderfugledal Formation are superbly exposed
in East Greenland. Regular, climatically controlled fluc-
tuations in lake level are interpreted to have produced
a cyclic succession within which individual cycles can
be traced laterally over several kilometres. This has al-
lowed the response of lacustrine shore zone systems and
the relationships between carbonate facies associations,
including microbialites and clastic facies associations, to
be examined across a 4.5km transect and the controls on
their distribution to be considered.

Two styles of lake shore deposition are dominant in the
examined sections. The first is characteristic of more arid
conditions during which sediment supply was low and ex-
tensive post-depositional disruption occurred with there
being evidence for desiccation, pedogenic processes and
evaporite precipitation. These effects increase towards the
lake margins where exposure was most frequent and most
prolonged. The second is characteristic of more humid
conditions which led to the formation of longer-lived la-
custrine developments and increased clastic sediment
input. In these instances sediment input was pushed back
to the lake margin during the transgressive phases of in-
dividual climatically driven cycles allowing extensive mi-
crobialite formation. Ooidal shoals developed in shallow
water beyond the extent of clastic supply. The lakeward
migration of the ooidal shoals and the progradation of
clastic systems eventually stifled the microbialites prior to
the next transgressive event. The interaction of sediment
supply and production are key factors in governing facies
development in these settings and these are in turn pre-
dominantly controlled by lake-level dynamics and lake
margin bathymetry.

Although only a limited number of samples were sub-
jected to isotopic analysis the results gained are consistent
with the facies interpretations made. A general trend to-
wards increasingly light 8'°C values through shallow lake,
palustrine to desiccating lake deposits is recognised. This
is consistent with increasingly evaporative conditions
represented by these facies. However, the data set is very
limited and therefore these interpretations are somewhat
speculative.
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