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Abstract

The till micromorphology examination in thin sectare routinely used tool to
study the formation of subglacial sediments proegsdut the microstructures are
described in subjective terms, and objective rebeanethods are sparse. A spatial
distribution of microfabric is examined in tills tmuopping along costal cliffs of Baltic Sea
in Western Latvia, using especially developed auatech toll. A varied microfabric
distribution in tills is found: domain-like, welledreloped unimodal or distinctly bimodal. It
is concluded that microfabric usually is similar ttte macrofabric orientation, but the
microfabric strength is significantly lower. Resulindicate that the till microfabric
distribution can indicate the processes activéénlast stages of till formation.

Keywords: Subglacial environment, micromorphologyl, microfabric, image
analysis, Latvia.



Anotacija

Morénas mikromorfolg@ijas anaize phnslipgjumos tiek tradicioali izmantota
zemledja nogulumu veidoSas Etijumos, tomdr mikrostruktiras tiek aprak®ias
subjekivi un reti tiek izmantota objekias iz@tes metodes. Daidb ir pétits
mikrolineariites telpiskais sad@ms moenas, kas atsedzas Baltijjagras sivkrastos
Rietumlatvig, izmantojot ipasSi izstddatu automatiztu paémienu. Ir konstats, ka
morenam rakstuigs daudzveitys mikrolineariites sadajums: don@nu tipa, labi izteikts
vienmodils vai izteikti divmodils. Vidéja mikrolineariites oriemicija ir lidziga
makrolinearifites virzienam, togr mikrolineariaite ir batiski vajak izteikta. Rezulfti
liecina, ka analigjot morcnas mikrolineariites telpisko sadalmu, ir iesgjams raksturo
morenas veidoSars Edejas fazes.

Atslegas vrdi: zemledja vide, mikromorfolgija, mornas mikrolinearite,
atttla anaize, Latvija



Introduction

In the last decades the micromorphology is an &shtedal tool in the glacial
geology. Large size thin section from glacial tidlsee prepared on the routine basis and
examined under the polarised light, stereo or elactnicroscopes. However the terms
used to describe the till micromorphology are largaubjective and statistically based
approaches are rare. In the thesis method is devel@nalysed the till microfabric, by
measuring most of the elongated sand grains visibléhe thin section. Thus more
objective parameters of till micromorphology thamsual identification of certain
arrangements of the particles can be determined.

The investigations of tills are conduced acrossediles: the global and regional
scale for ice sheet and ice lobe perspective;dbal land outcrop scales for glaciotectonic
and glacial dynamic perspective (e.g. Hart, 200@) the microscale to study the processes
behind the ice sheet dynamics and till formatiohisTdissertation falls in the latest
category — studies of tills in microscale by prépguthin sections and investigating them
in optical microscope. The apparent (in two-dimenal sections) preferred orientation of
sand size particles in tills and glacially distudtbsediments is in the focus of this
dissertation.

The dissertation is elaborated in the Rock Reseastioratory at Faculty of
Geography and Earth Sciences of the Universityaivia.

The motivation

Most of the till micromorphology studies relay oigtily subjective identification
of existing microstructures. For example, galaxyratation structures (Menzies, 2000a;
van der Meer, 1997) and grain stacks (Larsen et2807) are identified from visual
assessment of spatial arrangement of few skeletingg This approach can easily lead to
over estimation of abundance of these structuresraom sand grain arrangements can
produce similar structures. Therefore statisticaiged approach is needed to study the till
microstructure.

Carr (1999) suggested a semi quantitative methasnparing the relative
abundance of all the different microstructures loseyved in thin sections from different
sediment types. Unfortunately the subjective pdroppand wishful thinking of the
researcher can affect the results using this appras well.

One of the till micro-scale properties that candtatistically analysed in non-
subjective manner is the orientation of elongat@adsgrains — the microfabric. General
data about till microfabric in scientific literaiis relatively sparse (Chaolu, Zhijiu, 2001;
Stroeven et al., 2005; Carr, Rose, 2003; Zaniewski, der Meer, 2005; Roberts, Hart,
2005; Thomason, Iverson, 2006, 2009), so the needntdepth analysis of this till
property is clearly demonstrated.

It shall be noted that in thin sections only theeotation of apparently elongated
sand grains can be measured as the true threesloneh grain shapes is not known
(Chaolu, Zhijiu, 2001).



Hypothesis

It is suggested that the till microfabric — its femeed orientation, fabric strength
and especially spatial distribution — hold indioas of till formation and thus can be used
to reconstruct the subglacial process active alastestages of till formation.

The aim

The aim of the dissertation is to study deformatdrunconsolidated sediments
and till formation under active, polithermal to wabased glacier by analyzing
microfabric spatial distribution.

Main tasks

The main tasks for elaboration of the thesis are:

1. Comprehensive literature review about till miatmic, its measurement
methods and best practices of statistical treatmamd visualization of
orientation data in geology to identify most suiéalbesearch methods and
acquire the state of the art understanding abdutmicromorphology and
particularly — microfabric.

2. Implement relevant methods for: thin section inagquisition and processing;
image analysis tools for measurement the oriemtatioapparently elongated
sand grains in thin sections; visualization andistteal analysis of two-
dimensional apparent microfabric data.

3. To study the microfabric distribution in tills guglacially disturbed sediments
in four key locations: Sensala site, PlaSumi gsitg, Strante site and Ziemupe
site.

4. To discuss the results, particularly, charactetiie nature of microfabric spatial
distribution in tills and any evidence for identifyg till forming processes in
spatial arrangement of preferred microfabric oaéoh.

Theses to be defended

Theses to be defended are:

1. The till microfabric — strength, preferred origdn and its distribution — is
highly variable. It can be strong and consistentivectional, generally weak
and in domains distributed as well as uniformlyifgictional. Generally largest
grains exhibit strongest preferred orientation, amchmary microfabric usually
is consistent with macrofabric orientation but éngrally weaker, especially in
horizontal sections.

2. It is suggested that the spatial arrangement iofofabric, for example, its
arrangement around a gravel grains, can be useectmstruct the processes
active during till formation.

Novelty of the research

In comparison to other similar studies in the wpthds study is distinguished by
considerably higher level of resolution and voluofeacquired data. The microfabric
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distribution in full thin section area is studieshnsidering most of the sand grains visible
that may reach several tens of thousands.

In the study it is demonstrated that subglacialirsedts are characterised by
diversified microfabric distributions, supplememgfiand expanding the limits of current
understanding about till fabrics. On the basisafuired results it is suggested to analyze
the microfabric distributions around gravel grathat will help to better understand till
formation processes.

Within the scope of the study new method is devadiow be used in studies of
glacial as well as non-glacial sediments in thictisas. The method can be used to study
such homogeneous materials as tills or, for exampkndstones, acquiring new
information about the inner structure of these vedits.

Study region

The study region is costal plains of western Latparticularly bluffs along the
Baltic Sea, where a sequence of last glacial cyetbments are widely exposed. The ease
of access to outcrops, diversity of glacial and-gtacial sediments and their internal
structure, but most importantly the detail of presexamination level of considered
sequences combined with opportunity to conduce réfsearch compatible to other
scientific activities going on in the Faculty of @gaphy and Earth Sciences was the
contributed in choosing the study sites.

Approbation of results

The results of the research are presented in desaeatific papers:

1. Saks, T., Kalans, A., Zets, V., 2007. Structure and micromorphology of
glacial and non-glacial deposits in coastal blatfSensala, Western Latvia.
Baltica 2Q pp. 19-27.

2. Kalvans. A., Saks, T., 2008. Two dimensional apparemtraofabric of the
basal Late Weichselian till and associated sheae:zease study from
Western LatviaEstonian Journal of Earth Sciences, pp. 241-255.

3. Saks, T., Kalans, A., Zets, V., in print. OSL dating evidence of Middle
Weichselian age of shallow basin sediments in Wesltatvia, Eastern
Baltic. Quaternary Science RevieWs print).

4.  Saks, T., Kalans, A., Zets, V., 2010accepted for publicatiarSubglacial
bed deformation and glacial dynamics of the Ripgiacial tongue, Western
Latvia. Boreas(accepted for publication

5. Saks, T., Kalans, A., Zets, V., 2006. Stop 10: Clayey silt diapirs in the
cliff sections at Ulmaleln: Stinkulis,G., Zeks, V. (compilers),The Baltic
Sea Geology: The Ninth Marine Geological Conferengagust 27 —
September 3, 2006ikmala, Latvia. Pre-Conference and Post-Conference
Field Excursion GuideboolRiga, University of Latvia, pp. 54-59.

6. Kalvans A., Saks T., Z&s V., 2006, Stop 9: The Baltic Sea cliff section of
glaciotectonically disturbed Weichselian deposits @udenieki. In:
Stinkulis, G., Zeks, V. (compilers),The Baltic Sea Geology: The Ninth
Marine Geological Conference, August 27 — Septer8he&2006 drmala,
Latvia. Pre-Conference and Post-Conference FielduEsion Guidebook,
Riga, University of Latvia, pp. 49-53.



10.

11.

Dreimanis, A., Kal@ns, A., Saks, T., Z&$, V., 2004. Introduction to Stops
6-9. In: Zeks V. (ed.), International Field Symposium on Quaternary
Geology and Modern Terrestrial Processes, Westatnia, September 12-
17, 2004: Excursion Guidélniversity of Latvia, Rga, pp. 35-36.

Kalvans, A., Saks, T., 2004. Stop 6: The Sensala diftien.In: Zeks, V.
(ed.), International Field Symposium on Quaternary Geolagyl Modern
Terrestrial Processes, Western Latvia, Septembet712004: Excursion
Guide Riga, University of Latvia, pp. 37-42.

Zeks, V., Kahans, A., Saks, T., Cera, A., 2004. STOP 7: The CIiff
Section between Gullies at Plasumi and Gudenikki.Zeks V. (ed.),
International Field Symposium on Quaternary Geologgd Modern
Terrestrial Processes, Western Latvia, Septembet712004: Excursion
Guide.University of Latvia, Rya, pp. 43-47.

Kahans, A., Saks T., Ze&s, V., Kalnha L., 2004. STOP 8: The CIiff
Section between Ulmale and katiln: Zeks V. (ed.),International Field
Symposium on Quaternary Geology and Modern Teieg¢sRrocesses,
Western Latvia, September 12-17, 2004: Excursioidé&university of
Latvia, Riga, pp. 48-53.

Saks, T., Kabns, A., Zets V., 2004. STOP 9: The CIiff Section at Strante.
In: Zeks V. (ed.),International Field Symposium on Quaternary Geology
and Modern Terrestrial Processes, Western Latvegt&nber 12-17, 2004:
Excursion GuideUniversity of Latvia, Rga, pp. 54-56.

The results of the research are presented in dewudexnational scientific
conferences as follows:

1.

Kalvans, A., Saks, T., 2002. Studes of glaciodynamigcsiires in Sensala
outcrop. Field symposium on Quaternary geology and Geodycgnm
Belarus, May 20 — 25, 200&rodno, Belarus. Minsk, pp. 26-ZHoster
Kalvans, A., Saks, T., 2002. Studies of glaciodynamiaicstires and
formation of glacial sediments in the Sensala @pgtcNorFA seminar.
Environment and settling along the Baltic Sea codktough time. 3 — 6
October, 2002 in Parnu, EstoniblorFA, pp. 26-27Postet

Kalvans, A., Saks,T., 2004. Till micromorphology and rofabric in the
Sensala outcrop, Western Latvia: Zeks, V., SeghsS V. (compilers),
International field symposium on Quaternary geolognd modern
terrestrial processes, Western Latvia, Spetemberl7,22004 Riga,
University of Latvia, pp. 24-26.

Kalvans, A., Saks, T., 2005. Directional and structaadlysis of diapir-
like structures at Ulmale site, Western Latvilternational Field
Symposium on Quaternary Geology and Landforming c&sses,
Proceedings of the International Field Symposium)aKPeninsula, NW
Russia, September 4-9, 20@matity, Russian Academy of Sciences, p. 25-
26.

Kalvans, A., Saks, T., 2006. Sedimentology and structgemlogy of
glacigenic sediments in Sensala outcrop, westetmid.aBulletin of the
Geological Society of Finland. Special Issue 1, ®00he 2% Nordic
Geological Winter Meeting. Abstract Volun@ulu, p. 65.

Kalvans A., Saks T., Zés V., 2007. 2D analysis of apparent till micro
fabrics in thin sections: an example from Westemtvia. Quaternary
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International,167-168, Supplement Abstracts the XVII INQUA Congress
2007, Australia, 28 July - 3 August 200856, p. 200. (0293)

7. Saks, T. Zebk, V. Kahans, A., 2007.Towards revised Pleistocene
stratigraphy of Western Latvia, the Eastern BaltiQuaternary
International 167-168, Supplement 1. Abstracts the XVII INQUA
Congress 2007, Australia, 28 July - 3 August 2@04,71 (0656).

8. Saks, T., Zeék, V., Kahans A., 2009. OSL dating evidence of Middle
Weichselian age of shallow basin sediments in Wiedtatvia, Latvia.ln:
Exploratory workshop on frequency and timing ofcgdéions in northern
Europe (including Britain) during the Middle and tea Pleistocene,
February 16-20, 2009, Freie Universitat Betlin Deutsche
Forschungsgemeinschatft, p. Paster

9. Saks, T., Ze&k, V., Kahans, A., 2009. A glacial dynamic study of Apriki
tongue: implications for deglaciation historin: Kalm V., Laumets L.,
Hang T. (eds.)Extent and timing of Weichselian glaciation souste# the
Baltic Sea: Abstracts and Guidebook. The INQUA Ip&tic Working
Group Field Symposium in southern Estonia and rewrth Latvia,
September 13-17, 2008artu Ulikooli Kirjastus, Tartu, pp. 42-43.

10. Saks, T., Ze&b, V., NartiSs, M., Kalans, A., 2009. The Oldest Dryas last
significant fluctuation of the Scandinavian Ice ahenargin in Eastern
Baltic and problems of its regional correlation. B@all meeting, 14 — 18
December, 2009. San Francisco, California, UBdster.

11. Kahans, A., Saks, T., 2010. The spatial distributiomorofabric around
gravel grains — indicator of till formation process EGU General
Assembly, Vienna, Austria, May 20Foster.

The main results of the research are presentetierfallowing local scientific

conferences:

1. Saks, T., Kalans, A., 2001. Baltijastyas sivkrasta glaciotektonisks un
litologisks raksturojums posinstarp Ventas un UZzavasiggm. Kraj.:
Geogufija. Geolggija. Vides ziatne. Latvijas Universittes 59. ziatniska
konference. Refetu tezes Riga, Latvijas Universite, lpp. 137-138.

2. Saks, T., Kalans, A., 2002. Sensalas atseguma gkmgnogulumu
mikrostruktiras. lzd.: Geoggfija. Geolgsija. Vides ziatne. Latvijas
Universitates 60. ziatniski konference. Refetu tezes Latvijas
Universitite, Riga, Ip. 163-165.

3. Kalvans, A., Saks, T., 2003. Sensalas atseguma asaamogulumu
kareSana un vizualixija. 1zd.: Geogwfija. Geolgsija. Vides ziatne.
Latvijas Universigtes 61. ziatniska konference. Reféu tezes.Latvijas
Universitite, Riga, Ip. 155.

4, Kalvans, A., Saks, T., 2004. Lgd nogulumu uziive mikro neroda. lzd.:
Geogufija. Geolggija. Vides ziatne. Latvijas Universittes 62. ziatniska
konference. Refetu tezes.Latvijas Universiite, Riga, Ip. 143.

5. Saks, T., Kalans, A., 2004. Legja dinamika Sensalas atsegumnmn tam
pieguloSaj teritorija. LU lzd.: Geogmfija. Geolqgija. Vides zidtne.
Latvijas Universisites 62. ziatniska konference. Reféu tezes.Latvijas
Universitite, Riga, Ip. 164.

6. Saks, T., Kalans, A., 2005. Diajpu izvietojuma likumsakabas
Rietumlatvijas piekrastes teritatij 1zd.: Geogmfija. Geolasija. Vides
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10.

11.

12.

13.

14.

15.

16.

17.

zinatne. Latvijas Universittes 63. ziatniska konference. Refétu tezes.
Latvijas Universiite, Riga, Ipp. 141-142.

Kalvans, A., Saks, T., NartiSs, M., 2006. Smilts graudbrienticija ledaja

nogulumos: proleimas pamatojums, ¢ajumu metodes un pied no

Rietumlatvijas. Izd.: Geogufija. Geolasija. Vides ziatne. Latvijas
Universitates 64. ziatniska konference. Reféu tezes. Latvijas
Universitite, Riga, Ipp. 174-175.

Kalvans, A., Saks, T., Z&, V. 2006. Pleistama nogulumu
struktirgeolagija Baltijas jiras sivkrastu atsegumos Ziemupes aipke.

Izd.: Geogm@fija. Geolagija. Vides ziatne. Latvijas Universittes 64.
zinatniska konference. Reféu tezes.Latvijas Universiite, Riga, Ipp. 176-
177.

Kalvans, A., Saks, T., Klimo¥s, J. 2007. Subgladas hdes joslas
mikromorfologija: pieners no Ziemupes &tkrasta. lzd.: Geogtfija.

Geolgsija. Vides ziatne. Latvijas Universittes 65. ziatniska konference.
Refentu tezes.Latvijas Universiite, Rga, Ipp. 148-149.

Kahans, A., Saks, T., 2007. Glaciodinamisk struktiras un ledja

dinamika Ziemupes atkrast. Izd.: Geogafija. Geolasija. Vides ziatne.

Latvijas Universisites 65. ziatniska konference. Reféu tezes.Latvijas
Universitite, Riga, Ipp. 146-147.

Kahans A., Stinkulis G., Klimovi¢s, J., Popovs K., 2007 leZu un
nogulumu mikromorfolgisko Etijumu iesgjas lezu ptijjumu laboratori,

Kraj.: Geogufija. Geolasija. Vides ziatne. Latvijas Universittes .

zinatniska konference. Refétu tezes Riga, Latvijas Universite, Ipp. 149-
150.

Saks, T., Kahns, A., Karvonena, ., 2008. Glaciotektoniska kreku

uzhidijumu josla — Andomas kalns,p@gas ezera austrumu krasts, ZR

Krievija. 1zd.: Geografija. Geolagija. Vides ziatne. Latvijas Universittes
66. zimitniska konference. Refatu tezes.Latvijas Universite, Riga, Ipp.
218-219.

Saks, T., Kalns, A., 2008. Mamas nogulumu mikrolineafitesipatribas
bides zoa: Ziemupes atsegums, Rietumlatvilad.: Geogiafija. Geolggija.

Vides ziatne. Latvijas Universittes 66. ziatniska konference. Reféiu

tezes.Latvijas Universiite, Riga, Ipp. 217-218.

Saks, T., Kahns, A., Zets, V., 2008. Apitu ledija neles dinamika un
gultnes apgkli - rekonstrukcija no Baltijasajas atvkrastiem. 1zd.:

Geoguafija. Geolggija. Vides ziatne. Latvijas Universiites 66. ziatniska

konference. Refetu tezes.Latvijas Universiite, Riga, Ipp. 220-221.

Zeks, V., Saks, T., Kabns, A., 2008. Baltijasiras Kurzemes atkrastos
atsegto baseina s@éklens nogulumu vecums un straifiggka interpretcija.

Kraj.: Geoguafija. Geolasija. Vides ziatne. Latvijas Universiites 66.
zinaniska konference. Reféu tezes Latvijas Universite, Rga, lpp. 242-
243.

Kalvans, A., Saks, T., 2009. Maémas nogulumu mikrolineafite — piengri

no Baltijas jiras Kurzemes stkrastiem.lzd.: Geografija. Geolagsija. Vides
zinatne. Latvijas Universittes 67. ziatniska konference. Refétu tezes.
Latvijas Universiite, Riga, lpp. 198-199.

Kahans A., Popovs K., Saks T., 2009 VienkarSa autokorekijas
algoritma lietojums smilts un al®a graudu izréru sadajuma
fotogrammetriskai noteikSand{raj.. Geogufija. Geolggija. Vides ziatne.

-12 -



Latvijas Universifites 67. ziatniska konference. Reféu tezes. Riga,
Latvijas Universiite, Ipp. 201-202.

18. Saks T., Kalvans A., Zeks, V., 2009 Diapiras kK ledaja dinamikas
indikators: Rietumlatvijas pieéns. Krgj.: Geoggfija. Geologija. Vides
zinatne. Latvijas Universittes 67. ziatniska konference. Refetu tezes
Riga, Latvijas Universiite, Ipp. 234-236.

19. Zeks, V., NartiSs, M., CaliS, |., Markots, A., Strautnieks, I., Krigns, M.,
Saks, T., Kalans, A., 2009. Raunis paleoezera nogulumi, to i#pdatin
raksturs.lzd.: Geogufija. Geolgzija. Vides ziatne. Latvijas Universittes
67. zimitniska konference. Refatu tezes.Latvijas Universiite, Riga, Ipp.
263-264.

20. Bethers, U., Blina, A., Kahans, A., Saks, T., Vircavs, V., Virbulis, J.,
2010. Pazemesidenu modetSanas projekts (PUMA)Izd.: Geogiafija.
Geolsija. Vides ziatne. Latvijas Universittes 68. ziatniski konference.
Refentu tezes.Latvijas Universiite, Rga, Ipp. 275-276.

21. Kalans, A., Saks, T., 2010. Mikrolineaaies sadajums ap grants
graudiem, B mornas veidoSas apsiklu indikators. lzd.: Geogafija.
Geolosija. Vides ziatne. Latvijas Universittes 68. ziatniski konference.
Refentu tezes.Latvijas Universiite, Rga, Ipp. 299-300.

Acknowledgements

This work was supported by several funding sourdasropean Social Fund
projects Poktorantu un jauno zitnieku @tniegbas darba atbalsts Latvijas Univei&ig’
(contract No. 2004/0001/VPD1/ESF/PIAA/04/NP/3.2/G0D1/0063) and Atbalsts
doktora studigm Latvijas Universiite” (contract No.
2009/0138/1DP/1.1.2.1.2/09/IP1A/VIAA/004); Latvi@ctience Council funded projects of
fundamental and applied research (No. 09.1420,498,104.0147) and research projects
funded by the University of Latvia (No. 2007/ZP-8dd 2006/1-229717). The laboratory
equipment that allowed this study was purchasecdinvittU funded project No.
VPD1/ERAF/CFLA/04/NP/2.5.2./00008/016.

Special thanks go to becoming Dr. geol. Tomas $aksffective cooperation in
fieldwork and valuable discussions since the dawhistory in 1997. The support and
understanding, but especially the baby-sitting of son Daniels ahis Kalvans during
2009 and much of the 2010, my dear wife Gunta #eavs deeply appreciated. The work
of laboratory assistants Kas Popovs andadis Klimovi¢s are acknowledged for helping
with preparation of thin sections. The contributminthe Norwegian government must be
noted for funding the University Centre in Svalbawtiere the author had space and
opportunity to nourish the most crucial ideas lgyim base of this dissertation. Last but not
least support of my supervision, Professorafg Zelés is acknowledged, among other,
especially for raising finances for establishmend durnishing the Rock Research
Laboratory at the University of Latvia where aletlab-work was done. With out this the
current study would not be possible.

Symbols

The symbols used in thin section sketched imageésnaicrofabric distribution
representation is summarised respectively in tdbknd table 2; most significant used
abbreviations are collected in the table 3.
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Table 1 Symbols used in sketched thin section image
1. tabula. Skigtajos phnslipgjumu at€los izmantotie simboli

Symbol Explanation Symbol  Explanation
A silt or diamicton with Boundary  between different
O contrasting content inclusion _/- lithologies
in till
O A gravel grain 1 A scale, in a case of regular rose
diagrams corresponding to 300
A line indicating structure measurements  evenly  spread
> formed by the microfabric across sector of 30° (used in the

Ziemupe site description)

Table 2 Symbols used for microfabric distributiasualization
2. tabula. Mikrolinearites vizualiZcijai izmantotie simboli

Title

Strong Weak Method
fabric fabric

Rose
diagrams

Rose diagrams, with mode length proportional to
the square root of the actual number of
measurements in a single class. The fabric
strength is evaluated by calculated the length of
normalised resultant vector (Rn; Davis 2002,
p.322-330) and compared to critical values for
0.9 confidence level given by Davis (2002, p.
619) and indicated by green (dark grey in B&
images) colour in case of strong fabric and grey
in case of weak colour.

Density plot Density plot of data distribution as used by
with summary Fisher et al (1985) — each line in diagram

orientatio

n represents single measurement and its length
represent the inverse of relative spacing between
adjacent measurements. Normalised resultant
vector Rn is given as a green or grey single line
for strong or weak fabric respectively. The fabric
strings is evaluated as in case of Rose diagrams

with

Density plot / Density plot of data distribution as used by

Fisher et al (1985) — each line in diagram

eigenvector represents single measurement and its length

indicated

represent the inverse of relative spacing between
adjacent measurements. The single outstanding
line is summary orientation — mean clustering
direction (V4 — eigenvector) — as in Thomason
and Iverson (2006). The different levels of
darkness of summary orientation represent the
relative fabric strength ¢S eigenvalue).
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Table 3 List of used abbreviations
3.tabula. Izmantoto $snajumi saraksts

Abbreviation Term Explanation

R Radius Distance between grid points in the imagésthe
microfabric spatial distribution; with termgfid point’ is
understood the point that coincide with centre of
microfabric diagram in the thin section image and
simultaneously are in the centre of the thin sectioea
from what the data are collected composing theewse
diagram.

Vi First indicating the direction of strongest clusteringrbtor two

eigenvector dimensional and three dimensional data
S First indicates the strength of clustering around thedtion of

eigenvalue

strongest clustering @Y
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1. Subglacial environments and till micromorphology

The subglacial environment is place where most &ile formed and hence tills
could bear some clues about the environment it8shaviour of ice sheets is largely
controlled by the subglacial environments and rstroting the subglacial environments
of large past glaciers will contribute to the mdidg efforts of development of the
Pleistocene glaciations and understanding of th¢éhEalimate evolution.

In “classical” sedimentology the term microfabrgcused to describe arrangement
of clay-size particles (e.g. Reynolds, Gorsline92Z,9Kuehl et al., 1988) or silt size
particles (e.g. Francus, 1998, 2001). Mean whilglacial geology probably due to works
of van der Meer who adopted terminology used ith smence the term plasmic structure
or plasmic fabric is used to describe arrangemdntlay-size particles. The term
microfabric in glacial geology is more often usedrefer to orientation of sand size
particles (e.g. Evenson, 1970; Johnson, 1983). kiettds study with term “microfabric”
the preferred orientation of elongated sand graitioe understood.

It is understood that in thin sections only apptraicrofabric can be observed.
This is due to obvious fact that thin section i®#wmensional (2D) sections of three-
dimensional (3D) till fabric (e.g. Chaglw&Zhijiu, 2001). For this reason sand grain
appearing in thin section as elongated can actuadlytabular or even cubic in three
dimensions and but rod-shaped grains can appearisghif the thin section plane is
perpendicular to the longest axis of the grairthindissertation terms apparent microfabric
and microfabric, if not stipulated differently, Wile used as synonyms, understanding that
only apparent microfabric can be directly measimettiin sections.

In this chapter first the geological background wbstudy site are presented
followed by review of the current scientific undrsding of subglacial environments and
associated till fabric in general. This includesrsheview of theoretical and experimental
works on fabric formation in sheared granular matedike most tills probably are. At the
last part of chapter short review of literature wtbdill micromorphology and
comprehensive review of available literature alidlutnicrofabric is give.

1.1. Pleistocene sediments in Western Latvia

At the study area up to 80m thick patch of gla@add basin sediments are
presented. It is an extension of huge Quaternappsie sequence at the depression of
Baltic Sea (JuSkews et al., 1997, 1998). The sedimentary sequencsempi® a rare
opportunity for investigating the Quaternary higt@and the development of continental
glaciations originating in Scandinavia.

The upper part of this section is exposed in ad@18 m high bluffs between
city Ventspils and the town of Lig@. Dreimanis (1936) first studied coastal blufisthe
region along their entire length of more than 40, kvith main attention paid to the till
layers and the orientation of the glaciotectonitodwation structures. He identified two
till layers — grey and bluish grey — interbeddedinderlain by stratified sand, silt, clay or
gravel and assigned them to the penultimate glaniaSince then the territory has been
frequently revisited by numerous researchers: UMtgore, 1964; Konshiret al, 1970;
Veinbergs, Savvaitov, 1970; Daibk, 1973; Meirons, Straume, 1979; Sggli1987a;
Kalnipa et al, 2000; Kalnha, 2001; Sakst al, 2007 and others. They mostly focused on
startigraphicla investigations attempting to essibkhe formation history of presented
sequence.

-16 -



During several campaigns of geological mapping bé& tWestern Latvia,
numerous boreholes have been logged, revealing leanmguccession of glacial and
interglacial sediments as summarised in figure i Quaternary sequence in the coastal
area, according to borehole logs, is up to 70 cktQlusSkewis, 1998).

The study area is located on the north easternestfpthe Baltic bedrock
depression. The bedrock surface is dipping fromn20n the southeast at the foot of
Western Kursa upland down to 60 m below sea leear the sea coast with regional
inclination 3.3 m/km to WNW. The bedrock surface iistersected by several
paleoincisions, reaching up to 100 m below presestlevel (Juskeis et al, 1998). The
bedrock is formed by layered sequence of Middle ddéan sandstone, dolomitic marl,
clay, dolomite and gypsum and overlaid by thick eroof Quaternary glacigenic,
glaciofluvial, glaciolacustrine, lacustrine and mar deposits (Meirons, Straume, 1979;
JuSkewvtset al, 1998).

The recent landscape of the mainland area is gemitulated sandy abrasion-
accumulation plain of the Baltic Ice Lake to somaeat altered by postglacial aeolian
activity (Veinbergs, 1964).

1.1.1. Sedimentology and stratigraphy

In the patch of Quaternary sediments three glaeidiment levels, interlayered by
warmer period marine silt and sand sediments atinduished (Kalnja et al, 2000). At
the very bottom reddish brown till is covering Deian sandstones, earlier interpreted as
Elsterian (letiza) till (Danilans, 1973; Kalnja et al, 2000). This till unit is observed in
most of the boreholes and usually it is 2-3 m thick

The lowermost till is topped by some 25 — 30 mittfasid sandy silt sediments.
The bottom of this sequence is mostly fine grairesllt, clayey silt and clay sediments
rich in organic matter; the upward coarsening iseobed (SeghS, 1987b). Based on the
macro faunal and palynological findings, this seslary sequence has been correlated
with Pulvernieki (Holstenian) interglacial stratignhic unit (Danidns, 1973; Segis,
1987b; Kalnha et al, 2000; Kalnha, 2001). However, no reliable absolute datings are
available to prove previous interpretations, arftepbpinions exist on interpretation of the
palynological and diatom records: Charamisinava7{)}%ased on diatom findings she
correlated this silt sediment sequence to Eemitarglacial. Later Meirons and Straume
(1979) doubted palynological data resemblance ttvelueki (Holstenian) type site,
suggesting that pollen successions are more sitoilgelicianova (Eemian) pollen record.
Sakset al (in print) have speculated that this sequence is of Eemi&ady Weichselian
age.

The silt sediments are discordantly covered by, thatchy till and glaciofluvial
sediments, situated approximately in the middléhef Quaternary sediment body. The till
is mostly rewashed and susceptible just in few lmes, and probably in some outcrop
sections (Fig. 1 and 2). However it is not alwagsognised as a separate unit (Jusiest
al., 1998).

The top of quaternary sediment sequence is formedsilly sand and sand
sediments with clay rich silt sediment interlayeosered by one or two till layers. The silt
sediments in this level are often heavily dislodatieie to diapirism and it is difficult to
estimate correctly their initial position, distrien and thickness. The base of sandy
sediments is approximately 20 m below presenteseas (Fig. 2) and the upper part of it is
outcropping in the coastal bluffs. This sedimentseguence usually is correlated either
with late Holstenian (Pulvernieki) or early Saali@me (Daniins, 1973), or Eemian time
(Kalnina, 2001), marked adgitkalne formation (Segis, 1987b). However the new OSL
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datings have demonstrated the Late Weichseliano&dkese sediments (Saks et ab.,
print).

Till layer at the top of the Pleistocene sequeremdiez correlated to Saalian age
(Danilans, 1973; Kalnja et al, 2000) or a composite of Saalian and late-glatigl
(JuSkewts, 1998, geological sections to Map of Quaternagpdsits). Its thickness varies
being on average 2 m and reaching up to 7-8 m.tGpef the till is eroded by Baltic Ice
Lake, so in many places boulder pavements andcBedtilake sandy sediments are present
instead of the till. The two-layer interpretatioashbeen introduced by Dreimanis (1936),
who assumed penultimate (Saalian) age of the ugilpemit exposed in the Baltic Sea
coastal outcrops. With limited critical evaluatitims suggestion was preferred in later
works by Konshiret al. (1970), Daniins (1973), JusSkess et al, (1998) and others. This
interpretation of the upper till has led to conspigs situation, where main constituent of
the Western Kursa upland is considered Saaligratill Weichselian till plays only minor
part in the Quaternary sequence (Meirons and Sead®79). The newest OSL datings
and geomorphological investigations have reveahed the till is formed by the latest
glaciation (Sakset al, 2007, in print, accepted for publication SeglhS (1987a)
summarising the results of large number of grame sinalysis concluded that the Late
Weichselina (Latvian) till in western Latvia haveegominantly of polimodal grain size
distribution with dominat fractions of fine sand}25-0,1 mm), fine silt (0,02-0,01 mm)
and clay (< 0,002 mm), with fine silt mode being thost prominent.

1.1.2. Structural geology

From the structural geology perspective only theeuppart of Pleistocene
sediment sequence which is outcropping in the abddtiffs, has been described. The
structural architecture is dominated by glaciotertally deformed three-layer system —
the silt and clay sediments at the bottom, sandinsnts in the middle part and till at the
top — complicated with density-inversion and gléeatonically induced structures.

In general, all glaciotectonic deformation struetiare attributed to deglaciation
phase of the last Scandinavian ice sheet, whemiti®e area was distributed in to active
glacial tongues and areas of dead, probably freaets base ice (Z&, Markots, 2004).
Two different sets of glaciotectonic assemblagegehlbeen described: Glaciotectonic
structures associated with marginal position of gfecial tongues, and glaciotectonic
structure assemblage associated with central partke glacial tongues. The marginal
glaciotectonic  structures include unidirectional rugting and/or folding, with
compressional stress direction being at the rigigleato the overall glacial movement
direction.

Deformation in the central parts of the glacialgoes comprises uplifted diapir
structures, and accumulation of the till in intéadr spaces. Unlike in marginal position,
glaciotectonic deformation of the subglacial sasdgiments is characterized mostly by
vertical translation (rising diapirs and sinkingtein diapir spaces), with little internal
deformation.

Gaigalaset al (1967) emphasized that during the last glaciakimam in the
study region the glacier advanced from NNW dirattout of the Baltic Sea depression
which is supported by the palaeoglaciological rstaction of the Scandinavian ice sheet
dynamics through the Weichselian glacial cycle (wn 1997; Boultonet al, 2001a;
Zel¢s, Markots 2004; Sakst al, 2007; Saket al, accepted for publication
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1.2. Subglacial environment

There are vast literature on subject of subglaemlironments, in fact most
studies of till or glacial geomorphology are in somxtend concerning the subglacial
environment as well. Some of these studies are &lah (1957); Dreimanis (1973, 1981,
1989), Stephan (1989), van der Meégl (1992, 2003), van der Meer (1993; 1997), Benn
(1994), Wright (1995), Boulton (1996), Boultet al. (2001b), Hart (1996, 1998), Haet
al. (2004), Hicocket al (1996), Kjeer and Kruger (1998), Allet al. (1997), Hindmarsh
(1997), Murray (1997), Piotrowslet al (2001, 2006), Piotrowski, Kraus (1997), van der
Wateren (1995, 1999), van der Wateren et al. (208i@mstra and van der Meer (1997),
Hiemstra and Rijsdijk (2003), Knight (1999), Walland Hart (1999), Hindmarsh and
Rijsdijk (2000), Hambrey et al. (1999), Carr (192001), Carret al (2006), Lachnieet
al. (1999, 2001), Hambrey and Lawson (2000), Alle§0@), Menzies (2000a, b), Menzies
and Taylor (2002), Menziest al (2006), Filler and Murray (2000), Fitzismors$ al
(2000), Knightet al (2000), Phillips and Auton (2000), Siegert (2Q@haolu and Zhijiu
(2001), Ruszczynska-Szenajch (2001), Hoffmann armdrdwski (2001), Larsen and
Piotrowski (2003), Larsept al (2004, 2007), Mccarroll and Rijsdijk (2003), Nitl and
Nelson (2003), Roberts and Hart (2005), Thomasahharson (2006, 2009), Hiemstea
al. (2006) and many others.

In short it is agreed that there is few dominamicpss that result in till formation
(Table 1.1). It is agreed that rarely any of thes®ess are acting alone (e.g. Piotrovetki
al., 2006), there is continuum among them (e.g. H&98) and till is the result of complex
development history and only the last stages bffdimation might be reflected in its
structure and texture (e.g. Larsenal, 2004). It should be noted that till is formed as
result of extremely complex interaction of process®mnnected to glacial dynamics,
sediment availability, frost action, meltwater aati periglacial environment among which
the movement of active glacial ice is the singlestreagnificant and genetically indicative
process (e.g. Dreimanis, 1989). The described psesehave to be seen as end members
of the continuum (Dreimanis, 1989; Evaetsal, 2006).

It should be noted that some researchers pointhatitall of the tills have to have
undergone some deformation in inter-grain scale ger Meeret al, 2003; Piotrowsket
al., 2004). Some researchers even call for total texpnetation of till classification taking
into account that in all tills micro-scale deforimatstructures can be observed (Menaes
al., 2006). They argue that the best way to descrilimglacial till is to call it glacial
“tectomict” (ibid, see also Evaret al, 2006).

Piotrowskiet al (2004) argues that subglacial till is formed asumulative effect
of the local deformation spots of glacial bed ahslughing of boulders entrained in ice.
The glacial bed is suggested to be in time changmugaic of deforming and stabile
sediments. The ploughing of clasts thru the glab&d is in agreement with Colombo-
plastic rheology. They express a light scepticidraud whether till micromorphology can
be used to infer information about glacier-scalecpsses as all tills in micro-scale will
exhibit some inter-grain movement and it will be remgronounced as the scale gets
smaller.

The discussion among scientist are ongoing witckshaeisms of till formation
and associated subglacial conditions are most domhij.g. Iversoet al, 2003).

There is a view that many visually massive subgladis are a two-tear system,
upper part being unconsolidated, with large watertent and the lover part being highly
consolidated and dense (e.g. van der Megel, 2003; Evangt al, 2006). The upper part
is supposed to undergo penetrative deformation ruadgve ice whilst the lover part
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remains stable. This structure may be partly dupléaighing of boulders through the
upper par of a till (Tulaczykt al, 2001).

Table 1.1 The summary of processes involved ifiditihation
1.1. tabula. Kopsavilkums par ntoas veidoSais procesiem

Process Description Selected references

Melt-out Slow melting of dead ice (stagnant) ice Breimanis (1989)
the base due to geothermal heat flux or other
heat sources resulting in gradual release of
debris entrained in glacier.

Soft and hard Melting-out particles from the base of thBreimanis (1989),

lodgement  and active ice are pressed against the substratBoszczynska-Szenajch

ploughing and eventually cease to move — decoud#001), Tulaczyk et al.
form the glacier. (2001)

Sometimes soft and hard lodgement tills are
distinguished given the amount of
deformation that lodged particles have
exerted on the substratum (usually till
itself).

The process of ploughing is the dragging of
larger casts partly protruding from the
glacier base through the underlying till layer
introducing  significant  amount  of

deformation in the till.

Deformation of This is process when significant proportioBenn and Evans (1996);
glacier bed of glacier movement s realised boulton (1996)
deformation of sediments in its base.
Sediments eventually are homogenised

forming till.
Precipitation in If the glacier is overriding a body of wateDreimanis (1989)
water and due to meting at the base debris is

released and regimented through the water
column the waterlain till is formed.

1.3. Shear zone development in granular material

In last decades the awareness of scientists onrdle of soft sediment
deformation in till formation has gradually raisedm slight scepticism as demonstrated
by Dreimanis (1989) to perception that all tillsshandergone some deformation,
particularly in the microscale, as concluded byt®iwski et al (2004). In this light the
understanding of deformation process and its inft@eeon particle orientation, which is in
focus of this study, is crucial. Therefore, bef@weusing on the till fabric, the theoretical
and experimental work about sheared granular naddeshould be briefly discussed.

In a simple approximation the subglacial deformediments are subject to
simple shear in a continent-scale shear zone -bdlse of glacier (e.g. Boulton, 1996).
However the deformation there is rather complex aadable in time and space,
including, slipping of ice base over rigid bed, atieg of basal sometimes debris-rich ice
itself, shearing of soft basal sediments, diffaetatl shearing of soft or partly frozen basal
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sediments and ploughing of boulders partly frozenthie base of ice as recently was
reviewed by Evanst al. (2006). Therefore it is necessary to remember ékperimental
(and theoretical as well) studies only partly reBke®s the deformation process imposed by
moving glacier on its bed.

One of the first who mathematically described tebdviour of elongated particle
immersed in viscous media was G.B. Jeffery (1942) significance of his work is
underlain by the fact that hardly any scientifiopadealing with the alignment of rigid
elongated particles in deforming media is not mafigrto his pioneering work. It is worse
noting that Jeffery (1922) says that he extendedwtbrk of Albert Einstein himself who
described the increase of viscosity of liquid withmersed spherical particles. Jeffery
suggested that particles immersed in viscose fthat is undergoing laminar motion
(simple shear) will periodically rotate with thediis aligned perpendicular to motion
plane. Jeffery admits that his equations ignoreviiecity gradients introduced by particle
in sheared liquid and this is resulting in an utaiaty that can lead to preferred lodgement
of particle axis along the direction of motion. pie the probable alignment of particle
axis the rotational movement of particles is expedb continue at any time during the
shearing.

Latter March (1932) proposed competing theory suggested that rigid particles
in deformed media will attain preferred, steadytestarientation and will remain there as
long as conditions do not change.

The two models usually are referred as Jeffery’sl@l®and March’s model and
this practice are followed there as well. The défece between March and Jeffery models
is the character of particle surface-liquid (deforgnmedia) interface. The Jeffery’s model
assumes no sliding on the interface; the March medexpects that sliding along the
particle surface will occur. The rotation of pakidn sheared media is induced by the
traction of the flowing matrix on the surface oéthgid particle and the force of traction
will be fundamentally different in case when thetigée surface will be well lubricated
(layer with smaller viscosity than the average mateparating the particle from matrix).

The complex history of till development and the gerece of all-size closely
packed grains will significantly complicated thevdm®pment of preferred orientation of
elongated particles. As suggested by Carr and Gdd{@007) till fabric can not be
explained neither by Jeffery nor March models astnexperimental studies favour the
March model but it does not explain the b-lineatadten observed in a field. Therefore
two basic mechanisms must be kept in mind in amgystof preferred orientation of
elongated patrticles in tills.

As suggested by recent studies most significantofacaffecting preferred
orientation of elongated particles in shear zore iateraction with other particles, the
character of particle/matrix interface and the shede (the amount of displacement
accommodated in the shear zone). The initial cateat of particles significantly controls
the preferred alignment after the shear only iresaghen shear rates are relatively low,
interaction of particles is negligible and the mdefmatrix interface is cohesive e.g. not
lubricated.

Probably the first significant experimental work dmgh strain shear zone
development in granular materials is that one ohdlat al (1977) who published results
of extensive experiments with ring-shear apparstaged already in 1969. The ring-shear
apparatus in contrast to standard geotechnicahg¢estjuipment can accommodated large
strain rates and thus effects of prolonged sheamngeological materials can be studied.
The first experimental work on the behaviour ofngjated particles in sheared media
however is dating back to beginning of previoustagn Glenet al (1957) is referring to
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the experimental work of Tailor published in 1922ho studied behaviour of elliptic
particles immersed in liquid glass and sheared éetviwo rotation cylinders.

The particle/matrix interface is a key element @edmining whether the particle
in sheared media will behave according to JefferyMarch models. The contrasting
behaviour of particles with sticky surface and webricated surface is demonstrated by
the experimental studies. In ring-shear experimehtSerianiet al (2003), and Hooyer,
Iverson (2000) rotation of elongated particles imsad in viscous, sticky gel corresponded
well to theoretical calculations according to Jeffe model. In case of well lubricated
particles (using liquid soap) with initially horiatal position, antithetical rotation to 10-20°
dip against the shear direction was observed (Magidal, 2005a, 2005b; Ceriaet al,
2003) corresponding to March model. Additionallythe interface is lubricate elongated
particles will tend to rotate more quickly comparedth the case of non-lubricated
interface (Mandaét al, 2005a). Hooyer and Iverson (2000) found thastsl@mbedded in
till displayed rotation behaviour that was more ifamto March model, however, the
orientation of clasts did not followed the thearatiprediction as close as in case of putty.

The stabile state orientation of 10-20° with lubted particle/matrix interface
corresponds to observed dip of preferred oriemtatd elongated pebbles in till (e.g.
Dreimanis 1989Aboltins, Dreimanis, 1995).

Particle elongation predominantly controls the sva$s of it reaction to shearing,
but not the steady state orientation when it isiméd. Cafdn-Tapia, Chavez-Alavarez
(2004) mathematically calculated the behaviour lohgated particles in sheared media
according to Jeffery’'s theory. They found that irost geological settings elongated
particles (short axis/long axis ratio0.5) will attain steady state preferred orientatdter
strain rate of 4 to 10, that is close to somewaagd values (7-39) observed by Thomson
and Iverson (2006) in their ring shear experimestadlies of tills. However, Cafidn-Tapia
and Chavez-Alavarez (2004) saying “most geologiestings” understood emplacement of
various forms of magmatic rocks.

The interaction with other particles obviously mportant in determining the
steady state orientation. In physical model it iserved that denser populations of rigid
elongated particles immersed in viscous matrixraeeting more swiftly to shearing and
faster attain steady state orientation even ifigdartcollisions is absent and antithetical
non-linear rotation can be observed (Maneiabl 2005b). This indicates that tills with
large pebble and gravel-size grain content will hatronger preferred macro fabric
orientation. In the field it is observed that gtaectonically deformed gravel has stronger
preferred orientation of skeleton grains than tlaenitton does (Sakat al, 2007)

Rosaset al (2002) modelling the behaviour of parallelepigtdped amphibole
crystals in shear zone in marble observed formatiothe sheath folds above and below
rotating intraclasts. This process inevitably lmaffect the orientation of smaller particles
which happens to be near the larger ones. Simiaath-fold-resembling microfabric
observed in till thin sections would be reliablelicator of particle rotation and hens the
deformation of examined till. The similar configticen of microfabric around the rotating
grains in deforming till was suggested by Thomaasad Iverson (2006).

The strain rate or relative amount of shear accodatedl in sediments
undoubtedly is on of the most important factors tdbation to fabric, including
microfabric development. Large strain rates givesrantime for particles to rotate to
steady state orientation and the fabric strengtgrasving with increase of strain rate.
However after certain threshold amount of straimeésumulated in sediments the fabric
strength attains a steady state value that doeshaotge with increased strain (Hooyer,
Iverson, 2000; Thomason, Iverson, 2006).
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The Riedel shears are associated with most ofitbarszones and their presence
will affect any small particles in their vicinityzor example, after prolonged shearing of
sugar immersed in kerosene (to mimic the brittledvéour of sand grains in natural shear
zones but in smaller confining pressures), Matdil (1977) observed sudden collapse of
gradually widening shear zone to a single planeawthssical slickenside was produced
with echelon or Riedel shear type slips dippinginection of shearing at 20-25°.

Thomson and Iverson (2006) found in ring shear expmnts with tills that two
sets of Riedel shears (R1 and R2) manifested sepat plasmic fabric developed — the
R1 having low angles (~25°) against shear planeRthd wide angles (~75°). The suggest
that most of the shear displacement was accomnubdatRiedel shears and the particle
preferred orientation can be explained as a re§udbmpeting action of both Riedel shear
directions.

Kock and Huhnet al. (2007) used discrete element mathematical modelling
method to determine behaviour of elongated claysiihgarticles in shear box conditions.
The model was run up to 200% of strain. After tagperiment dip direction of most of
particles was between minus 10° to plus 40° towatdsar direction. Authors found that
most of the local shear planes were deviated fromzdntal direction usually no more
than 20°. Exception was the case with sphericdighes where several, equally strong,
shear-plane orientation modes deviating form zertolb0° were observed.

The slip localization in shear zone apparently pasduce a plane of parallel-
aligned elongated grains. The experimental studvek sufficiently large confining
pressure to allow grain fracturing, sometimes ttasuslip localisation in single slickenside
(e.g. Mandlet al, 1977). However in other cases no shear localisavas observed, for
example Mair, Hazzard (2007 in case of mathematwwadlelling. They argued that an
analogue experimental study that shown shear kstalin when the stress was sufficient
for grain fracturing to occur, but in cases wheest was not sufficient for grain breaking,
localised shear planes usually did not developpasrved in their mathematical model.

Mandl| et al (1977) observed grain size segregation accortbngravitational
field — smaller particles tended to sink and lapgeticles to float in case when the pore
fluid was not as dense as the particles were apdie effect when pore fluid was denser
than the rigid particles. They report that simparticle behaviour have been observed in
the field as well. Similar mechanism of formationboulder pavements in subglacial tills
has been suggested elsewhere.

In sheared granular media the formation of graiddas that supports most of the
shear resistance was observed already by Matnall (1977). Rechenmacher (2006) used
digital image correlation (DIC) technique to obserthe emergence of shear zone in
triaxila tests of granular materials. He fond timtmatured” shear zones the local strains
was highly non-uniform but it seems to suggest quiici pattern. He argued that this
observation corresponded well with buckling of gsai— forming of grain bridges
suggested by others. Mair and Hazzard (2007) ieetlttimensions (3D) mathematicaly
modelled found that in case of well sorted matergrhin bridges (or force chains) were
approximately oriented in direction of deformatemd inclined some 50° from the plane of
deformation; in case of unsorted material (likds}ilgrain bridges were significantly
diverging from the direction of shear and much mioranched than in the former case.
Thus more chaotic orientation of elongated gramngdiamictic materials could be expected
in comparison to well sorted materials.

Hooyer and Iverson (2000) claimed to presenteditsiereport — on experimental
studies of clast alignment in pervasively defortiédvith high shear strain. They used a
ring-shear apparatus and experimented with linesoesgity putty as well as diamicton
samples. The clasts embedded in putty, in no-seiglip environment displayed a rotation
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behaviour as predicted by Jeffery (1922), in cattidasts embedded in till displayed
rotation behaviour that is more similar to thatdiceed by March (1932). However, the
orientation of clasts did not follow the theoretipaediction as close as in case of putty.
These results are in good agreement with otherrgwmpetal studies with rigid particles
immersed in plastic putty and lubricated surfac@afon-Tapia, Chavez-Alavarez, 2004;
Mandal et al, 2005a). Hooyer and Iverson (2000) concluded ttet strong till
macrofabric was an indication of deformation tilithv considerable strain rate (5 or
greater), that opposite to long standing perceghan characteristic feature of deformation
till was weak till fabric. They argued that many ar@scale and microscale deformation
features such as folds, shear bands, rotationtstasccould develop both in cases when
strain rate from glaciological point of view wasignificantly small — 1 to 10 or in cases
of significant strain rate exceeding 100, 1000 600. The strong macrofabric would
evolve gradually and remain stable and strong ag ks shearing was continued. Benn
(2002) strongly criticized the Hooyer and Ivers@0@0) for exaggerating the significance
and novelty of their findings, as similar thoughts/e been expressed by other researchers
before. Benn (2002) stressed that it has been detnaded in the field that deformation
tills could have significant local variations inbféc strength and local conditions such as
pore water drainage and till volume changes couddifscantly affect the local fabric
strength, nevertheless he did not dispute the ialaf findings of Hooyer and Iverson
(2000).

1.4. Till fabric

The till fabric is defined as preferred orientatibmear features of the till, that
include the surface morphology of the till or itsnstituents, orientation of voids and
fractures, arrangement of particles in the tilieotation of elongated or oblate particles
and other anisotropic properties of the till. Madten the orientation of the elongated
particles in the till is measured to determinetttéabric.

It is possible to distinguish megafabric, macroif@l@nd microfabric. The first
being mostly orientation of glacier relief form$iet second — orientation of elongated
pebbles and other structures of similar size awedldkter is structural properties of sub-
millimetre size, such as intergranular voids anergation of elongated sand-size or silt-
size particles.

The till microfabric is rather specific and relaly undeveloped field of research,
therefore, to attain a better notion about theditiric, macrofabric, of which many aspects
are similar to the microfabric, will be considetadhis chapter.

The till fabric is on of the most important till @eneters measured in
paleoglaciological studies. Already early workergygested that it could be used as
reliable ice flow direction indicator, however ia difficult to extract more information as
it was influenced by many different factors (Gktral, 1957). Gleret al (ibid) suggested
that there were three main groups of till fabriarses: (1) incorporation of particles in the
ice, (2) ice flow itself and (3) sedimentation @frficles out of the ice with following soft
sediment deformation.

On the basis on earlier works Glehal (1957) suggested that in the glacial ice
particles behaved according to the Jeffery’s m¢@sk belowalthough the exact nature of
ice flow was not known. They proposed that parsickéth elongation ration less than 1.5
would attain b-orientation. Gleat al (1957) noted that collisions between particles in
dens populations would ledwould led to developmehtthe most energy efficient
orientation — b-lineation. That is elongated p#&sawvith longest axis and tabular particles
with shortest axis aligned according in plane oéasing and perpendicular to shear
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direction. However this notion can be disputed amynstudies have demonstrated that
tabular particles tends to lie in the shearing @lamnth shortest axis oriented normally to
the shearing plane (e.g. Chaolu, Zhijiu, 2001).

Referring to the paper of Holmes published in 1&énet al (1957) suggested
that ice/sediment interface would be powerful clasbrientation factor. The long axis or
most profound edge of clasts would be aligned pral ice flow direction.

Glenet al (1957) concluded that pebbles in tills would bgreed with their long
axis either parallel or transverse to the ice-fldinection. They said that the ice flow
direction could be reconstructed from the till fadnowever it was difficult to extract any
other information about till formation as there edop many factors contributing to the
preferred alignment of elongated pebbles.

Lindsay (1970) presented a study of Permian tifaeric and concept of how till
fabric was formed by englacial deformation of seshtnrich ice, deposition by lodgement
and rolling or sliding of pebbles. He outlined thhére might be fabric parallel to ice
movement produced by sliding of clasts and falyengfers to ice movement produced by
rolling of clasts.

Li et al. (2006) studied macrofabric of glacial depositsha Upper Urmi River
valley, Tian Shan, China. They found that clast @ldnes had stronger fabric than the a-
axis did. Additionally the a-axis fabric was atdarno-right angles to the former ice flow
direction. They emphasised the influence of glaoed relief on the till fabric: smooth bed
resulting in consistent, strong fabric and rougl kesulting in highly variable and weaker
fabric.

Carr and Goddard (2007) reviewed the literature tiin macrofabric and
microfabric and concluded that there were sevaunaktions that have not been addressed
in till fabric studies: the suitability of eigneved vector analysis method for studies of till
genesis had been questioned; there were surpgidititg work done on the methodology
of fabric analysis; there was no common understandif fabric strength for different-
sized particles. They studied the orientation &edent-size particles in the field and in the
horizontal thin sections. They found that the pmef@ orientation was contrasting for
different-size particles and only the larges meaduraction (longest axis length 16 to 32
mm) corresponded to known local glacial stressctiva.

Hart (1994) reviewed the macrofabric of deformatiinand gave characteristic
S; and S eigenvalues for till fabric eigenvector analys fvarious till types. She
concluded that at low strains strong fabric shalgdelop as a result of combination of
melt-out and shearing. In contrast in high straimi®nment weaker strain-parallel fabric
would develop largely due to partial transverseertation of some of the pebbles.
Additionally thin deforming layer would have strargabric and thick deforming layer —
weaker. These findings have been later challengeatber researchers (e.g. Hooyer,
Iverson, 2000) suggesting stronger till fabric deformation till than other till types.

Dowdeswell, Sharp (1986) investigated the till fabwf modern glaciers using
over 100 fabric measurement sets. They found tleetwas a general reduction in fabric
strength and an increase in particle dip assocwiddthe transition from melt-out tills,
through undeformed and deformed lodgement tillsediment flow deposits and ice slope
colluvium. They noted that there was considerablerlap of fabric strength between
different sediment types. Additionally they suggésthat deformed lodgement till had
weaker fabric strength than the melt-out till odaformed lodgement till. It have to be
noted that concept of deformation till has evolvkding the last few decades and the
current understanding of deformation till (e.g. Bvat al, 2006) might be different from
that of the past, see Dreimanis (1989) for classifon of tills agreed in INQUA
Commission on Genesis and Lithology of Glacial @uary Deposits.
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Thomason and Iverson (2006) modelled the deformatib subglacial tills in
large ring shear apparatus. With help of a simpteleh they investigated whether the
microfabric could be used as strain magnitude nrarkeinvestigate glacial tills. They
found that sand size particle attain stabile, 1@3-glacier” dipping position after shear
strain of 7 to 39. The steady fabric was moderatalyng with eigenvalues of S1 = 0.71 to
0.74. For statistical analysis they used for twmehsions adapted eigenvalues method
suggested by Mark (1973) Thomason and Iverson (2@@d that large particles exhibit
slightly stronger preferred orientation than theaer ones. They found that microshears
manifested as unistrial plasmic fabric graduallypegred with increasing strain rate.
Additionally they found only limited evidence thgttain was accommodated by rotation of
till aggregates as suggested by van der Meer (199@)ly few rotation (circum-grain
plasmic fabric or circular arrangement of smalleigs around large ones) features were
observed in thin sections.

1.5. Till macrofabric statistics and classification

The statistics for till fabric studies almost exsilely is calculated according to
eigenvalues method proposed by Mark at 1973, thated ground among geologists
especially after the paper of Ballantyne and Coriji®©79) where previously widely used
chy-square test method was proven to be biasedrtbirasly chosen starting point for
measurement grouping.

There have been several attempts to establish fahilic classification system
according to the shape of fabric diagrams andssizdl parameter to alow indetification of
certain till formation mechanisms (e.g. Lindsay7Q9Hicocket al, 1996; Benn, Ringrose
2001; Mayet al. 1980). However no classification system has beeelwaccepted.

Benn and Ringrose (2001) tested the variance offdibric samples from
Breidamerkurjokull, Iceland, using ‘bootstrappingiethod. The bootstrapping method
involves generation of large number of probable@ardistributions from the initial set of
measured data. They found that the sample siz|ftabric analysis should be at least 50
and seemingly different sample distributions catddhe from the same real population of
fabric data. They demonstrated that bootstrappiethad could be used to asset whether
the different fabric measurement sets could bebated to the same population. Larsen
and Piotrowski (2003, 2005) tested this methoddidahot reached any satisfactory results
as fabric data for all three till units studied dapped significantly. Larsen and Piotrowski
(ibid) concluded that only 30 measured clasts werecseffii in a case of the strong fabric.
However this is the minimum fabric sample size gederally at least 50 and preferably
100 measurements should be made.

Lindsay (1970) divided till fabric diagrams in sealemodal groups by visual
inspection. This approach later was developed leptkiet al (1996) who proposed visual
division of fabric diagrams in 5 modal groups amdpmsed a methodology for interpreting
till fabric data by taking into account the modgpes of fabric distribution: unimodal
clusters (un), spread unimodal (su), bimodal chsstbi), spread bimodal (sb) and
polimodal to griddle-like fabrics (mm).

The methodology of Hicock et al (1996) for idert#fiion of modal distribution of
fabric data by visual interpretation seems to be smbjective as demonstrated in
discussion arising after other researchers atteifotause it (Larsen, Piotrowski, 2003,
2005; Kruger, Kjeer, 2005). Larsen and PiotrowsKiO@) assigned their till fabric data to
unimodal as well as bimodal distributions but Kniiged Kjeer (2005) latter argued that
fabric should be interpreted unimodal. This demmnst that subjective criteria such as
visual interpretation should be avoided in intetipigetill fabric data.
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Similarly Aboltin$ already in 1986 proposed that the shape of falisicibution
visualized on the stereological net can be usdadewtify the till formation processes. As
proposed elsewhere he adopted the wife that &ilshe considered. He proposed that three
basic types of till macrofabric diagrams can bdinligiished, corresponding to distinct
modes of plastic deformation of the till: plasteniinar flow along, resulting to single
fabric mode parallel to the ice flow direction (B@otectonite); fabric orientation
transvers to the locala ice flow resulting frompdEEeement along to sets of planes in the
till unit (B-glaciotectonite) and griddle like drgtution resulting from displacement along
countless planes of the displacement (R-glaciotéietp

Larsen and Piotrowski (2003) extensively studiecnoi@bric of three till units
exposed at an outcrop in Northern Poland. The teneeturally distinct till units on the
top of each other: (A) macroscopically deformed dtl the bottom overlaying deformed
outwash sand and interpreted as deformed glacdl (B9 banded till unit at the middle
interpreted as a result of combination of lodgemdeformation by ploughing of stones
and melt-out; (C) homogenous till on top interpdeds melt-out till at the base of stagnant
ice. They found surprisingly uniform strongly clestd (mean S1=0.876) macrofabric
distribution in all three till units. They comparetthe results of the macrofabric
measurements with interpretation suggested by &al (1980), Dowdeswell and Sharp
(1986), Hart (1994), Hooyer and Iverson (2000), iBand Ringrose (2001), and Hicoek
al. (1996) diagram. They identified no significantaraabric variation across all three till
units or any dependency of macrofabric on constlgmin size (0.7 to 5.6 cm). They
found very strong fabric for the lover, deformatioh unit (average S1=0.879). They
claimed that their results suggested plastic ratiear viscous behaviour of deforming till.

Bennettet al. (1999) examined the usefulness of till clast fedbtb identify facies
of unknown origin. They analysed a set of 111 cfabtic measurements samples (each
containing at least 50 measurements) and a nunilo&ata obtained by other researchers.
The found that all the fabric for all studied fdlcies (basal ice, melt-out till, lodgement till,
deformation till and flow till) did overlap and theariation between results of different
investigations of the same till facies often wererendisperse than the results from one
investigation of different till facies. Bennedt al. (1999) concluded that clast fabric alone
was not sufficient for genetic fingerprinting thermation processes of tills and this
parameter should be used with much more conscisasne

Possibly the till fabric measurements are moreuldef understanding the built-
up of glaciotectonic structures as extensively usgde.g. byAboltinS (1989), than in
directly reconstructing the ice flow direction anaquivocal indicating mechanism of till
genesis.

With discussion alive what fabric shapes are charistic for what till formation
processes (Larsen , Piotrowski, 2003, 2005; Kriigier, 2005) the conclusion of Glen
al. (1957) that till fabric is good for ice flow dggon reconstruction have been disputed as
well. It was demonstrated (e.g. Dreimanis, 1999¢ZeDreimanis, 1997) that that the till
fabric reflects the local stress conditions. Oftea local stress direction will coincides
with the general ice flow direction; however theegtainly are many cases when the local
perturbations in shear strain will leave its impon the fabric distribution and orientation
and it will not coincide with the general ice mowam direction. Thus, in case when
knowledge about any local perturbation in the glbstress field are spars an assumption
must be made that the till fabric is not direcilked to the ice flow direction. Finally it
shall be noted that this conclusion will be truease of microscale as well.
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1.6. The till micromorphology and microfabric

According to Gleret al (1957) the first study of till micro fabric wasiiplished
by Seifert in 1954Das mikroskopische Korngeflige des GeschiebemeageSbbild der
Eisbewegung, zugleich Geschichte des Eisabbauselrm&rn, Ost-Wagrien und dem
Déanischen Wohld(The microscopic texture of glacial tills as g ke the reconstruction of
the patterns of ice advance and retreat from Famhm@st-Wagrien and the Dé&nisch
Wohld).-S. 124-190, 8 Abb., 6 Taf. (MEYNIANA, Unixgty of Kiel, 1954) In this paper
it was noted that at the boundaries of a thickdifers a-lineation predominates and in the
middle of till layer — b-lineation was observed.

The earliest studies of the till microfabric is fio50-ties of 28 century when
Robert F. Sitler and Carleton A. Chapman (1955listli North-American tills using thin
sections and observing the preferred orientatiosaoid grains and clay particles as well.
This work was followed by Sitler (1963) and few eth Probably due to slow and
complicated sample preparation techniques, untiti€of 28" century little work was
done in the field of till micromorphology. The “mexh era” of till microscale studies was
largely pioneered by the works of van der Meer (gdanMeer, 1993, 1996, 1997, van der
Meer et al., 1992, 2003). Since many researches have studleshitfomorphology (to
name a few: Hiemstra, van der Meer, 1997; ldagl 2004; Menzies 2000a, b; Lachnest
al. 2001; Menzies, Zaniewski, 2003; Menzies al, 2006; Piotrowskiet al 2006;
Thomason, Iverson, 2006; Larsetnal, 2007).

1.6.1. The till micromorphology

There are developed a classification scheme ahidromorphology (see van der
Meer, 1993; Figure 8 at Menzies, Zaniewski 2003he Tclassification is based on
distinction between matrix and skeleton. In shoratrix is part of sediments that seems
homogeneous in particular scale of exploration, Eghin sections (microscopic scale)
this usually will be fine silt, clay and amorphausiterial, such as disperse organic mater.
Skeleton is material that appears particular inegiwcale of exploration, e.g. in thin
sections (microscopic scale) it would be coardepsitticles, sand grains and other coarser
material. In contrast, in macroscale matrix woué dnything with grain size finer than
gravel and skeleton — gravel, pebbles and cobbles.

There is notion of plasma — it is material with sluservable particulate structure
in given scale of exploration. Plasma usually cstssiof clay-size particles. If
mineralogical axes of all clay particles in plasana oriented in the same direction, then in
polarisation microscope a birefringence is obserTéeése are regarded as plasmic fabric.

The structures formed jointly by matrix and sketegwains are called as S-matrix
structures. In case of tills they can be a redylastic, brittle or polyphone deformation or
formed by action of pore water.

Not all micro-structures observed by different atig are included in the scheme.
Particularly, grain stacks or bridges, defined as &ore skeleton grains in a line pressed
to each and developed oblique to shear directiom m&an of stress support, observed in
tills is missing (Larseret al, 2007). Although formation of grain stacks is &amto
formation of crushed grains, the later often iatreme way of grain stack collapse.

The till micromorphology has been used as on oftdws in many studies of
glacial sediments (e.g. Carr, 1999, 2001; Gadral, 2006; Carr, Goddard, 2007; Carr,
Rose 2003; Hart, 2006, 2007; Hiemstra, Rijsdijk 208iemstraet al, 2006; Johnson,
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1983; Kalvans, Saks, 2008; Khatwa, Tulaczyk, 2Q@@thnietet al, 1999, 2001; Larsest
al., 2007; Menzies, 2000a; Menziesal, 2006; Menzies, Taylor, 2002; PiotrowsHial,
2006; Roberts, Hart, 2005; Sitler, Chapman, 19%&ii&vski, van der Meer, 2005). Due to
scope limitations these will not be reviewed there.

1.6.2. Micromorphology semi-statistics

Probably Carr (1999) was one of the first who idtroed the counting of
microstructures to gain semi statistical insighttadir abundance in studied tills. He used
four classes to quantitatively describe concemmatf a set of microstructures: (1) not
present; (2) particulate feature; (3) much moreettgped, and (4) common structure.
Latter this approach was adopted by other reseer¢bay. Larseet al, 2007).

However it seems that there is large degree ofrtaiogy in till micromorphology
studies as demonstrated by Khatwa and Tulaczyk 1(200They compared
micromorphology of two tills that have to be knofvom other sources having formed as
deformation tills. One till was of Pleistocene dgem the United Kingdom and other —
modern till from beneath Ice Stream B, West Aniaect They found remarkable
differences in abundance of microstructures indieatf deformation process in both tills.
Other researchers have concluded that the till fAntarctica has had strain ratio of 1000
or more meanwhile the till from the United Kingdamnly 10 or less, however the much
more diverse microstructures are observed in ther lane. They discuss that several
factors are influencing this remarkable differemncéill that both formed as the subglacial
deformation tills: (1) the parent material — if hb@ent material available for till generation
IS heterogenous as in England, larger diversityilboimicrostructures is expected to be
observed in comparison to case when parent maisrtladmogenos as in Antarctica; (2)
large strain magnitude will lead to homogenisatioh sheared material, and little
microstructures will be observable, in contrast grate to small strain magnitude will
preserve some initial inhomogenities of parent melteand observer will see spectacular
microstructures; (3) finally, subglacial water flowhen present, will produce some sorting
of the till material and hence grain size differesicneed for manifestation of till
microstructures, thus in case when more subglagaer will be available, it will be
possible to observer more diverse set of till nstmactures.

Similar observations were reported by Hattal (2004). They conclude that
deformation is inhomogeneous in subglacial layed arore microstructures develop in
coarse grained tills as there are more clasts tluce perturbations. Consequently
microfabric is more heterogeneous in coarse grditied

1.6.3. Till microfabric

In many studies the till microfabric is restrictiedthe orientation of the elongated
sand size particles (see list of papers in AppeddliXn this paper the same restriction is
made.

It is sometimes referred to till microfabric as rmpiroughly coincident with
macrofabric (Dreimanis 1973, 1989). However, it reaely been demonstrated with actual
results. Only few attempts have been made to dmsdill microfabric — preferred
orientation of elongated sand grains — using qtetnte approaches (Chaolu, Zhijiu, 2001;
Stroevenet al, 2001, 2005; Carr, Rose, 2003; Zaniewski, vanMeer, 2005; Roberts,
Hart, 2005; Thomason, Iverson, 2006, 2009). Adddity, it is understood that large clasts
will significantly affect the orientation of elongal sand size particles (Thomason,
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Iverson, 2006), and the depositional process fibergint size till particles will be different
(Benn, 1994).

A conspectus of significant part of primary litenag dealing with till microfabric
studies are given it Appendix 1. In the next pasphs a summary of literature review
about till microfabric properties is drawn.

Till type. The sediments studied in 19 examined papers ardemdills — three
cases; subglacial tills in 17 cases out of whichwkte recognised as deformation tills; in
one case experimentally deformed till and in foases — glaciomarine sediments.

Thin section orientation. The study concentrate on the till microfabric as
measured by apparent orientation of elongated sarel particles in till thin sections,
therefore most of the studies reviewed uses tlisnigue. There is rather large variety in
the orientation of thin sections used in differsfudies: in four studies a set of three
orthogonal thin sections are used; in six studiesy osertical sections are studied
(including two papers with few horizontal sectioadded) and in three papers only
horizontal sections are addressed; three studies the approach of Evenson (1970) by
cutting the vertical section in a direction of nrajicrofabric mode of horizontal section;
in one study thin sections is not used at all;rinther study the thin section orientation is
not specified and one study is using two vertieations oriented in known, not-right
angle to each other.

Measurements.The measurement techniques are diverse as waight studies
apparent orientation was measured in thin sectrofegtions; in two cases microscope
with rotation stage is used; in three studies santbmated procedure are applied —
manually sleeted grains in digital images are aatarally measured; one study uses fully
automated measurement procedure using digital gbtion images; in another study
(represented with two papers) automated and matitedted sets of secant intersections
with grain boundaries are counted; in two studiesaropy of magnetic susceptibility
(AMS) of monolith till sample is measured. Only opaper (Thomason, Iverson, 2009)
compares the results obtained by different measemenechniques: AMS and apparent
sand grain orientation in thin sections. The nunidfemeasured grains in single data set
ranges from few tens to unspecified very large remsibrepresenting all the grains in
microphotograph measured automatically.

Statistical indicators. Three of the studies uses only visual inspection of
microfabric rose diagrams; four other studies uaegarieties ofy® tests in one case
supplemented by the larges fraction of measurenfaltitsg in 30° sector; in three papers a
2D variation of eigenvalue procedure proposed bykM&973) are used; resultant vector
and vector magnitude are calculated in 4 paperstuly uses moving average technique;
another — curve fitting regression and in one thsestatistical procedure is not specified.

Spatial distribution. Most authors note variation of microfabric in relaty
short distances, attributing it to effects of lockformation field of nearby prominent
boulder (Hartet al, 2004), different composition of till bands (H&2006, 2007), changing
local glacier advance direction and deformation en@g till is gradually accumulating
(Thomason, Iverson, 2009) or with no evident exaleom (Stroeveret al, 2001, 2005).
Although in experimental work of Thomason and leerg2006) shearing glacial till in
ring-shear apparatus a consistent, steady-statsteorty microfabric developed across the
shear zone at moderate strain rate of 7 to 39. IGhewd Zhijiu (2001) found that the
microfabric strength is heavily affected by the mbg landforms such as rock core of a
drumlin and roche moutonées: strong fabric in samgbweak — in lees sides.

Sorting effects. Generally it seems that better sorted (smaller ngrsize
variations) sediments has stronger microfabrichg tlominant grain-size is measured
(Johnson, 1983; Haet al, 2004; Hart, 2006, 2007). Hart (2007) notes thdianded tills
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chalk-rich laminas have stronger microfabric thae $andy ones despite wider grain size
distribution. This probably can be explained assuit of fine grained matrix of these tills
an the estimation on sorting only form the lengtkasured grain axis, that does not
represent the real grain size distribution. Agdie éxperimental work of Thomason and
Iverson (2006) slightly contradict these findings, the steady-state fabric vas attained
faster for less-well sorted sediments, althouglréiseltant strength was similar.

Micro fabric of different grain sizes. The smaller grains tend to rotate around or
to be plastered against surfaces (r¢aral, 2004) of large grains, hens generally the large
measured grains give stronger fabric results (Hdrtal, 2004; Carr, Rose, 2003;
Thomason, Iverson, 2006; Carr, Goddard, 2007).ithafally it seems that matrix
supported (in the microscale) sediments have strosgnd grain apparent preferred
orientation (Hart, 2006, 2007). Similar results pgesented in macrofabric studies of
different-sized clasts, e.g. Kjeer, Kruger (1998urfd that in late Pleistocene tills in
Denmark and recent tills in South Iceland clastsrtgln than 2 cm usually exhibit
significantly weakerAS1~0.1) fabric than large clasts. Carr and Roseé3Rand Carr and
Goddard (2007) observed that dominant orientatsorelated to size of measured grains
with switching between parallel and transversentaigon in different size classes.

Microfabric versus macrofabric and ice movement diection. The results of
reviewed papers are inconclusive as regards thterped microfabric orientation and
established ice movement direction: Carr and R2683) as well as Carr and Goddard
(2007) found that only in half of cases microfaloientation coincided with reconstructed
ice movement direction; Ostry and Deane (1963) dowtriking similarity between
microfabric orientation and reconstructed ice mosetrdirection; experimental work of
Thomason and Iverson (2006) demonstrated thatniplsi shear conditions microfabric
steady state orientation was similar but slightlgaker than the macrofabric (Hooyer,
Iverson, 2000); Johnson (1983) in extremely clagh rtills found that in most cases
microfabric was strong with major mode either paetabr transverse to established ice
movement direction; Svard and Johnson (2003) founad in general microfabric was
similarly oriented but weaker than the macrofabridjomason and Iverson (2009)
demonstrated that microfabric was directly relatedce advance direction. It could be
concluded that microfabric is weaker than the nfatmdc and most often similarly
oriented as the macrofabric.

Conclusions. The results of most microfabric studies can be arpd by the
conclusions of Thomason and Iverson (2009): defoaonavia simple shearing do occur
but is not the only process occurring in the gladase and significant portions of
deformation tills are subject to other modes of ad#pon or deformation. Likely
candidates for deviation from simple shearing areeshear occurring at the transition
zones from patches of deformed bed and unreforreed(é.g. Piotrowski, Kraus, 1997),
rotating structures induced by clasts (e.g. Hatrtal, 2004) or ploughing boulders
(Tulaczyket al, 2001).

Few papers deserve special attention. After exmerailly investigating the
development of macrofabric in ring-shear appar@isoyer, Iverson, 2000), Thomason
and Iverson (2006) used the same equipment to shedgvolution of microfabric in tills
sheared to large strain rates. They found that-semedl size particle attain stabile, 10°
“upglacier” dipping position after shear strain/ofo 39. The steady fabric was moderately
strong with eigenvalues of S1 = 0.71 to 0.74 (dated for 2D data and, probably, not
directly comparable to eigenvalues calculated f@indata). Initially random microfabric
(S1 = 0.53 to 0.56; S1=0.5 indicating uniform disition in all directions of elongated
particles in 2D) gradually become oriented as shgarogressed. Only few examples of
rotational structures were observed in thin sestidincould be concluded that most of the
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strain was accommodated by two sets of secondapplst dipping and shallow Riedel
shears. This study is followed up by other expentakinvestigations of till microfabric
using AMS technique, and most recently extendefleld studies (Thomason, Iverson,
2009).

A few studies have concentrated on fabric strengtid shape, especially,
elongation ratio. Millar and Nelson (2003) examirsedextensive set of macrofabric data
of slope deposits. They found that the minimal ghifon ratio (longest axis to
intermediate axis) should be at least 1.5 : 1 asthould be restricted to narrow interval.
The first recommendation was followed in this stadywell and only grains with apparent
elongation greater than 1.5 : 1 were used.

Carret al (2000) concluded that in glaciomarine, mosthefgrained sediments,
elongated sand grains poses subvertical prefemedtation, reflecting settling in a still
water environment.

1.6.4. Grain size and shape

The descriptive, semi-quantitative micromorpholagitill characterisation and
microfabric analysis are not the only informatidmatt can be extracted from till thin
sections. The grain size and shape can be sucltesstulied as well, applying automated
procedures if necessary.

Development of image capturing and computing tetdgies in the last decades
of previous century enabled creation of automateabe analysis techniques for grain size
measuremente(g. Harrell, Eriksson, 1979; Mazzullo, Kennedy, 198%ancus, 1998).
Until now they are not widely utilised, however tteehniques are constantly improved,
facilitated by onset of digital photography eeag( Rawling, Goodwin, 2003; Rubin, 2004;
Seelos, Sirocko, 2005; Mertens, Elsen, 2006; Bdreiaal, 2007).

The image processing procedures developed witlopesof this dissertation is
adoptable for grain size distribution and shapduat®sn using digital images (Kalas et
al., 2009).
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2. Methods and materials

In this study a methodology of thin section prepiarafrom weakly consolidated
materials was implemented in The Rock Researchraatmy of Faculty of Geography and
Earth Sciences at the University of Latvia; imagguasition and analysis techniques were
developed for microfabric automated measurementrafabric data statistical treatment
and visualisation procedures adapted and implerdente

Samples from four study sates — Ziemupe, StrarégSuri gully and Sensala —
are included in the dissertation. The site desompis given in the 1. chapter “Subglacial
environments and till micromorphology”. More than/ #hin sections of poorly
consolidates sediments were prepared during tH®rton of the theses. All the thin
section samples were collected and analysed byadiigor and majority of them were
prepared by the author.

2.1. Samples, data, analysishe literature overview

Four distinct methodological steps of the till nofabric studies using thin
sections are identified: (1) thin section prepargti(2) microfabric data acquisition; (3)
statistical analysis of data, that can be subdiide analysis of circular and spatial
distributions of preferred orientation, and (4)uaBsation or presentation of results.

2.1.1. Thin section preparation

The till thin section preparation process is a fewbitself as diamicton sediments
prior to thin-sectioning need to be impregnatechviiardening agent (usually epoxy resin
or polyesters sometimes plasticized with acetone) aften this is a difficult task.
According to bibliographic list compiled by Probhh MenzieSthere are published more
than 50 papers on the subject, some of which amudsed there.

For sample collection usually a Kubiena box — metaitainer, with both ends
open (e.g. van der Meer, 1996) — is cut in the fafceutcrop, removed with sample and
wrapt in plastic for transportation to laboratohy.some cases, if long and possibly harsh
transportation is expected, samples are immersegliickly-curing glue — epoxy resin,
polyester or acrylic resins (e.g. Baroni, Fasarm@)42 Chaolu, Zhijiu, 2001) — that is
removed in laboratory. For collecting undistributegimples of lose sands more subtle
techniques are developed that start with pre-hamdenith agar in the field (Currgt al,
2002).

In the laboratory samples are either air-dried (Claee, 1998), freeze-dried or
water replaced with acetone (e.g. Jim, 1985; CarMaGuire, 1999). In subsequent steps
the samples are impregnated with epoxy resin eitliierctly in vacuum chamber or
replacing the acetone in the sample with resin sbmes involving several steps. After
impregnation and curing of resin samples are cdt @recked the impregnation quality.
Surface re-impregnation if the quality is not dassory is suggested by Carr and Lee
(1998).

The further sample processing is much like dealt®y hard rock and involves
sample cutting in plates, grinding, polishing, mibog on glass slides, cutting off the

! Micromorphology Bibliographwttp:/spartan.ac.brocku.ca/~jmenzies/biblio.h¢2@09.02.10.)
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surplus sample, grinding, final polishing and cawgrwith glass slips (e.g. Carr, Lee,
1998).

The optical microscopy of mineralogical materiaften involves staining of the
thin section for identification of certain minergésg. Stinkulis, 1998) or etching to remove
other minerals (fine-grained carbonate in particulhich is obscuring the plasmic fabric,
(e.g. Thomason, Iverson 2006). For better void tileation sometimes the sample is
impregnated with epoxy that is coloured with flisment dye (e.g. Elsen, 2006; Kaig,
Saks, 2008).

As regards the impregnation agents, the extremsbous epoxy resin marketed
under brand name of SPURR seems to be the bessel{fea. Jim, 1985; Curmt al,
2002). Unfortunately the SPURR resin is one of nexgiensive available in the market.
Cheaper alternative are available for example &r#eS (EpoFix resin and EpoDye
fluorescent dye for it). It must be noted thatsfatitory results can be obtained by using a
low-grade transparent industrial epoxy resins plagtd with acetone as well.

2.1.2. Microfabric data acquisition

Until recently till microfabric data was mostly agced by visual identification of
elongated grains and manual measurement of loreast orientations in microscope
(Ostry, Deane, 1963; Chaolu, Y., Zhijiu, C. 20Qi) projected enlarged thin section
images, e.g. using slide projector (Evenson, 1@r@rojection macroscope (Carr, 1999).
In later works computer assisted measurement has performed that involve manual
selection of grains to be measured (e.g. ldagl 2004) or automated measurement of all
grains present in several microphotographs (Thomabeerson 2006) or whole slide
(Kalvans, Saks, 2008). Some authors suggest that besigits could be obtained by using
scanning electron microscopy images as the corisgteen skeleton grains and matrix is
higher (Francus, 2001). The overview techniques bsedifferent authors for microfabric
— preferred orientation of long axis of sand gratmaeasurement is given in the Appendix
1. These methods are compared in Table 2.1.

There are principally different methods of micrafabneasurement, for example,
anisotropy of magnetic susceptibility (AMS; Pringip et al, 2005), but these are not
widely used and will not be reviewed there.

Stroeven et al. (2001, 2005) have suggested aoshethsecants — counting the
points of intersection between a set of paralteddidrawn in different directions and grain
surfaces. The direction where the number of intdizes is largest is perpendicular to
preferred orientation of elongated grains. Theed#hce between the preferred orientation
direction and the less preferred directions obthibg this method however is small and
therefore results are not convincing. The advantdgbe approach is that it is not object
based — it is not necessary to identify individpaiticles to obtain results so the approach
should be more robust than object-based automatdgsis procedures.

The fabric analysis is really done with help of theage analysis tools. But there
are at least two fundamentally different approaclki®s object based approach (Francus,
2001; Thomason, Iverson, 2006; Kahg, Saks, 2008) and (2) “statistical” approach
(Stroeven et al., 2001, 2005; Tovey, Dadey, 2002dhe first case individual particles are
identified using colour threshold techniques, tisually involve creation of binary image,
and particle geometrical parameters — size, eltmgabrientation — are automatically
measured. In the later case colour gradients @ntation of grain boundaries (image
binarisation is necessary) is analysed.
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Table 2.1 Overview of methods used for microfabrmrientation of long axis of sand
grains — measurement in tills using thin sections
2.1. tabula. Mamas mikrolinearittes — smilts graudu gagkas ass orietijas —
merjumu, izmantojot @nslipgjumus, metodikasgoskats

Method References Advantages Disadvantages
Manual Carr, Rose, 2003;—- Low-tech - low-cost —  Limited amount of data
measurement in Carr, 1999, 2001; technique; can be acquired (usually
thin section Johnson, 1983; — Researcher has full control no more than 100
projection Evenson, 1970; on his data measurements in a
Carr, Goddard, single set)
2007

Computer-assisted Hart et al, 2004;
measurement with Hart, 2006, 2007,
manual grain Sakai et al., 2002

selection

Simple measurement—
procedures and data
processing -

Limited amount of data
that can be acquired;
Measurements can be
subjective — the operator
unintentionally may
select grains aligned in
on preferred direction

Computerised Thomason,

automated Iverson, 2006;

measurement Kalvans, Saks,
2008

Easy to acquire and process
very large (up to several

thousands of measurements}
data sets that are easily
filtered according to

selected parameters (e.g.
elongation ratio or grain

size);

Large, readily available data
sets allows analysis of

Non-robust object based

approach;

Required high and
uniform thin  section
quality

microfabrics spatial
distribution
“Secants” method Stroevenet al, — Not object-based image—~ Usually the proportion

2001, 2005

hens more robust, analysis
approach

of elongates particles is
relatively small and it

leads to small difference
between preferred/non-
preferred orientation
directions

It seems that standard
data statistical analysis
procedures developed
for circular data is not
applicable

In both citied studies
authors did not get
satisfactory results with
automated  procedure
and further

improvements of

methodology are
needed.

Francus (2001) proposed an automated methodoladyidturbation detection in
laminated sediments by analysing the microfabrietaidled steps of image analysis are
provided in author's web pagjeThe image processing steps are contrast enhanteme
median filter, sharpen filter, mediana hybrid filtéenhances linear features), image

2 http://www.geo.umass.edu/climate/francus/index.html
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binarisation — creation of black and white imagkngd holes and removing particles that
are too small and, finally, automated measurements.

Both Francus (2001), and Thomason and Iverson (2006 automated
microfabric measurement used public domain softidi¢ Image also named ImageJ, a
Java program inspired by Image that “runs anywhefalvans and Saks (2008) for the
same purpose used ImageProPlus ® commercial seftwar

2.1.3. Other image analysis procedures

To highlight the possible applications and develepta of image analysis
procedures adapted and implemented with in thislysta short overlook of other
techniques is presented there.

Zaniewsky and van der Meer (2005) presented ampttéo extract some more
quantitative non-subjective information about tflicromorphology from thin sections
with help of the image analysis procedures useadrmte sensing. They stress the need for
objective tools to evaluated plasmic fabric as ir@ly researcher is subjectively
describing observed scene and adding descriptbaidaAuthors like Sitler and Chapman
(1955) used=1/4 (gypsum) plate to enhance the colours of plasabric. Zaniewsky and
van der Meer (2005) acquired and processed 1280083 pixels large images (1.3
megapixels) with resolution of 2000 pixels/cm stbne 24-bit RGB format as TIFF files.
For identifying skelsepic plasmic fabric Zaniewskyd van der Meeiil{id) evaluated the
concentration of plasmic fabric domains in the proty of skeleton grains; if it exceeded
certain threshold they labelled plasmic fabric kslsepic. Other types of plasmic fabric
were identified by the orientation of plasmic fabdiomains.

Mertens and Elsen (2006) proposed to use imaggsaasab determine the particle
size distribution of sands used in ancient mortdis. maximise the contrast between
aggregates and matrix they used average value thfraé colour channels of RGB image
and binarised resultant gray-scale image. Binarpges were improved with filters
despeckle for noise reduction, erosion and dilatiooreduce noise and effects of touching
grains and smoothing of grain boundaries. Binarggaes were cobined to increase the area
covered by a single image file.

Hiemstra et al (2006) used semi-automated multispectral imagalyaas
technique utilising TNTV image analysis package, involving visual enhancenaad
filtering, supervised classification and accuratasurements of plasma fabric orientation
in a study of glaciomarine deposits form Alaska.

For analysis of air voids in lapped concrete sasfitere is developed hardware,
controlled by personal computer — automated micpsdapidAir (Jakobsest al, 2006).
This uses image analysis to determine the ratipecific surface and distribution of air
bubbles in concrete. Analysis procedure involvascoete sample lapping, colouring with
black ink, filing air voids with white powder (Ba30and acquiring digital image of the
sample. The analysis is done according to standa8¥M C 457 (US) and EN 480-11
(EV).

Seelos and Sirocko (2005) describe a methodologydterring grain size
distribution in combined thin section images obedirby polarisation microscope with
crossed niclos. The image processing is done bylySia software. The data are
processed in MatLAB. They used automated thin @ecscanning using software-
controlled automatic microscope stage.

Allen et al. (2007) presented an apparatus for automatedrpodleognition and
counting. In core of it is a neural network thaking into account a number of
mathematical parameters are recognising pollenepatimages, obtained automatically.
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Tovey and Dadey (2002) analysed anisotropy of deepsediments using colour
gradient changes in scanning electron microscopg@s of thin sections. They tested
several algorithms and found that the most robreseabgorithm including identification of
a colour gradient change for each pixel in centrex® pixels large square. This procedure
does not require binarisation of the image andoisabject based hens it should be more
robust that other approaches are.

To study 3-D structure of pore space of sandy sedisnCurryet al (2002)
repeated cycles of micro-photographing of poliseb and controlled polishing of the
sample to remove constant thickness of the matéiatained 2D images were combined
in 3D computer models of sediment texture.

2.1.4. Analysisof drcular data

For statistical processing of microfabric data ¢hé not established a single
methodology. The methods used are modificationg?ftest (Chaolu, Zhijiu, 2001; Hart
et al., 2004, Hart, 2006, 2007; Sakdial, 2002), resultant vector, and its magnitude (Carr
1999; Car, Rose, 2003; Carr, Goddard, 2007; #&ay Saks, 2008), moving average
(Johnson, 1983; Stroevest al, 2001, 2005), visual inspection of rose diagrgens.
Evenson, 1970), grain size and elongation ratimit@nce estimation in calculation
specific statistical parameters (Francus, 200ggreiector analysis (Svard, Johnson, 2003;
Thomason, Iverson, 2006).

Ballantyne and Cornish (1979) demonstrated that dhiesquare test is very
sensitive to initial conditions, such as the sizsagment and initial point of segmentation
given by researcher, and can give misleading ®siliie chi-square test in this aspect is
not robust and for this reason it is not used endhrrent study.

The simplest way of analysing directional dataocicalculate the orientation and
magnitude (or normalised magnitude) of resultarttare(R) by summing all the sinuses
and cosines of all measurements and calculatingtieatation of R byarctan function
(e.g. Davis 2002, p.322-330). However the correstit is obtained only for von Mise’s
distribution (normal distribution of circular datdjhe fabric strength can be calculated by
normalising the R vector and comparing it to sigaifice tables (e.g. give by Davis, 2002,
p. 619).

The statistical method most used for three-dimeraditll macrofabric processing
is the eigenvector method proposed by Mark (19[I8)reduction for two-dimensions in
analysing till microfabric was introduced by Thormasand Iverson (2006). Mark (1973)
himself points out that the eigenvalue method psegdadby him is a valid 3D extension of
2D orientation data analysis method proposed bymfein (1939) in late 3bof 20"
century The & value for 2D data is in range from 0.5 (isotroplistribution) to 1.0
(unidirectional distribution). Unfortunately as ettrelatively simple methods for circular
data statistical analysis (e.g. Davis, 2002) thethmd assumes monomodal distribution.
The eigenvector method should be preferred asstatsstical tool used in most modern till
macrofabric studies.

Francus (2001) studied the microfabric of laminattiments for specific
purpose — to identify bioturbation. He developedesal processing tools that considered
the particles size and elongation ration to give weight coefficient for calculation of the
orientation statistics. To test the robustness isfrhethod Francushbid) compared the
observed H values to particle contents in sedimeawotsndness of particles (calculated

as:R = 4A/z1?) and spread of grain size distributiod, /sD, ).
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There is lack of simple and robust statistical gsial procedures for analysis of
bimodal or multimodal data distributions. Jones abaimes (1969) described the
methodology for analysing bi-modal orientation ddtaeir suggested algorithm calculates
5 parameters for bimodal orientation data assurtiagdata set is produced form mixture
of two normal circular distributions.

2.1.5. Analysis of atial distribution of circular data

In a simplest case it is assumed that there isondirhited and foreseeable)
variations in spatial distribution of microfabriand macrofabric) in the same sedimentary
unit. However often in glacial sediments it is ribe case. It is suggested that spatial
distribution of microfabric can give clues aboue thll formation processes (Thomason,
Iverson, 2006). But is has not been demonstratedatipal results of the field
investigations yet using un-subjective approaches.

However few authors have investigated the spatsdtilution of tillmicrofabric.
Hart et al. (2004) studied till microfabric in three levelst)(the thin section level —
orientation of up to 100 randomly selected grairsemmeasured over the whole area of
thin section; (2) homogenous area on the thin @ec({B) microfabric in selected structures
— around gravel grains, in pressure shadows anertSimilar approach is used in the
studies of Roberts and Hart (2005), and Hart (2Q067).

Thomason and Iverson (2006) analysed microfabstridution across a shear
band in till produces in ring-shear apparatus. Timasured all the sand grains in 3 to 9
microphotographs taken in certain distance fromsiear band. Similarly Stroeven al.
(2005) measured microfabric in vertical thin seasion closed areas and concluded that
changes were due to local shear bands and strubturadaries.

If microfabric data is collected from whole area thfe thin section, with
coordinates of each measurement as demonstratattan chapters, it is worth trying to
analyse the spatial distribution with the same Itggm. Therefore two studies with similar
approach are shortly discussed.

Yamamoto and Nishiwaki-Nakajima (1993) presentestualy of computerized
spatial dip-strike data analysis. For each measeménthey calculated three normal
componentsl{ m, n) used those in further steps. They computed thewirg average for
a grid points by summing up all the data pointfiffiglwithin certain distance r from the
grid point. The distance used was several times large than the grid reealun this
manner greater smoothing of data was achieved. viswralization they plotted the
summary arrows for each grid point with arrow léngtpresenting the dip of the plane.

Fisher et al. (1985) attempted to developed a igaknfor similarity analysis of
orientation data and clustering it on the crit@iangular similarity as necessary, e.g., for
analysis of spatial distribution. After data graugiin grid points, smoothed distributions
were calculated, modal groups were identified miywwand “bird feet” calculated. “Bird
feet” is a kind of diagram showing the orientataond strengthen of each indentified modal
group. A principal component analysis (PCA) wasliagdpto identify the domains to be
grouped together.

Gumiauxet al. (2003) published a paper on the geostatisticsfiigaterpolation
of the orientation data demonstrating that it carsbccessfully applied to the directional
data. They procedure involved the calculation ofiogtams, followed by a kriging
interpolation of the data. The circular propertesthe directional data are avoided by
using the direction cosines of double-angle valmestead. The described methodology
seems to be promising, but is not implementedigstudy due to scope limitations.
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2.1.6. Visualization

Traditionally two dimensional orientation data i@odpgy is visualised in form of
rose diagrams (e.g. Carr, 1999). However the appearof rose diagrams is not robust
regarding the chosen starting point and width ghsents (e.g. Fishet al,, 1985).

Fisheret al. (1985) suggested instead of rose diagrams usetylgasts. The
density is defined as follows:

“Let 64, ...,0,is n measurements (directions) in cyclic, regards astp@n the

circumference of unit circle. Lét be the integer part ofn*?, wherea is some

positive number to be specified. The for any strike b(6) is inversely
proportional to angular distance to #ik nearest strike.”

The a values can be between 0.5 (little smoothening)2tqconsiderable
smoothening). The algorithm is easy to be automaitedgives nice smoothed results.

Fisher (1989) described a more elaborated proceduremoothing circular data
set with normal distribution. He suggested usini istead of vide-spread rose diagrams,
as a significant random error is introduced whelittsyg the real data in arbitral classes.
He gave an algorithm in full details to be usedkiemel density estimate for circular data.
Unfortunately fellow researchers have paid littteeiation towards his suggestion. Due to
scope limitations this algorithm is not implementaccurrent study instead more simple
density calculation algorithm of same researchesh@fet al, 1985) is used.

The visualisation of spatial distribution of oriatibn data is common in
atmosphere sciences and oceanography. It is usdaltye by arrows arranged in a
rectangular grid that representing the dominargatiion in its vicinity, with arrows length
describing the magnitude (e.g. speed). Similar @ggr was adopted by Yamamoto and
Nishiwaki-Nakajima (1993), although the arrow ldngepresented the dip angle.

In geology spatial distribution of orientation daisually are represented as a grid
of diagrams (or its derivatives as “bird’s feetisleret al., 1985).

2.2. The methodology of this study

The research methodology was largely developethielaboration of the thesis
by the author. The overview of methodology impletagon and development as well as
references to first presentations in scientificggapand scientific events are given in Table
2.2. As of now in peer-reviewed literature resultgained by developed or implemented
methodology are published in 2007 (Satsal, 2007) and 2008 (Kains, Saks, 2008).
The most significant methodology advances aretithtisd in the Fig. 2.1.

In the next subchapeters the methodology of cursardy is presented starting
from field work and continuing to the sample treatry thin section preparation, thin
section image acquisition, image processing antysisamicrofabric data processing and
visualisation.

2.2.1. Fieldwork and sampling

The outcrops of the Quaternary sediments were ntapgeally in a scale of
1:100. Outcrops were photographed and images useaekground for drawing full
sketches after the fieldwork. Structural elementshsas fold wings and hinges, shear
plains and till macrofabric as indicated by elomglapebbles were measured in the field.
Measuring the macrofabric only orientation of tranditudinal axis of pebbles with

-39 -



elongation ratio larger than 1.5 (e.g. after C&nddard, 2007) were recorded. Bulk
samples were collected for grain size analysis.

Table 2.2. Chronology of the development and impgletation of thin section preparation
and analysis methodology
2.2. tabula. Rhslipgjumu izgatavoSanas un igps metodolgijas atistiSanas un
ievieSanas hronofga

External First published or presented
Procedure references
results
(sources)
Sample cementation using aceton&amulti, Kalvans, Saks, 2004a, 62
epoxy resin mix, instead of colophonWcGuire, Scientific Conference of
(rosin, Greek pitch) used before 1999; Carr, University of Latvia
Lee, 1998
Thin section high-resolution scanning — Kals, Saks, 2004a, B2
Scientific Conference of
University of Latvia
Manual measurement of elongated Kalvans, Saks, 2004b, INQUA
sand-sized particles in digital images Peribaltic working group field

symposium, Latvia

Use of dyed epoxy for sample.g. Elsen, Kalvans et al, 2007a, b, 65

impregnation, to improve void2006 Scientific Conference of

identification University of Latvia; INQUA
XVII Congress, Cairnes,
Australia

Digital microphotography of thin— Kalvans et al, 2007a, b, 65

sections and automated mounting of Scientific Conference of

images photomergg to form all-slide- University of Latvia; INQUA

Size composite image XVII Congress, Cairnes,
Australia

Automated sand-sized particle- Kalvans et al, 2007a, b, 65

measurement in digital images Scientific Conference of
University of Latvia; INQUA
XVII Congress, Cairnes,
Australia

Visualisation of microfabric preferred— Kalvans et al, 2007a, b, 65

orientation across the thin section area Scientific Conference of

in different scales (resolution levels) as University of Latvia; 68

simple rose diagrams Scientific Conference of
University of Latvia

Visualization of microfabric spatialDavis, Kalvans, Saks 2009, &7

distribution  with  fabric  strength2002 Scientific Conference of

significance indicator according to University of Latvia

summary vector length

Visualization of microfabric spatialFisher et Kalvans, Saks, 2009, 67
distribution using data density plot andl., 1985; Scientific Conference of
summary vector as preferred orientatiddavis, University of Latvia

and fabric strength indicator 2002
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External
Procedure references
(sources)

First published or presented
results

Development of algorithm to identify— This dissertation
preferred orientation modes in the data

density diagrams using the given

minimum modal strength and minimum

distance between adjacent mode.

Visualization of the microfabric spatiaMark, Kalvans, Saks, 2010, &8
distribution with significance indicatorl973; Scientific Conference of
according to eigenvalue method Thomason, University of Latvia

Iverson,

2006
The introduction of automated log-file- Kalvans, Saks, 2010, 68
— fixation of calculation parameters Scientific Conference of
such as the grain size considered and University of Latvia
aspect ratio.
Mosaic image creation with “buffer— Kalvans, Saks, 2010, 68
lines” between individual images thus Scientific Conference of
eliminating the source of systematic University of Latvia
bias in the blended margins between
two images

Well-sorted fine sand samples were collected fer@$L age determination using
cooper tubes that were hammered in the face ofrésh cleaned outcrop. The samples
were processed using single-aliquot regeneratidiRfSOSL method with quartz (Murray,
Wintle, 2000) in the Dating Laboratory of the FisimiMuseum of Natural History at the
Helsinki University.

Samples for thin section preparation were takemgusi metal container. The
container was cut into the deposits of the outéno@ manner similar to that described by
van der Meer (1996). In some cases the sampleglbtansolidated diamicton were taken
as single blocks. The upper face and northern titregvere marked on each sample.

2.2.2. Thin section preparation

The thin section preparation methodology was |lgrgedopted from Carr and Lee
(1998), and Camuti and McGuire (1999). In the labany the samples were air-dried and
pre-impregnated with epoxy resin dissolved in avet@n proportion usually 1:7) and after
hardening cut into sections. In the second stagecemhentation, the samples were
impregnated with epoxy resin diluted with acetam@roportion usually 3:1. The two-step
impregnation procedure was necessary as in a sstgfeit usually was not possible to
attain significant depth of resin penetration ia #ample, reaching necessary high sample
strength in the same time. This problem is desdrilmg Carr and Lee (1998) and their
recommendation of surface-impregnation of poorlyregnated samples is followed in
several cases. Visual sample inspection did noe gimy indication that the initial
microfabric is significantly disturbed by the twtep impregnation procedure. There are
three types of effects introduce by the describethenting methodology: (1) cracks
formed as a result of acetone evaporation and-stsinkage; (2) weak birefringence of
hardened resin as a result of large strains foraheel to shrinkage, and (3) visible
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boundaries between resin of different cementatitapss All these effects are easily
identifiable and do not affect the microfabric sasdsignificantly.

R=13mm — = 7~ 'Noo1/-y R=ﬁ{‘h}“\_ R TS
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Figure 2.1 lllustration of microfabric measuremergthod and its development:

A — Scanned thin section image (as used in aly2004); B — Cleaned composite thin
section image acquired in cross-polarised light\aitd buffer-lines separating individual
microphotographs, the unwanted features of the énaag deleted or encircled with white

band, allowing their elimination during creationtbé binary image; C — Binary image,

all black objects with aspect ration large tharr 4@ matching the size criterions, e.g.

lines that separated individual photographs in aasitp image (B) and any sand grains
touching them, will not be measured. D — The fatsémpt of visualisation of the spatial

microfabric distribution using simple rose diagrafas- Visualisation using rose
diagrams and indicating whether fabric strengttasistically significant with colour
according to normalised resultant vector length thneshold values given by Davis
(2002), published at Ka@wis, Saks (2008); F — Microfabric visualisation gsilata
density plots (after Fishext al, 1985), with indicated eigenvectori(\orientation and
strength (§ after Thomason, Iverson, 2006; Mark, 1973, phielisat Sakst al.
(accepted for publication
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2.1. atels. Mikrolineariates nerijumu metode unat atistibas pienars:
A — leskerta phlnsiipgjuma attls (Kalvans, 2004); B — Salikts un #fts pknslipgjuma
atels, iedits polarizta gaisna. individualas mikrofotogéfijas ir nodaitas ar
robezinijam, ne&lamas attla ddas ir izdzstas vai apvilktas ar baltiniju, tadejadi
izsledzot &s no tilakas anakes binarizjot at€lu; C — Birarais atéls, visi melnie objekti
ar gabekasfisakas ass attigbu lielaku ka 4 vai neatbilstoSu izenu kriterijiem, pieneram,
mikrofotografijas atdalo8s linijas (B atéls) un smilSu graudi, kagr pieskaras ataka
anaizes gaii netiks uznariti; D — pirmais mirkolinearites telpisk sadafjuma
vizualizacijas neginajums izmantojot rozes diagrammas; E — mikerolieit@as telpisk
sadaljuma vizualizcija izmantojot rozes diagrammas un sl nodot vai lineariite
ir statistiski normiga [Ec normaliZta summnara vektora garuma atbilstoSi Davis (2002)
dotapm kritiskagm \ertibam, publi&ts, Kahans, Saks (2008); F — mikrolineatis
vizualizacija izmantojot orierficijas datu Avumu (j&c Fisheret al, 1985), nogdot
eigenvektora (V1) orieatiju un \ertibu (S1; gc Thomason, lverson, 2006; Mark, 1973),
publicits Sakset al (accepted for publication

An EpoFix™ two-component epoxy resin obtained fribva Struers AS produced
for sample preparation purposes for microscopi@stigations was used in most cases.
Some large-volume samples were cemented with jo@adailable low-cost transparent
two-component epoxy resin.

In a latter stage an EpoDye obtained from the 8&rid& — fluorescent colouring
agent for epoxy resin — was used to improve thatifieation of voids in the sample,
especially important to increase the colour differe between voids and quarts grains in
plain-light images.

After cementation samples were cut and hand-graurtdree stages or in single
stage with Logitech CL40 grinding machine that wasoduced in latter stage of thesis
elaboration. At the last stage corundum grinding/gber of around Grit P2500 was used.
Ground samples were mounted on glass slides, aadaiftting of bulk material, finished
to reach the slide thickness around 30 um, asateticby the pale yellow interference
colour of quartz grains. Three mutually perpendicuhin sections were prepared from
each sample in all cases where it was possible.

Thin sections were examined using ore microscopeSMB and polarized light
mineralogical microscope MIN-8. In later stage okedis elaboration Leica DMLA
polarisation microscope and Leica polarisation estgiicroscope were introduced.
Recommendations for thin section examination of danMeer (1993, 1996, 1997), Hart
and Rose (2001) were followed. The classificatidnmocroscale features of glacial
sediments recommended by Menzies (2000a) and Memrid Zaniewski (2003) were
used.

2.2.3. Digital image acquisition

A set of overlapping thin section digital imagessvaequired with Leica DMLA
microscope with magnification of 25 times and Leib&C 480 digital camera with
resolution of 1 mm = 460 pixels (2560x1920 pixaages). The fixed exposure was used
for taking all images of single thin section. Expes was adjusted so that to give best
contrast between quartz grains and pores spaed fillth epoxy resin or sediment matrix.
Images were saved using TIFF format. Plain as alcross-polarised light was used.
Images were resampled to 50% resolution usingWiam Batch conversion tool.

The Photomerge function of Adobe Photoshop was usedreate composite
images. Later in the work (starting from June 2089)ew method of composite image
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creation was adopted. The new method eliminatedi¢led for extensive “image cleaning”
by erasing the contact zones between images, whereto imperfect image alignment
small but systematic distortions of thin sectiorage was introduced. Microphotographs
were taken in non-overlapping manner in rectangytiak, so that a “blank band” of known

width separates them. Using the “Canava size” apicthe IrfanView Batch conversation

Advanced settings menu a white outline of corredpanwidth was added to each image.
A composite image was created using the “Tile Insagemmand out of Process menu of
ImageProPlus. In composted image thin lines wepars¢ing individual images resulting

in insignificant lose of measured sand grain numband eliminating the need for

extensive image cleaning.

Red, green or blue channel, what ever gave therbssits of RGB image, was
extracted using ImageProPlus®. The blue channel vess$ for thin sections that were
prepared using epoxy resin coloured with yellow dypel images acquired in plain light.
The green or sometimes red belt was best for imagggired using cross-polarised light.
The matrix, if any, in cross-polarised light dultivefringence often was reddish; the blue
colour gave light halo around brightest spots ia itthages. If thin section thickens was
larger than normal or uneven, due to appearandegbkr birefringence colours, the red
colour often gave better contrast between the ralggains and matrix than the green.

The cross-polarised light images were less semsiivthin section thickness:
strong and steady contrast between the minerahg@d pore space or matrix could be
achieved for thin sections of uneven thickness ab. Bignificant proportion of mineral
(quartz grains) was dark or grey-coloured and #haild not be measured in later stages.
Additionally it was difficult to identify the thirsection quality problems in digital images.
Finally, polymineral grains or lithoclasts could lbasleadingly identified as separate
grains and introduce additional error in the fimatrofabric data set. Both these obstacles
could be avoided as the thin-section quality pnolslecould be identified using the
microscope and the lithoclasts could be easilytiled and erased form the digital image
manually.

In case of un-coloured samples with dark matrixtadigmages were acquired
using plain light and blue channel of TIFF imageswsaed to extract the microfabric
information. Seghs (1987a) has noted that the grains smaller thmman tills of western
Latvia are predominantly of monomineral compositi®&o, possible bias that can be
introduced in the data set by measurement of mdrimlimineral grains instead of full
grains are small.

2.2.4. Microfabric measurement

Several microfabric measurement techniques haven kested during the
elaboration of this thesis. These including the osed for most of the data acquisition —
automated object recognition — are described mdhapter.

Initially microfabric was measured manually on tthgital images of the thin
sections. These results are presented in $akd (2007), Kahins, Saks (2004b) and
Kalvans (2004). The apparent orientation of elongatethgrwas marked with lines on the
digital thin section images obtained by scanninghim CorelDraw environment. The line
data, marking long axis of selected grains wereodrp as plotter file and the end-point
data for each line were extracted and processbtSificxcel. The obtained orientation data
were processed as usual two-dimensional orientafaa with StereoNet for Windows 3.1
and represented as rose diagrams with 10° stedempth of longest, measure axis usually
was between 0.05 mm and 1.0 mm. Usually two to faurdred grains were measured in
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single thin section and 50 to 100, but in no casethan 30, in a detail of thin section
except.

The problems associated with this approach are dstrated in Fig. 2.2, where
the same area of thin section is measured twicthéysame operator (author) separated
with some two years. The strikingly different résuhre obtained mostly due to problems
outlined by Ballantyne and Cornish (1979) — thglglichange of initial point of rose
diagrams can lead to large apparent differencgsecesly in cases when samples are
small. To overcome these problems automated migncfaneasurement methodology was
developed and density-based data visualisatioreduoes adopted (see next subchapters).

Figure 2.2. Two sets of manual microfabric measermesults visualized as traditional
rose diagrams in the same fragment of thin seg@formed by the same author two
years apart. The differences in appearance ofdiatirams are mostly due to un-robust
nature of rose diagrams in a case of small data sigght change in initial data can lead
to relatively large differences in visualisation.

2.2. attls. Viena uni paSa autora ar divu gadu starplaiku veiktas riasu
mikrolineariaites uzmérisanas rezuiti atainoti, ki tradiciortla rozes diagrammas, neliel
planslipgjuma atéla fragmena. Atskiribas starp am diagramram pamai ir
neizteiksnigie maksimumi rozes diagrammimaza rarjjumu skaita gagumos, k
rezuléta nelielas af§iribas starp am datu kopm var radt relatvi lielas atgiribas
diagrammu izskat

Several software packages offer tools for automatemge analysis including
object recognition and measurement. The automdifattorecognition is simplest and best
works for binarised — black and whit — images. Theary images with one colour
representing sand grains and other all the redhiof section image are acquired as
described in the next subchapter. The objects € geains — are automatically measured
using the commercial software ImageProPlus by teaddre dialog box. Such parameters
as object size, elongation ration, the X and Y dowtes and orientation of longest axis
are measured and exported to the spreadsheet docfonprocessing and storage.

2.2.5. Image processing and automated grain orientain measurement

The description of work steps of image processiagduin elaboration of this
thesis is given in Table 2.3. The image processieghodology is adopted from Francus
(1998). The robustness of microfabric data acquirgdg this approach with good results
was tested by Francus (1998) himself.
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2.2.6. Statistical procedures

The task of the statistical analysis is to extritée information on microfabric
spatial distribution across the area of the thictise and present in an easily-perceptible
manner. Spatial orientation data, such as wind agao current direction, usually is
represented in rectangular with arrow directionidating the flow direction and arrow
length — the flow speed. In geology the two dimenal orientation data is traditionally
represented in a form of the rose diagrams, despéewveak point of rose diagrams is
identified by Ballantyne and Cornish (1979), andndastrated in Fig. 2.2). Obvious way
forward is to combine the both approaches and septethe spatial distribution of
microfabric as a grid of rose diagrams. During tHessertation elaboration the
methodology has been modified as follows (see T@xefor method details):

1)

2)

3)

Initially rose diagrams have been constructednfrdata that are within
distance R (distance between two adjacent gridtgpofrom the central grid
point (Kalvans, Saks, 2008). The developed algorithm was slswaee
number of square-root calculation was involved @mgas somehow difficult
to visually identify area from what microfabric dawere collected.

To reduce outlined problems a new algorithm wasoduced, here called
Large Squares algorithm. Instead of collectingdat form circle are around
a grid point, data from the square outlined by ¢ght neighbouring grid
points is collected. The algorithm is faster anebadrom what data in a single
rose diagram is collected can be easily identified.

Algorithm using hexagonal (not orthogonal) griddaalgorithm collecting
data from small square (a half-distance to neighhgueight grid points)
were tested, but were considered not suitableh®réason of conformity to
established modes of visualisation and maximum iplessesolution where
still sufficiently large number of measurements eveer the neighbourhood of
any give grid point.

During elaboration of dissertation, several appheachave been developed for
the visualisation of preferred microfabric orierdgatin a single grid point:

1)

2)

3)

initially simple rose diagrams constructed acoaydo recommendations of
Davis (2002), including use of the square rooteadt of real number to
indicate the magnitude of a single class. Thesdiedil significance at a 90%
level were calculated assuming the von Miss (nornaiggtribution with
resultant vector method, using parameters publidhedavis (2002) and
identified by the colour of rose diagrams — greedark grey for statistically
significant preferred orientation (Fig. 2.3) andhli grey for insignificant
preferred orietnation.

Latter a data density plot presented by Fishexd.gt1985) was implemented
(Kalvans, Saks, 2009). Instead of indicating the numbeneasurements in a
given interval, the distance tenearest measurement is indicated in a rose-
like diagram. This approach is believed to overcahgeweak point outlined
by Ballantyne and Cornish (1979) of traditionaleaagrams.

The mean fabric orientation initially was caldelh as normalised summary
vectors (Kaldns, Saks, 2009). Latter more sophisticated algoritbf
eigenvalues for 2D data as described and used byndson and Iverson
(2006, 2009) is introduced (Kalws, Saks, 2008; Salet al, accepted for
publication).
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The data pre-processing tools used in elaboralierdissertation allow selection
for the analysis only grains with certain parangtesuch as given size range or the
elongation ratio.

Figure 2.3. An example of visualization of the ajgod microfabric. A — Original thin
section image; B — microfabric image. Dark greygdsns have statistically significant
lineation assuming von Mises (normal) distributitre light grey ones — denote cases with
unreliable values; the circle indicates area fromeclndata are plotted for single diagram,
R is the distance between the centres of adjacagtains.

2.3. attls. Mikrolinearitates vizualizcijas piengrs. A — orginals planskpgjuma atéls; B —
mikrolineariites sadajums, tumsi pelkajas diagramras ir statistitiski nommiga
linearitate, pimmemot von Misa (nor@iu) sadailjumu, gaiSi pelkajas — statistiski namiga
linearitate nav konstata; rinka linija paida laukumu, kur esoSie rarfjumu punkti ir
ieklauti centéilas diagrammas statistikR ir atlums starpidzas esoso diagrammu

centriem.

2.2.7. The methodology testing: experimental sedimé&iogy

To test the methodology of thin section preparatdata acquisition and analysis
artificially created sample was processed accortintpe methodology described above:
suspended diamicton collected at the Jaunupe qutorthe NE of Ventspils was sediment
in a water-filed cylinder. For ease of removal seelit sample a smaller cylinder was
inserted in the cylinder where sedimentation tolakc@. The suspension was added several
times and so lamination was created. At the lategje a few gravel grains were dropt in
the soft sediments to see the deformation efféictsust be noted that the suspension was
extremely dens and the sedimentation time — shibrtemparing to conditions likely to be
observed in glaciofluvial or glaciolimnic situatiomhere similar sedimentary conditions
could be observed. A 0.5 kg diamicton sample wapended in 5 | of water and the total
sedimentation time, except the final settlemenrfire particles, was 1 %2 hours. A 60 mm
thick sediment pile was accumulated. When fineiglag that apparently were coagulated,
settled, excessive water was removed and the satiimdeft for draying.

Sample was air-dried and impregnated with colosrdpoxy resin diluted with
acetone in two steps, vertical thin section prepamed digital composite image created
using the photomerge approach. The microfabrigidigion was visualised using simple
rose diagrams, with colour indicating whether thefgrred orientation is statistically
significant according to summary vector length rodti{Davis, 2002) using Radial data
collection algorithm — that is all data within astdince R from the grid point are used to
calculate its statistics.
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Table 2.4. The statistical procedures for micrafatata analysis implemented and tested

during thesis elaboration

2.4. tabula. Btijuma gai ieviestis un @arbaudtas mikrolinearisites datu statistisls

apstades opeicijas

Procedure

Method

Description

Grouping

Circles

All data points within the distance R, whis the distance
between adjacent grid points arranged in an orthago
grid, are included in the statistic of the givedgpioint. Each
data point is included in the statistics of severap to four

— grid points. The data collection from circulaeargives
best representation of the microfabric in the \vtgirof
particular grid point and the overlapping of datdlection
areas ensures that no measurement is left out @f th
statistics.

Hexagons

Grid points are arranged in a hexagomdlagid each data
point are added to statistics of a single, neagadt point.
The hexagonal grid ensures the least variationisifudce
from grid point to the borders of data collectiora

Large
squares

Grid points are arranged in rectangular grid anth ds

collected from the square-shaped area outlined iglgt e
neighbouring grid points. Each data point is ineldidn

statistics of four adjacent grid points. The inahasof a

single measurement in the statistics of severahteuring

grid points allow tracing of finer microfabric vations.

Visualisation

Rose
diagrams

Data is visualized in the form of traditional biltional
rose diagrams. The data is split into 10° clasSqaare root
instead of real number of measurements in everysds
used to calculate the relative high of any dataslam a
diagram, thus avoiding the exaggerated size oflaigest
classes (Davis, 2002). The diagrams with statibfica
significant preferred orientation are plotted inotoer
colour than the rest of diagrams.

Density
plots

A method used by Fishat al. (1985) for calculating the
relative density for angular measurement data ddfas: if

0i, ..., On is the angular measurements, then the relative
density for any measuremdrk(p) is inversely proportional

to k nearest measurement, wekeis the integer part of
anl/2, wherea is freely chosen from 0.5 until 2. This
approach is believed to overcome the weak poinineaat

by Ballantyne, Cornish (1979) of traditional rosagiams.

The
summary
orientation
— resultant
vector

The summary orientation of each grid point is gdtas the
normalized Rn (resultant vector), that is additiyna
normalized against the threshold level of Rn lenfyh
different classes of number of measurements, asraiag
to Davis (2002), for large numbers of measuremsindster
Rn values are considered statistically significanheT
resultant vectorsRn) that are statsitcialy significant after
Davis (2002) are presented in green or dark gréguco

To becontinued in the ne page
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Procedure Method Description
The Alternatively the direction of the strongest clustg (Vi)
summary  and respective eigenvalug) are used (after Mark, 1973;
orientation Thomason and Iverson, 2006) applying gray-scaleucol

eigenvector

coding and line length scaling.

Preferred
orientation
strength

Resultant
vector

Von Mises (normal, monomodal) data distribution is
assumed and significance of preferred orientatisn i
evaluated by calculating the length of the nornealiz
resultant vector Rnmp Davis 2002, p.322-330) and
comparing it to the critical values for 0.9 confide level,
as given by Davis (2002, p. 619):

Rn_ \/(ZsinZa)Z + (ZcosZo:)2
n

n — number of measurements around the grid point;

20.— doubled orientation value of measurement

The measured tilt anglec of a long axis before the
statistical interpretation is doubled due to bidirenal
nature of orientation data: a value 0° is actualgntical
value 180°, but in trigonometrically they are opp®do0
each other; by doubling both measurements we gen@°
360° that are trigonometrically identical valuesayi®
2002, p.316-322). Usually the dominant orientatuming
this method is calculated only if the number of
measurements in a given grid point is 18 or more.

Eigenvalue

The eigenvalue method for three dimewdialirectional
data analysis in glacial geology was suggested laykM
(1973) is implemented as adopted for 2D by Thomason
Iverson (2006):

Sl:%_zn:cosz &, .

The ¢; is the difference between the directidh — the
direction of data clustering — and observation The
function is maximisedV; (the value ofV; found that
corresponds to largest value 8&f). n — is the number of
observations. In 2D if thes=1, all measurements are
pointing in the same direction a®g=0.5 indicates random
distribution. Usually the dominant orientation githis
method is calculated only if the number of meas@m@sin

a given grid point is 30 or more, unless it is edat
otherwise.

A distinct lamination with well expressed water agse structures that do not
exceed the borders of single lamina is observethénthin section (figure 2.4). The
microfabric is predominantly horizontal, althoughfine resolution the fabric alignment
along water-escape structures can be seen.

The “dropstones” that were introduced in the sedtamgon last stage resulted in
deformation of two laminas below them. Below thep$tones lamina thing and fabric
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strengthening is observed. Material is pressed ‘ipila” next to dropstones resulting in
lamina thickening (layer parallel shortening) amtb-sertical reorientation and weakening
of fabric. Fabric strengthening is observed indbgosite side to dropstones in the diapir-
like bulge formed by the thinking stones (figuréd)2.

The eigenvector statistics for the sedimentatiqreernent thin section image that
is acquired following the buffer-lines methodologygiven in the Appendix 2 and 3. The
fabric is rather strong and due to insufficientotaon the local variations introduced by
fluidisation (flame) structures is not represented the eigenvector data sets. The
orientation of different-size grains is remarkahlgiform (maximum spread only 8°,
appendix 3). The fabric strength (eigenvalue) vemes are moderate and larges grains
exibit only slightly stronger fabric than the smaties. The water-escape (flame) structures
are rather symmetrical, thus the summary prefeomehtation is not affected, but can
affect the fabric strength.

A

See caption in the next pz
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Figure 2.4 Strongly sub-horizontal microfabric disaition (A and B) and microstructure
(C) in artificially sediment suspended till diangot The suspension was added to the
sedimentation container in several portions rasglitn distinct lamination and formation
of water-escape structures at the interface betivevidual lamina. In fine resolution
(A) microfabric strength weakening around wateraggcstructures can be observed. In
the medium grid resolution (B) the fabric weaken&isga result of formation of diapir-
like structure is observed. The used symbols apéa@ed in tables 1 and 2.

2.4. attls. Maksligi izgulsreta, suspengtas moeénas diamiktona izteikti sub-horizcita
mikrolineari@te (A un B) un mirkostrukira (C). Sedimentijas traulg suspensija tika
pievadta atseviku porciju veid, tadgjadi veidojoties lamigtai nogulumu uztvei un

atidenoSaras struktiram uz individdlu laminu kontaktvirsram. Attela ar augstu
izSkirtspeju (A) var no\erot mikrolinearitites padjinaSanos ap atlepoSaras struktiram.

Attela ar vicju iz&irtspeju (B) var norot mikrolinearitites pawjinaSamos diajpveida

struktiras kodad. Izmantotie apangjumi ir paskaidroti 1. un 2. takad.

It was conclude that symmetrical sub-millimetreesstructures, such as flame
structures (Fig. 2.4), likely will not be identifike in microfabric distributions calculated
with present methodology. However the centimetadesdeformation structures are likely
to be clearly manifested in the microfabric digitibn.
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3. The results

The study is part of wider examination of geolobis#ructure of quaternary
sediments exposed in the bluffs along the Baltia B¢ research group lead by professor
Vitalijs Zelés. In four key locations at the bluffs along theltBa Sea coast till
micromorphology was examined and are included is tiesis: Sensala site, PlaSumu gully
site, Strante site and Ziemupe site (Figure. 3d. &8). The study sites were selected due to
examined sated of the outcrops that are consteernigwed due to costal erosion and easy to
aces.

To identify any position at the costal bluffs arbirary starting point is defined
already by Dreimanis (1936). Any position at thetaebprofile is described by single number
identifying the distance from this starting pointmeters. It is referred to this profile in the
current dissertation as well to indicate the lamabf certain geological structures.

In the following subchapters findings of individusite investigation are described.
The description in Sensala site and Ziemupe siteertian one till unit was identified. They
usually are marked as upper till and lower till.eSh names are used only to explain they
relative position in the outcrop and contains noegal indication about their age or genesis.

20 km ﬁ 4 [7]
[

BALTIC SEA

LATVIA

LITHUANIA

Figure. 3.1. The overview cartogram of the locatbstudy sites.

3.1. atéls. Retijuma objektu novietojumaapskata kartogramma.
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500 m
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outcrop 4

Libnieki /,_

_.Ben

Figure. 3.2 The location of study objects shownartograms and ortofoto plctures A-—
Ziemupe site; B — PlaSumi gully site; C — Strarite; © — Sensala outcrop. © 2009 IGFZZF,
kartes.geo.lu.lv; Ortofoto © 2009 Latvian Geosgdtitormation Agency

3.2. atéls. Petijuma objektu atrasSas noaditas farskata kartogramas un ortofoto atlos: A

— Ziemupe; B — PlaSumi grava; C — Strante; D — Slassatsegums. © 2009 LGZZF,
kartes.geo.lu.lv; Ortofoto © 2009 Latvijgeeotelpisks infronacijas genfira
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3.1. Ziemupe site

The outcrop at Ziemupe is located at the Baltic S approximately 30 km N
of the Lie@ja Town, in Western Latvia (Figs. 4.1 and 4.2); gemgraphical coordinates
are X = 003-20-261E and Y = 062-93-812N in LKS92rence system.

At nearly 600 m long bluff section the complex sexge of Pleistocene marine
and glacigenic sediments, common for this regior, exposed (Kalpa et al, 2000;
SeglpS, 1987b; Sakst al,, 2007; Kahins, Saks, 2008).

max=10%

Heavily sheared sediments

mome— e 3 -
4 L1 Upper and lower till diamicton /__’_’_‘ Shear zones
Glaciofluvio sand and gravel Debris and Holocene sediments
| Glaciolacustrine sand [zP3] Thin section sampling spots (not in scale)

Figure 3.3. Geological structure and location &f $ampling sites for thin section
preparation at the Ziemupe outcrop. The macrofabhgasurement sites are indicated by
white rectangles and results are shown in theldweeisphere of the Scmidt net: n
denotes number of measured clasts, maximum orientabncentration (max) is given

in %.

3.3. atéls. Ziemupes atsegungaolasiska uzkive un paraugu igéksanas vietas

planslipéjumu pagatavoSanai.l@linearitites rezuliti apkopoti Smita projekdijuz

apaksjas puslodes: n nada nerjjumu skaitu, maksinia koncentiicija (max) ir
dota %.

At investigation site glaciotectonically deformedd sand and silt sediments as
well as glaciofluvial coarse sand and gravel toppgdhe basal till unit (referred here as
the upper till unit) was exposed (Fig. 3.3). Addlitally a second diamicton unit (referred
here as the lower till unit) below the upper tilasvobserved in some places along the
outcrop. A distinct shear zone was observed ab#ise of upper till unit (Fig. 3.4).

The deformation style of the sedimentary stratalEadescribed as a result of two
factors: (1) density inversion that resulted innfation of fine sand diapir structures and
sinking of denser glaciofluvial sand and graveld &) glaciotectonic compression and
dragging of material at the glacier bed in the Sf€ction. The formation of gravity-
driven structures likely was triggered by dramé#tiss of sediment strength at some point
when pore water pressure at a glacier sole reattteefloatation point. The origin of the
lower till unit at this site may be explained bytaldhment and sink in loose sediments of
slab of basal till simultaneously with formation ofther gravity-driven structures.
Alternatively it could be an older till unit fromadier glacial phases. The top of structural
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complex is cut by the shear zone at the base diber till, suggesting decoupling of the
glacier from its bed.

" Figure 3.4. The shear zone at the base of upper
till. The image is 0.5 m wide. Sample ZP1, ZP3
and ZP5 collection sites are indicated.

3.4. attls. Bides josla au@$as moenas
pamat®g. Attéla paltums ir 0,5 m. Ir naditas
paraugu ZP1, ZP3 un ZP5 aptugen
ievakSanas vietas.

The upper till macrofabric has a well developed NWESSW orientation (Fig.
3.3; with eigenvalues 1S= 0.675 and = 0.256). This is some what different than
suggested in studies on regional ice movement tthre¢Gaigalaset al, 1967; Punkari,
1997; Boultoret al, 2001a; Zais, Markots, 2004).

The interpreted shear direction in the shear zame&th the upper till is roughly
from S to N.

The macrofabric of the lower diamicton is not adlweveloped (Fig. 3.3; with
eigenvalues S= 0.443 and $= 0.370). Relatively high Svalue suggests more grid-like
distribution that can be interpreted as result ke tnitial fabric re-orientation due to
penetrative deformation. The mean macrofabric ¢tatémn is from NEE to SWW.

The results of the microfabric investigation at tAeemupe site are partly
published at Kalans and Saks (2008). The dissertation is supplerdenité results of the
samples from the shear zone at the base of ther uplp&ZP6 and ZP7) and missing
sections of the sample ZP4 of the lower till.

3.1.1. The samples

Seven samples have been collected for micromorgleabexamination. Two of
them were taken above, three — within and two -evedhe shear zone, separating upper
and lower till units (Fig. 3.3.). Sample ZP1 isaakdirectly from the shear zone. Samples
ZP2 and ZP5 are taken from the upper till respettil m and 10 cm above the shear
zone. Sample ZP3 is taken directly below the skheae and sample ZP4 is taken 0.5 m
below the shear zone from the lower till. Sampl&6 and ZP7 are collected from the
sandy shear zone at the contact of upper till anetbriain sand and gravel.

The thin sections were prepared using colourlesntes ZP3, ZP4 and ZP5) and
dyed (samples ZP1, ZP2, ZP6 and ZP7) epoxy resiadmple hardening. Digital images
were acquired using plain light; mosaic images wein¢éained using the photomerge
function of Adobe Photoshop.

In the samples ZP1 to ZP5 the microfabric distitiuis visualised using simple
rose diagrams, with colour indicating whether threfgrred orientation is statistically
significant according to summary vector length rodthkvith level of certainty 90% (Davis,
2002) using Radial data collection algorithm — tilsall data within a distance R (equal to
the spacing of grid points) from the grid point ased to calculate its statistics.
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The samples ZP6 and ZP7 as well as two sectiorsawiple ZP4 have been
analysed using visualisation of microfabric spatistribution as data density (Fisher
al., 1985) and summary vector as preferred oriemtatiad fabric strength indicator (Davis,
2002) with a single colour indicating whether theefprred orientating is statistically
significant, assuming von Miss (unimodal) distribat (Davis, 2002). A “large squares”
method was used to collect all the data points talatwith the square outlined by the
neighbouring grid points, with square sides 2xRgloAdditionally on a latter stage the
eigenvalue statistics were calculated for grid kggmns R = 20.8 mm, 2.6 mm and 1.3 mm
according to method used by Thomason and Iverda®6)2

3.1.2. Microfabric and macrofabric comparison

The macrofabric data is three-dimensional (3D), madale the microfabric data
Is two-dimensional (2D), but represented in thregppndicular sections. It is hard to
reconstruct true 3D pattern of microfabric fromntlsections, therefore, in Fig. 3.5 the
macrofabric data in the same form as microfabria da three mutually perpendicular
plains, corresponding to orientation of thin setsio

Horizontal Vertical, N-S Vertical, E-W
projection projection projection

J

\ & 4 G |
- S Pl A
':!-I‘";"! [+ Sy
. h,
max=6%

Figure. 3.5. Macrofabric lineation of upper (A) doder (B) till units and its projections
to single planes. See Fig. 3.3 for location ofgampling site.

3.5. atéls. Aug%jas (A) un apak§as (B) moenas makrolinearites hipogtiskas
projekcijas uz s sasvstai perpendikuiiram plakrem. Paraugu ieaAkSanas vietas
izvietojumu atsegumskat. 3.3. att.

Calculating the projections of macrofabric to thkaims it is assumed, that
macrofabric is formed by perfect rod-like partiglagith no flattening. Unfortunately
flattening of the pebbles has not been recorddtierfield. This introduces some level of
uncertainty in projected data.

3.1.3. The micromorphology

Semi-statistical micromorphological analysis waseldollowing methodology
introduced by Carr (1999). A simplified set of fauicrostructure categories was adopted
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from Larsenet al (2007): (1) turbate structures, also known as xyalar rotation
structures, are circular grain alignments that otmth with and without a core stone; (2)
lineations comprising three or more aligned eloedairains; (3) grain stacks are micro-
scale equivalents of grain bridges consisting atlst of at least five equal-sized sand
grains; (4) intra-clasts and domains are inclusionszones of sediment with unique
textural characteristics that can be distinguisfrech the surrounding sediment. Due to
low clay contents of the studied tills no plasmabric structures (i.e. clay-sized particle
arrangement observable in cross-polarised lightgweéserved.

The microstructures have been counted in the taatian area of 28L6 mm.
Results of microstructure counts are presentedign ¥6. For each sample number of
counted microstructures in each thin section asmdstrdized to proportion of glacial
diamicton to other material (like sand lamina, g@lagrains of significant size or technical
defects) in analysed area of thin section and suhtogether.

PR ot 51, R R Figure 3.6. Synoptic results of the microstructure

0 20 40 counting. Note that the samples collected from the
shear zone at the base of upper till (ZP1, ZP6 and
ZP7) have a distinctly different set of microstuuets
than samples collected elsewhere. See Fig. 3.3 for
location of the sampling site.

3.6. atels. Mikrostrukoiru skaiiSanas rezudtu

kopsavilkums. Paraugos, kas ikl no kides joslas
augg€jas moenas pamath (ZP1, ZP6 un ZP7), ir
noverojams atRirigs mikrostrukiiru komplekts,
saidzinot ar tiem, kas ir ieakti citur. Paraugu
ievakSanas vietas izvietojumu atsedguskat. 3.3. att.

"'oN 9|dweg

- Lineations

-#- Grain stacks

-0 Turbate structures

-&— Intraclasts and domains

It can be seen (Fig. 3.6.) that the samples celeétom the sandy shear zone
(No. ZP6 and ZP7), as expected, have similar microre sets excepting the number of
intracalsts with high number of grain stacks aneédtions. In contrast the sample ZP1 that
is believed to be collected from the shear zonevéeh upper and lower tills has very
small numbers of lineations and grain stacks.

It is visually assessed that the much greater atafutisplacement has occurred
in the sandy shear zone than between the botimiits. Thus different microstructure sets
is understandable.
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3.1.4. Upper Till: Sample ZP2

Both in macroscale and microscale the upper ti tmiform composition with
dominantly sand and silt matrix and occasional gravains. The sample ZP2 taken well
above (1 m) the basal shear zone has microfabieatation close to that of macrofabric
orientation in both vertical and horizontal sectio(Figs. 3.5 and 3.7). However in
horizontal plane (Fig. 3.7.a) multiple domains dfedtent orientation can be observed and
in large generalisation levels (greater than R £ fhm) the statistically significant
lineation has not been detected. Overall shapeeoflitagrams indicate N-S trend.

In vertical section parallel to macrofabric (Fig.7.®) microfabric is well
developed, and in all resolutions statisticallyngfigant lineation domains are observed,
coinciding with macrofabric. Several curved mictwia structures associated with gravel
grains are present, and discontinuous microfalarc lee observed. In the section that is
transverse respective to macrofabric (Fig. 3.7.€yeml domains with statistically
significant lineation are observed. However, irglageneralisation the microfabric is not
as strong as in section parallel to macrofabricdésonstrated in Fig. 3.5a macrofabric in
the upper till is distributed in subhorizontal parand this corresponds to microfabric
distribution in the horizontal plane (Fig. 3.7.&) well. Even the strength of macrofabric
and microfabric is similar in both projections +der in N-S projection (Fig. 3.5a, N-S
projection and Fig. 3.7.b) and weaker in E-W prijec (Fig. 3.5a, E-W projection and
Fig. 3.7.c).

3.1.5. Upper till: Sample ZP5

The sample is taken few cm above the extrapolaedltshear zone (Figs. 3.3 and
3.4). In general microfabric in this sample is greement with the macrofabric orientation
of the upper till, especially in the horizontal ida However, the vertical sections show
preferred sand grain orientation dipping 30° to &% the horizontal plane. Similar,
steeply dipping microfabric in basal tills with seal orientation domains have been
reported by other researches as well (Carr, 20&ir, Rose, 2003) deemed as an indicator
of the large strain. The summary of the apparewtafabric in vertical sections has only
weak subhorizontal maximum.

There is a zone of well developed microfabric ie tiorizontal section, which
coincides with orientation of the macrofabric oé thpper till, however it is situated near
large gravel grain, and trend of microfabric isnmiding with observed trend of gravel
grain surface. Elsewhere in horizontal section tlmnain pattern of microfabric is
observed.

3.1.6. Shear zone between the tills: Sample ZP1

The sample is taken so that to include a terminadiothe sand stringer that can
be followed out to the basal shear zone of the wplbéFigs. 3.4 and 3.6). The horizontal
thin section and one vertical thin section areiegtthis stringer. In contrast to other
samples this sample stacks as illustrated in E&§.has plenty of silt intraclasts, smaller
number of lineations, and grain. A sand laminatanger and silt nodules are signs of
assimilation of subglacial material in deforminly due to shearing along the basal shear
zone of the upper till. No “armour” of sand graissobserved on the surface of glacial
diamicton and sand lamina. This indicates thataxns not of sedimentological character
and has been formed or renewed during deformation.
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The margin between the sand stringer and diamicosharp and undulating
perturbed by secondary shear structures such &toeeld joints and Riedel shears (Fig.
3.8.c). Similar to the structure described by Larst al (2007) it has undulating
boundaries and little mixing between contrastirnigoliogies can be observed. Only slight
statistically insignificant lineation of NWW — SHiirection in large generalisation levels
can be observed in the horizontal section of samiina (Fig. 3.8.a), however, strong
subhorizontal sand grain lineation is observedhewertical section (Fig. 3.8.c).

The microfabric of the diamicton in the horizongalane has no significant
orientation, however, in large resolution someuac structures can be traced (Fig. 3.8a).
The domain-like microfabric pattern in large resmwin is presented in the vertical section
as well, but no preferred orientation can be traoeldw resolution — large generalisation
levels. The till microfabric observed in the sampkel is not similar to neither of both till
unit macrofabrics.

3.1.7. The sandy shear zone: Sample ZP6 and SampleZz

The shear zone in a base of the upper till (Fi§),omposed of sandy and
diamicton bands, has strong and uniform subhor&agreferred sand grain orientation in
vertical sections (Fig. 3.10) that is slightly dipg towards the shear direction.

v g = L=y Y - b N L G
Figure 3.9. The sandy shear zone and samples W&sadd ZP7 at a base of the upper till
at the Ziemupe site. The height of sampling bok ¢sn. See Fig. 3.3 for location of the
sampling site.

3.9. attls. SmilSaia bides josla un paraugu nr. ZP6 un ZP&kSanas vietas augjis
morenas pamath Paraugu ieakSanas kases augstums ir 7 cm. Paraugualeanas
vietas izvietojumu atsegunskat. 3.3. att.

In vertical sections sand bands and diamicton bdrad® different patterns of
microfabric distribution. The sandy bands havedtieng subhorizontal microfabric, while
the bands of the heterogeneous material like ttamidion have markedly weaker
microfabric, with noticeable domain-like distribomi. In all parts of the shear zone the
microfabric is stronger than in the overlayingtill
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Figure 3.11. The microfabric distribution (A) inrtieal thin section ZP7-2-2 (B), facing
NEE, from the shear zone at the base of the ugpat the Ziemupe site. Observe the well
developed preferred orientation in well sorted sawmitthe shear zone and wavy
microfabric pattern. Used symbols are explainetiahles 1 and 2. See Fig. 3.3 for
location of the sampling site.

3.11. atéls. Mikrolinearitites sadajums (A) uz ZZA \ersta vertikala plansipgjuma ZP7-
2-2 (B), ka izgatavots Ziemupes atsegumo hides joslas augf mornas pamaith
Piewrsiet uzmarbu labi izteiktajam mikrolineaditei ar vinoto sadajumu. Izmantotie
apZmgejumi ir paskaidroti 1. un 2. takid. Paraugu ieakSanas vietas izvietojumu atsegum
skat. 3.3. att.

In fine resolution a wavy pattern of microfabricstibution can be identified in
vertical sections of the sand bands (Fig. 3.10dmple ZP7-2-2 the microfabric waves
can be correlated with diamicton boudins (Fig. 3.The wavy pattern can be resulted
from secondary shears, cutting the general sheat imalow angels in both upwards and
downwards directions. Alternatively it can be tlfileet of stiff inclusions in the shear zone
such as till boudins or gravel grains initiatingrsghing like standing waves or ripples in
the shear zone.
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Grain nominal diameter (A, mm, after Francus, 2001)
Summary - all sizes 0.055-0.065 0.065-0.077 0.077-0.092 0.092-0.109 0.109-0.130 0.130-0.154 0.154-0.184 0.184-0.218
6-H2, diamictone

~ / - - — 7 = ~ —_—

459 352 291 227 176 929 55 47

7-H1, fine sand with silty matrix and some cores sand grains, facing down

D = =T I S

377 328 219 127 69 26 22

7-H3, sand with rounded patches of diamicton

= / \ » Y N
431 343 325 229 123 98 58 29
7H-3-2; fine sand
s // 7 / / / \ l\
/

496 504 548 495 390 244 120 61

7H-5; fine sand

41 253 229 21 18O 122 87 L]

Figure 3.12. Orientation of different-size grainsnfi the horizontal thin sections of the
shear zone at the base of the upper till at thendpe site. Thin section ZP6H-2 is from the
diamicton band, thin sections ZP7H-1 and ZP7H-3Jrama sandy bands with some
inclusions of the diamicton, and thin sections ZF3#B& and ZP7H-5 from the fine sand
bands of the predominantly sandy shear zone. Agérofabric is observed in the sand
samples although statistically significant lineatie observed only for the coarsest grains
in the thin section ZP7H-5. The dominant orientai®similar to that of the macrofabric
of the upper till, that is trending in NNE-SSW ditien. The top of diagrams is to the N;

symbols used as in Table 2. See Fig. 3.3 for lonaif the sampling site.

3.12. attls. Dazdu izneru smilts graudu orieatija horizonglos phslipgjumos, kas
izgatavoti no Ziemupes atseguma a@j@Emoknas pamathesods ldes joslas
paraugiem. Rhslipgjums ZP6-H2 ir izgatavots no diamiktona jasls, pinslipejumi ZP7-
H1 un ZP7-H3 ir izgatavoti no smilts jogiim ar atsevi§iem diamiktona ieslgumiem, un
paraugi ZP7H-3-2 un ZP7H-5 no smalkas smilts pasti bides josi. I1zteikiaka linearitite
ir noverojama smilts paraugos, lai gan statistiskiimaga & ir tikai rupjakajiem graudiem
planskipgjuma ZP7H-5. DomigjoSais lineariates virziens ir tuvs augfis mognas
makrolineariaitei: ZZA — DDR. Diagrammu augs$a ir uz Z, apzjumi atbilstosi 2.
tabulai. Paraugu i@kSanas vietas izvietojumu atseduskat. 3.3. att.
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Grain nominal diameter (A, mm, after Francus, 2001)

Summary - all sizes 0.055-0.065 0.065-0.077 0.077-0.092 0.092-0.109 0.109-0.130 0.130-0.154 0.154-0.184 0.184-0.218
Diamicton bands

6-1-1, facing SWW

— - — — “n-.,____- — -~__\___H—""““___‘_‘_‘_‘_

631 159 138 nm7 BS a2 31 22 13
6-1-2, facing SWW

= — — - _— —— —

1182 338 286 202 131 85 55 33 14
7-2-1, facing NEE

905 315 19 165 BO 52 36 20 8
Sand bands
6-1-2, facing SWW, the sacle is reduced by 50%, in comparison to other samples in this image

3904 754 754 745 651 456 271 173 68
7-2-1, facing NEE

756 263 192 137 93 42 19 5 4

7-2-2, R=41.6mm; facing NEE; the sacle is reduced by 50%, in comparison to other samples in this image

—_— B — —_— —_— —_— — ——— —_—

4982 1084 1041 848 790 545 i m L

Figure 3.13. Orientation of different-size grainsn the vertical thin sections of the shear
zone at the base of the upper till at the Ziemige Note the consistent orientation in sand
bands and more heterogeneous orientation in tmeict@n bands. The top of diagrams is

to the N; symbols used as in Table 2. See Figids.®cation of the sampling site.

3.13. attls. Dazdu iznmeru smilts graudu orieatija vertikalos phslipgjumos, kas
izgatavoti no Ziemupes atseguma a@j@Esmognas pamathesods lades joslas
paraugiem. ledrojiet, ka smilts mategli plansipéjumos daidu izneru graudu orieracija
ir lTdziga, savulrt diamiktora ta ir mairigaka. Diagrammu augSa ir uz Z, apgjumi
atbilstosi 2. tabulai. Paraugu #x$anas vietas izvietojumu atseduskat. 3.3. att.

In horizontal sections larger grains has relativeisonger preferred orientation
that the smaller ones. In vertical sections thaatian of preferred orientation across
different size classes, both for sand and diamitiands, are smaller than in horizontal
sections; the variation is large in diamicton batids in sand bands (Figs. 3.12 and 3.13).
In case of the horizontal sections almost trangvetsnmary orientation in some cases is
observed, but it is poorly developed and can notbarded as a rule.

The wavy microfabric pattern is similar to echetygpe secondary shears
observed by Mandet al (1977) in ring-shear experiments after the sheare has
collapsed into single plane producing slickenslidadace. Probably inclined microfabric
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zones developed when shear displacement ceaskd patticular part of the shear zone,
and inclined zones of microfabric are artefactedsing shear displacement.

The microfabric in horizontal section is rather gamto the microfabric of till
samples. It has domain-like distribution with rathew summary fabric strength and
trending mostly in the N-S direction that is simita preferred macrofabric orientation in
the upper till. However in finer resolutions diverge between preferred, statistically
significant orientation in individual domains ca@ imore than 45°. Like in vertical sections
it is observed, that bands of well sorted materiglinds — have the stronger microfabric
than those composed of the diamicton.

3.1.8. Lower Till: Sample ZP3

The sample is taken from just below the positiorthef basal shear band of the
upper till that can be interpreted by continuing thasal contact from parts of the section
where sand is exposed below the upper till and#se of the upper till is identifiable.

The horizontal section has strongly developed saath apparent microfabric in
E-W direction that is consistent with macrofabrictbe lower till. In large resolution
several well-developed lineation domains with diggaious contacts can be identified.

Several domains of well developed often steeplypidip lineation can be
observed in vertical sections as well. In some £éigeation in domains is bending but it is
difficult to identify any clear circular structurén other cases contrasting (cross-cutting)
lineation is observed in neighbouring lineation @ams that probably are an indication of
the brittle deformation. In large generalisationimagular shape of the diagrams suggest
the non-random orientation of the elongated gramg presence of the several distinctly
oriented grain populations.

3.1.9. Lover till, sample ZP4

The sample is taken from the lower diamicton uRite microfabric in it is rather
well developed with several distinct domains (RAdl4). In low resolution microfabric is
parallel to the macrofabric orientation. In finersolution well expressed domain-like
distribution is observed with fabric strength freqtly reaching statistically significant
values calculated according to Davis (2002). Theeolked microfabric is in a good
agreement with calculated horizontal projectiormacrofabric of the lower till, however
the correlation in the vertical section is not sod. Microfabric bending and semicircular
distribution is often observed in the verticalstsets.

In the vertical sections, like in the horizontalctsen strong domine-like
microfabric structure with statistically signifidalineation is evident. Domains are up to
several millimetres large. The lineation in domasisot consistent, and in large resolution
horizontal as well as vertical and tilted microfiabin domains is manifested. In large
generalisation (R = 2.6 mm) only subhorizontal do®aetain statistically significant
lineation. Increasing generalisation level to R.2 Bim or more the lineation domains
become mixed up and not a single diagram showiststatly significant lineation.
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3.2. PlaSumi gully site

Plasumi gully site is located approximately 7 kmAE8om tow of dirkalne. The
geographical coordinates of PlaSumu gully site Xare 003-36-847E, and Y = 063-16-
681N in LKS92 reference system, that is about 10N&of the town of Bvilosta (Fig. 4.1
and 4.2).

The site is included in this study as the uppeéigisnug into diamicton spherules
1-3 cm in diameter at the top of the outcrop in featers long section (at 23,540 m) (Fig.
3.15). In the field it has been supposed that thectires are denoted by cleavage that
developed either due to rotation of diamicton dorsan deforming bed, as proposed by
van der Meer (1997) or as a result of some postreedational process. To gain any
additional indication about the formation of thisusture, samples for thin sectioning were
collected there.

A common feature of the site is occurrence of tiapidc structures. Like in other
sites, the diapirs are well pronounced apparemésoc structures. Diapirs are composed
of brown silty and fine sand sediments as well iy gilt and clay. Some diapirs in this
part of the cliff are composed of sandy silt andehaomplex deformational structures.
Measurements of planar structural elements of tilapidshow a slight offset of the
structure in the direction close to the glacialahdirection, suggesting that after diapir
formation it was deformed repeatedly due to dimgleicial shearing. Some diapirs also
contain more complex features, for instance, theadled ‘mammoth trunk’ — a tilted dike
structure originating from the upper part of thapii (23,750-23,780 m). At another site
(23,475 m) glaciotectonic rotation structures carobserved: silt and gravel material form
concentric mélange like structure. The outcropdketith indicated sample collection site
IS given in Fig. 3.16. The reader is redirectedht earliest works for more discussion on
structural geology and stratigraphy of the sitd{Zet al, 2004).

Figure 3.15. Spherules in the upper till at theStal
gully site. The photograph is 15 cm high and wéasra
at the sample collection site, see fig. 3.16.

3.15. attls. Sferoidila aug8jas mognas strukira pie
PlaSumu gravas. Fotadijas augstums ir 15 cm ua t
tika umemta paraugu i@kSanas viet, sk. 3.16. a#u.

At the upper part of the outcrop in between diagbructures lie till sediments,
which are forming lens-like beds. The preferred mofabric orientation in the upper till is
dipping predominantly to the W, with, 8alues from 0.5 to 0.7 (Table 3.1
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Plant remains which are characteristic the Earty ididdle Pleistocene as well as
for interstadial subarctic or boreal flora (Ceriri®99) are reported from layered sands
containing at the site. The OSL age of fine-graisadd collected from this part of coastal
bluffs is 45 £ 4.2 ka (TL553) that is in good agrest with the OSL ages of fine-grained
sand from other dating sites along the Baltic Sd#& ©f Western Latvia (Sakst al, in
print).

Table 3.1. Summary of the till fabric measurementba PlaSumi gully site (n — number
of individual measurements;; ¥ the mean clustering direction;, &, S; — eigenvalues)

3.1. tabula. Mamas makrolinearites nerijjumu pie PlaSumu gravas kopsavilkums (n —
individualo mérijumu skaits; V1 — vidjais grugsarss virziens; $, S, S — eigenertibas)

Sample

No Description of position n Vi S S S;

LOO Upper till with spherules at thin section saimglspot 60  277°/14° 0.695 0.229 0.076
(section position 23,540m)

LO1 Basal part of upper till (section position 2257m) 130 292°/18° 0.533 0.327 0.140

LO2 Sandy lacial diamictong and sand stretched beldw 104 284°/32° 0.630 0.232 0.138
the upper till (section position 22,785 m)

LO3 A melange-type sediments — mixture of gravedl ad00 290°/23° 0.642 0.185 0.173
dark grey silt below the upper till near rotation
structure (section position 23,460 m)

LO4 Upper till above banded glacial diamicton irsbaf 101 186°/26° 0.502 0.344 0.154
upper till (section position 23,575 m)

LO5 The upper part of the upper till (section posit 100 266°/30° 0.489 0.318 0.193
23,895 m)

3.2.1. The Samples

The thin sections are prepared using non-coloupacyeresin for impregnation,
microphotographs are taken in non-polarized lighgsaic images are obtained using
Photomerge technique, the large-square approachddta girding is used and the
microfabric distribution statistics are plotteddega density plots (after Fishetrral., 1985),
and preferred orientation significance calculatsgduaning von Miss distribution after
Davis (2002). Additionally on a latter stage thecrofabric statistics was recalculated
using the eigenvalue approach as suggested by Boonaad Iverson (2006).

Eight thin sections were prepared form the tillhwitharacteristic network of
rectangular and spherical joints. Two microfabrspects were studied in this case: the
relationship of fractures or joints and microfalpireferred orientation and the dependence
of considered grain size and apparent microfatmentation. The boundaries of different
size grains are set with step 8f2egarding the area of any grain as measured iththe
section. The grain size is expressed as A — eqnvalircle diameter as used by Francus
(1998).

3.2.2. Till micromorphology

Relatively straight vertical and horizontal as wasl spherical joints are observed
in thin sections. Except of one thin section nceotbeculirar structures on the background
of massive diamicton is noted. The brief descriptbthin sections — the joint systems and
microfabric — is given in Table 3.2. A general mifabric statistics is given in the
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Appnedix 5, the summary orientation of differergesgrains is given in Appendix 6 and
visualised in Figs. 3.17 and 3.18.

In general — domain like microfabric preferred otaion is observed, with
dominant moderately strong fabric in vertical seesi and weak but consistent with
macrofabric orientation in horizontal sections. thlin section Ps8-H a formation of
authigenic minerals, likely carbonate precipitates, observed.

Grain nominal diameter (A, min, after Frapcus, 2001)
0.055-0.065 0.065-0.077 0.077-0.092 0.092-0.109 0.1094.130 0.130-0.154 0.154-0.184 0,184-0.218

Ps7-2-H

744 565 420 284 236 126 86 64

PS7-1-H

357 276 214 141 103 80 53 38

PS8-H

268 220 194 129 89 65 30 28

Figure. 3.17. The summary orientation data of déffii size classes in the horizontal thin
sections from Plasumi gully site; the number bemeach diagram is the number of grains
counted. The N is to the top. See Fig. 3.16 foation of the sampling site.

3.17. attls. Dazda iznera smilts graudu sunira orientcija horizonglajos
planskipgjumos no PlaSumu gravas; skaitlis zem katras dmagras noida nerjumu
skaitu; ziemé# ir uz augSu. ParaugoSanas vietas izvietojumgateeskat. 3.16. att.

3.2.3. The preferred apparent orientation of differat size grains

In vertical sections usually the maximum spreadpoéferred orientation of
different size groups is less than 20° (Appendixa®)l only in two cases the maximum
spread of preferred orientation of different sizeups is around 50°. There seems to be
some systematic variation of preferred fabric dagon of different size groups (Fig.
3.21), but this appearance is not reliable asdbéd strength is low: Susually below 0.6.
Particularly the size classes A from 0.065 mm @/®@.mm and from 0.109 mm to 0.130
mm seem to have strongest deviation from averagatation to opposite directions.

The spatial distribution of microfabric in differesize classes usually is similar
but is not repeated exactly. Sometimes even staotigpgonal preferred orientation is
observed (Fig. 3.20). At the section Ps7-1-H, igecaf resolution R = 5.2 mm, nearly
orthogonal statistically significant microfabric @bserved for size classes 0.092-0.109
mm, and 0.109-0.130 mm in one out of more thanrid@pints with sufficient number of
measured grains. Similar picture is observed for slection Ps7-1-2 in case of A = 0.055-
0.065 mm and A = 0.065-0.077 mm. The most contrgspiicture is observed in thin
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section Ps7-2-H, where in size class A = 0.1540:mh& all five adjacent diagrams show
rather strong preferred N-S orientation while ihather size classes E-W orientation is
prevailing (Fig. 3.22).

3.2.4. The microfabric and joint system

The Plasumi gully vicinity study site was selecbetause of the particular globular
or spherical till structure. Thin sections for fivst instance were prepared to establish the
relationship between the concave and straightoaijibints and the microfabric.

In the thin sections predominantly vertical andirmntal joints are observed, but
the round joints (representing spherules) are rawed only in three out of eight thin
sections. This indicates relatively low numbersspherical joints. Perhaps uncommon
appearance of the spherical joints facilitatesoherestimation of their proportion.

The distribution of preferred microfabric orientatidoes not seem to be associated
with the orientation of any of the joints — nor thertical or horizontal, nor the spherical
ones. Few cases where the microfabric and joinéntation coincides seem to be
coincidence rather than a rule (Fig. 3.20).

Grain nominal diameter (A, mm, after Francus, 2001)

0.055-0.065 0.065-0.077 0.077-0.092 0.092-0.109 0.109-0.130 0.130-0.154 0.154-0.184 0.184-0.218
PS6-2

)

,/ -““‘\__

455 372 317 231 148 95 60 42

PS7-1-1

726 545 420 279 202 115 75 45

P57-1-2

439 365 311 198 137 108 54 39

P57-2-1

560 436 337 248 160 100 74 18
Figure. 3.18. The summary orientation data of déffik size classes in the vertical thin
sections from the Plasumi gully site; the numberdagh each diagram is the number of
grains counted. See Fig. 3.16 for location of #tr@gling site.

3.18. attls. Dazda iznera smilts graudu sumira orientcija vertikalajos phnslipgjumos

no PlaSumu gravas apknes. Skaitlis zem diagrammas @& nerjjumu skaitu. Paraugu
ievakSanas vietas izvietojumu atsedguskat. 3.16. att.
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Iéigure 3.19. Position of joints and microfabrictdizution. A and B —in th

&

tlcl tin

section Ps7-1-2; C — from the upper till with sptarstructure at the PlaSumi gully site.
The thin section is facing towards SE. Straightigal and horizontal as well as spherical
joints are observed in the section. The correlatiopreferred microfabric orientation and
the spherical joints is not observed. Used syma@sxplained in Tables 1 and 2. See Fig.
3.16 for location of the sampling site.

3.19. atéls. Plaisu novietojums un mikrolineati¢es sadajums. A un B — vertiklaja
planskpgjuma Ps7-1-2; C — no PlaSumu gravasapies augdas mokenas ar rakstagu
sferisku struktiru. PEnslipgjums ir \ersts uz DA. Rinslipéjuma ir noverojamas taisnas
vertikalas un horizorlas, l& af sferiskas plaisas. Bhslipgjuma nav konstata nozmiga
korekcija starp sfrisko plaisu un mikrolineartites domigjoSo orienicijas virzieniem.
Izmantotie apumgjumi ir paskaidroti 1. un 2. talid. Paraugu iedkSanas vietas
izvietojumu atsegumskat. 3.16. att.

It can be concluded that the spherical joints ase associated with processes
associated to till sedimentation and deformatibmight be speculated that the desiccation
of till in specific conditions could lead to fornmah of such a structure.

It was suggested (Stinkulipers. con).that the spherules are formed as a result of
carbonate recrystallization. Indeed on possibleba@ate mineral precipitated was
observed in the thin section Ps8-H; however itriBkely that formation of such a small

structures could result in development of sphejjaals to extent observed.

3.2.5. The microfabric strength and relationship tanacrofabric

At the thin section sampling spot macrofabric (gted pebbles) is strong and
unidirectional M dip of 14° to the W (277°) with three dimensio8a0.695 and $-0.229
(60 measurements). The dip angle probably is somewmhanced as a result of
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simultaneous formation of diapirs as suggested dks ®t al 4ccepted for publication
The upper till macrofabric orientation in other rm@@ment spots at this site is similar.

The apparent microfabric in general in all sampkesimilar (Appendix 5): in
horizontal sections it has a weak E-W preferredragdation with $ values 0.52 to 0.53; in
vertical sections the microfabric is somewhat ggeon(\V1=0.55 to 0.56). The apparent dip
angle in all cases is smaller that the 20° (refgrto horizon), however the realistic 3D dip
direction of microfabric can not be restored coaefitly as few studied samples give
contrasting results.

Thus it can be concluded that the preferred mitmideorientation is similar to the
macrofabric however much weaker than the macrafabapecially in horizontal sections.
Actually, given that the Svalue for microfabric in horizontal section is pilightly above
the indication of random orientation — 0.5 — itsigrprisingly that in all three cases the
preferred microfabric orientation is in E-W dirextiand deviating less than 20° from thin
section to thin section. It can be speculated thatmicrofabric in this site is strongly
disturbed by some small-scale post-sedimentatipr@adess that left macrofabric largely
intact.

A B
z — = =
A=0.1301t00.154 mm ) 6 “n A=0.154100.184 mm @  “Sa
! == d ‘I’ e
| I
| |
@] | @ |
! |
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Figure 3.20. Comparison of the preferred orientatibthe apparent microfabric in two
neighbouring size classes — A and B — in horizathial section Ps7-2-H. The north is to
the top of the image, the grid resolution — R=rBra. Note almost orthogonal
microfabric differences in the central part of theage. Such distribution is an exception
rather than a rule. Used symbols are explainediles 1 and 2. See Fig. 4.1.8. for
location of the sampling site.

3.20. at&ls. Domirgjosa mikrolineariites orienicijas virziena satizinajums divas
Iidzas esods smilts graudu izeru klags — A un B — horizomataja planslipgjuma Ps7-2-
H, ziemdi attela ir uz augsu, rema izkirtspeja — R = 5,2 mm. ledrojiet gandiz
perpendikuiro mikrolinearitites domigjo3o virzienu atila vidusdéa. Sads
mikrolineariites sadajums diizak ir izpemums, nevis likumsakdra. lzmantotie
apZmejumi ir paskaidroti 1. un 2. talid. Paraugu ieakSanas vietas izvietojumu
atsegura skat. 3.16. att.
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Figure 3.21. The preferred orientation of differsizie grains as observed in the vertical
thin sections from samples collected at the Plaguity site. See Fig. 3.16 for location

of the sampling site.

3.21. atels. Dazdu izneru smilts grauduldetaa orientcija vertikalajos

planskpgjumos no paraugiem, kas i PlaSumu gravas apkne. Paraugu ieakSanas

vietas izvietojumu atsegunskat. 3.16. att.
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0.055-0.065 0.065-0.077 0.077-0.092 0.092-0.109 0.109eD 0.130-0.154 0.154-0.184 0.184-0.218

Figure 3.22. The preferred orientation of differsizie grains as observed in horizontal
thin sections from samples collected at the Plaguity site. See Fig. 3.16 for location

of the sampling site.

3.22. attls. DaZdu izneru smilts grauduldetana orientcija horizonglajos

planslipéjumos no paraugiem, kas &kti PlaSumu gravas apkne. Paraugu iedkSanas

vietas izvietojumu atsegunskat. 3.16. att.
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3.3. Strante site

The cliff section at Strante is located on the Bdlte Lake plain, approximately
5.0 km ENE of the town of#®ilosta. The geographical coordinates of Strarteaie X =
003-32-100E, and Y = 063-11-500N in LKS92 referesgstem. Here the maximum
elevation of the plain is ca. 15 m. Glacial andcgilcustrine sediments of the Middle
Weichselian through the Late Weichselian age irtgdaare overlain by a thin cover of
younger glaciolacustrine and aeolian sediments, @whsional boulder pavements are
outcropped in a distance of 0.6 km (Saksl, 2004). At the northern and southern flanks
of the outcrop deformed sedimentary strata is bvested by the series of till sheets. The
thrusting surfaces are indicated by sandy stringetke till (see Sakst al., accepted for
publicationfor more details).

Large portion of the section is built up by evem@hick, well consolidated sandy
diamicton that contains fine grained sand, silt aochsional gravel grains (Fig. 3.23). This
diamicton forms almost 120 m wide spans of the roptcDistinct planar foliation is traced
within the diamicton and near diapir structureletomes slightly bended. Rounded clasts
of unconsolidated laminate sediments with signsotdtion are occasionally fond within
certain levels of sandy diamictone (Fig. 3.24).f€red orientation of elongated gravel
grains (macrofabric) due to very low gravel congenais done over 30 m long distance of
the outcrop. The resultant preferred orientatios Wwaak maxima in the NNE-SSW (n =
101; S =0.393 \{ = 268°/35°) which is in good agreement with ovegddicier movement
directions in this area (Gaigalatal, 1967; Zals, Markots, 2004; Boultoat al, 2001a).
At the base of the sandy diamicton fine sand aradseosilt sediments are deformed into
traction folds and rotation structures with dex{tap to the left) shear sense.

5 )f;z‘“h e
Figure 3.23. The sand rich overconsolidate diamiatterpreted as local deformation till
at the Strante site. The stick at the hands ofaau$hs.0 m long. The location of the
image is approximately at the 30,700 m profile madicated in the figure 3.25.

3.23. attls. SmilSains, sgrigi konsolicttais diamiktons Strantes atsedgyrkas ir

interpretts, ka lokala defornaicijas mogna. Lata autora rak ir 5,0 m gara. Fotogifija ir
uznemta aptuveni pie 30 700 m garkrasta profilana¢s, kas ir nadita 3.25. atila.
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Figure 3.24. A soft sediment inclusion ithsigsscﬂation and shearing in the sandy
diamicton at the Strante site. The handle of kisifsome 10 cm long. The structure
was observed near 30,660 m profile mark indicatetie Fig. 3.25.

3.24. attls. Nekonsolidtu nogulumu ieslgums ar ratcijas un bdes pammem

smiltSainaj diamiktora Strantes atseguinNaza spals ir aptuveni 10 cm gars.

Strukiira tika nowrota aptuveni pie 30 660 m garkrasta profilaraes, kas ir
noradita 3.25. attla.

The origin of sandy diamicton was sedimentologictle: glaciolacustrine
sedimentary processes as well as glaciotectonginowas proposed (QAboltins, pers
comm., 2003). To supplement ordinary field desmipta set of thin sections were
prepared from these sediments. After several sessibthe fieldwork and considering the
results of micromorphological investigation thisitus interpreted as a glaciotectonite, as
described in Benn and Evans (1996) or deformaiibmdcording to Dreimanis (1989),
Sakset al (accepted for publication

3.3.1. The samples

A set of four samples forming vertical profile wasllected from the sandy
diamicton assumed as the local deformation il #re deformed sediments at its base at
the 30,730 m of the coastal profile. Two additiosamples are included in the study
collected at the 30,710 m of the costal profileg(F3.25). The samples are listed and
shortly described as well as the summary microfastatistics presented in the Appendix
7. The general statistics of the orientation ofedlént-sized grains are summarised in the
Appendix 8.
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The thin sections are prepared both using non-cadiepoxy resin and coloured
resin for impregnation. Microphotographs are takewross-polarized light and in some
cases with plain light; mosaic images are obtainsthg Photomerge technique in the
initial stage of the study and using “buffer linesi’ a latter stage; the large-square
approach for data grid is used and the microfatlistribution statistics are plotted as data
density plots (after Fisehat al, 1985) and preferred orientation significancecalated
according the eigenvalues method suggested by Tdmoarsd Iverson (2006).

3.3.2. The summary preferred microfabric orientation

In all except one vertical sections two-modal neaorthogonal preferred
microfabric orientation is observed, and subhoriabmode is the dominant one (Fig.
3.26). The exception is section No.5n-1 that cofm@s macroscopically deformed fine
sand — coarse silt sediments below the consideredysdiamicton and thus represents a
different sediment unit. In most sections the twodes are observed in all resolution
levels (see Fig. 3.27), indicating that the bimodatribution is not the product of
combination of several pronounced preferred orteriadomains, but rather is an intrinsic
property of the microfabric preferred orientatidrtle sandy diamicton. Two-modal fabric
is observed in the data sets obtained by diffenegthods as well and is not observed in
horizontal sections so the possibility that it rs artefact of the image processing can be
excluded.

Due to bimodal nature of the microfabric neithgr($ummary orientation) non S
(fabric strength) correctly describe the microfaltata set as the statistical procedure used
Is designed for von Miss (unimodal, normal) disitibn. As a result in most cases the
eigenvalue statistics does represent the prefemedtation (\{) of the strongest mode but
the fabric strength indication {Ss not reliable.

In most of the horizontal sections rather weak ofatoric (S<0.6) trending in E —

W direction is observed (Appendix 7). This coinadeith the macrofabric orientation of
the sandy diamicton (¥268°, $=0.393; n=101). It must be noted, that due to \ew
gravel content in the sandy diamicton, macrofalmas measured across outcrop distance
of nearly 80 m and likely is biased towards thesmtation normal to the outcrop surface
(e.g. Klein, 2002), that it is to the E — W direxcti

The sample No. 5n, collected from the macroscolyiceformed sediments at the
base of the sandy diamicton, has the strongestnadabanicrofabric. Often strongest
microfabric is common in the sediments with moshbgeneous grain size that is the case
with this sample as well. Additionally the deformoat porches, possibly, enhanced the
initial sedimentary fabric, resulting in extremeslyong microfabric.

3.3.3. The preferred orientation of different-size cains

Some variations of the preferred orientation arati€astrength of different size
grains are observed, but the spread of dominaahttion rarely exceeds 45° (Appendix
8, Fig. 3.28).

It must be noted, that due to different image agitjan techniques (micro-
photographing in plain or cross-polarised lightjfeded thin section thickness, variations
of digital image exposure and thresholding levtis, grain size classes does not exactly
mach for different thin sections as the grain bauies$ because of mentioned factors may
slightly migrate.
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2n-1 2n-2 3n-1 3n-2
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4n-1 5n1 01k-1
not known not known SW
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01k-2
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Horizontal sections

2n-H 3n-H 4n-H 01k-H 02k-H

not known

Figure 3.26. The summary microfabric preferredrtagon in vertical (A) and horizontal
(B) thin sections of the sandy diamicton at theu8® site. The number of measured grains
in any diagram is at least 1000. The facing dicecof the vertical sections is indicated
below the section number; the orientation of tregchms of horizontal sections is
corrected so that the north is at the top. Notawlzenearly orthogonal modes in almost all
vertical sections and none in horizontal secti@ysnbols are explained in Table 2.

3.26. attls. Kopsja mikrolineariéites oriendcija vertikalos (A) un horizortlos (B)
planslipéjumos, kas izgatavoti no Strantes atseguma smilge@miktona. Katt
diagramna ir ieklauti ne mazk ka 1000 graudu garenastemumi. Vertikalo
planslipgjumu Versums ir no&dits zem parauga numura, horizaatplansipgjumu
diagrammu augSa icvsta uz Z. Gandz visu vertikilo plansiipgjumu diagramras ir
noverojami divi, gandiz ortogomli mikrolineartitates maksimumi, kas savark nav
noverojami horizonilo planslipéjumu diagramras. Izmantotie apgmejumi ir paskaidroti
2. tabud.
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Figure 3.27. The orientation of microfabric modesljcated on the vertical axis and their
relative strength indicated on the horizontal afiall diagrams in different grid
resolutions grouped along horizontal axis in the #ection No.4n-1. The bimodal nature
of the fabric distribution that is not manifestedai set of the summary orientation
calculated according to eigenvalue method (Appefdixd 8). An orientation mode in
here is defined as a mean direction of the sentardiagram where data density exceeds 1
standard deviation for given diagram and modesdatetess than 15° apart are merged
together. The mode strength is defined as maximata density with given mode.

3.27. attls. Mikrolinearites modu orie@tija uz vertikilas ass un to refafa izteiktiba uz
horizontlas ass vigs diagramras ar dazdiem reza sdiem, kas ir grupti pa vertilalo asi,
planskpgjuma Nr. 4n-1. At€la labi pa&das mikrolinearites orienicijas bimodla daba,
kas nav redzama ajiginot sumnaro orienfciju, izmantojot eigenvektoru pamienu (7.
un 8. pielikumi). Seit orieatijas moda ir defigta ki vidgjais domirgjoZas orienicijas

virziens diagrammas sek#okur datu bivums garsniedz vienu standartnovirzi Sai
diagrammai un modas, kas ir alkka 15°, ir sapludiatas ko@a. Modas relava izteiktiba
ir definéta, ka maksinalais datu bivums dotaj modh.

Largest fabric strength variations in vertical satd are due to the relative
strength variations of subvertical and sub-horiabntodes in different grain size fractions.
These variations significantly affect the preferggtentation in only two vertical sections
(Nos. 3n-1 and 4n-1) where the maximum spread ronsary orientation approaches 45°.

In vertical section trend is observed that the MWalodistribution is more
pronounced for larges grain sizes (Fig. 3.29). Hewét is difficult to assess whether this
is due to clearer visualisation as a result of nalumbers of grains and more precise
fabric measurement for the largest grains or gérnieyad towards stronger fabric for the
largest grains noted elsewhere. The summary otientés deviating from subhorizontal
for medium to large grain size fractions in sometisas and rarely in the fine-grained
fractions. This is the result of stronger subvattimode and there seems to be a trend that
largest grains have better expressed subverticdémo

-91 -



S1variations in vertical sections Sl variations in horizontal sections
0,8 0,68
075 " ~2nl 0,66
' — - *g”‘i 0,64 e
n-
07 = a2 0,62 ~2n-H
< -~ 3n-H
= 065 Z ] —-4n-1 ~ 06 i ./ an-H
o ) - 5n1 P 058 L/
! —-01k-H
0,6 1 —01k-1 0,56 = 02k-H
055 2L BN e — 01k-2[1] 054 //‘\\ z
i ~ \/ 01k-2[2] 0,52
02k-1 N
05 : : : : : : : " ook2 05 : : : : : : : ‘
0.055 0.065 0.077 0.092 0.109 0.130 0.154 0.184 5n-2 0.055 0.065 0.077 0.092 0.109 0.130 0.154 0.184
Grain size - equvivalent disk diameter (mm) Grain size - equvivalent disk diameter (mm)
V1 variations in vertical sections V1 variations in horizontal sections
180 180
160 —~2n1 160 4 t— e
140 *g”‘i 140
_ n-
@ 120 - 2 120 —~2n-H
g 100 +—t== B P sn-2 o 100 b e—— e ~-3n-H
=) e, T e —=4n-1 = -~
53 . S 3 " e 4n-H
© 80 — - 5n-1 o 80 -— —u
= — o 5 i 01k-H
S 60 3 > 60 - 02k-H
40 — 01k-2[1] 40
20 oot 20
0 : : : : : : : " ozk2 0 : : : : : : : ‘
0.055 0.065 0.077 0.092 0.109 0.130 0.154 0.184 5n-2 0.055 0.065 0.077 0.092 0.109 0.130 0.154 0.184
Grain size - equvivalent disk diameter (mm) Grain size - equvivalent disk diameter (mm)

Figure 3.28. The microfabric preferred orientatfrand B) and respective fabric strength
(C and D) for vertical and horizontal sections. f@btrengthening for the largest grains
and fabric strength minimum at 0.092 mm to 0.109 eguivalent disk diameter for the

horizontal section is noticeable. No systematicatemns of the dominant orientation
direction are noted.

3.28. attls. Mikrolinearitites domigjosSais orieritcijas virziens (A un B) un atbilstas
linearitates izteiktba (D un C) vertiklajos un horizorilajos phnskpgjumos. Attlos
iesgEjams noerot lineariétes izteikibas pieaugumu virzi@mo mazkajiem uz
lielakajiem graudiem un izteikdas minimumu horizoakajiem pknsiipéjumiem no 0,092
mm lidz 0,109 mm ekvivalenta diska diametra &ld3omirgjosa orien&cijas virziena
sistenmatiskas novirzes nav nexotas.

In general the preferred orientation of differetesgrains in the horizontal
section is more variable than in the vertical offeélg. 3.28). There are two horizontal
sections (Nos. 4n-H and 01k-H) with large spread {o 90°) of preferred summary
orientation of different size grains. This is liketlue to lover fabric strength in the
horizontal sections.

In a background of the increasing fabric strengthtlie large grains in prominent
3 out of 5 horizontal sections a fabric strengthimum is observed at the grain size range
of equivalent disk diameter 0.092 mm to 0.109 mat torresponds to the extreme values
of dominant orientation (Fig. 3.28). A similar teers not observed in the vertical sections.

3.3.4. The spatial distribution of microfabric

Two microfabric spatial distribution patterns cae lgentified in the vertical
sections: (1) fold-like distribution and (2) rathemiform bimodal distribution with local
variations due to interplay of subhorizontal — serifical mode strength.
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Figure 3.30. Microfabric in the deformed sandy sdtliments below the sandy diamicton
at the Strante site, sample No. 5n-1: A — thinisaanicrophotograph acquired with cross-
polarised light; B — respective microfabric distriiton. Observe the fold like distribution
of microfabric in lover, homogeneous part of thactson that is probably formed due to
reorientation of primary sedimentary microfabrigidg the deformation. Used symbols

are explained in Table 2.

Attels 3.30. Mikrolineariite deforngtajos smilSaina alaba nogulumos, kas atrodas zem
smilSaira diamiktona Strantes atsegaiplanisipéjums Nr. 5n-1): A — nslipgjumu atels
krustiski polarizta gaisna; B — atbilstoSais mikrolineagites sadajums. le\erojiet
krokasveida mikrolineaites sadajumu apakgja, homo@gnap planskpéjuma dda, kas
domajams ir veidojies deforacijas rezulita, kuras lailg tika paroriengta primara
sedimerdcijas mikrolineariite. Izmantotie apgmgejumi ir paskaidroti 2. tabal

The first case is observed in sections Nos. 4nd Bm1. The second case is
observed in sections Nos. 01k-1, 01k-2, 02k-2, 2m@& 3n-2 with horizontal mode being
the strongest one ,and in thin sections Nos. 02kA2] and 3n-1 where strength of the
subvertical mode is comparable to the strength@hbrizontal one.

Microfabric parallel to the lamination visible inatroscale as well as in thin
section is observed in section No. 5n-1. In the dgamous lower part of this thin section
microfabric denotes fold-like structure (Fig. 3.30Yhis sample is from the
macroscopically deformed sediments at the basbeotandy diamicton. The microfabric
likely formed due to plastic sediment deformatipasticularly — extension at the upper
part of the section, and is superimposed on thiensgdational fabric.
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Figure 3.31.Microfabric distribution in the thin section No.-4nfrom the lower part of
the sandy diamicton: A — thin section microphotpgracquired with cross-polarised light;
B, C and D — respective microfabric distributiortiwdlifferent grid resolution; E — close up

view of the outlined square in image A. Domain-ldstribution of preferred grain
orientation is visible in case of grid resolutior=®.6 mm (B), but fold-like distribution
emerges in case of grid resolution R = 1.3mm (@)Rr= 2.6 mm (D), that probably
represents fine deformation structures in the sedim The black line in images B, C and
D indicates a possible plane of brittle rupture th@es not affected microfabric
distribution significantly, with close-up view image E. Note that the microfabric
distribution is in images B is calculated with nmmim number of measurements at the
single grid point set to 10 that is too little fetiable estimation of preferred orientation
strength. Used symbols are explained in Table 2.

3.31. atels. Mikrolinearitates sadajumus pénslipgjumu Nr. 4n-1 no smilSaidiamiktona
apaksjas ddas: A — pinslipcjumu at€ls krustiski polarizta gaism; B, C un D —
atbilstoSais mikrolineatites sadajums ar atirigu reza soli; E — pietuviats skats A

attela izzimétajam laukumam. Gagima ar mazu rega soli R = 0,6 mm (B) ir redzams
donenu tipa mikrolinearittes sadajums, bet palielinot reza soli (C un D) padas
krokveida mikrolinearittes sadajumus, kas doajams atspodio maza izrara nogulumu
deformacijas strukiiras. Melra linija B, C un D aglos noida iespjamo trausla frravuma
plakni, kas nav iitiski ietekn€jusi mikrolineariites sadajumu, kas ir palieliata E atéla.
Mikrolinearitates oriericija atelos B ape&kinata katé diagramm ieklaujot ne maak ka
10 nerjjumus, kas nav pietiekams liels skaits, lai ticainertétu linearitites izteiktbu.
lzmantotie apumejumi ir paskaidroti 2. tabal

In the sample No. 4n-1 fold-like microfabric disttion is observed (Fig. 3.31).
This sample was collected just above the baseeo$dandy diamicton. Probably at the base
of the base of sandy diamicton traction folds depetl and as a result fold-like
microfabric deformation is observed in the thintsec

Foliation of the sandy diamicton that is detectedhie field can also be observed
in some thin sections either as laminas with ireedacontent of the fines or bands of large
concentration of the coarse sand grains. For examplfoliation or attenuated fold
structures are observed in thin section No. 01&A2|, the microfabric preferred orientation
is partially coinciding with lamination.

In horizontal sections a domain-like microfabricstdbution is observed with
domain size just few mm. The exception is thinisecNo. 2n-H (figure 3.32) and to a
lesser extent thin section No. In the vertical isecdf the same sample No. 2n microfabric
distribution that could be connected to the midoofadistribution in the section No. 2n-H
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is not noted. Similar but less pronounced distrdyuis observed in the thin section No.
02k-H, where half of the thin section has ratheorsy and uniform fabric (occasionally
S$,>0.7) trending approximately from N to S. The othalf has less consistent and
generally weaker (£0.6), with summary orientation in NE-SW. The sumynareferred
orientation in the section is at the right angldads the dominant orientation in the most
of other horizontal sections. In the vertical sectof the same sample No. 2n microfabric
distribution that could be connected to the midootadistribution in the section no.2n-H
Is not noted. Similar but less pronounced distrdyuts observed in the section no.02k-H.

A _ _ _ B C

2
x
4

5mm

Figure 3.32. The horizontal thin section No. 2nAH4: thin section microphotograph
acquired with cross-polarised light; B and C— resipe microfabric distribution with
different grid resolution. Two distinct orientatidlemains are evident The image top is to
the 330°. Note that the microfabric distributionnsmages B are calculated with minimum
number of measurements at the single grid poiniosed that is too little for reliable
estimation of preferred orientation strength. Usgahbols are explained in Table 2.

3.32. attls. Horizontlais panslipéjums Nr. 2n-H: A — @inslipgjumu at€ls krustiski
polariz&ta gaisna; B un C — atbilstoSais mikroline&aies sadajums ar atirigu reza soli.
Divi krasi atkirigi orienticijas dongni ir redzami atlos. Attela augSa ir grsta uz 330°.
Mikrolinearitates oriericija atelos B apegkinata katé diagramm ieklaujot ne maak ka
10 nerijumus, kas nav pietiekams liels skaits, lai ticainertétu linearitites izteiktbu.
lzmantotie apunejumi ir paskaidroti 2. tabal

In several cases feature that can be describedlase"ceiling” is noticed: a large
number of diagrams from the same thin section wather wide distribution of Vvalues
show fabric strength ¢pvalues up to certain level and very few or nasgdam has higher
S, value (Fig. 3.33, Appendix 8). The ®alue for ceiling usually is close to 0.7. Thegami
of such distribution is not clear but it might dated to the maximum value of the shear
deformation that the sediments have been subjéctedternatively the bimodal preferred
orientation nature might preclude the ®lues for any single diagram to exceed the
threshold value or the noise introduced by the datpisition plays a role.
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3.3.5. Grain shape considerations

Crude grain shape analysis was done using a stenestope in order to assess
the effects of the grain shape influence on theaegy microfabric. Three categories of
grain shapes were defined: (1) isometric, (2) eddved, and (3) oblate (disk-shaped) grains
respectively. Based on 199 counts, the size fradid-0.125 mm of the sandy diamicton
consists of two thirds (68%) isometric grains, 16P&longated and 16% — oblate grains.

Roughly 50% to 55% of all objects automatically swead and corresponding to
the selected size criterion (125 to 2000 pixel®.6065 mm to 0.220 mm equivalent disk
diameter) have elongation ratio large than 1.5sTgroportion, given the fundamental
differences in estimation methods, is similar te #stimated summary proportion of
elongated and oblate grains in the considered sdsn The large proportion of the
apparently elongated grains in the thin sectionstrikely is a result using of the different
methods. It must be noted that in case of thini@estthe sample size is usually several
thousand of sand grains.

0,8 0,8
Thinsection no.2n-1 Thinsection no.02k-2

Yaglte t *
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Figure 3.33. An example of the microfabric disttibn with “glass ceiling” in the thin
section No. 2n-1 (A); normal microfabric strengthtdbution in the thin section No. 02k-2
(B) in a case of grid resolution R = 2.6 mm.

3.33. attls. Mikrolinearittes sadajuma piengrs ar ,stikla griestiem” pinslipgjuma Nr.
2n-1 (A) un norralais sadajums phnslipéjuma Nr. 02k-2 (B), ar rega soli R = 2,6 mm.

If most of the oblate grains will lie in the horr#al plane as expected in a
simplest case then in the horizontals sections eoeapto the vertical ones smaller
proportion of measured grains will be apparentbnghted. Indeed, in the vertical sections
the average proportion of measured objects withgaton ratio larger than 1.5 is 54%
(standard deviation, SD = 2.1; 12 thin sectionghgaring to around 50% (SD = 2.3; 5 thin
sections) in the horizontal thin sections. Thigtdlidifference might be of random origin,
e.g. determined by thin section quality or measer@nmethod. However if it is not an
artefact of measurement inaccuracy, it supportsagsamption that some part of oblate
particles are lying in the horizontal plane, thustdbuting to the fabric measured in
vertical sections and not contributing to the falmneasured in horizontal sections.

The position of the oblate grains in the subhoriabmplane is supported by
findings of Liet al. (2006) whose studies of the macrofabric of tteeigl deposits in the
Upper Urmi River valley, Tian Shan, China indictibat clast a-b planes have stronger
fabric than the a-axis fabric.
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3.4. Sensala site

The major Sensala site description and resulthefpaleo-glaciological studies
are given in paper Salet al (2008). The Sensala site is located 10 km sowghakethe
town of Ventspils (Fig. 3.34). The geographical rchioates of Sensala site are
approximately X = 003-46-100E, and Y = 063-44-900NLKS92 reference system. It
forms the northernmost stretch of the chain of dbastal bluffs along of the Baltic Sea
coast of Western Latvia. Up to 18 m high coastaffblat Sensala provide insight into
Pleistocene glacial and non-glacial deposits fauala distance of 3.5 km.

The exposed Quaternary sequence comprises sixidigtinofacies: (1) dark-
greenish grey silt, (2) pinkish grey-fine grainemhd with silt interbeds, (3) contorted
lenses of sand and gravel, (4) lower and (5) ugpamits, and (6) a continuous layer of
sand and gravel. Glacioaquatic and marine dep@stsvell as two different till units are
encountered at the outcrop (Fig. 3.34).

Dark-greenish grey massive silt composes diapidgspamtially overthrusted slabs.
On the faulting planes silt has been mixed withndaion. The silt has a breccia-like
microscale structure with angular to subroundedk dgit domains resting in a lighter
colour matrix.

NNE . HE SSW 15m
’__'-_-"..-_.4.—-—_ ==
e —— S P s
19,000m 18,000m 17,000m 16,000m
Legend Figure 3.34. Sketch of the principal

geological structure observed in the Sensala
outcrop, see Salet al (2007) for more
detailed section.

== . @ Upper and lower till diamicton

.| Glaciofluvial sand and gravel

B -(CIRCKiacURING Send 3.34. attls. Principila Sensalas atsegam
Bl organic rich sil noverotas geolagiskas uzliives skice.
Postglacial aeolian and marine sand and gravel DetalizEtu griezumu skat Sakset al.
(2007).

Pinkish grey fine-grained sands is commonly preserthe lowest part of the
outcrop, particularly on either side of the compfexeformed and dark-greenish grey silt
cored diapir at the central part of the sectione Bediment sequence has a rhythmic
structure with up to 1 m thick fine-grained sandydrs interbedded by approximately 20
cm thick silty material. Occasionally also brownislay interbeds are found in the sand
strata. In some layers wave current ripples, lidfig@kion and water escape structures are
common. Commonly fine-grained sand is deformed 2ft¢o 40 m long and up to a few m
high gentle folds.

Sand wedge structures were found cutting througdtigflectonic structures.
According to French and Guglielmin (2000) such dtites indicate that the sediment
surface has been exposed to a cold and dry noralgéanvironment.

According to OSL dates, the fine grained sands wleposited around 40 ka BP.
The OSL age for samples TL 501, TL 502 and TL 5CG& wletermined as 43+5.0 ka,
45+7.7 ka and 44+10 ka accordingly (Saksl, 2007). A similar age of fine-grained sand
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was obtained in three o'ther places 20 to 40 ki8\8,of the Sensala site (Saddsal, in
print).

Up to 20 m long and 5 m thick patches of intensivelded and distorted sand
and gravel were observed in the highest par oSéotion. In most cases this unit overlaps
both above-considered litofacies.

Two types of diamicton are observed in the glacioteicaly contorted sequence:
the lowermost loose and sandy diamicton considasedvaterlain or flow till, and the
upper one clay-rich diamicton resembling basal Bleces of these tills are also observed
below the silt slab. Drag casts and folds and stvens of centimetres thick layers of very
silty diamicton are observed on the contact ofasll diamicton revealing that the silt slab
was dragged over the till.

The upper till unit is up to 4 m thick, continuodark olive-grey diamicton —
interpreted as basal till. Occasionally severalresetong and a few millimetres to several
centimetres thick sand or silt intercalations (gfers) are observed. Deformation of the till
layer implies active glacier movement after deposibf the till. In places the uppermost
part of the lower basal till has banded structideag folds and boudinage structures are
observed along with other minor shear zone strastand it is evident that the diamicton
acted as more competent material

The mapping of the elevation of the upper till agd in the vicinity of the outcrop
revealed a 500 m vide and almost 4 m high ridgetdtmng from W to E. The ridge
stretches perpendicular to the main stress dire@sshown by a glaciotectonic structure
analysis at the outcrop. The outcrop itself intetséhe ridge approximately under 80-100°
angle. The most pronounced deformation with thepesedécollement surface is in the
northern side of the outcrop. The décollement giredually rises in the southern direction.
The maximum thickness of till also occurs alongdkepest deformation layer.

The section is covered by continuous layer of samdigravel or fine sand. These
are postglacial near shore nearshore sedimensgne places is covered by eolian sand
with buried soil horizons.

The axis of folds and gravel grain fabric in therecwf folds are oriented
predominately in the NW-SE direction, suggesting NBEW glacial stress direction. The
décollement line of dynamic structures rises frofd té SW, suggesting a decrease of
glacial stress to SW. The stretched nature of fali$the presence of augen-like structures
indicate that folding was due to the drag of a mgvglacier rather than lateral stress.
Therefore it can be concluded that fold orientatiepresents the local direction of the ice
movement.

Measurements of till macrofabric show inconclusikesults with preferred
orientation in W-E as well as N-S direction, howetlee strongest fabric (S/alues) are
for diagrams with W-E preferred orientation (TaBlé1).

Sakset al (2007) explained the formation of this complexiaiion as follows:

1) The silty sand sediments were deposited on todiref grained basin

sediments Middle Weichselian time;

2) Atthe ice margin water lain and flow till seqeerformed;

3) Advancement of glacier and sole deformation foigndiapir-like structures

and folds;

4) Deposition of the upper till unit with stressadition different from that of

previous phase;
5) Repeated deformation of the upper till layer isipg shearing structures and
reorientation of till fabric.

During deglaciation in Western Latvia large Balte stream split in to several
ice lobes that terminate in smaller glacier tongizescs, Markots, 2004). The advance of
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the tongues in the first phases occurred througérakice flows, which protruded into the
terrain, and deformed the soft glacier bed. Evigerthe Sensala outcrop reflects the
remains of an ice marginal formation — a laterakaimee. During glacier propagation all
frontal topographic features were removed but Htkat patterns as lateral moraines are
partly preserved.

Glacier dynamics in the area have been mostly oliedr by glacier bed rheology,
which resulted in an assemblage of specific glaeiedforms and glaciotectonic features
(Saks et al, 2007): overridden, partly preserved lateral rmm@alineation and its
unidirectional stress pattern, and diapiric streeguformed at the glacier margin. From the
outcrop studies it is concluded that since theigfastarted to advance it became soon
decoupled from the glacier bed, and the shear deneloped near the glacier bed. The
upper till was deposited continuously, but the iglawas still active also after deposition
of the till as in several places a comparativelgkér shear zone was developed in the till
layer.

Table 3.3 Summary of till fabric measurements ats&knsite (n — number of individual
measurements; /- the mean clustering directior;, &, S3 — eigenvalues)
3.3. tabula. Sensalas atseguriu garenasu &rjjumu rezuliitu apkopojums (n —
individualo merjjumu skaits; V1 — vigjais gru@sSaras virziens; S1, S2, S3 — eigenttbas)

ﬁgnple Description of position n i S S S
080 Upper till, at section position -17,443 m,
stone-rich diamicton connected to sand- 60 308°/21°  0.487 0.339 0.174
gravel lens in the upper till
009 Upper till, at section position -17,600 m 31 5%81° 0.742 0.204 0.054
074 Upper till, at section position -17,600 m 100 56%29° 0.618 0.285 0.097
013 n\QVater-Ialn till, at section position -17,745 30 3380 0.659 0.245 0.096
045 Upper till, at section position -17,745 m,
near palaeoslump structure of the till, at 80 3549/24°  0.492 0.392 0.116
the middle of 4 m thick till unit
047 Upper till, at section position -17,805 m 70 048°  0.587 0.305 0.108
029 Upper till, at section position -17,885 m 30 5%@64° 0.529 0.345 0.126
022 Upper till, at section position -17,925 m 31 29719° 0.751 0.184 0.068
077 Dark grey till unit at low laying outcrop
1.5 km to N of centrals Sensala outcrop - 62 287°/0°  0.646 0.213 0.141
19,600 m

3.4.1. The samples

Sample for thin section preparation from the upgkare collected near the till
macrofabric measurement sites (samples Nos. 07&),0JF71 at -17,600 m of coastal
profile) or sandy interbeds in the upper till (sd@spNos. 043, 044 at -17,550 m of coastal
profile, and Nos. 091, 092 at -17,685 m of coapgtafile). Two samples (Nos. 017 and
042) collected from lower, waterlain till at therfSala site are included in this study as
well.

The thin sections are prepared both using non-cetbepoxy resin but in some
cases dyed resin is used for impregnation; micrtmgraphs are taken in cross-polarized
light and in some cases with plain light; mosai@g®es are obtained using Photomerge
technique as well as the using “buffer lines” tpaate individual images; the large-square
approach for data girding is used and the micradathistribution statistics are plotted as
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data density plots (after Fiselat al, 1985) and preferred orientation significance
calculated according the eigenvalues method sugdidst Thomson and Iverson (2006).
The summary microfabric measurement results arsepted in Appendix 9.

3.4.2. Upper till, samples Nos. 043 and 044

Samples Nos. 043 and 044 are taken from the miolalie of the upper till bed,
near the -17,550 m mark at the Sensala site. Tin@lea are prepared using non-coloured
impregnation epoxy resin and microfabric data arquaed using thin section images
acquired with crossed polarised light. The eigemwahethod is used for calculation the
microfabric statistics.

B ' C

(5T

Z

/

/O X N=2329

gl . $=0.528
V=55°

Figure 3.35. An image of horizontal thin section. R43-1(H): A — scanned thin section
image; B — microfabric distribution with grid restibn R = 2.6 mm calculated according to
eigenvalue method; C — summary microfabric orieotaacross the thin section calculated
according to eigenvector method. The top of thegena to the N. Note the rather chaotic,

domain-like preferred orientation with small propon of strong fabric (indicated by the

dark colour of summary orientation lines). The IBwalue for summary orientation
indicates very weak fabric. Used symbols are erplain Tables 1 and 2.

3.35. atéls. Horizontla planskpgjuma Nr. 043-1(H) a#ls: A — ske®its pknslipgjuma atels;
B — mikrolineariates sadajums pie rega iz&kirtspejas R = 2.6 mm apkinats izmantojot
eigenvektoru pgemienu; C — mikrolinearites sumrara orientcija visam pénslipgjuma

laukumam, ag@kinata izmantojot eigenvektoru pamienu. Visos atios uz augsu ir zienie
leverojiet visai haotisko do@nu tipa mikrolineariites sadajumu B atéla ar nelielu labi

izteiktas lineariites (tumsas sumiras orieniicijas knijas)ipatsvaru. ZemS, vertiba C
attela norada uzloti vaji izteiktu lineari@éti. Izmantotie apmmgjumi ir paskaidroti 1. un 2.
tabuks.
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Figure 3.36. Two contrasting modes of microfabigtribution around gravel grain:
A — circular microfabric arrangement around a grgvain; B — microfabric gently
bending around a gravel grain. Both thin sectiagmesvartical, facing in the E direction
and prepared from one sample. In the first case@(ayel grain presumably has
rotated, forming circular structure; in the secoade (B) stabile gravel grain position
is suggested. Note that the microfabric distribuiecalculated with minimum
number of measurements at the single grid pointiosgd that is too little for reliable
estimation of preferred orientation strength. Usghbols are explained in Tables 1
and 2.

3.36. attls. Attela paaditi divi atkirigi mikrolineariites apliekSaas veidi ap grants
graudu: (A) — mikrolinearittes apveida sakrtojums ap grants graudu; (B) —
mikrolineariite apliecas ap grants graudu. Andlipgjmi ir vertikali un verstu uz
austrumiem. Pirmajgadjuma (A) grants grauds, ieg@ams, ir rotjies veidojot
aplveida strukiiru, savulért otrap gadjuma (B), dongjams, grants grauds atéad
stabik stavokli. Mikrolinearitates orierdcija ir ap€kinata katé diagramm ieklaujot
ne mazk ka 10 nerjjumus, kas nav pietiekams liels skaits, lai ticamnertetu
linearitates izteikibu. Izmantotie apgmgjumi ir paskaidroti 1. un 2. takad.

A single horizontal thin section is prepared forample No. 044. The summary
microfabric is extremely weak {$ 0.532; \{ = 54°), however in grid resolution R = 2.6
mm locally microfabric strength;3s above 0.7 and vdirection is around 60°. A well
expressed domain like pattern is observed.

In the horizontal section of sample No. 043 weakfgred orientations is
observed unfortunately only the N direction for #ection is known. Well pronounced
linear zone of coarse sand grains is presentctrabe interpreted as marking direction of
ice local movement or deformation during the tiépdsition (Fig. 3.35). The average
microfabric strength Sis only slightly above 0.5, indicating very weakbfic forming
around 30° with the orientation of sand stringesastied in the thin section. The fabric
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strength is low in individual domains as well —gnd resolution R =2.6 mm, the 8alue
for individual diagrams in no case reaches 0.7tgpidally is below 0.6 (Appendix 9).

The microfabric in the horizontal sections of bathimples seems to coincide,
being extremely weak and trending somewhere ilNEBeSW direction.

Subhorizontal, moderately strong; €§0.613 and 0.557) microfabric is observed
in both vertical sections of sample No. 043. Howevbere is remarkable difference
between microfabric arrangements around a grawahdn both sections (Fig. 3.36): in
one case gravel grain rotation is inferred; in thieer — sediment compaction or gravel
grain steady-state position in sheared till are likely mechanisms of microfabric
distribution formation. Both thin sections are fagito the E and the observation indicates
that both rotation and steady-state position -irglid- of gravel grains in tills can occur
simultaneously.

A microfabric distribution in fine resolution thakesembles a water escape
structure or microscale thrust in thin section Nd3-2 is observed (Fig. 3.37). Such
structure can be produced as a result of minordgformation and is compatible with
observed microfabric distribution around graveligsgFig. 3.36).
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Figure 3.37. A microfabric distribution that resdaswater escape structure or minor
thrust in thin section No. 043-2 is evident in caténe resolution of microfabric
visualisation (A), barely identifiable in large odgtion (B), and not seen in the scanned
thin section image. Note that the microfabric disttion in image A is calculated with
minimum number of measurements at the single gridtset to 10 that is too little for
reliable estimation of preferred orientation stitndysed symbols are explained in Tables
1 and 2.

3.37. attls. Phnskipgjuma Nr. 043-2 nogrotais mikrolinearites sadajums, kasidzinas
atiidenoSans struktirai vai mikrongroga uzkbdijumam ir labi redzams ggdma ar augstu
mikrolineartiates vizualizcijas iz&irtspeju (A), bet giiti pamaams gaduma ar zemu
iz8kirtspeju (B), un nav redzams sketa planskpéjuma atéla (C). Mikrolineariites
orien@icija A atgla ir apekinata katé diagramm ieklaujot ne maak ka 10 nerjjumus, kas
nav pietiekams liels skaits, lai ticami reotétu linearitites izteiktbu. Izmantotie
apZazmejumi ir paskaidroti 1. un 2. talbad.
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3.4.3. Upper till, samples Nos. 072, 076b and 071

Three samples (Nos. 072, 076b, 071) are collectetthea-17,600 m mark of
coastal profile, near the place where macrofabm@asarements are made as well (Table
3.3). All the samples are collected from the midutet of the upper till. Samples Nos. 072
and 076b are collected 1.5 m bellow the top of timi, and sample No. 071 — 2 m bellow
its top. Few sand stringers and platy till struetooted observed at the sampling spot.

The sample No. 072 consists of massive diamictitim fime sand and silt stringer
crossing it. Two vertical thin sections cutting thend stringer and one horizontal — not
cutting the stringer — are prepared form the sargfgdpendix 9).

A
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Figure 3.38. The sand stringer morphology and rfadénac distribution in vertical thin
section No. 072-1: A — scanned thin section im&ge;thin section sketch and microfabric
distribution. In image B the blue colour represeghtssand stringer; other symbols are
explained in Tables 1 and 2. The thin sectionesfpapproximately to S. Note that the
microfabric strength is indicative as the minimuomber of measurement in each diagram
is only 10. Mixing of sands and diamicton alongitlper contact is observable. The

gravel grain in the bottom-centre of the imageaddtrces only minor perturbations in
microfabric distribution, and it is likely asso@dtwith simple shear and steady state (as
opposite to rotation) gravel grain position. Altatimely the microfabric distribution
around the gravel grain can be interpreted as atidie of the lodgement.

3.38. attls. Smilts joslhas morfolgija un mikrolineariites sadajumus vertikilaja
planslipgjmua Nr. 072-1: A — pinslipéjuma skeaits attls; B — phnskpgjuma skice un
mikrolineariites sadajums. B attla ar zilu k&su ir apzmeta smilts joslha, [argjie
apZmejumi ir paskaidroti tabdk 1. un 2. Mikrolineariites ap&kina minimalais merjumu
skaits vied diagramm ir 10, kas ir par mazu, lai iagy statistiski ticamus rezatus.
Attéla redzama smilts un diamiktona naeiska sajaukSas gar abu mateiiu aug$jo
kontaktu. Mikrolineariites sadajums ap grants graudu &t vidgja dda var tikt
interpretts ka vienkarSas ides rezulits, bez grants grauda #otjas vai ar ka veidojies
sabivejuma (odgementprocesa rezudta. Mikrolinearitates orierdcija ir apgkinata kata
diagramm ieklaujot ne maak ka 10 nerjjumus, kas nav pietiekams liels skaits, lai ticami
nowertetu lineariates izteikibu.
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The stringer has clear deformation marks (Sakal, 2007) — the upper part of it
is mixed with glacial diamicton — the bottom bounde undulated, but material mixing is
limited (Fig. 3.38). A surface of till plate is adysed some 2 cm bellow the sand stringer.

In vertical section No. 072-1 almost horizontal ipoa of sand stringer and till
plate is observed, in section No. 072-2 both armdfined position. It is interpreted that
the dip direction for both structures is to W.
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Figure 3.39. The microfabric distribution acrosedtent scales (images A, B, C) in thin
section No. 072-H (D — scanned thin section ima8&phng and consistent microfabric
distribution is demonstrated. The thin sectioraigrig down and north is approximately
to the lower left corner of the image. Note that thicrofabric distribution in image A is
calculated with minimum number of measurementb@stngle grid point set to 10 that
is too little for reliable estimation of preferredentation strength. Used symbols are
explained in Tables 1 and 2.

3.39. attls. Mikrolinerariites sadajums daZdos ngrogos (A, B, C) f@nslipgjuma Nr.
072-H (D — skeéts pknsiipgjuma atéls). PEnslipejuma ir noverota labi izteikta un
viendaligi sadaita mikrolineariite. PEnslipgjums ir \ersts uz leju, un zienpe virziens ir
aptuveni uz kreiso apai$ atila stiri. Mikrolinearitates oriendcija A at€la ir apikinata
katra diagramna ieklaujot ne maak ka 10 nErjjumus, kas nav pietiekams liels skaits, lai
ticami no\ertétu linearitites izteiktbu. Izmantotie apmejumi ir paskaidroti 1. un 2.
tabubs.
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Figure 3.40 Scanned image of the thin
section No. 076b-1 and summary
preferred orientation of the 315
manually measured larges sand grains
in diamicton presented as a simple rose
diagram (B).

3.40. atéls. PEnslipgjums Nr. 076b-1
skarets attls (A) un vienlkirSas rozes
diagrammas formpaiadita sumnara
manuli uzmeritu 315 liekko smilts
graudu oriericija diamiktora.

In vertical section No. 072-1 a gravel grain withrreunding microfabric
distribution that can be interpreted as resultiofpte shear and gravel grain behaviour
according to March model — stabile state orientatie is observed (Fig. 3.38).
Alternatively the microfabric distribution can bensidered as indicative of lodgement as
indicated by small microfabric “pinch” at the batio- left corner of gravel grain). In first
case dextral (top to the right) sense of shearaerikely, in the second — sinistral (top to
the left) sense of shear is seen.

The rotation structures in thin section No. 072ahdy lamina indicate dextral
(top to the right) shear sense. Given the overarafabric dip direction to the left the
dextral (top to the right) sense of shear is mixedyl. Microfabric overall dip angle in thin
section No. 072-2 is slightly steeper (50°) tham dip angle of sand stringer in the same
section.

The preferred microfabric orientation in the horita section is roughly
perpendicular to the dip direction of the sanchgier and till plate. It is strong and uniform
with no identifiable domain-like structure (Fig.39). It is likely that the observed
microfabric is a result of local small-scale folginvithin till unit as indicated by the
steeply dipping sand stringer and till plate in thén section No. 072-2. Extension,
associated with folding could significantly contrtb to the development of strong and
uniform microfabric.

The summary microfabric strengthi}Sn all three thin sections prepared from
sample No. 072 is rather high — in all cases alfo&e

Sample No. 076b include part of the coarse-grasaew lamina at the top, and
diamicton — at the bottom (Fig. 3.40). Contact st sand and diamicton materials has a
jig-saw form with preferred microfabric orientatian diamicton corresponding to the
orientation of cutting lines, suggesting brittledseent deformation due to extension or
development of Riedel shears in consolidated afybthat is reactivated by shearing. In
both vertical sections (Nos. 076b and 076b-2) $yedipping microfabric orientation is
observed. In the horizontal section (No. 076b-Horgg unidirectional fabric is observed
trending in NNE-SSW direction (Kains, 2004). This is similar to the observation & th
sample No. 072 and contrasting to the macrofabrientation. Unfortunately only
summary orientation of the largest sand grains wehy limited details of the spatial
distribution for this sample is available from Kahg (2004).

- 107 -



R=2.6mm No.071a-1

Figure 3.41 Microfabric distribution (A) and scadrthin section No. 071a-1 image (B).
The microfabric is much weaker than in other orthag thin sections prepared from the
same sample. Used symbols are explained in Taldesl 2.

3.41. attls. Mikrolineariites sadajums phnsiipgjuma Nr. 071a-1 (A) un skeats
planslipgjuma atéls (B). Mikrolineariite ir daudz @jak izteikta, saidzinot ar citiem
ortogoralajiem pknslipgjumiem, kas izgatavoti na pasa parauga. lzmantotie apzjumi
ir paskaidroti 1. un 2. tahad.

Two sets of three orthogonal thin sections are gnexp from sample Nos. 071:
071a and 071b. Many of the smallest gravel grainthin sections prepared from sample
No. 071 have silt coatings and silt pebbles areeeas well. Structures that are suggested
to be calcite concretions formed after till deposit(Kalvans, 2004) are observed.

The parallel vertical thin sections Nos. 071a-2 8@db-1 as well as horizontal
sections Nos. 071a-H and 071b-H have strong anfbramimicrofabric: the summary
orientation $ values respectively are above 0.6 (Appendix 9erEmwm case of the finest
grid resolution (R = 1.3 mm) most of the diagramgicate similar and strong preferred
orientation.

In contrast the vertical sections Nos. 071a-1 antbe? has poorly developed
microfabric: S values respectively 0.533 and 0.559. Rather weletbped domain-like
distribution and fold-like bending of preferred mufabric orientation are observed (Fig.
3.41), but even in the grid resolution R = 1.3 nabric strength Sin no case reaches 0.7
(Appendix 9).

In summary one vertical (Nos. 071a-2 and 071b-1) faorizontal (Nos. 071a-H
and 071b-H) sections demonstrate strong and unifoiorofabric preferred orientation
while the second vertical section in both sets hawak and domain-like preferred
microfabric orientation. The observed microfabristidbution in sections prepared from
sample No. 071 suggest strong uni-directional 3Profiabric dipping to the NWW with
one vertical section roughly parallel and otheppeadicular to this direction.

The till macrofabric measured near the samplind spstrong as well (S= 0.742
and 0.618) but preferred orientation is in E-W di@n rather than in N-S as in thin
sections. Thus transverse microfabric — macrofaimentation is suggested.
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Figure 3.42 The preferred microfabric distributi@nand C) and respective scanned
images of thin sections Nos. 071a-2 and 071a-»(B. The asymmetric
microfabric distribution relative to the longestiswf the largest gravel grains and
discordances in microfabric distribution in botinteections can be interpreted as
indication of gravel grain lodgement, rather thempde shear. Note that the
microfabric distribution is calculated with minimumumber of measurements at the
single grid point set to 10. That is too litle fetiable estimation of preferred
orientation strength. Used symbols are explain€thinles 1 and 2.

3.42. attls. Mikrolineariites sadajums (A un C) un attiagi planskpgjumu Nr.
071a-3 un 071a-2 skamatteli (B un C). Asimetriskais mikrolineatites orienicija
attieaba pret liekko grants graudu gako asi un diskordances mikrolineatéds
sadailjuma, iesggjams, liecina par grants graudu izg@sanu sablgjuma céa, nevis,
piemeram, par mainas vienkrsas des deforraciju. Mikrolinearitates oriemicija ir
aprkinata katd diagramm ieklaujot ne maak ka 10 nerjjumus, kas nav pietiekams
liels skaits, lai ticami nartetu lineariites izteiktbu. Izmantotie apmejumi ir
paskaidroti 1. un 2. talasd.
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A

R12mm)Z \ No07b T Figure 3.43. Microfabric distribution (A) aroundgeavel grain in

R S thin section No. 071b-1 (B). The microfabric distriion is

seemingly unaffected by the presence of gravehghote that the
microfabric distribution is calculated with minimumumber of

measurements at the single grid point set to 18t iBtoo litle for

reliable estimation of preferred orientation stittndgsed symbols

are explained in Tables 1 and 2.

3.43. attls. Mikrolineariites sadajums (A) ap grants graudu
planslipéjuma Nr. 071b-1 (B). Grants graudgi&tami, nekda
veida neietekn@ minkorlinearitites oriencijas virzienu.
Mikrolinearitates orierdcija ir ap€kinata katé diagramm ieklaujot
ne mazk ka 10 nerjjumus, kas nav pietiekams liels skaits, lai

ticami no\ertetu lineariites izteiktbu. lzmantotie apmejumi ir
paskaidroti 1. un 2. talas.
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Figure 3.44. Strongly asymmetric microfabric distition (A) around a gravel grain in thin

section No. 071b-1 (B). Note that the microfabiigtibution is calculated with minimum
number of measurements at the single grid poinioséd. That is too little for reliable

estimation of preferred orientation strength. Usgahbols are explained in Tables 1 and 2.

3.44. atéls. Izteikti asimetrisks mikrolineatites sadajums (A) ap grants graudu
planslipgjuma Nr. 071b-1 (B). Mikrolinearittes oriericija ir apgkinata katé diagramm
ieklaujot ne mazk ka 10 nerjjumus, kas nav pietiekams liels skaits, lai ticanertetu
linearitates izteiktbu. Izmantotie agmejumi ir paskaidroti 1. un 2. takasd.

In sections with the strongest microfabric an aswtmm distribution of
microfabric can be observed around larges grawhgr In section Nos. 071a-1 and 071a-
2 structures that according to Thomason and Iver&06) can be interpreted as
indicative of gravel grain lodgement rather tham@e shear of sediments are observed
(Fig. 3.42). In section No. 071b-1 one gravel gregems no to affect the microfabric
distribution at all (Fig. 3.43); around anothergriagrain strongly asymmetric distribution
across vertical axis is observed (Fig. 3.44).
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3.4.4. Upper till, samples Nos. 091 and 092

Samples Nos. 091 and 092 are collected from bapédedof the upper till at the
Sensala site, near the profile mark -17,685 m, d B8 m respectively below the till
surface. The banded structure is formed by diamittands and bands of silt-rich sand
often with flowage structure. Both sandy-silty adémicton bands are visible in the
sample No. 092; in the sample No. 091 only dianmdsoexposed.

Despite the different materials presented, the afatrric distributions in both
sandy bands and diamicton bands are similar, tholighmicrofabric in the sandy band
seems to be more consistent than in the diamicaml.bin the horizontal sections in both
diamicton band (section No. 091-H) and sandy basettion 092-H) the summary
microfabric are weak — i Saround 0.53 with dominant orientation roughly in-NS
direction (Appendix 9). The vertical sections hawdy slightly higher microfabric strength
with S in the range from 0.57 to 0.59 (Appendix 9). Imtieal sections trending in N-S
direction (091-2 and 092-1) subhorizontal orieltatis observed; in sections trending in
approximately E-W direction (Nos. 091-1 and 09Z®eply dipping preferred orientation
IS observed. In 3D such an apparent microfabritridigion can be reconstructed as
dipping towards the W and attributed, for exampejmb of fold-like structure with N-S
axial direction.

The microfabric in the vertical section of sample.N92 locally as well as in
general follows the orientation of the boundarywsstn sandy-silty band and diamicton
band.

A sand intrusion in diamicton band is observedaatisns Nos. 092-1 and 092-2
and the microfabric orientation locally follows tbaentation of intrusions.

In section No. 092-2 comparing to section No. 09Rd microfabric orientation
in sandy part is more consistent, stronger anchged in larger domains (Fig. 3.45), and a
fold-like distribution is observed (Fig. 3.45). $ection 092-1, in grid resolution R = 0.6
mm, small scale fold-like microfabric distributiaga observed. Two sub vertical fabric
zones, possibly reflecting brittle deformation, abserved in the diamicton part.

Only in the sample No. 091-H a gravel grain of sight size to study the
microfabric distribution around it is present (F&46). Approximately in the direction of
summary microfabric orientation from the gravel igra domain of well expressed
consistent lineation followed by a domain of foikiel microfabric distribution is observed.
It can be speculated that the structure is a geation trail introduced in the sediments by
the presence of rigid particle.

A keel-shaped band or domain of uniform preferredrafiabric orientation is
observed in the section No. 091-2 (Fig. 3.47). Thegresents a case of unusually large
microfabric domains observed in other sections elt w

3.4.5. Waterlain till — samples Nos. 042 and 017

The sample No. 017 is collected from the base efwfater-lain till above its
contact with fine sands near -17,940 m mark ofcibestal profile. The single thin section
(No. 017-1) prepared from this sample deservesiaphonour as it was the first thin
section prepared in the scope of this study (&ady 2004) and have contributed in
developing great deal of ideas in the base of thésis. Fine lamination, matrix-rich
diamicton pebbles and diamicton coatings aroundesointhe gravel grains are observed in
the section (Fig. 3.48). Subhorizontal (dip ang#)land rather strong {S= 0.601)
summary orientation of microfabric is observedeaoton No. 017-1 (Table 4.12).
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Figure 3.47. A keel-shaped microfabric domain watmsistent orientation stands out on
the background of rather chaotic preferred oriégmtain the section No. 091-2: A —
microfabric distribution, B — thin section imagegaaed in cross-polarised light.
Note that the microfabric distribution is calcutgith minimum number of
measurements at the single grid point set to 1i0shao small for reliable estimation of
preferred orientation strength. Used symbols apta@rxed in Tables 1 and 2.

3.47. attls. Kila formas dorens phnsiipgjuma Nr. 091-2 ar labi izteiktu, viengrigu
mikrolienariites sadajumu izcdas uz visai haotiska mikrolineatées sadajuma fona: A
— mikrolineariites sadajums; B — pinslipgjuma attls krustiski polarizta gaigam.
Mikrolinearitates oriemicija ir apgkinata katé diagramna ieklaujot ne maak ka 10
merjumus, kas nav pietiekams liels skaits, lai ticanertetu linearigtes izteikibu.
Izmantotie apungjumi ir paskaidroti 1. un 2. takis.

The sample No. 042 is collected from uniform sectbthe waterlain till near the
-17,550 m mark of the coastal profile. The oridotatinformation of the individual
sections is not retained. As the sample is takemn fglaciotectonically disturbed sediments
it is expected that the initial microfabric disution has been reshaped to some extent.

The thin sections Nos. 042-1 and 042-3 have rattteng (3 = 0.571 and 0.603
respectively) and relatively uniformly distributeaicrofabric that is usually characteristic
for vertical sections. However in both cases tharsary dip angle is quite steep (35° and
17° respectively), probably indicating the glacobtaic tilting of sediment patch. These
values contrast to weaker microfabric in the sectim. 042-2 ($ = 0.533) that likely
represent subhorizontal orientation.

Markedly for thin section Nos. 042-1 and 042-3 asdlvas No. 017-1 down to
resolution of R = 1.3 mm all diagrams with strortgagrofabric have eigenvalue direction
close to the mean value. That is not the casehior $ectionsection No. 042-2, where
proportion of strong microfabric domains is sigeafintly smaller than in other vertical
sections and more chaotic orientation is obserkegl 8.49).

In the horizontal section No. 042-2 in sufficientiyge generalisation level (R
5.2 mm) in all grid points Yorientation is similar however the $alue is low (<0.6). This
contrast to stronger microfabric in vertical seeiavhere the Svalue in grid resolution R
= 5.2 mm remains relatively high (around 0.6).
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Figure 3.48. The vertical thin section No. 017-1hef waterlain till: A — scanned thin
section image; B, C — microfabric distribution. itdamination, matrix-rich diamicton
pebbles and gravel grains with diamicton coatinmgsofserved in the thin section.
Microfabric bands dipping from the left top cornierthe right of the image can be
observed. This probably is a result of post-depwsal brittle deformation. The
microfabric is gently bending around tops of laggavel grains. This can be interpreted as
a result of sediment compaction or, less likelgvegt grain rotation. Note that the
microfabric distribution in image B is calculatedhvminimum number of measurements
at the single grid point set to 10 that is too $rwalreliable estimation of preferred
orientation strength. Used symbols are explain€thinles 1 and 2.

3.48. attls. Nouden izgulsretas mognas parauga izgatavotais vegtdis panskpgjums
Nr. 017-1: A — skegts phnsiipgjuma atels; B, C — mikrolinearittes sadajums.
Planskipgjuma ir noverojams neskaidrs &jojums, ar matricu baga diamiktona aBi un
grants graudi ar diamiktona apr@@l. Attela redzamas mikrolineaégites joslas, kas tiecas
no augs§ja kreisa stiira uz apakdo labo atéla stiri. Tas, iesgjams, ir veidojoss trauslas
deformacijas rezulita peéc nogulumu izgulsgsaras. Mikrolineariite apliecas ap lieko
grants graudu aug® malu. Ta var tikt interpretta, ki nogulumu salVéSaras, vai. mazk
ticami, ka grants graudu ratijas pazme. Atela B mikrolinearitites orienacija ir
aprkinata katé diagrammn ieklaujot ne maak ka 10 nerijumus, kas nav pietiekams liels
skaits, lai ticami nogrtetu linearigites izteikibu. Izmantotie agmejumi ir paskaidroti 1.
un 2. tabuls.

In vertical thin sections No. 017-1, 042-1 and tesser extent in No. 042-3 in
resolution R = 0.6 mm fine zones of lineation cinogghe full thin section area can be
traced (Fig. 3.48 and 3.49). It is suggested thasd structures are the result of brittle
deformation, that occurred after sedimentation dwe sediment compaction or
glaciotectonic deformation.
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Figure 3.49. Comparison of microfabric distributiorthree orthogonal thin sections
prepared from the sample No. 042: A, F, G — scatimedsection images; B, E, H —
microfabric distribution. Not the rather uniformdalargely strong microfabric in the thin
sections No. 042-1 and 042-3 compared to the #gtia No. 042-2; the two first are
likely representing the vertical orientation and thater one — horizontal. The steep
microfabric dip in vertical sections probably isesult of the glaciotectonic tipping of the

sediment patch. Used symbols are explained in $abbknd 2.

3.49. attls. Mikrolineariites saldzinajums trijos ortogoalos pknslipgjumos, kas
izgatavoti no parauga Nr. 042: A, F, G — skeplanslipgjumu attli; B, E, H —
mikrolineariites sadajums. Saidzinot ar pinsiipgjumu Nr. 042-2, ginskpgjumos Nr.
042-1 un 042-3 ir n@rota vienngrigi orientta un labi izteikta mikrolineatite;
Domajams, ka tas tas saitst ar to, ka pirmais raksturo horizalot griezumu, karer
pedgjie divi — vertikalu. Stivais mikrolineariites krituma lekis planskpgjumos Nr. 042-1
un 042-3 dorgjams atspodio nogulumikermena glaciotektonisku sgi&ebsanu.
Izmantotie apungjumi ir paskaidroti 1. un 2. takas.

The waterlain origin of the sediments is suppoligdhe microfabric distribution
around a gravel grain at the thin sectthin sechlon 017-1 (Fig. 3.48) as well as large
number of fine-grained diamicton pebbles. The nialvac is symmetrically bending
around a gravel grain suggesting material depasitio top of a bump created by buried
gravel grain. Less likely explanation of such a nofigbric distribution is gravel grain
rotation in a process of the simple shear.
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It can be concluded that waterlain till at the Sd¢msite is characterised by gently
dipping microfabric in the vertical section. Peltations in the microfabric around gravel
grains are restricted to small area above themm @kction No. 017-1). No significant
microfabric strength variation between sandy bottpart and diamicton part in thin
section No. 017-1 is observed. This supports tBaraption that the deposition in a water
column is the main process involved in formationhefse sediments as pervasive sediment
deformation is likely to form different microfabrgatterns in the materials of the different
grain size.
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4. Discussion and interpretation

The relatively large number of analyzed sampleallalv to draw some general
conclusions about till microfabric as an importaitit characterization parameter, thus
contribution to understanding of processes at themwbased active glacier bed. In this
chapter first the object specific questions will diecussed followed by discussion about
till microfabric in more general terms. At the caming part some methodological
guestions will be considered as well.

4.1. Microfabric in a distinct shear zone, Ziemupe ase

At Ziemupe site microfabric distribution was stutli@ the predominantly sandy
shear zone and two till units above and belowntdtill units contrasting macrofabric
orientation was measured: NNE to SSW orientatioth& upper till, and NEE — SWW
orientation in the lower till. Although the micrdfac strength in the horizontal sections is
low the same trend was clearly identifiable: maalboic and microfabric orientation is
similar.

In vertical sections a very strong and uniform wiigabric orientation of the sandy
laminas from shear zone must be noted: in sevieiralsections the microfabric coincided
within a single degree. In contrast the microfalmi®ands of poorly sorted material is not
as strong and less homogeneous. This indicates gemnas nature of the microfabric in
the shear zones composed from sediments with nagraim size distribution in opposite
to low fabric strength in heterogeneous — diamiet@ediments.

It can be expected that in sands subject to sisipdar in case of low effective
pressure sliding of similar size grains along eaitter will be the dominant form of grain
interaction. In case of diamicton the same kindntéraction between similar size grains
will take place, but the grains considerably largfgan the mean size will disturb the
deformation field and displacement directions atbdhem. This will result in lower
microfabric strength in diamicton compared to tlds and this is supported by the
observations.

In mathematical modelling experiments it is dematst that the formation and
collapse of grain bridges of force chains will sagp most of the stress in the shear zone
(Mair, Hazzard, 2007). The same researchers denavedtbid) that well sorted materials
tend to have simple networks of strain chains (ghaiidges) dipping around 50° in
direction of the shear. Meanwhile the materialspofver law distribution tend to have
branched stress networks with significant proportdd weaker than average stress chains
being oriented oblique or at large angles towah#sshear direction. Assuming that the
development of force chains is one of the mechamidemoting microfabric development,
described experimental results correspond wellh® abservations. This explains the
relatively weaker microfabric of diamicton with chateristic power law grain size
distribution (e.g. Hooke, Iverson, 1995; Benn, 20@2d stronger microfabric of well
sorted sands.

It must be noted that the results present here edselvhere (e.g. Thomason,
Iverson, 2006, 2009) demonstrate that in tills eatstrong microfabric can be observed as
well. Thus different pattern of fabric strength dpment is expected for materials with
different grain size composition undergoing simdaformation.
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4.2. Origin of diamicton spherules at PlaSumi gullysite

A till at the Plasumi gully site with peculiar neivk of long vertical, short
horizontal and spherical joint structure was stddie thin sections. Examination did not
reveal any significant correlation between microfaband spherical joint systems.
Therefore is suggested that the odd spherical temeicof the till is due to post-
sedimentation processes, for example, repeatedcaéisin or frost action, rather than the
genesis of till unit itself.

4.3. The origin of sandy diamicton at Strante site

The sandy diamicton at Strante site initially waesen for microscale studies due
to its unclear genesis, both glacioaquatic and lsgkad origin were suggested. The
repeated fieldwork sessions, mostly due to thegm@s of rounded soft sediment (mostly
fine sand) clasts with preserved, slightly deformpdmary sedimentary structure
concentrated in certain levels it was concluded phesent sediment are a local till. Similar
inclusions are often found in basal tills (Evaetsal, 2006) and are interpreted as being
incorporated in till in a frozen state.

An odd microfabric distribution is observed in th@n sections: rather weak
preferred orientation in the horizontal sectionsl alistinct bimodal distribution in the
vertical sections with primary (dominant) subhorital and secondary subvertical modes.
In three dimensions this can be imagined as a esisgbvertical mode rising above
dominant orientation laying in horizontal plane lwitveak maxima roughly in E-W
direction.

Several mechanism of observed preferred microfdbrination is considered: (1)
rotation of oblate (disk-shape) sand grains in skeae according to the Jeffery’s model
(Jeffery, 1922) around shortest axis positionedharizontal plane normal to shear
direction, (2) raining down of sand grains in a evatolumn and “pricking” in soft
substrate (like described by Carr, 1999, 2001 3pwértical loose sediment compaction —
pure shear. The first case implies subglacial orithe second — glacioaquatic origin and
the third can be attributed both for subglacialsemts and glacioaquatic sediments

In a case of shearing origin, if Jeffery’s modelassumed, oblate particles are
expected to rotate with shortest axis in the plafrghearing and perpendicular to the shear
direction and rod-like particles - are expectedaiy with longest axis laying in the plane
of shearing, normal to the shear direction (forntafgbric). If such position of oblate and
rod-like grains are cut by randomly oriented vettithin section plane that does not
coincide with shear direction indeed two orthogonabdes of apparent microfabric
orientation should be observed. The same shoulthdease for horizontal sections as
well, with one mode representing rod-like partickesl second — the oblate particles. But
in horizontal thin sections monomodal, weak falgiobserved. Additional the evaluation
of the grain shape indicates that a noticeablegrtmm of the oblate grains are lying in the
horizontal plane as there are more apparently aeledggrains in the vertical than in the
horizontal sections. Thus observations do not confsand size particle behaviour
according to Jeffery’s model.

There is observed slight increase of subverticalergirength for the largest grain
sizes as should be expected in case of “prickidgdgstones) mechanism. However, Carr
(1999, 2001) examining glaciomarine sediments fowmdly one subvertical not two
orthogonal microfabric modes. The “pricking” (dromses) mechanism is in line with
weakly developed fabric in horizontal sections ttatld be shaped by dominant water or
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wave movement direction. But formation of roundedlusions of soft sediment clasts in
such environment is unlikely.

The vertical compaction of loose sediments can ltresuformation of two
orthogonal microfabric modes if sediments initiahgve random fabric orientation: all
grains except those with longest axis parallehtodirection of compaction will rotated to
the plane normal to the compaction direction. Hoeveslongated grains will not reach this
plane unless very large shortening rate is achielfethe initial fabric will have any
subvertical or subhorizontal mode, it will be enteoh during the compaction. It is likely
that the bimodal fabric was enhanced due to sedim@mpaction, but was formed as a
result of other processes.

These sediments likely accumulated in areas of rgtosubsidence between
diapirs (see Sakst al, accepted for publicatignfor discussion). New material was
constantly added to the till accumulation area ltegpin effective isolation of already
present sediments from the glacial shear stress.shiear deformation likely resulted in
development of subhorizontal mode, and the poremgiward or downward expulsion in
the latter stage could produce the subvertical ofatiric mode. The diamicton, likely,
were gradually deposited as tectonic slices (asvsansed by Evanat al., 2006), and the
compaction occurred gradually, rather than simekasly for the full sediment pile of
more than 6 m thickness. Thus it can be suggestad the material in the actively
deformed layer was in viscous, flowing state effety isolating the glacial shear stress
from entering the deeper horizons of recently aadated till where gradual compaction
took place. However, this mechanism does not coored to observations either, for
examples, there is not observed any zones witmg#rovertical mode, corresponding to
possible pathway of more intense pore water exguolsi

4.4. The microfabric strength and till fabric acrossdifferent scales

Thomason and Iverson (2006) in ring-shear experisnéaund that steady-state
fabric strength of Saround 0.71 to 0.74 after shear strains of 7-8%atablished in some
tills.

As demonstrated in the figures 4.1, 4.2, 4.3 ary the high fabric strength
values $>0.7 are approached only rarely. Even in the satdar zone below the upper
till at Ziemupe site in only one case IS above 0.7, although relatively large shearirstra
are thought to be accumulated there. It is possitalethe measurement of all small grains
in contrast to manual selection of larges grainghawost previous studies results in the
lower summary fabric strength and thus the resided to be compared with caution.

Usually fabric strength in horizontal sectiondaser than in vertical ones. It is
likely due to relatively large proportion of thebtdar grains as well as nature of the till
emplacement processes. Tabular grains are exptctez aligned with longest axis close
to horizontal plane, contributing significantly tbe microfabric strength in the vertical
sections and obscuring the microfabric signal aaset with the rod-like grains in
horizontal ones. Both shearing and compaction twleedominant factors affecting grain
orientation in tills — are expected to shift thendest axis of any grain towards the
horizontal plane, thus strengthening the appanebiharizontal microfabric observable in
vertical sections. Additionally the compaction daowd contribute to development of any
preferred grain orientation in horizontal sectiom & numerous studies it is demonstrated
that the shearing can produce transverse as wepkradlel fabric. So both processes — the
compaction and the shearing — can contribute teeldpment of weak microfabric in
horizontal sections and strong, subhorizontal @loni vertical ones. The third major
process affecting microfabric orientation in tigplough associated with lodgement of the
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large clasts — likely could produce more randonda@main-like microfabric distribution in
both horizontal and vertical sections.

A
Horizontal sections
0,7
- ¢ zp3-h diamicton
n
0,6
zp4-h diamicton
5-h diamicton * _h-
zp iami . 2p1-h sand ip? h-1 sand
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* & zp6-h-2 diamicton I .
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Figure 4.1 Summary microfabric from horizontal @d vertical (B) thin sections from
the Ziemupe site.

4.1. atéls. Domirgjosa sumnara mikrolineariites oriemcija paraugos, kas iakti
Ziemupes atseguanhorizontlajos (A) un vertililajos (B) phnskpgjumos.
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Figure 4.2 Preferred summary microfabric orientaod fabric strength in the horizontal
(A) and vertical (b) thin section of the upper &tlthe Sensala site.

4.2. atéls. Domirgjosa sumnara mikrolineariates oriemicija Sensalas atseguma agjgs
morenas horizoritlajos (A) un vertildlajos (B) phnskpgjumos.
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Figure 4.3 Summary microfabrics from horizontal g&d vertical (B) thin sections from
the upper till at the PlaSumi gully site.

4.3. atéls. Domirgjosa sumnara mikrolineariites oriendcija paraugos, kas iakti no

auggjas mognas pie PlaSumu gravas, horizdajos (A) un vertilklajos (B)
planslipgjumos.
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Figure 4.4 Summary microfabric from horizontal @)d vertical (B) thin sections from

the sandy diamictone at the Strante site.

4.4. atéls. Domirgjosa sumnara mikrolineariites oriendcija paraugos, kas iakti no
smilSairs diamiktona Strantes atsegainmorizonglajos (A) un vertikilajos (B)

planslipgjumos.
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Analysing the results from Ziemupe site (see Appedd it was found that in
almost all cases the microfabric is relatively sger if data are collected from smaller area
of the thin section. When examining the microfatspatial distribution a domain-like
structure is apparent. If data from several origonadomains are collected in a single data
set inevitably the summary preferred orientatiorersgth will diminish. Usually the
preferred orientation in individual diagrams wit{>8.6 in case of R = 1.3 mm are spread
across 10° to 25° wider sector than in case ofZ6=mm, in the samples from sandy band
of the shear zone.

Rather large variations of the microfabric strengtk observed in the samples
from the upper till at the Sensala site. The maott strength in horizontal sections is
clearly divided in two groups (Fig. 4.1): (1) witalatively strong fabric (5:0.6), and (2)
with weak fabric ($<0.55). No such microfabric strength modality isetved in vertical
sections. The samples of similar fabric strengtdé eollected from nearby locations.
Samples Nos. 091 and 092, with weak fabric in lomtizl sections, are collected from the
relatively loose section of the upper till composdédands of the diamicton and bands of
the silt and sand with flowage structures at the,685 m of the coastal profile. The
microfabric orientation there is similar to domihanacrofabric orientation in the upper
till. In contrast samples Nos. 071, 072 and O7&jirftastrong fabric in the horizontal
sections, are collected from the well consolidatetien of the till with few thin laminas of
fine sands, at the -17,600 m of the coastal profile

The banded structure and internal deformation featumply that both till
varieties were formed or at least shaped by shgabut the mode of deformation likely
was different. In first case (-17,685 m of the ¢ahgrofile) less confined, viscous-like
deformation with large water content resulting owIconsolidation level, and weak grain
alignment is likely. In the second case (-17,600ofmthe coastal profile) plastic
deformation is suggested resulting in strong preteisand grain orientation. The rather
steep dip of sand lamina and microfabric observethé thin sectthin section No. 072-2
suggest that it is collected from some intertilfateation structure that formed after the
emplacement of the sand lamina. Sediment extensipare shear — not complicated by
such process as lodgement or clast ploughingikely Imechanism of the formation of the
strong unidirectional microfabric there. The miaiofic in the sample No. 071 is strong in
four (out of six) thin sections and weak in the a@mmg two, additionally the dominant
orientation is not subhorizontal. Such an appafabtic distribution can correspond to
strong unimodal real microfabric with one sectionewntated almost normal to the
dominant fabric orientation.

The dominantly in E — W direction trending macrafabat the respective site
(upper till -17,600 m of the coastal profile) isiemted oblique to the microfabric
orientation. It contrasts to the most of the obagons where microfabric and macrofabric
dominant orientation coincides. The assumption ti& microfabric orientation was
formed by small scale internal deformation of tbedisients that did not affect the general
macrofabric orientation can support this observatiBlowever the identification of
deformation structure in this case is not possible.

The fabric strength indicator,;39s not applicable to the vertical thin section
samples from Strante site as distinctly bimodalreabf the microfabric is observed. The
exception is the sample No. 5n, where strongestofiailoric is observed with;S> 0.7. It
comes from deformed fine sand sediments sediméetldcal nature of deformation of the
sampled sediments likely was extension insteadmople shear that is expected in tills.
Thus, like in the case of the Sensala site, tlmngast microfabric is connected with local,
small scale deformation structures.

- 125 -



The comparison of phenomena observed in differeakes often is not straight
forward. This is true for the tills as well: tilabric is known to be a good indicator of
former ice movement direction. However the threwaatisional analysis of fabric elements
IS required to reconstruct the glacier movemerdation correctly (Dreimanis, 1999). It is
even more so in case of microfabric, as the lo@ahidant orientation are formed by
structures from few mm size up to the scale ofithesheet itself. The time transgresive till
accumulation and late stage development of lochkéears in the acmuluated till body as
outlined by Larsenet al. (2004, 2007) as well as perturbations in the maivat
distribution introduced by larger clasts are theviobs source of un-event microfabric
distribution.

Only rarely the source of perturbations in micrefalmrientation — e.g. a gravel
grain — can be seen in the thin section, but métenat cannot be determined. Observed
microfabric preferred orientation and its local tsladistribution can equally represent the
general properties of particular till unit as weedl local variability introduced by some large
clasts or other unknown factors.

In scale of few milimeters there are higher falstiength and higher variability of
preferred orientation, compared to scale of fewtioestres where low fabric strength and
low variability of preferred orientation are obsedv

It is suggested that all till formation procesdesdgement and ploughing, shearing
and deformation, melt-out, sedimentation in the ematimpose certain microfabric
distributions. Due to heterogeneous nature ofjtélin size distribution all the microfabric
distributions formed as a result of different tiltrmation processes should be rather
heterogeneous in a small scale (small measurenteat)aand becomes more or less
homogenous in large scale (large considered aré€ne)nature of heterogeneities and the
level of homogenisation will depend both from gjtkin size distribution and till formation
processes involved. Such an approach to till madm€ can be termed “threshold of
homogeneity”. It predicts that tills with higherrdents of large grains will have higher
threshold of homogeneity, e.g. homogenous micrafatbistribution will be observed if
data were collected from larger area of the thatise.

Alternatively the microfabric distribution can bersidered as being fractal-like.
It is demonstrated that the grain size distributionmost tills are a fractal, with fractal
dimension around 2.9 (Hooke, Iverson, 1995). Gélyeit is assumed that the till
microfabric is formed by the interaction of diffatesize grains, so it can be expected, that
the microfabric distribution will have fractal-likgself similar at different scales) features
as well. Such an approach to till microfabric cantbérmed “fractal like distribution”. It
predicts that: (1) the same fabric distributiontg@at should be observed across different
scales, given that corresponding sized grains aasored for each scale; (2) the close
correlation between grain size distribution andrifalstrength across different scales
should be observed

It is intuitively understood that till microfabris determined by the behaviour of
the larger clasts such as gravel grains or pebtdesobbles and small grains will be
aligned according to the surface orientation of lrge ones. Such an approach to till
microfabric can be termed “clast surface represiemta It predicts that: (1) the summary
micro fabric orientation will represent the maciwia, just in a blurred form, and, (2) the
microfabric spatial distribution around large ctastill bear some information on the
interaction or movements of the clasts in the &age of the till formation. This concept
was suggested by Thomson and Iverson (2006) engpigishat the pattern of microfabric
around rotating clast in pervasively sheared tdlvd be different from microfabric pattern
around lodged clast in lodgement till.
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4.5. Microfabric distribution around gravel grains

It is likely that clues about till formation can fund by studying the microfabric
distribution around gravel grains. Four idealiseasib microfabric distribution patterns
around the gravel grain in a section parallel talaisplacement direction are given in the
Table 4.1. In the Table 4.2 a gallery of the miabwfc distribution around gravel grains

from vertical thin sections included in this stuahe presented.

Table 4.1. Idealised microfabric distribution pattearound a gravel grain in a vertical
section parallel to the local displacement dirattio
4.1. tabula. Idealiti mikrolinearitites sadajuma veidi ap grants graudu, k&am
parvietojuma virzienam pardh, vertikala griezuna.

Sketch Name Description
~~~~~~~~~~~~~~~ Shearing Microfabric
- ----Z7| without distribution without
- -"-----7| gravelgrain gravel grain
- Shearing Simple shear,
o steady-state gravel
T T~ grain position (after
Q :::§©§:\; Thomason, lverson,
R 2006)
DD Rotation Simple shear,
IV DI gravel grain
~\N/ 7/ == NN ——— .
Q -/ 7 SN —— rotation
-1 171 VN ——
el BN v || ——
i T s\ ——=
—=>S\\N~=—==—— /SN ==
—_——_——~\ = - /o~ ———
\\\\\\\\\\\\\\\ Lodgement Lodgement — a
T C discordance in
P = microfabric
Q_ ,,,,, AR Q S distribution (after
Febredeorianey || =N\ NN ST oo — o Thomason, Iverson,
R 2006)
~~~~~~~~~~~~~~~ Compaction  Vertical
s, CoooTTIooTIIIIo compression due to
L~ _ pore water
Q IIIZQ/;;; expulsion or debris
1 1 R — rich ice melting —
e melt-out

-127 -



-8¢T -

abed 1xau ay) ul panunuod aq o

11|II//
vg

———"——0L=S U

punoj

SosSed ulelad ON

uoneloy
T wwg gk J 1 F wwg emm——e— FH Al,—. b
QO._. (IIIIV/\,] I-l’/l QO._..

l ~ als adnwaiz

ay: 1e || Jaddn
a1 Jo aseq ay)

4
S —

e

S

/./'\ ~—

—————

z-z-£dzoN TTLIAZON  ~o~o—— 7~ WWE =Y, Ul 8uoz Jeays Apues
dof| DR N—————————— do)
/\
Q\/ — ~~————

als adnwaiz
ay: 1e || Jaddn

oL="ysun) ay] Jo aseq ay)
st e e S Wl Jur suoz reays Apues
Bbulreays

uoneslnuap]

saul| a1igejoIdIW pa1e Idiau| uONNQLISIP JLGRI0IDIA abeuwr uonoss uiy | uondas Uiy L

‘'sownlodysugd solepuan solejojuewzi ewuninefbg npnelb syuelb de ewnfepes samieaul|oMIN "BINge] "Z'1
*ApN1S SIYP@PN|OUI SUOIIBS UIY] [e211BA JO surelb [aAeIBEue uonNgUISIp d1gejoloiw Jo Aig|es "Z'v a|qel



- 62T -

36ed U ay) Ul panunuodag o

LLILLY

— 7

= £ 5 [ ="/
VALY~ wugy]

dlIS elesusas
ayi Je |1 Jaddn

WA ) AR VA
SN ﬂ/ :.,.M.//ﬁ/ \ ,M/Iu

e B R ML NGRS S50 VNS ause
O 4 5 _ol=Ns U 1] [esuas
ST N 5 * SNSNNNNST /)y ayl 1e |;n Jaddn
1uswabpo]
uonesynuapl
Saul| dugejoloiw pala Jdiaul uonnNQLISIP 2LIqRJ0IDIN abewl uonoss uly L uonoas ulyl




- 0€T -

abed 1xau ay) ul panunuod aq o

uawRdxa'pas

w wwg J

doj

P @&
S o

F—

~o N \\/\/Me
————— S = Ol
N o \\\\\\\\\\/
N : =
[ Y ———

//// \Sooe—— // /
////// \\\\\\

//// \\\ /
///////“\\\\ \ |
pogs et K,

=

S &

/Qo

e L ~ oL="s3y
JuawWRdXPas e oA //// wwe' 1=y

EmE:max%nmm‘ o

uswiiadxa
uoneuswIpas

uonoedwo)

F_||_.um M.WHT..FQD._.
e’

E-TL0rom

s T e ]

: P

L e i " e
A i, |~

- e e

B i R e

e e

BTN e WIRE =1

9lIS elesuas
ay1 1e |In Jaddn

saul| aliqejoloiw pale idiaul

uoNNQLISIP LIGRJOIDIN

abewl uonodas uiy

uonesynuapl
uoI9as Uyl




-T1€T -

abed 1xau ayy ul panunuod aq o

T
g — T —— l//tlln.lu,.

U e e e T e O LS 1 wu_m m_@wcmm
s -LIoN — Wowmue ]
uoljelol

10 uonoedwo)

- e —or
s A
NP xm\ N e

it W i O =S
Lo " e e FI._iuM.._.Hm_

dlIS elesuas
ayi Je | Jaddn

]

._|F==| rAIILﬂp R llr.IlrfAJ_/.
/ MQVM/H@W(VMI{ ~—oin

e NN ﬁ

v NN INS-
=N N\
, NN —
: R |
L
— RN, T

NNl 3
vy NBRg| | Nt

alIsS e[esuas
3y} 1e |1} urejJaren

Saul| ouge)oldIW pala Jdiau)

uoNNQLISIP LIGRJOIDIN

abew uonodss ulyL

uonesynuap!
uoI9as Uyl




-CET -

abed 1xau ay) ul panunuod aq o

ol [
s M.F
<D
>
@ o

" dlIS e|esuas
ki S N 3yl 1e ||n Jaddn
uoneaynuap!

Saul| ouge)oldIW pala Jdiau) uonNNQLISIP 21IgRJOIDIN abeuwi uonosas ulyL uon2as UYL




-EET -

o 3)IS B[esuas
e ] syrye | seddn ay

dlIS elesusas
ayi Je | Jaddn

Jeays a|dwis
10 uonoedwo)

uomesnnuapl
Saul| ougejoloIWw pale Jdiau) uonNqLISIp 2LIgeJoIdIN abewi uonodas uly L uonoas ulyL




The identification of the sample orientation retatito former ice movement
direction when a till was formed, the discriminatidetween different microfabric
distribution patterns and collecting sufficientrde number of observations to perform at
least semi-quantitative analyses are the most rapbproblems encumbering the wider
use of the presented approach of the till formasiwies.

The Table 4.2 demonstrates that different microfathistributions around gravel
grains can be observed even in the parallel thitises prepared from the same sample. It
indicates that the presented methodology is noteusal. It can be used only to collect
semi quantities data to evaluated the till genasesuggested by Carr (1999).

To use the described method for till formation stada good strategy for sample
collection and thin section preparation must béaiated. It is suggested that a hardened
till sample need to be cut slice-by slice untilfeuéntly large gravel grain is exposed.
Preparation of several parallel thin sections fgingle sample with different gravel grains
exposed is favourable.

From the images presented in Table 4.2 concludimutathe till volume where
orientation of the smaller particles is governedtlhy large one can be drawn. In most
obvious influence of large clasts on orientationsahd grains is less than one diameter
from the surface of the large clast.

Only from the Sensala site sufficiently large numbesamples was collected to
asses the abundance of different microfabric algmnpatterns around gravel grains. In
the sections of upper till mostly asymmetric miatwic distribution around gravel grains
Is observed. The spatial microfabric distributidrustures around gravel grains in vertical
sections in equal numbers are indicative of shgaai® well as lodgement. The rotation
structures are less common and compaction strigctare not observed at all. The
relatively small number of the studied cases (lbaa 10) does not allow drawing any firm
conclusion.

As the compaction structures are not observed thle-gut genesis of the upper
till unit can be excluded. Both the rotation anéaing structures can arise in deforming
till in simple shear conditions. The same is troe lbdgement as Evarst al (2006)
summarised that the lodgement can take place dtabe of the deforming layer as well. It
is unlikely that well expressed rotation or she&rofabric distributions would form if the
dominant till formation process is lodgement andughing, that is inevitably
accompanying lodgement.

Thus it can be concluded that the formation ofupper till at the Sensala site to
some extent is a result of till deformation. Thioe motion of ice to some extent has been
supported by substratum deformation. Lodgemertiee#t the base of deforming layer or
at the sediment-ice interface, likely was one o titl accretion processes. However it
must be noted, that a simple model of till formatio constant conditions is not likely as
indicated by distinct microfabric strength sepamatin horizontal sections as well as
inconsistent macrofabric at different measurementtp.

4.6. The methodological considerations

To perform the microfabric distribution analysistbé till the need for automated
methods are obvious as there are many thousarelergjated sand grains in a till volume
as small as 1 chthat can be measured.

There are several technically advanced analytozdstsuitable for till microfabric
analysis available such as X-ray tomography or reagnsusceptibility. There are
published data regarding the use of X-ray tomogydplanalyses similar to tills (Videkt
al., 2007). However the tomography itself does nowijol® the microfabric data, a three
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dimensional raster image is acquired instead. ffirse dimensional image needs further
processing, possibly, using similar tools as inecago dimensional image. Actually the
image analysis and data processing tools usedvibdimensional images can be adopted
for three dimensions images. However, the equipnfent X-ray tomography with
sufficient resolution is expensive and not readiiailable. A magnetic susceptibility are
used to measure the till microfabric in some stdie.g. Thomason, Iverson, 2009;
Principatoet al, 2005). This method gives only summary microfalmientation in a
sample, not the spatial distribution of it additdiy the individual particles contributing to
the anisotropy of magnetic susceptibility can net directly identified. Thus the thin
section analysis, although somewhat old-fashioncamdparably low-tech method, remain
one of the most accessible tools for till microfalapatial distribution studies.

The image analysis tools are the obvious solutmmoivercoming the labours
manual measurements using microscope (e.g. Chaijiy, 2001) or digital images (e.g.
Hart et al, 2004). The image analysis methods can be divideédo groups: the object
oriented approach — individual particles are idexdi for measurement — and statistical
approach that involves determining some generéisstal parameter of the image. The
first one is straight forward extension of manuaasurements of apparently elongated
sand grains using microscope (e.g. Chaolu, Zh#Q1) or macroscope (e.g. Carr 1999).
The second approach has been tested with limitedess by the Stroevest al. (2001,
2005) by counting the number of the intersectiohparallel lines (secants) crossing the
image in different directions with the grain bounds. The advantage of the later group of
method is that the problems of identifying indivadgrains in images may be partly
avoided.

It was possible to use the experience of manualrafabric measurement
Kalvans, 2004) to develop procedures for microfabri@dstquisition according to object
oriented approach in an evolutionary manner. Tloeesthe object oriented approach was
used in this study.

A simple colour thresholding is used to identify stip quarts and feldspar sand-
sized grains. However more sophisticated methodkldme applied. The adopted approach
is easily understandable and any problems with gladdity that could arise form poor thin
sections image quality or methodological shortcajminan be easily identified by visual
inspection. The adoption of statistical approachildi@equire more serious image analysis
tools that could potentially lead to more compkchtand inefficient image analysis and
identification of methodological uncertainties.

Initiating the study author assumed that the uselyefd epoxy for the sample
impregnation is the best approach to ensure easghblding in separating the sand grains
and pores in the digital thin section images. lis tase thin section images are attained
using plain light, the pore space can be easiigréd out thanks to peculiar colour of dyed
epoxy resin, the matrix can be separated due tdaits colour, and all the remaining light
spots are sand-sized grains of transparent minéradstly quartz and feldspars). Thus,
theoretically, parameters of almost all sand-siadicles can be included in the resultant
data set. However the use acetone in case of $augpeegnation steps can result to
diffusion of day out of the already hardened rgsioducing uneven colouring that can
hamper image thresholding.

Another approach is to acquire thin section imag®esg cross polarised light. In
this case all the pores and matrix are in darkwads well as around half of the sand-sized
particles. The remainder of sand-sized particlesnoét common minerals — quartz and
feldspars — are in light colours and can be ead#ytified in digital images. The use of
cross-polarised light reduces the number of grappearing bright in a microscope
however the contrast between these grains andutheusiding fine-grained matrix or pore
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space is much larger than in the case of plairt:ligdditionally the matrix colour in case
of cross-polarised light is not as sensitive to #ection thickness as in case of plain light.

Theoretically more complete representation of niadsdc is achieved using the
first approach, but practically the image procegsind thresholding procedures are more
complicated and can introduce additional uncerfigsnin data set, so the second approach
Is considered to be superior. However in a diffeggological setting where dark minerals
grains or polycrystalline grains dominate in sarm graction is common this approach
might not be the best one.

The composite image is best acquired by leavindgeblihes between individual
images rather than allowing touching or overlap&fihbouring images. Any grains cut by
the buffer lines can be easily excluded from thia dat, thus eliminating any distortion of
calculated microfabric distribution that can artkee to tiny imperfections in alignment of
individual images. It is found that due to spagiafiegligible fluctuations in image
alignment joining or merging of overlapping imagangins can produces linear zones
across full thin section area of considerably amndtesnatically distorted apparent
microfabric representation. Theses zones can bergied manually — a cumbersome and
time-consuming procedure. Thus the composite imageuisition with buffer-lines
separating individual images is preferred.

For data visualisation the relative density pldisiieret al, 1985) are preferred
against traditional rose diagrams as the arbitthosen starting point of rose diagrams can
introduce significant bias to the rose diagram apgece (Ballantyne, Cornish, 1979). For
the same reason variations of the chi-square segsed by e.g. Hadt al. (2004) are not
considered for data statistical analysis.

Finally, to evaluate fabric strength, the two-dimienal eigenvalue method re-
introduced by Thomason and Iverson (2006) are pexfeagainst the critical value of
summary vector length as described by Davis (2@p2,322-330). Both methods give
identical value of mean orientation and results b&nvisualized in a similar form.
However the eigenvalue method is widely used tdyarathe 3D macrofabric data in the
glacial geology and thus are preferable for coesist reasons. Additional the obtained
value of fabric strength is not a simple “yes” oo" as in case of summary vector length,
but quantitatively describes data sets regardlessthe number of measurements
considered.
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Conclusions

Finally it can be concluded that the aim of thesditation is reached and
indicated tasks accomplished. As a result severpbrtant conclusions can be drawn, that
are grouped there thematically:

Study site-specific conclusions

— well sorted sediments, in a case of simple shaar prone in developing
considerably stronger and more uniform microfakldlistributions than
diamicton sediments;

— the odd joint system in a till at PlaSumi gullyeslikely was developed in
post-sedimentational processes that do not sigmifig affect the initial
microfabric arrangement;

— the sandy diamicton at Strante site formed froreastd, with water
oversaturated gradually deposited in form of teictatices, followed by
vertical compaction due to pore water expulsion;

— the upper till at Sensala outcrop, at leas pantds formed as a deformation
till;

— the till microfabric study results at Ziemupe, &8tte and Sensala sites
preclude existence of warm based glacier at the.tim

Till microfabric general characterisation

— alarge diversity of microfabric distribution dmund in the tills;

— summary microfabric orientation tend to be simitar the macrofabric
orientation, however, the fabric strength is loaad usually microfabric
strength in the horizontal sections are considgraphaller than in the
vertical thin sections;

— atrend is observed that smaller particles terithte lower fabric strength;

— four end members of the microfabric spatial disttion around gravel
grains in the vertical thin sections are suggestefdshearing with stabile
gravel grain position; (2) shearing with gravel igraotation; (3) gravel
grain lodgement and (4) vertical compaction;

— The above described structures can be used fortifidation of till
formation processes.

Methodological considerations

— the best results for automated microfabric analygsin be achieved by
obtaining thin section images using cross-polariggd;

— creating a composite thin section image it is sable to introduce buffer
lines between individual microphotograph, in odderavoid systematic
errors in automatically measured microfabric thah arise from small
errors in image alignment;

— the visualisation of measurements is best donegudata density plots
instead of traditional rose diagrams, and supplémerwith the line
indicating direction and strength of summary oréion;

— the orientation statistics shall be calculatesh@she eigenvalue method, so
ensuring the compatibility with most macrofabriadies.
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