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Abstract

In this thesis 4 key publications are presentedexny: (l) glacial geology and
glaciotectonics of 5 selected key outcrop sectainthe western Latvia Baltic sea coast, (II)
dynamics of the Apki glacial tongue and role of the subglacial pordewgressure in the
pattern of subglacial deformation and mass reidigion, (Ill) developing
chronostratigraphy of the Pleistocene glacial antrglacial sediment sequence of the
western Latvia, based on the new OSL datings irstimely sequenceufkalne 3 formation)
below the upper till unit, and its implications lmcal and regional Pleistocene stratigraphy.

Results from the outcrop mapping and glaciotectaitriacture reconstructions allow
to differentiate three distinct subglacial deforimatenvironments: (1) subglacial deformation
triggered by the graviational mass movement indumethe changes of pore water pressure,
(1l1) subglacial deformation initiated by the umectional thrusting and folding, with main
stress acting transverse to the glacial flow dioectand (lll) areas on no subglacial
deformation, resembling cold, frozen to the bed Tdee difference in the geological structure
and spatial arrangement of the glacial bedforms defdrmation structures are used for
reconstruction of the ice-bed interaction condsioand ice movement pattern of the Apri
glacial tongue. It is suggested that glacier betensd water conductivity properties are the
major controlling factor for the Apgd glacial tongue bed deformation and bedform
generation. Overall deformation structure asseneblaigd distribution suggest that Agpri
glacial tongue advance occurred as a surge eviemtthé quiescent phase, in which Baltic Ice
Stream ceased to exist in the western Latvia area.

Obtained OSL dates from theirlBalne 3 formation sand bed suggest Middle
Weichselian age (52-26 ka) of the shallow coastal Egoonal facies sediments in the
topmost part of the Pleistocene sediment sequena@stern Latvia and can be correlated to
Marine Oxygen Isotope Stage (MIS) 3. This challengke previous stratigraphic
interpretations. These OSL dates allow concludivag the overlying upper till unit is of the
Late Weichselian age. Accordingly the dark grey s#idiments in the middle part might be
tentatively assigned to the Late Eemian or Earlydhselian, not the Holstenian as suggested
before. The till unit, which occurs in some boreslbetween OSL dated sandy sediments at
the top and silty sediments below, can be tentigtiassigned to the Middle Weichselian
glacial advance, supporting recent palaeoglaciofdgeconstructions in the Perbaltic Region.



Anotacija

Petjjuma veikta Baltijas {jiras sivkrastu glaciotektonisko defofuijas strukiiru
izpéte, analze un interprécija, atspogloti glacilo reljefa formu deSifiSanas un iek§as
uzbives rezuliti un precigta Rietumlatvijas pleist@na shnpkopas augdas ddas
hronostratigifija Kurzemes Baltijas Gras sivkrasta atsegumos, kas a#rtpaukumiem
stiepjas aptuveni 120 km garanDetliem glaciotektonisko strustu un glaciogno reljefa
formu uzhives lauka ptijumiem tika iz\el&ti atsegumi piecos posmos - Seas@udeniekos,
Ulmalg, Strant un Ziemup. Lai ieditu informaciju par zemled@ia procesu dinamiku un
glaciostrukiru veidoSaas telpiskagm atkiribam, galvenokrt trisdimensionalam
ipatribam, tika deSifétas Aprku ledija nEles raditas reljefa formas, bet Sensalas atseguma
apkartne tika karéts mognas virsmas telpiskais safjains. Mirgtie atsegumu posmi tika
izveleti, jo tajos ir idziga pleistoéna nogulumu stratifikcija, tafu tie raksturojas ar atgigu
glaciotektonisko arhitelitu. Apriku ledija nmeles khta teritorija ir relatvi labi saglabjusas
ledaja reljefa formas, kas veidojis maginalos un zemlegia apsiklos. Piedeam Saj
teritorija tam rakstutga visliebka daudzveitba. Savukrt, auggjas mognas virsma Sensalas
atsegumiem pieda& teritorija tika kargta ar n@rki apzirat iesggjas vai pagiv pietiekami
drosSi kririji Baltijas ledusezera goskaloto zemlegla un maginalo reljefa formu
identificeSara. Lai noteiktu ledja defornacijai padauto nogulumu vecumu, zem aggs
morenas piekrastes un lagu facijas smilSainajos nogulumos tika veiktii{dalne 3 sinkopa)
13 OSL datjumi.

Glaciotektonisko deforatija struktiru petijumu rezulfiti Rietumlatvijas Baltijasiras
stavkrastos un tiem piedgoSah teritorija lauj izirt tris daadus ledja gultnes deforicijas
veidus, kas padteja Skandiavijas apledojuma deglaijas laika: (1) atsegumu posmi, kas
atbilst ledija melu centdlajai zonai (Ulmales atsegums), un kurai ir raksfardiapra
struktiru veidoSaas \ajos, idens mazcaurlaigos nogulumos un zemilgd materila erozija
virs diapru strukfiru virsotrem un moénas mateala akecija starp diapu ieplakis, kas
rezulgjas mozakveida zemlesia defornacijas un mognas akécijas sadajuma. Sai ledja
gultnes diai ir raksturga saidzinoSi liels ledja plismas atrums, izpauzoties a&k ledus
slidgjumam pa 2 gultni, vai K piesaistes/sllcjuma phlisma ap diajpa struktiram; (II)
atsegumu posmi, kas ir raksturojamas ar vienviezieglaciotektonisks kompresijas
defornacijas strukiiram: zvinveida uzidijumu <rija (Gudenieki), vai kroku/uzbijumu
strukfiru siséma (Sensalas un Ziemupes atsegums). Sie atsegusmi ptbilst ledja melu
margiralajam zoram, un ir &&rsgriezumsdzeniem, lina@riem, attietba pret ledja plismas
virzienu paralliem vdniem, kas tiek interpréti ka bides anu mognas; (lll) atsegumu
posmi, kuros nav n@vojamas zemlega defornicijas pazmes, kas ataino stagnanta,
domajams, piesalusa pie gultnes, dgdapsiklus.

Apriku ledija neles gultnes deSigSanas rezudti, lidz pat &s galam uz Rietumkursas
rietumu no@zes, liecina, ka glaglias reljefa formas un gultnes topafijja mairas strauji, idz
ar pamatiezu virsmas dama un sasva izmaham. Plakanvirsas drumlinu gafiSaras zem
Apriku ledija neles sakit ar dolonitu atsegSanods gultré vai tuvu ledus gultnei, kas ruota
uz to, ka ledja gultnes dinamiku un So reljefa formu veidoSanoteica polidens spiediena
izmainas ledja gultre.

OSL rezulgti liecina par dattas shnkopas uzkiSaras laiku Vidus Vislas laikmeat(52
— 25 ka), kadauj reinterprett aug$jo morenu ka velas Vislas vecuma, &k ai korekt &
baseina nogulumos afd¥igiem vis dienvidaustrum Baltijastjas reiona. Turklat Sie
rezuléti liecina par jaunu §ijumu nepiecieSarbhu zem daitas shnkopas pagloso seako
pleisto@na nogulumu hronostratigfiskas piedetbas noskaidroSanai.
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Introduction

The International Panel for Climate Change haschttat the internal dynamics of ice
sheets are by far the least understood major fdbsdrcan contribute significantly to the
fluctuations of global sea level in timescales vatd for society in general (Salomen al,
2007). Due to poor accessibility, the processdbeabase of the largest modern glaciers are
difficult to study, thus examination of traces Ibft Pleistocene glaciations are an important
source of understanding the controls and mechangnerning the ice sheet dynamics.
Latvia has been covered by the Scandinavian icetsiseveral times, during the course of the
Quaternary, at least from the Elsterian onwardsi{Bias 1973; Ehlers 1996). Western Latvia
part during the Last Glaciation and presumably disang the earlier ones have been shaped
by the BIS (Boulton et al, 2001; Zets and Markots 2004), which is one of the most
significant draining streams of ti&S BIS bed in the western Latvia is composed of soft,
deformable sediments, which was a favouring faéborthe fast ice flow, and therefore
glaciotectonic structure assemblages, bedding hrmhology of these sediments are the key
of understanding the timing of the advance, dynano€ the BIS and dynamics of its
subsequent deglaciation stages in the area.

A fast ice flow associated with subglacially defamgsediments has been recognized
already for more than 20 years (Boulton 1986). Ustdeding that many glaciers are
underlain by soft, deforming sediments, weaker thtia® ice itself, that can contribute
significantly to fast ice flow, and are deformed aglacier moves, has been heralded as
“paradigm shift in glacial geology” (Boulton 1988jurray 1997; Maltmaret al, 2000).
Since then, the significance of subglacially defimgnsediments to local and global ice sheet
dynamics (Boulton and Hindmarsh 1987), large-ssaltiment redistribution patterns (Alley
1991; Piotrowskiet al, 2004), and even the global climate factor (Cla8©4, 1995) have
been recognized. Special attention was paid tolaoitad dynamics which govern ice streams
and to the specific limitations or prerequisites fast ice flow (Alley 1993; Stokest al,
2006, 2007). Antarctic ice streaming dynamics hbgen largely described as a stick slip
model (Rooneyet al, 1987; Alley 1993; Fischer and Clarke 1994). Is H#een stressed
recently that “sticky” spots are crucial in dynami@nd possible stopping of the ice stream
(Christoffersen and Tulazcyk 2003 a, b; Stokesal, 2006, 2007). Glacier bed geology is a
significant factor in glacier dynamics, never thesd glacier dynamics and glacier bed
deformation on soft deformable sediments has besnribed in a limited amount of papers
(Boulton 1986; Piotrowsket al, 2004), therefore one of the main challenges &f tiesis
was to describe the influence of different rheadsgon glacier bed deformation and glacier
ice flow. Claytonet al, (1989) and Piotrowsket al. (2001) challenged the existence of
widespread deforming bed conditions beneath theslas the Southern Laurentide ice sheet
and in general. It has been recognized that undevaen based glacier resting on
unconsolidated sediments, movement occurs primayilsliding along the ice — bed interface
(Piotrowski et al, 2001). Sliding of the glacier on a thin watemnfilor limited thickness
sediment slurry, which is mainly controlled througbglacial water pressure fluctuations at
the glacier sole (Alley 1993) and, to some extgnsédiment granulometry, mineralogy, bed
roughness and ice velocity (Knight 2002), has lgeposed. Internal structure of the western
Latvia coastal bluffs provides an excellent oppoitiuto study glacial bed deformation of the
soft, unconsolidated, deformable sediments, anonidications for the dynamics of the fast
ice flow.

It should be emphasized that the paleogeographiatgin before the last glacial
maximum (LGM) — the Late Weichselian — is not wddcumented in the Northern Europe, as
the advancing ice sheet has a great destructivenpait for soft unconsolidated sediments.
The Middle Weichselian time (MIS 4 — 3) is the leasplored interval of the Weichselian age
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in the area influenced by the Scandinavian ice tsh@e Middle Weichselian glacial ice
advance has drawn the attention of many scientistecent years (Mangerud, 2004; Kalm,
2006) but evidence of their timing and extent i sither sparse. The Middle Weichselian
glacial deposits have been reported from seveted s Fennoscandia. Nenonen (1995) and
Salonenet al, (2008) proposed timing of the glacial event fr@® ka and a subsequent
deglaciation phase at 62 — 55 ka. Evidence of tldelld Weichselian glaciation has also been
reported from the southeastern side of the Balda & well: Estonia (Liivrand, 1991) and
Poland (Marks, 1997, 2004). Zel and Markots (2004) used TL dating results of the
glaciotectonically disturbed glaciofluvial sedimenn the NW part of Latvia to propose
possible ice advance in the area between 74 — @0&ai stadial), though these results are
still under debate, as recent attempts to OSL datee sediments are inconclusive. The
Middle Weichselian age of lacustrine sediments heas@ently been reported from NW
Lithuania (Satkunast al, 2009 in press), that is only 100 km south from study area of
this work. Obtained dating results suggested extgtef a freshwater basin around 33 ka in
NW Lithuania. OSL dates from 19 samples from theldfe® Nemunas limno-alluvial deposits
range from 63 £ 6 to 32 * 4 ka yielding the Midd&ichselian age (Gaigalas al, 2000).

To establish the age control of the Pleistocenénsatt sequence in western Latvia, for the
first time OSL dating methods were applied. Obtdidatings allow reinterpreting upper part
of the Pleistocene sequence and constraining thenmm age of the Last Glacial Maximum
in the western Latvia area, which is a significamput of knowledge about geological
conditions during the Middle Weichselian stage (M)Sn north east Baltic Sea.

This thesis is dedicated to the past glacial dyoamoif the Scandinavian Ice Sheet
(SI9 in the western Latvia, particularly in the teorig of the Coastal Lowlands where glacial
topography is altered to a very great extent byettosion of the Baltic Ice Lake (Veinbergs,
1968). During the course of the thesis severallehgés arise, especially in developing the
techniques for subglacial surface reconstructioasetd solely on glaciotectonic structures,
bedding and deduced rheology during deformatiath@kubglacial sediments.

The objectives of the present thesis were tod@htify and recognize the genetic and
lithological types of glacial and non-glacial depss () assess the extent and
geomorphology of surface sediments and top of titeetlying upper till unit at the mainland
area adjacent to bluffs; (lll) examine conditiorigle bedding and dynamic response of the
soft subglacial beds to glacier loading, with speemphasis given to the dynamic conditions
of the Aprki glacial tongue AGT) during its advance; (V) establish and specify thgional
ice-flow pattern of the study area; (V) establisk OSL age of fine-grained sand sediments
beneath the upper till.

The study comprises data from 4 main scientificepgalevoted to glacial geology of
the Western Latvia, which is summarised in theofgihg section.

Paper | discuss large and microscale glaciotectonics @fSbnsala outcrop as well as
some aspects of the glacial topography of the sndimg area. Field investigation was
conducted together with the co-author Andis Kab:/ Macroscopic scale glaciotectonic
structure analysis and interpretation on its baséise glacial dynamics was conducted by the
author of this thesis. Interpretation of the tiliface mapping results were also conducted by
the author.

Paper Il examines primarly the microfabrics and micromotpby of glacial materials
at the Ziemupe site. Authors main input in this gragvas establishing the macroscale
glaciotectonic structure kinematics and dynamicsclwvhwider perspective is given in a
current summary.

Paper Il discusses the OSL dating results of the sandyrsads below upper till, and
their implications on the chronostratigraphy of tigper part of the Pleistocene sequence in
western Latvia and adjacent areas. Authors maiatimpthis paper is reflected in analysis of
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the age distribution between samples and its plessdauses (e.g. geological and
methodological).

Paper IV views the large and minor glaciotectonic strucuamd glacial landform
distribution of the Apiti glacial tongue affected area. All of the macrdsaglaciotectonic
kinematic reconstruction results and glacial lanaif@nalysis was carried out by the author.
Presented glacial dynamic models for diapiric fkimematics at the glacier bed, model of the
glacial advance and subglacial processes, and nuddbke pore water pressure fluctuation
were prepared by the author.
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PAPER |

TOMAS SAKS, ANDIS KALVANS AND VITALIJS ZELCS

Structural Geology and Micromorphology of Glacial and Non-glacial Deposits Exposed
in the Baltic Sea Coastal Bluffs at Sensala, WesteLatvia

Abstract

This article reports the results of a structural aricromorphological investigation of
heavily contorted sequence of glacial and non-gladeposits. The main part of the
Pleistocene sequence comprises two units of differéll facies, glaciofluvial,
glaciolacustrine and marine deposits. The top of fection was truncated by the Glacial
Baltic Ice Lake waters. This abrasion surface iske by an occasional concentration of
erratic boulders or boulder pavement, and coveyed thin layer of nearshore sediments, and
in places by postglacial dune sand. The structigalogy of the Pleistocene deposits suggests
multiphase glaciotectonic deformation includingtiadi proglacial folding and faulting,
following subglacial reshaping of preceding glaeatbnic structures and, finally, deposition
of the upper till unit, and décollement. The OStim@afrom the glaciolacustrine fine grained
sand revealed that it was last bleached 43-45 #muliyears ago, yielding to the Middle
Weichselian age of the outcropped Pleistocene segue

Keywords glacial deposits, till fabric, glaciotectonicsefdrmation structures, OSL
dating, micromorphology.
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PAPER I

ANDIS KALV ANS, TOMAS SAKS, VITALIJS ZELCS

Two Dimensional Apparent Microfabrics of Subglacial Late Weichselian Till and

Associated Shear Zone: Case Study From Baltic Sea@&stal Bluffs, Western Latvia

Abstract

The examination of glacial sediments in thin sexian recent years has become a
common procedure. Apparent sand grain orientat@m $n thin sections is often one of key
elements marking certain microstructures. Usinggenanalysis techniques we measured
position and orientation of apparent long axis lofiast all elongated sand grains in 21 thin
sections of Weichselian subglacial till and asdedahear zone outcropped in the Baltic Sea
bluffs of Western Latvia. Results were visualizexdt@o dimensional grid of rose diagrams
covering entire area of thin section and compaoechacrofabric lineation. We found that in
large scale macro and microfabric dominant oriématoincide, however in sub-centimeter
scale domain-like pattern of apparent microfabppears. In some cases micro fabric could
be grouped in turbate structures or linked to mgagravel grains. Microfabric characteristics
(spatial distribution and strength) can be extrhaising appropriate data processing and
visualization procedures. We suggest that at astral square centimeters large thin section
areas should be analysed to obtain average microfgtatial orientation.

Keywords shear zone, till, microfabric, micromorphology, rthisections, subglacial
deformation, image analysis.
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PAPER Il

TOMAS SAKS, ANDIS KALVANS AND VITALIJS ZELCS

OSL dating evidence of Middle Weichselian age of allow basin sediments in Western

Latvia, Eastern Baltic

Abstract

Up to 80m thick on the land and considerably marburied valleys, and local deeps
of the Baltic Sea sequence of glacial and non-glat@posits representing several glacial and
interglacial events and at least one interstadial @esent in the western Latvia. Thick,
relatively well preserved (limited glaciotectonismiptions), and well exposed sequences of
the Pleistocene sediments are situated well wiiinmaximum extent of Scandinavian ice
sheets, and presents a unique opportunity for stgdyf the Pleistocene history prior to the
Late Weichselian glacial maximum. Initially thiseitocene sequence was interpreted as a
succession of two glacial and one interglacial evé&tsterian glaciation deposits at the
bottom, Holstenian interglacial and Early Saaliadisents in the middle part and a till unit
representing Saalian and Weichselian glacial dépositop of the sequence. We present new
OSL dating results that indicate the Middle Weidlaseage (52-26 ka) of the shallow coastal
and lagoonal facies sediments in the topmost dattii® sequence and can be correlated to
Marine Oxygen lIsotope Stage 3 (MIS 3). This chats the previous stratigraphic
interpretations. These OSL dates allow concludivag the overlying upper till unit is of the
Late Weichselian age. Accordingly the dark grey s@idiments in the middle part might be
tentatively assigned to the Late Eemian or Earlydhaelian, not the Holstenian as suggested
before. The till unit, which occurs in some boreslbetween OSL dated sandy sediments at
the top and silty sediments below, can be tentigtiassigned to the Middle Weichselian
glacial advance, supporting recent palaeoglaciofdgeconstructions.
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PAPER IV
TOMAS SAKS, ANDIS KALVANS AND VITALIJS ZELCS
Subglacial bed deformation and glacial dynamics ahe Aprikji glacial tongue, Western

Latvia

Abstract

We evaluate glacial dynamics and subglacial presestthe Apiki glacier tongue in western
Latvia during the Northern Lithuanian (Linkuva) dstion phase of the last Scandinavian ice
sheet. The difference in the geological structune apatial arrangement of the glacial
bedforms and deformation structures are used foonsgruction of the ice-bed interface
conditions and ice movement pattern. The relatignbletween geological structures of the
glacier bed and the spatial distribution of drummlend glaciodiapirs on the one hand, and
permeability of sediment/bedrock on the other hianakcertained. The drumlins are found in
the upper part of the Afkii glacial tongue bed composed of the soft deformaigdiments
overlying highly permeable Devonian dolomite. Tludt sleformable clayey silty bed in the
lower part of low hydraulic conductivity is respdnis for the formation of glaciodiapiric
structures. The occurrence of diapirs and drumknsontrolled by the fluctuation of the
porewater pressure at the glacier bed and is ceregichs the indicators of fast ice flow of the
Apriki tongue during its re-activation at the end of @ldest Dryas.

Keywords Baltic ice streamRgIlS), ice tongue, glacial bedforms, diapirs, drumlins,
ice-bed interface, margin shear moraines.
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1. Study area

The study area is located at the western Latvistabglains (Fig. 1A, B and C),
where at the Baltic sea coast a chain of the cbhkiHis, that range with interruptions for a
distance of almost 90 km, is presedp to 22 m high coastal bluffs provide insight into
Pleistocene glacial and non-glacial deposits. 1a $itudy most diverse 5 key sections have
been chosen for glaciotectonic investigations,tis@rfrom the most northern: Sensala,
Gudenieki, Ulmale, Strante and Ziemupe site respaygt(Fig. 2 B). Along with theseifari,
Valcenieki,

Figure 1. A — Location of the study area. B — Rosibf the thesis key sites, position of the OStingasamples
(black squares) and boreholes used (black dotggdhogical interpretation of the Pleistocene seqaef —
Position of the key sites of the Apriglacial tongue.

The study area is located on the north-easterrestbphe Baltic bedrock depression.
The bedrock surface ranges from 20 m in the sopttot60 m below sea level with regional
inclination 3.3 m/km to WNW. According to the boodd data, the layered sequence of
Middle Devonian dolomitic marl, clay, dolomite, gggm are overlaid by a more than 60 m
thick cover of Quaternary glacigenic, glaciofluyiglaciolacustrine, lacustrine and marine
deposits (Meirons and Straume, 1979; Jullestial, 1998).

So far stratigraphy, glacial sedimentology and citmes of these sections have not
been investigated in detail.

The body of theAGT is situated on Apki and Piemare Plains (Fig. 1 C). AgrPlain
Is a depression along western edge of the WestarsaKUpland and corresponds to local
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Figure 2. Geological cross section of the Pleisteceequence in Western Latvia (modified after
Kalnina et al.,, 2000). See Fig. 1B for location of batek used for construction of the geological
section. Symbols of lithological units discussedha paper: Sd — Sudrabi beds; Ak - Akiregys
Formation; Jrk1, Jrk2, Jrk3 — units afrldalne Formation.

bedrock depression (Juske&vet al, 1998). The coastline Bll of the Baltic Ice Lakanks the
geomorphological border between the Apend Piemare plains (Fig. 1 C).
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2. Geological background

According to previous studies (Daimk, 1973; Meirons and Straume, 1979; Ehlers,
1996; Boulton, 2001; Ze&s. Markots, 2004) the study area has been repgaiediridden by
the Scandinavian ice sheets, at least from theftdst onwards.

The intertill deposits were discussed and integatets being marine by Konstenal.
(1970). Konshiret al. (1970), Veinbergs and Savvaitov (1970), Danilal®78) correlated
them with Holstenian age. Serebryanastyal. (1977) suggested the Middle Weichselian age
of these sediments.

Three glacial period diamict levels, interlayerey Wwarmer period marine and
freshwater silt and sand sediments have been giissined on the basis of palynology and
lithology (Kalnina et al, 2000) (Fig. 2 and 3). At the very base a reddisiwn till, referred
as an Elsterian till by Danilans (1973), Segl{(1987) and Kalmia et al (2000), is covering
Devonian bedrock. This till unit is observed in mos$ the boreholes and is usually 2-3 m
thick (Fig. 2).

The summarized lithology and corresponding estiabtls and reinterpreted
stratigraphy of the Quaternary sequence is showineiriig. 3.

m. asl. Chy Silt Sand (vae[ Pebblestmlct

’ 1 Sediment description Previous stratigraphy | Revised stratigraphy
& 4 % 4 4 KK ; ;
o Ato St 1. Marine and aeolian sand Late glacial and Late glacial and
EEREY and gravel Holocene Holocene
SRR 25-52 ka 3 2. Dark grey basal till, Saalian (Kurzeme) Late Weichselian
O == 2 -3 m in thickness.
- In placesupto 7- 10 m

3. Lacustrine shallow water Early Saalian (Jurkalne- |[Middle Weichselian
silty sand sediments 3)
-20

4-5. Dark grey till, largely Early Saalian Middle Weichselian?
P = eroded, in boreholes sporadic  |(Jlirkalne-3)
P 6o 1o cal\ distribution. Reaching in
30T thickness up to 1 m. Below till
s s glaciofluvial sand and gravel

BicR e o\ 7 6 - 7. Marine silty sand and Early Saalian ?
R4 silt, clayey siltan clay (Jurkalne 2 and 1)
ToTLl sediments. Upper layer
] ISR sequence of the unit is wedging

out to the south of the
sedimentary sequence.

8. Marine dark silty clay Holstenian ?
50 8 sediments, in thickness up to 20 | (Akmenrags)
m

/ M 9 - 10. Reddish brown till Elsterian (Letiza) ?

deposits, in places underlain by
sand and gravel

-60 8
Clay Slll Sand Gra\e]Pebbleleamwt

Figure 3. Generalised section of the Quaternaryesace in western Latvia lowlands and corresponding
previously established and reinterpreted chrontigteghy.

The lowermost till is topped by 25 — 30 m of clalgyey silt and silty sediments. The bottom
of this sequence is mostly fine grained — siltyelasilt and clay sediments, rich in organic
matter; upward coarsening is observed (%6¢li1987; Kalma, 2001). SeghsS (1987)
distinguished this unit as Sudrabi (Sd index in #ig. 2) member within Akmgags
formation (Ak index in the Fig. 2).
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Sudrabi member overlies the lowest diamicton Ufi.(2 and 4). It is composed dominantly
of clay, and its thickness ranges from 1.5 — 6 macidfossil and palynological findings in
these clays include plant remains, fragments ofusolshells, particularli?ortlandia arctica

as well as ostracodes and foraminifera (Kongtial, 1970; Charamisinava, 1971; Kalai
2001). Seghis (1987) distinguished Late Elsterian age of thér&n member.

The overlying Akmerags formation is composed of two facies — low#rtei sandy
silt, and upper sandy facies which are restrioteithé southern part of the study area (S8gli
1987). Lower silty facies cover the lower clay seeints comformably, and its thickness
increases up to 13 m near the Akmmagys (Fig. 2). Charamisinava (1971) reports several
marine, brackish and freshwater diatom speciesinmapecies being the dominant in this
unit. The abundance of diatoms increases upwaiitty. |@ver part is rich in disseminated
organic matter, particularly plant remains, alsdrax®des, foraminifera, diatoms and
fragments of marine mollusc shells. Basing uponltesof macrofossil and palynological
investigations Konshirt al. (1970), Danilans (1973), Segdi (1987), Kalma et al. (2000)
and Kalnpa (2001) assigned this sequence to the Pulver(iistenian) interglacial.

However, no reliable absolute dates are availabjgdve the established stratigraphic
interpretations. According to diatom findings Chaisinava (1971) correlated silty sediment
sequence to Eemian interglacial. Later Meirons &trdume (1979) doubted palynological
data resemblance to Pulvernieki (Holstenian) tyfee suggesting that pollen successions are
more similar to the Felicianova (Eemian) pollenorelc

Akmenrags formation silt and sand sediments are covénedlO - 20 m thick
predominantly fine (0.1 — 0.25 mm) sand and si#tgdsunit, distinguished by Kalya et al,
(2001) as the lower member (Jrkl, see Fig. 2)arkalne formation. Kalnja et al, (2000)
noted signs of glaciotectonic deformation at thatact with the overlying diamicton S of
Strante. Kalnja et al. (ibid, p. 104) also conclude that “most pollenJdf1l sands appears to
be redeposited”. It should be noted that underecimunderstanding the silt deposits involved
into glaciotectonic structures at the Strante @dduffs belong to irkalne (Jrk2) sediment
unit not to the Akmerags.

The Jirkalne 2 (Jrk2) silt sediments are covering Jrkit (alninaet al, 2000). At
the top levels it is often heavily dislocated doediapirism and it is difficult to estimate
correctly its initial position, distribution andithkness (Fig. 2). Organic content of these units
is low, some brackish diatoms have been reportenh flhe Jrk1 unit (Seglins, 1987) and
some marine diatom finds in Jrk2 (Charamisinava,1}9Kalninaet al. (2000) suggested
open tundra-like vegetation during deposition afskh silty sediments. Both units have been
correlated to the Early Saalian (Seglins, 1987nkalet al.,2000; Kalnina 2001).

Jrkl and Jrk2 units are discordantly overlaid bin,thfragmented till bed and
glaciofluvial sediments, situated approximately tire middle portion of the Pleistocene
sediment body. The till is mostly rewashed and antered in only few boreholes, and
probably in some outcrop sections. At the S parthaf study area it is susceptible in
approximately 10 kfarea NE of the Cape Akmgs. However it is not always recognized
as a separate unit (Juskset al, 1998).

Jrk2 silty sediment and middle glacial sediment isidiscordantly covered by Jrk3
(Jrk3 in the Fig. 2) sand unit. It is up to 40mck. At the southern end of the study area the
Jrk3 unit is lying directly on the lowest till. Theper part of this unit is outcropping in the
coastal bluffs, and was sampled for OSL datingsfotfumnately no in depth study of
sedimentology of this unit has been conducted theresedimentological description is based
on sparse lithological descriptions at the out@ng boreholes, e.g. Veinbergs and Savvaitov
(1970), Paper I and II.

The dated sedimentary sequence is composed of fiery and fine- to medium-
grained sand, interlayered by silty, in places riochorganic matter, layers. At Sensala,
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Ulmale, Baltmuiza, Strante and Ziemupe sites (3gs. A and 2 for the location) the sandy
sequence comprises up to 1 m thick fine- to medjpwamed sand beds with silty interlayers.
The sequence at Ulmale and Baltmuiza sites is th& goarse-grained, with individual beds
reaching up to 2 m in thickness. Wave ripple-lart@dastructures are common in sediments
in several sites. The sand is in places crossfgchind cross-laminated. Wave ripple cross-
laminated sands were formed in low energy currdéytamigration of wave ripples. The
randomly distributed trough cross-stratificationngerpreted to be deposited from occasional
traction currents by migration of 3-D dunes.

To the south of Sensala attati, Valcenieki and Gudenieki sites the sequersce i
characterized by up to 1 m thick plane paralledsied, fine- to very fine-grained sand beds
interlayered by sandy silt and silt beds, rich igamic matter. These deposits are interpreted
to be formed as plane beds in lower flow regime.

The overall sedimentary facies assemblage of theudsed above outcrops suggest
deposition in low energy currents as plane bedsasionally interrupted by higher energy
sedimentation in dunes. This indicates an occakinftax of the fluvial currents. Deposition
generated by wave processes prevails in most oftily area and suggests deposition in
shallow settings, above the wave base. We intethigetsedimentary sequence to be formed
in shallow coastal and lagoonal facies. This inmeagion coincides with conclusions of
Veinbergs and Savvaitov (1970, pp. 75-76) thatdbminantly sandy sediment, with some
silty and clayey laminae, was deposited in a ktarea “... in the upper part of the silt zone,
in the lower and upper part of the coastal undeenglbpe, and in the beach and in lagoons.”

Organic content of this unit is rather sparse,mate silty beds have been subjected to
macrofossil and palynological analysis, as welsase freshwater diatom finds are reported
from this unit (SegtiS, 1987). The lagoonal facies at the Gudeniekiaericher in organic
matter, and has been subjected to palynologicdiestas well as macrofossil analysis, based
on which this unit has usually been correlated ithee the late Holstenian (Pulvernieki)
(Danilans, 1973) or Early Saalian time (Sg§li1987; Kalma, 2001; Kalmaet al, 2000).

The till layer at the top of the Pleistocene segeewas earlier correlated to Saalian
age (Danilans, 1973; Kalm et al, 2000) or a composite of Saalian and late-glatial
(JuSkewvts et al, 1998, see geological sections to the Map of Qnatg Deposits). Its
thickness varies being on average 2 m and reacipirig 7-8 m. The top of the till was eroded
during the Baltic Ice Lake stages, so in many @dmmulder concentrations or pavements, and
the Baltic Ice Lake sandy sediments are preseteadsof the till. The two-layer interpretation
has been introduced by Dreimanis (1936), who asdupaaultimate (Saalian) age of the
upper till unit outcropped at the Baltic Sea coldshaffs. With limited critical evaluation this
suggestion was preferred in later works by Kongtial. (1970), Danilans (1973), JuSkeéwi
et al. (1998) and Kalnia et al. (2000). Such interpretation of the upper till Had to a
conspicuous situation where the main constituerthefWestern Kursa upland is considered
to be as a Saalian till, with Weichselian till play only a minor part in the Pleistocene
sequence (Meirons and Straume, 1979).

Summarizing the published stratigraphical integiens so far draw somewhat
confusing picture of the chronostratigraphy of thégjuence, and new independent dates are
needed to clarify this situation. Presented OSLindatresults allow to clarify the
chronostratigraphy of the upper part of the Pleste sequence, as well as raise new
guestions upon the lower part, below the datedesszpi

During the last Weichselian glaciation the tergtoof the western Latvia was
inundated by the Baltic Ice StrearBI$) of the SIS (Ehlers 1996; Boultoret al, 2001).
During the course of the deglaciation #BE in the western Latvia split into Kursian and
Usma ice lobes that terminate in local glacier tasy(Veinbergs 196&boltins et al, 1977;
Zelés and Markots 2004), and several ice oscillatiamssaiggested in the area (Veinbergs
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1968; Zets and Markots 2004). Associated zones of the mardormations have been
correlated to other ice marginal zones in the EadBaltic (Raukast al, 1995). TheAGT
immerged from the Kursa lobe during the North Lithuanian nkuva) phase of the
deglaciation (Veinbergs 1972; Meiroes$ al, 1976; Meironset al, 1976; Zets, Markots,
2004). Its termination is marked by shear margimaimes, and ice marginal formations on
the western edge of the Western Kursa Upland (\ézgd) 1972; Meirons et al., 1976) (Fig.
1B). This relatively small protrusion of the Kurahilobe was about 35 km long on the
mainland area. It widened down glacier from 6 kni%okm providing a divergent ice flow
pattern (Fig. 1B).

The subglacial landforms of the AkriPlain have been to some extent altered by the
local ice dammed lake (Veinbergs, 1968, 1972; &te|ul979). Therefore drumlins are
visible only in a limited area and are mostly bdriby up to 5-9 m thick cover of
glaciolacustrine sediments (Fig. 1 C).
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3. Materials and methods

This study is based upon several field work campaguring the course of 5 years in
the western Latvia. During the course of field stgdbased on the extensive coastal bluff
inspection, 5 key coastal bluff sections, reprasgndlistinct subglacial environments, were
selected for detailed glaciotectonic investigationaring the fieldwork, most attention was
paid to the internal composition and deformatiomuctres of the glacier bed sediments.
Detailed studies included determination of spatialee dimensional arrangements of
sediment units and structural fabric measuremdis.measurement data were processed and
plotted by StereoNet.

Numerous boreholes logged in the course of 1:50s8a& mapping were used for the
regional geological background information, compila and reinterpretation of the
geological cross section shown in the fig. 2 B #igd13. At the vicinity of the Sensala till
surface elevation was mapped by logging 17 borshole

Glacial landforms within the study area were stddising a digital terrain model of
Latvia with grid step 20x20 m, constructed by thevian Geospatial Information Agency
(LGIA). Glacial landforms were studied in hillshabeages, varying the angle and strike of
the lighting. Topographic maps at the scale of 000 and aerial photographs were used for
detailed studies of the drumlinised area and inoldiai drumlins. At the coastal lowland area
glacial landforms were detected by subtracting @uary geology maps and elevation data
(DTM and 1:10000 topographic maps).

OSL dating samples were collected in a period 2094 — 2008. Sensala (01, 02 and
03), ztari and Valcenieki OSL samples (Table 1) wereemt#td in copper tubes 2.5 cm in
diameter, and 50 cm in length. Samples were oldabe hammering in the tubes into a
previously cleaned outcrop. At each sampling sittuldes of the sediment sample were
collected. In addition an extra sample for moistarel gamma dose measurements were
collected 20 — 30 cm above and below each samgiiag

The Ecenieki, Gudenieki, Uimale (01 and 02), Baltmui&arante and Ziemupe (01
and 02) OSL samples were collected by coring i@ éutcrop, using Eijkelkamp liner
sampler set for sampling undisturbed soft soilssatnple was collected in the 4.5x40 cm
PVC tube, which was placed in a container in a darkironment. Additionally an extra
sample for moisture and gamma dose measuremenés cstected 20 — 30 cm above and
below each sampling site.

In all cases OSL samples were collected from atl@®d m thick well sorted fine to
medium grained sand layers. All of the samples werated and processed at the University
of Helsinki Dating Laboratory. In the laboratory@®297 um grain size was used for quartz
and feldspar.

In this study, beta dose rates were measured fnerartreated sample material with a
Risg GM-25-5 beta multicounter (Bgtter-Jensen, lslieljd 1988). The conversion of the
measured beta dose rate to absorbed dose is basigiihg the measurements to values from
a set of reference samples of Finnish soil withvkmdJ, Th and K content as determined by
neutron activation. The conversion includes coroactor grain size with the assumption that
the measured material is dry.

The water content of the samples was measured anlaboratory by weighing
material, from the side of the tube, after it watugated with water and again after drying.
For samples Sensala 01, 02 and OBarZand Valcenieki water content was assumed to be
20%, which is somewhat overestimating the real tmms.

The dose rate measurements of the purified quardzfeldspar samples were done
according to a single aliquot regeneration (SAR}tqeol (Murray, Wintle, 2000).
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The quartz and feldspar were density separated frgand-samples. OSL-
measurements made from feldspar samples were deimg Wlue-LED and infrared
stimulation.
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4. Results

The results of this thesis comprise mapping andigiectonic structure investigations
in selected key sites, results of the mapping gatia analysis of théGT area and the
vicinity of the Sensala site, and improved chroraigjraphy for the upper part of the
Pleistocene sediments, that outcrops in the cobhifit of the Baltic Sea. This is the main
part of the Pleistocene sequence. It is built uptlwp units of different till facies,
glaciofluvial, glaciolacustrine and shallow basimdanarine sediments (Paper 1: Fig. 2).

4.1. Sensala site

Glaciotectonic deformation, as well as general ggiohll structure of the Sensala site
in detail is presented in the paper I. The resaftsnvestigation at the Ziemupe site are
presented in the paper Il. As far as obtainedtehdil results improve some preliminary
conclusions of afore mentioned paper, the authdhisfthesis found worth to present in this
compendium of the original papers. Gudenieki, Ubnahd Strante investigation results in
detail are presented in the most recent Paper hé improved chronostratigraphy of the
upper part of the Pleistocene section based on @&kes and related tentative re-
interpretation of the lower part of the Pleistoceeguence of the western Latvia, the most
portion of so-called Western Latvian glacial lowdaby Straume (1979, pp. 415-419), is
reported in the paper Ill.

Overall mapping and structural geology investigatioesults allow drawing
conventional structural pattern of the glacier lbefiormation styles in the western Latvia.
Sensala, Gudenieki and Ziemupe sites are charastietby unidirectional fold — thrust
complexes. Ulmale and Strante sites are charaetely sediment redistribution/deformation
pattern, initiated by the formation of diapir stwes.

In general Pleistocene sediment composition is laimin all five coastal bluff
sections: at the base and the middle part intaedthe, silty sand sediments are covered and
distorted by the meltwater gravel and till faciasd waterlain and flow till facies at the
Sensala site. Clay and clayey silt sediments oatyslaces, as a constituent part of the
diapiric structures.

The Sensala site is the most northern stretcheoflifcussed sites. The upper till unit,
separated from beneath by a thin shear zone, reagh& 4 m in thickness. Its thickness is
rather consistent, but little thickening in theeirtiapir spaces can be observed, probably
resembling changes in coupling of the glacier sobied. Around diapir structures distinct
coupling of the deformation can be observed. Alenth sand and gravel deposits till is
stretched into series of detached individual lerfseprporated into sand and gravel material)
or buckled along into folds along with fine sandlisgnts. Occasionally several meters long
and a few millimeters to several centimeters tlsakd or silt intercalations can be observed
in the upper till unit. In a microscale these baads disrupted by echeloned Riedel shear
zones, as well as by drag folds and boudinage nitieé bands, indicating that these are shear
zones developed within the till.

Overall deformation comprises diapiric flow of tleev water permeability material,
e.g. clayey silt and unidirectional shortening loé subglacial substrate in the SW direction.
Diapir structures are strongly reshaped and owestbd in the direction of the overall
shortening. Silty diapirs form near planar slabthveividence of material mixing with the till.
Scale of the diapir structure deformation decreasé#ection from N to S. Sandy sediments
are positioned at the base of the outcrop, ancfitver are less deformed and compose nearly
upright long and low folds.
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Figure 4. Hillshade image of the coastal area Semsala site. Hillshade image is created from
model, with resolution 20x20 m. Vertical resolutisrexaggerated 3 times. With question symbols are
marked suspected lateral shear moraines. Notatbatin between these ridges lie slightly lowentha
surrounding topography. This figure is unpublished.

The axes of fold structures trend predominatelyhm NW-SE direction, suggesting
the glacial stress direction from NE to SW. Corésnany detached folds as well as augen
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structures are composed of course glaciofluviabgraediments. Macrofabric measurements
of these sediments suggest similar, parallel tddleaxis orientation stress direction (Paper
[). On an outcrop scale one can observe that deptiell as strain amount have decreased in
direction of overall shortening, thus a common dléocment boundary can be drawn. It rises
from NE to SW, suggesting a decrease of glaciaglsstin the SW direction. Predominant
maxima of the upper till macrofabric show from NN& SSW directions of glacial stress,
which is in good agreement with the establishedored ice movement direction in the area
(Gaigalaset al, 1967; Boultoret al, 2001; Zets, Markots, 2004).

Mapping at the vicinity of the outcrop of the elewa of upper till surface revealed
500 m wide, approximately 5 km long and just 5 mhhiidge stretching from W to E. This
area has been subject to erosion by the Baltitage, so its initial height is expected to be a
few meters higher. The Sensala outcrop correspionitie core of this ridge. The ridge axis is
transverse to themain stress direction of the glaciotectonic struesuas shown by a
glaciotectonic structure analysis at the outcrap.(#).

In the hillshade map (Fig. 4) two other similarelan ridges can be noticed. One of the
ridges starts off from the coast, similarly to tahthe Sensala site, other one lies on the same
axis as this ridge more to the east in to the mathl Ridge corresponding to the Sensala is
interpreted as a shear margin moraine as desdojp&lokes and Clark (2002a). Structure of
other two ridges positioned to the north of Sensal&rop have not been investigated due to
lack of accessible outcrops, but based on morpieabgkeliness of these ridges. They can
be interpreted also as shear margin moraines., Ipssition and width of the Venta glacial
tongue can be drawn during final deglaciation stage

4.2. Ziemupe site

The Ziemupe site is the most southern outcrop aedtivestigated in this thesis.
Thickness of the Pleistocene sequence in this iard@nning out in the southern direction,
and comprises only some 20 — 30 m in thickness @igSediments at the outcrop comprise
Middle Weichselian sandy sequence topped by thadjflavial sand and gravel, and Upper
Weichselian till. In the outcrop several isometfidd structures are present, presumably
buckled by the rising diapir structures from behe&wold structures have been reshaped by
the compressional thrusting from the NNW directidig. 5 shows one such structure
assemblage, where N flank of the fold is compredse@ series of glaciotectonic thrusts.
Amplitude of the thrusts is commonly minor, congirtg just some 5 — 10 m.

Thrusts are directed downwards resembling theiootaif the stress field, probably
due to contemporary formation of the diapir strogtand thrusting. It seems that folded sandy
strata created local perturbations at the glaale, svhere glacier coupling occurred, resulting
in a formation of the minor thrusting, and extensom the lee side. This deformation is most
pronounced in the direction of glacial stress, dadreases towards both sides from it. If such
coupling domains existed this would lead to theodé@mn of the till along diapirs. It is
evident that along such diapir structures till kimess is higher than in the area in between the
diapir structures.
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Figure 5. Geological cross section of the diapit thrusted sequence on its northern flank. Thrusts
are indicated by the orange dotted lines. Dip efttirusting as well as asymmetrical shape of the

diapir suggest formation of the thrust sequenceraftr contemporary with diapir formation
Unpublished figure.

Approximately at the middle part of the Ziemupeaoop section a complex fold-
thrust structure assemblage, cross cut by the adiaglshear zone, can be encountered (Fig.
6). Glacial diamicton at the lower part of the @afris thrusted and/or forms isometric fold,
resembling complex thrusting, detached folding diaghirism processes. As in the Gudenieki
and Strante sites, in the Ziemupe site weak, ptomapirism layer is lower till. It should be
noted that compressional stress forming these fdsthrusts is directed in the common NE
— SW direction. Lowert diagram corresponds to the syncline in betweemidtan slabs, and
probably shows folded strata reorientation aroulhtbtd below.

Glaciofluvial sediments are contorted into len® lgynclines (Fig. 7). In all cases size
of these features do not exceed 10 m in length3amdn thickness. They do not form typical
augen structures, suggesting only minor rotatioapd3ition of these sediments occurred
probably in a subglacial environment during thegs&tion phase of the ice masses. Main
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stress direction interpreted from these synclir@aaides with the compressional structures
near the diapirs (NE-SW), suggesting single tragsgjve glacier movement over the area
(Fig. 7).

In southern part of the outcrop distinct sinisghkar zone beneath the till layer is
present. In the northern part till is eroded byexsiof the Baltic Ice Lake, and most probably
shear zone was present there as well. Sinist@tttin of shear, as indicated by bended offset
of shear markers (Fig. 6 and 7) contradicts witarall dextral shearing of sediments near the
diapir coupling domains. Results of microlineatimeasurements in the shear zone confirm
S-N shearing direction, which coincides with offseinding direction of the drag folds near
the shear zone (Paper I1).

Figure 7. Contorted lens of the sand and grawedliagram is presented for the syncline, and
contour stereo diagram for macrofabric measureméntthe sand and gravel are presented.
Syncline is formed by pressing gravel sediment hiody the unfrozen subglacial substratum. Top
of the syncline is cross cut by the sinistral shemre, at the base of the till, indicated by thekpi
line. It is proposed that after formation of thensjne glacier became decoupled from its sole.
Unpublished figure.

Shear direction in the shear zone contradicts witbrall regional glacier movement
direction (regional from NE to SW to shear direntivom S to N). Stereograms of the till
fabric measured in the till beneath the shear atiosv reorientation due to shearing.

In this case upthrusted till is cross cut by theastzone and new till unit is deposited
on top of it. In the picture cross section cuttamgoss diapir fold is shown. It can be seen that
deformation occurred on diapir flank, as diapiregichs obstacle, towards which sediments at
the glacier sole were compressed, resembling kitierpattern to other sites at the Ziemupe
outcrop section.

The upper till fabric has well developed NNE-SSWéptation 6:=0.675;6,=0.256).
This is in good agreement with studies on regioc&lmovement direction (Gaigalas al,
1967; Punkari, 1997; Boultost al, 2001; Zets, Markots, 2004). Shear direction in the shear
zone beneath the upper till seems to be from S bemte in contrast to inferred regional ice
movement direction.

The fabric of lower diamicton is not as well deyed ©,=0.443;05,=0.370). The
large o, value suggests more-grid like distribution thah d¢ee interpreted as result of the
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initial fabric reorientation due to penetrative ahig. According to the fabric orientation the
shear direction is from NNE to SSW.

Based on mapping and kinematic analysis two stagfeshe subglacial bed
deformation can be recognized: (1) formation opdiatructures and thrusts, composed of till
diamicton, and (Il) subsequent shear zone formatipper sandy sequence during the first
stage of the deformation probably was in a frozatesndicated by the concentric folding of
the material, where only minor changes of the bétkhess can be observed. These sand and
silty sand deposits are weak material and are ¢gge¢o deform in a more plastic manner in
an unfrozen state. Formation of the subglacial skeae and associated deformation till
resemble different, more temperate subglacial ¢mmdi. It can be observed that deformation
band within the shear zone undergone thinning andentration in an approximately 1-2 cm
thick shear band, resembling strain weakening witthe shear zone. Probably strain
weakening was caused by the melting of the iceiwithe subglacial material and rising
porewater pressures, resulting in a decoupling®btacier from its sole.

The AGT bed shape was interpreted using the geomorphalogigorint visible in
satellite images and topographic data sets. Thee dites were selected for detailed
geological studies: Gudenieki, Ulmale and Straifiig.(1B). These sites represent margins
(Gudenieki and Strante) and a middle portion ofAE respectively (Paper V).

4.3. Gudenieki site

This is the northernmost portion of the outcroptises positioned in the influence
zone of theAGT. The site is situated at the northern marginakzafitheAGT (Fig. 1C)

The Pleistocene sediments outcropping in this a&iee common for the Pleistocene
sequence of the study area: sand and silty samcheset$ at the bottom of the outcrop, and to
the great extent eroded, upper till layer on thpedbthe section.

Glaciotectonic structures at the site include @&seof the thrust sheets, displaced in
the NE direction (see Paper IV: Fig. 3). That im@dt perpendicular to the overall ice flow
direction, which is from NNW to SSE (Gaigalesal, 1967; Zets, Markots, 2004). Single
thrust sheets are composed of a till layer at #eelraped by the fluvial sandy sediments.

The thrust series start with the youngest thrusesbrigin being at the southern side
of the outcrop (Paper IV: Fig. 3). All thrust sheeetake approximately the same dip angle.
This kind of thrusting indicates rather subglatieln proglacial deformation style. Proglacial
thrusting is expected to produce transgressivesttstack, given that the glacier is advancing
and younger thrusts might be overthrusted oveoltier ones. Layering of the sandy strata is
preserved and brittle deformation indicates thatiments were in frozen status during
thrusting. It suggest that glacier ice must havpeeenced a phase of stagnation, during
which it froze to its bed.

At the southern end (Paper IV: Fig. 3) the thrusfuence is cross cut by diapir
structures composed of diamicton, supposedly aatgig from the lower till unit. Along the
diapir a very little deflection of strata is presémdicating that the upper part of the sandy
sediments was in a frozen state during formatiohefdiapirs. Uplift of the diapir in the
middle of the thrust sequence caused subsidentleo$ediments accompanied with well
established extensional faults.

The thrust sequence comprises a part of the linége, topographically expressed as
a linear, partly elevated till area (Fig. 1C). éincbe traced for some 2 km stretching into the
mainland. The long axis of the ridge is at the trighgle to the main stress direction of the
thrust sequence. A similar landform has been sugdesd the Sensala site, which is situated
to the north of the Gudenieki site — at the southeargin of the Usma ice lobe in Sensala
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(Paper I). Such a unidirectional deformation segads exposed in the core along at least 4
km of the linear ridge.

4 .4. Ulmale site

This site is located at the central part of ®%@T. The sediment sequence at the
Ulmale Site mostly comprises shallow basin finewggd and silty sand sediments, overlaid
by a thick till layer (Paper IV: Fig. 4). All of ¢hsection is penetrated by diapirs composed of
the clayey silt. The capped upper till over thentogt part of the diapirs was truncated to
some extent by glacier erosion.

The upper till thickness reaches up to 7 m, buawerage it is 2 to 3 m, tending to be
thicker in the interdiapir spaces (Paper IV: Fig.14 the thickest parts of the till layer, shear
zones can be traced, typically 2-3 m above thda#le and stretching in a lateral distance for
20-30 m. The subglacial shear zone is tilted, digpnto the interdiapir space indicating that
the downward movement and the diapir uplift wak gtesent during formation of the shear
zone (Paper IV: Fig. 5). This suggests contempaasérmation of the diapirs and accretion
of the upper till unit.

According to the borehole data (Juskeyil998), the top of silt and clay sediments
forming diapirs lie at a depth of approximatelyr@0so presumably the diapirs have raised at
least 30 meters in to the subsurface (Fig. 2).

Diapirs in general are not only simple anticlin&f) but rather comprise several little
domes and dissecting dykes associated with veslosdr zones of material transport (Paper
IV: Fig. 4). In places, the core of the diapir @ngposed of sand, suggesting, entrainment of
the sandy material from beneath the clayey siledayrhe topmost parts of diapirs are
deflected down glacier, suggesting that diapirs ewaffected by the drag force of the
overriding glacier.

The basal contact of the till is sharp, in placeskad by up to 10 cm thick shear zone.
Sharp basal contact and overall ductile deformainoiicates that glacier was warm based,
and the glacial flow was primarily achieved by aajgr sole sliding over its bed, or thin
deforming layer according to Evaastal. (2006).

This geological structure is typical for approxielst 12 km long section of the
outcrops from Gudenieki Site in the north until st southern Strante Site (see next
chapter), representing, according to the geomoggcdl setting, the composition of the
glacier bed in the axial part of tA&T.

4.5. Strante site

Strante Site represents the southernmost sectiotheofoutcrops where thAGT
subglacially disturbed sediments are exposed (P&pdfig. 6). The outcropped part of the
Upper Pleistocene sequence reveals dark greyiaird similar to those observed at Ulmale.
Along with diapirs fine, in places silty, sand, sofidated, very sandy diamicton is present.

Diamicton is up to 6 m thick and forms an almosd 12 wide span of the outcrops.
This unit is interpreted as a glaciotectonite, @scdbed in Benn and Evans (1996). It
possesses subtle planar, near horizontal foliediweh rounded soft sediment raft inclusions
(Paper IV: Fig. 6). Overall deformation of the sednt rafts is similar to structure kinematics
of the tectonic inclusions in the ductile shearemrwith characteristic rotational deformation
features (Paper IV: Fig. 7). Beneath it, the saseliments are truncated in the direction of
the shearibid: Fig. 6), indicating dextral shear sense. Smailttton folds along the minor
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shear surfaces within the shear zone suggest sis@lese of the shear. The unit is thinning
out in the lateral direction and is bounded by diapstructures. Macrofabric within a
diamicton as well as other shear sense indicatoggest a NNE-SSW shearing direction,
which is in good agreement with overall glacier mment directions in the area (Gaigagas
al., 1967; Zets, Markots, 2004)Results of the micromorphology and microlineatitundges
suggest the preferred microfabric orientation inzental sections in two out of three cases is
roughly in an ESE-WNW direction (Paper V).

The Strante Site possesses a similar deformatioatgte assemblage as the one at the
Ulmale Site. Similarly, the subglacial deformatiendominated by a diapirism-caused mass
movement, but there is a higher degree of defoonatitensity. Deformation could have
been enhanced by the fact that the Strante sisguated at the near lateral margin of the
glacial tongue, just 1-2 km from shear margin mugaiexpressed in topography as a linear
elevated till area (see next section). The glaeedocity is expected to be lower near the
lateral margin than that at the middle part (thendle site) which would lead to lower pore
water pressures and a higher degree of glacieliogup

4.6. Geomorphological imprint

The AGT configuration is retrieved from marginal landformssemblage based on
digital elevation data and a geological map of @urary surface sediments. The pathway of
the AGT is marked by elongated ridges on both sides tindtrace drumlin-like lineations and
ends with an articulate moraine ridge in the westart of the Western Kursa Upland —
marginal end moraines. The biggest end moraineriglthe Alnale-Vardupe Marginal Ridge
that can be clearly traced on the hill shade inesga curved, transverse to the former ice flow
direction glacial landform (Paper IV: Fig. 9). iseés more than 30 m above the ApRlain.

Subglacial landforms of thAGT can be traced with difficulties. In the north-emst
part of the territory under consideration, somet-tipped drumlins rise above the
glaciolacustrine plain (Paper IV: Fig. 9). Nevettss, these streamlined landforms are well
pronounced in the hill shade image. Crests of thantins stretch from WNW to ESE,
marking the ice movement direction. A total of 2Lrdlin or drumlin-like features can be
distinguished in the area. The length of theseastlimed bedforms is 1.5-5 km, which is
somewhat longer than average drumlin length in solassical drumlin fields (e.g. Clark,
Stokes, 2001; Stokes, Clark, 2002Zeics, Dreimanis, 1997), thus composite origin of these
features cannot be excluded.

Onset of the drumlins in th&GT bed coincides with the abrupt change in the gtacie
bed geological structure (Paper IV: Fig. 9) whesoft, deformable bed of loose sediments is
replaced by the Upper Devonian dolomite. Along thms, the thickness of loose Pleistocene
sediments sharply drops from 40-50 m to 10-20 m.

Elongated, gentle ridges composed of till are \esdt Gudenieki and Strante (Paper
IV: Fig. 9). The orientation of these ridges codes with orientation of drumlins that stretch
parallel to the ice flow direction of th&GT. The present height of these ridges does not
exceed 5-10 m though the ridges are still topogcaiiy higher places than th&GT basin
bed. The Gudenieki ridge is 200-400 m wide. It bantraced in a distance of about 2 km
inland from the modern coastal bluffs. The outcrapthe Gudenieki site display its internal
structure in the section transverse to the flowation. The Strante Ridge is wider and longer.
Its width varies from 600 to 800 m (Paper IV: Fi{.

Both ridges are interpreted as shear margin masdhreg have been formed during the
advance of thé&GT. The formation of these ridges was induced byed#fitial movement of
the ice masses of the tongue in one side and aféhe dead ice which was grounded to the
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bed on the other side. Subglacial origin of theasheargin moraines have been emphasized
not so long ago by Stokes and Clark (2002a).

Outside the pathway of thAGT, some lineaments transverse to ice movement
direction are identified (Paper IV: Fig. 9). The$igeations could be interpreted as
drumlinised features within the terrain created drgvious glacial advances, which were
directed from NNW to SSE rather than form west dsteas with theAGT (Aboltin$ et al,
1972, 1977; Straume, 1979; Raukaisal, 1995). In places, these older lineaments are
truncated by younger ones.

4.7. OSL dates

All the OSL samples were taken from the upper saatiiment sequence (Fig. 2). In
all cases a clear relationship of sampled fine ssediments stratigraphically positioned
below the uppermost till unit was established.

The OSL signal obtained from the Sensala sampleggest overall rapid
sedimentation and differential bleaching of thedsaraterial, which increases the separation
of the results.

The OSL results from Sensala samples from feldggse overestimating the age of
the sample or the results were otherwise insed®ith. infrared stimulation (IRSL) the results
were in good agreement with results obtained framarig with OSL. This suggests that the
sand has been affected by sunlight only short dedoring the transformation and the
relatively slow OSL-traps were bleached only pdtia

Gudenieki, Valcenieki andiari sample dating results in general gave goodltes
from the quartz measurements and somewhat incomplesults of feldspar. These
measurements gave considerably higher age thanf@8L quartz signifying probably the
fact that sedimentation has been very rapid andgdhd has not been affected by the sunlight
so long that it would have bleached the feldspanmetely. The Gudenieki sample grain size
of the sand was a bit too small so the amountldEfar extracted was quite small to be used
and because of that the quality of the separateddar was quite poor including impurities
that might affect the result. In the Valcenieki gdenthe potassium content of the used
feldspar was quite high (about 10.2 %). Becausthatf the inner dose rate for the feldspar
was calculated, which changed the total dose ffatieedfeldspar to be about 2.10786 mGy/a,
in effect this inner dose rate might get some etoathe results. Dating results of th&afi
sample obtained from feldspar had quite large tiariafrom ages quite close to the results
obtained with quartz up to ages about triple tivaet This suggests that formation was so
rapid that feldspar was not bleached completelynduhe formation process.

Dating results from Baltmuiza, Straniégenieki, Ziemupe and Ulmale samples show
clear age distribution, except that Ziemupe 02 dartige sand was so fine grained that the
amount of sample material, having suitable graie,sivas very limited.

The natural luminescence values intersected tlealipart of the growth curves for all
of the samples, and no saturation problems werewenered (Paper lll: Fig. 4 A and B).

34



Table 1 Summarized dating results of all samples fromiB&ea coast, western Latvia

Dose rate |Absorbed dose | +/- Age |+/-
Sample (mGy/a) (Gy) (Gy) (ka) |(ka)
Sensala01 | 2.06 87.8 10.35 |43 5.0
Sensala02 |1.75 78 13.36 |45 7.7
Sensala 03 |1.55 67.9 15,57 |44 10
Zitari 151 55.64 10.65 |37 7.1
Ecenieki 1.77 58.4 522 [33 |34
Gudenieki 2.34 105.8 9.89 |45 4.2
Valcenieki 1.30 53.1 12.88 |41 9.9
Ulmale 01 1.45 37.9 5.62 |26 4.1
Ulmale 02 141 39.6 6.13 |28 4.6
Baltmuiza 1.59 41.5 3.64 |26 2.6
Strante 2.00 68.6 854 |34 4.6
Ziemupe 01 |1.54 72.8 7.43 |47 5.4
Ziemupe 02 |2.01 105 19.8 |52 10

The dating results are summarized in the Table ILofAthe obtained ages suggest
sedimentation of the Jrk3 sedimentary unit durimg Middle Weichselian interstadial time.
The variation of the dating ages in sampling sitasst be controlled to some extent by
variation of the glaciotectonic deformation thatdtly can bring near the Earth surface older
sediments.
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5. Discussion and interpretation

As shown in the field investigation results in geth@hree subglacial environments
and deformation styles are recognized: (1) subaglagdeformation, goverened by mainly
gravitational mass movement, associated with tret fee flow conditions (2) oblique
thrusting at the glacial tongue lateral positicarsd (3) areas of stagnant ice, with no signs of
glaciotectonism.

5.1. Glacier bed deformation associated with faste flow

It is suggested that formation of the internal ciiee of sandy sediments and rising of
the diapirs are strongly coupled. As a result @f trmation of the clayey silt or silty clay
diapirs overlaying sandy sediments were protruddxbve the topmost portion of diapirs the
sandy bed was simultaneously sloped upward ancedr&liding over the area situated in the
lateral portion of thAGT the active ice immediately sheared off and asatedl the material
from the sand bed above rising diapirs and depbsiten subsiding and distally located
spaces between the diapirs with only minor admexuirthe far-traveled coarse-grained and
fine-grained material (Fig. 8). In most cases tittecemposing diapirs did not reach the ice-
bed interface and were not incorporated in theiggaic diamicton. The contemporaneous
operation of both processes due to diapirism iskethby monoclinally dipping margins of
the upper till unit.
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Figure 8. Principal model showing sediment redisiion at the glacier bed caused by
diapiric flow. A — Map view of the material trangpérom diapir rising areas into
interdiapir subsiding spaces. B — Cross sectioallghto the axis of the glacial flow. C
— Graph showing changes in the glacier sliding cigfo
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The diapir structures found in the central parthef AGT consist of low permeability
material, i.e. silt, clay or till, that has low @ity for pore water pressure dissipation compared
to the surrounding sandy sediments. The domesesethtructures raised close or even reached
the ice-bed interface, so these structures arelikbly candidates for deforming spots to
originate, according to Piotrowsekt al, (2004) model. In contrast to this model, the nlgpt
the Ulmale and Strante sites do not show any eg&l@f initiation of the deformation spot
around them. Instead glacial erosion took placaratdhese structures (Fig. 8).

The results of our current study suggest that sudgl deformation of th&GT in its
central part was controlled by the gravitationavement of subglacial sediments, which also
affected the basal till layer of the glacier. Théacger bed deformation resulted in
contemporaneous erosion of the diapir tops andgiipo of the material as deformation (or
traction shear) till lenses in spaces between idyaird (Fig. 8). The relatively thick till lenses
between diapirs were deposited from the mater@aisiocated in the thin deforming layer at
the base of the ice sheet, with the mode of glatievement locally shifting from sliding
across the bed on the stoss side of the diapbiedaleformation in lee side of diapirs (Fig. 8).
The till accumulation and erosion processes werdrclled mostly by the geometry and
dynamics of the diapir structures. Therefore itmige assumed that movement of the glacier
over its bed was achieved mostly through slidingaotinin water film or a thin deforming
layer (Piotrowskiet al, 2001), i.e. the glacier was decoupled duringdtgance at the central
part of the glacier tongue. The same deformatidtepacan be applied for whole of the study
area, where clear geomorphological evidence of glaeial tongue existence is known
(Aboltin$ et al, 1972; Zets, Markots, 2004), and where weak, prone to disiirdiayer is in
sufficient depth (presumably does not exceed 4@ab@nd glacial tongue advance dynamics
were similar toAGT.

The processes of initiation and protrusion of tiaoul structures in subglacial medium
has been rarely studied. Initiation of these stmad is usually attributed to glacial margin
environments or even postectonic/postsedimentargesses (see Aber, 1989 for a review) or
a crevasse load diapirs (Hart and Smith, 1997)gkctal origin of these structures has been
rarely reported, and this study presents there ymbankage to the fast ice flow. Hindmarsh
and Rijsdijk (2000) pointed out that instabilitias the uniformly layered medium can be
caused either by the viscosity gradient betweenayers, or can be driven by the changes in
the effective pressure. In the case of subglaciatenals, effective pressure—dependant
rheology is applicable to describe the occurrentethe Rayleigh—Taylor instabilities
(Hindmarsh and Rijsdijk 2000). The diapir profilesthe sections perpendicular to the ice
flow direction are symmetrical, with a few excepigo To the contrary, in the sections parallel
to ice flow direction, the down glacier slope isahisteeper than the up glacier one. There is
no evidence of the submarginal and ice contactwagdr erosion and depositional activity,
therefore it is more likely that the diapirs wei emplaced at the ice marginal environment
where due to large normal stress and pore watesspre gradients it is also a likely
environment for diapir formation. It is suggesthdttdiapir emplacement occurred during the
last deglaciation stage in the study area as tereno superimposed deformation structures
around the diapir tops that would be expected éf dlgtive ice margin passes across such
distinct structural perturbations. It is more likehat during the first stages of the maximal
advance of the Late Weichselian glaciation, thensedts in the study area were frozen,
inhibiting subglacial deformation. After that thigrea, until the deglaciation of the
Scandinavian glaciation was positioned at the bethe® Baltic Ice Stream, which fast ice
flow probably was achieved via glacier sliding, asrg deformation of the thin slurry at its
base, inhibiting deep rooted glaciotectonism, &stigported from the Siple coast ice streams,
particularly Ice Stream B, which, liK&lS rests on a deformable, soft bed (Alktyal, 1986)
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Additionally the till macrofabric in the interdiapspaces corresponds to the flow direction of
the AGTreconstructed after drumlin crests (Paper IV: Bjg.
i LITHOLOGY
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Figure 9. Principal model of the pore water presdluctuation during the surge of tHe&T. A — Initial
stage of theAGT advance. Neighbouring to teGT distal area is still covered by the cold-basealgsant
ice. B — Activating of theAGT leads to build up of the ice masses and meltintp@fglacier bed and build
up of the pore water pressure. C — Surge evemerégl by the distraction off the dead ice fieldstFow of
the AGT lead to lowering of the glacier surface and pomew pressures at the glacier bed initiating
instabilities in low water conductivity layers. DGraphs showing principal distribution of the posater
pressures at the glacier bed. Glacier profile aidoity vectors are illustrative and not scaled.

We consider that diapirism was an event-like phesmoon, facilitated by the build-up
of the pore water pressure exceeding the normegstexerted by the overlaying ice masses
and sediments (Paper VI: Fig. 11). Such situatian be reached if gradual pore water
pressure built-up under stable or slowly thickenivaym-based ice conditions is followed by
a rapid ice thickness reduction in a surge evespéPI|V: Fig. 11) which would rapidly lower
the pore water pressure. The excess pore watkee isand at the glacier sole would be drained
to the ice margin as a water film at the ice base;analised flow or as groundwater disperse
(Darsian) flow through the sediments. In contrastie water pressure in the silt-clay strata
below would remain high due to lower water permigbiSilt sediments then could become
unstable as pore water pressure would suppoti@lptessure of overlaying ice and sediments
- leading to the formation of the diapirs. It seetmgt the amplitude and wavelength of the
diapirs is dependant on the thickness of the Isw@ch is prone to diapirism. At the central
part of theAGT (Ulmale Site), silt sediments reach its maximunchkihess (up to 30 m),
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which corresponds to the highest and widest dstpirctures outcropped in the coastal bluffs.
In the areas, where weak sediments are thinnguirdittuctures are lower and narrower.

The block model describes the principle glacialaiyits and diapir formation during
the surge of théAGT (Fig. 9). Transgressing ice masses lead to slswgiof the glacier
surface elevations, due to compression againstdliebased and stagnant or dead ice. At
some point the critical shear stress value washezhand glacier started to drain in to the
proglacial area, leading to the rapid lowering loé glacier surface. Along with lowering of
the glacier surface subglacial pore water pressingsped at the glacier bed sediments. Pore
water pressures in deeper lying fine-grained sediisneemained high due to low water
conductivity. Rapidly thinning ice cover lead tonsiltaneous reduction of the normal stress,
and rising of the effective pressure within the. st this moment, diapir formation could
have initially been facilitated by the extreme ladssilt sediment strength. Shearing of the
diapir tops and deposition of relatively denseitilthe space between them facilitated further
rising of the diapirs, as long as forcing of thghwater pressure below the silt is maintained.

5.2. Shear margin moraines

Shear margin moraines have been interpreted usagptectonic and morphological
evidence. Inner structure of the margin shear mesmihave not been discussed in the
literature and this thesis is probably one of ih& tudies dedicated to the inner structure of
these streamlined subglacial landforms (see Paperahd Paper | for the earlier
interpretation). The characteristic inner structurea cross section at the right angle to the
landform long axis comprises unidirectional compi@sal deformation structures of the
subglacial and basal till material. Compressiontalicsures range from thrust and thrust
stacks, resembling brittle or semi-brittle deforimiatregime, to detached folds and augen
structures e.g., brittle-ductile material behavibne role of the till material is decreasing in
the distal direction, and more distal thrusts ($aper IV: Gudenieki site, and Paper I:
Sensala site) contain only subglacial material. @om feature of the inner structure of the
discussed shear margin moraines is gradually risingture line of décollement in the distal
direction (Paper I, Paper IV). In both inspectedashmargin moraines thrust nucleation is
observed in a relatively narrow area, which all@eacluding that thrusting was initiated due
to normal stress gradients induced by the diffezsraf the glacier surface. Such differences
existed prior to advance of the glacial tonguesiciwviin many aspects resemble surge like
behavior.

It is emphasized that thrusting sequence at thesérsite resembles subglacial
deformation environment rather than proglacialjdated by the arrangement of the glacial
thrusts (Paper IV). It must be noted that in thedPd this landform was interpreted as a
lateral moraine of the outlet glacier. New evidefroen theAGT produced glacial landforms
as well as inner structure of morphologically sanilinear ridges at Gudenieki and Strante
allow reinterpreting this landform as a shear mmargoraine. These landforms are supposed
to be a signature of the relatively fast ice flsimilar as an ice stream (Stokes and Clark,
2002a; Stokest al, 2007) or such as surging ice tongue (Paper Rough caution must be
exerted when interpreting linear ridges as sheagimanoraines, as both: geomorphological
position and inner structure must be examined. &szpiof diapir structures evolution within
the shear margin moraine (zone) occur contemporary post horizontal mass
advection/compression, probably attesting the Hym$s of effective pressure driven diapir
formation.
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5.3. Areas of stagnant ice

Outcrops to the north of the Gudenieki site rewba same sandy silt sediments
topped in places by washed-out to some extent dtami The top of the outcrop is marked
by the erosion surface of the Baltic Ice Lake, whapper till unit is mainly absent or
replaced by boulder concentrations or even pavesnétiese sediments possess no signs of
subglacial deformation, as deformation structuiesrdsh from the Gudenieki site. We argue
that this area, during the acting of tA&T, was covered by the frozen to the bed ice. Clark
and Stokes (2001), and Stokes and Clark (2003)eatigat termination of the ice stream is
accompanied by rapid formation of large scale gtgBots, where ice becomes inactive and
frozen to its bed. Formation of the sticky spotshat glacier base can be triggered by several
possible mechanisms, e.g. ice stream can be stdmamdise of the bump in the bedrock, if
the ice stream meets area of no or thin till cdwemirock or subglacial sediments shear stress
needed to slide over bedrock or subglacial sedisnesnt be much higher than that of the till;
sticky spots can be formed by the strong, well ragdi till and by the freeze on of the
subglacial water (Stokext al, 2007).

It is proposed that in the Western Latvian Lowlaedmination of the Baltic Ice
Stream was mainly induced due to freezing of tHegkacial water at the ice-bed interface.
Termination of the ice stream probably was ratlapid, which is signified by the preserved
linear glacial landforms.

5.4. Drumlins in the AGT bed

A relatively small drumlin field comprising 21 persed landforms is present at the
distal part of theAGT bed (Paper IV, Fig. 9). Onset of the drumlinshia &rea is rather sharp,
and occurs along one common line. This line coeEidith the changes in tH&GT bed
geology. Along this line soft, deformable Devoniaandstone with rather low water
conductivity is replaced by hard, highly permeatidomite (KurSs 1992; JusSkesgiet al,
1998). We argue that changes in 6T bed conditions from free sliding to stick slip
behavior and formation of drumlins was governedhgychanges in pore water pressure at the
glacier bed, which is partly a function of the lveater conductivity. Clark and Stokes (2001)
in their description of the M’Clintock channel istream note that onset of the drumlins
coincides with the changes in the bedrock roughrasthe ice stream bed. Rattas and
Piotrowski (2003) emphasize that drumlin formatianthe Saadajrve drumlin field was
mainly controlled by pore water drainage in to theglrock. In case of thAGT its bed is
composed of the same silty sand sediments, buhttleness of these sediments is gradually
decreasing upstream of tW&T. In the coastal plain, the thickness of the iilterleposits
reaches up to 60-70 m, while in the area of thetokthe drumlins it is less than 10 — 20 m
(Fig. 10). Also these sediments become coarsdrarupstream direction. Therefore changes
in the glacier bed roughness did not influenceglaeier dynamics, but changes in bedrock
composition affected the pore water pressure in gb@diments beneath the glacier. The
dolomite bedrock due to its high water permeabuitynificantly decreased the pore water
pressure in the subglacial bed upstream, whicteasad the glacier coupling to its bed, and
initiated formation of the drumlins.

The AGT along its flow line dynamically can be subdividedtwo parts which are
separated by the line marking the occurrence ofditlemites near glacial bed (Fig. 10).
Glacial bed conditions on Piemare Plain part aggatterized by high pore water pressures in
subglacial medium, and water migration largely gldhe glacier sole resulting in glacier
decoupling and sliding. Glacier bed deformatiorg@serened by diapiric flow of the weak
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sediments, and associated stick — slip behaviargathapir domains. In this part glacier is
largely decoupled, and movement of the glacieciseved largely due to sliding, resulting in
high accelerating ice velocities

Glacial bed deformation after the onset of the nles is characterized by dropping
porewater pressure due to drainage in to the bkdnod divergent ice flow pattern, resulting
in a decelerating ice velocities and formationt@ tirumlins. Size of the drumlins increases
in the downglacier direction, due to enhanced glacoupling via glacier bed sticky spots
(Fig. 10).
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Figure 10. Theoretical model fluctuation of the g@aevater pressure and shear strength atAtB& bed with
respect to geological structure of the territory—AGeological cross section parallel to the axethefAGT.
The AGT profile drawing is schematic due to vertical exaggion. Legend: 1 — Upper Weichselian till unit; 2
— Middle Weichselian till unit; 3 —Saalian till un# — sand and gravel; 5 - fine sand and siltyds&n- middle
silt and clayey silt unit; 7 — silty sand; lowettsind clayey silt, 8 — dolomite; 9 — sandstone;-1@rea of
proglacial thrusting; 11 — vectors of the pore watégration (not scaled); 13 — boreholes. B — Defapwing
mode of the glacier movement. C — Graph showinggla in pore water pressure (Pw) and shear stréapth
at the glacier bed along te&s T flow line.
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5.5. OSL dating results and implications to local ltronostratigraphy

According to van Meerbacgt al. (2009) MIS 3 experienced several abrupt climatic
warming phases known as Dansgaard-Oeschger eveatsinterrupted by cold stadial
conditions. Alternation of such events resultedlimate-induced fluctuations in sea level that
should be reflected in depositional records. Thebgll sea level according to compilation
made by Rabineaet al. (2006) was roughly 30 to 80 m lower at the begigrof MIS 3, and
65 to 95 m lower than the present sea level attiteof MIS 3. Given the limited extent of
the Middle Weichselian Scandinavian glaciation, thagnitude of isostatic depression is
likely to be significantly smaller than the glols#da level drop. Depositional sequence from
the Middle Weichselian Baltic water basin in westeatvia does not reflect such magnitude
climate-induced fluctuations in sea level causedapyd climatic change in the circum-North
Atlantic Region. This indicates that the presenittay of the western Latvia during most of
the time was well above the global Middle Weiclaelsea level and the discussed sediment
sequence was deposited in a freshwater intersta#te| isolated in both its possible outlets to
the ocean in the west (Danish Straits) and NE €otal the White Sea).

The results indicate that the upper till unit reyerets only the late Weichselian glacial
(LGM) advance phase (Paper I, II, 11, 1V), not tbembined sediments of Late Weichselian
and Saalian glaciations as suggested earlier Jadkews et al, 1998; Kalnpa et al, 2000;
Kalnina, 2001). As demonstrated in the Fig. 2 (Paperaltj Table 1, the youngest ages are
from the central part of the sandy sediment seqgmobably reflecting gradual regression
of the basin water level. The youngest obtaineihgat~26 ka (Table 1) further limit the
timing when last Scandinavian glaciation reachedtémritory of the south east of the Baltic
Sea, supporting the idea of a late onset and ragwadnce of latest Scandinavian glaciation.
Satkunaset al. (2009) reported lacustrine sediments and peatO&88“C calibrated years
old, nearby the study area in the NW Lithuania. iBeafbon analyses from peat with wood
remains below rewashed till deposited before LGMoanionys section of Merkine (Eemian)
interglacial stratotype yield¥C age of 31,500+2300/-1800 BP (Gaigatasl, 2000) below
rewashed till deposited before the maximum of thstlGlacial maximum. Similar maximum
ages of the last glacial advance (32000 to 360@@syBP) obtained with'C and TL dating
methods are suggested by data compilation afsZehd Markots (2004). Kalm (2006) has
demonstrated that Estonia was ice free between-28.8 ka BP. Thus a consistent picture of
the timing of late glacial advance in the regioeiserging.

The oldest ages at the Ziemupe site correspondghiptio the bottom of the upper
sandy sequence. In this part of the section JrklJek2, as well as Akmeags Formation are
missing, while the upper sandy sequence (Jrk3)diesctly on the lowest till (Fig. 2). The
overall thickness of the Pleistocene sediments semnly 20-30 m. This indicates that the
deposition of the upper sandy sequence startetbah@ 50 ka, roughly at the beginning of
the MIS 3. Saloneet al. (2008) presented evidence of the Middle Weichsdlieglaciation,
which occurred in northern Finland between 62-57aka which corresponds rather well to
the oldest ages obtained here, and indicates ggodmble onset of the Middle Weichselian
Baltic Interstadial Lake.

The OSL dated sediments have previously been asbigm either late Holstenian
(Pulvernieki) (Danilans, 1973), or Early Saaliaméi (Seghs, 1987; Kalma et al, 2000) or
Late Eemian time in comparatively small depressetnBlasumi and Ggi (Kalnina, 2001, p.
157). None of these interpretations seem to belwalthe light of new OSL dating results. It
cannot be excluded that the dated sandy sequerselepmsited significantly later than the
silt-clay-rich sediments directly below.

The age of the glacial sediments below upper datédis still open to question, the
minimum age is limited to beginning of MIS3 or teed of MIS4, but the maximum age is
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not constrained by any reliable absolute datingsag@wever, based on the evidence below
we suggest new interpretation. Svendséral. (2004) confirms that after the last Eemian
interglacial three large continental glaciation gg®can be distinguished in Northern Eurasia
—Early, Middle and Late Weichselian cold stagesyltonclude that the Middle Weichselian
glaciation extended into the territory of Estonmal avithin the depression of the Baltic Sea to
the southwest. We suggest that traces of thisailani are observed in the western Latvia
lowlands as well, indicating that the ice coveredstmof the depression of the Baltic Sea at
that time. Additionally it is difficult to imaginéhat the Saalian glaciation, which extended far
beyond the limits of the Weichselian ice sheetsjlddave left only a few patches of glacial
and glaciofluvial deposits squeezed between twekthequences of loose basin sediments of
warm phases. Regional data suggests that depdsite dcarly Pleistocene and even the
Middle Pleistocene sequences were destroyed cgrratbomplete due to vigorous erosion of
subsequent glaciations (Raukes al, 1995). Therefore we suggest that these patch like
deposits are the glacial sediments of the Middleic&elian glacial advance that was
spatially more limited in comparison to the Saaljarciation.

Therefore further development of improved strapgmafor the lowermost part of the
Pleistocene sequence needs high-resolution se@rdiboring data, and reliable absolute age
dates (Paper III).

Summarizing up the distribution of the OSL datisgggests, that a large water basin
existed in the depression of the Baltic Sea froomieation of the Middle Weichselian cold
stage (Ziemupe dating) almost until the beginnifithe Late Weichselian cold stage (Ulmale
and Baltmuiza datings). The so called Ulmale sedinsequence offers a rare possibility to
conduct land-based studies of the Weichselian enmients in a zone that has been scoured
by the late glacial maximum ice, comparing to sabBally more expensive water-based
coring exercises.

43



6. Conclusions

Results of this study yield several important casins for glacial dynamics and
glacial event chronology of the western Latvia awén South East Baltic region, as well as
chronology of the main glacial events. Subglaceibdnation as exposed in the coastal bluffs
can be subdivided into three distinctive environteesubglacial deformation characterized
by diapiric flow, and stick slip behavior assocthteith fast ice flow; unidirectional thrusting
and folding, oblique to glacial flow direction, tgng in a gentle, parallel to glacial flow
shear margin moraine ridges; areas of no subgldefarmation, resembling stagnant and/or
frozen ice conditions. Shear margin moraines ateeraecently described glacial landforms
in geological literature, and this thesis for timstftime shows that these landforms are not
only associated with the marginal positions of ke ice streams, but also rather small
glacial tongues, attesting that margin shear mesare a function of glacial bed rheology
and flow velocity.

It is suggested that in certain cases it is posdiblresolve some large temporal and
spatial scale pore water pressure patterns andifideéts role in the ice sheet dynamics.
Profound understanding of water, especially theewttat is confined to sediment pores in
the glacial systems can help understand the behaklmwth Pleistocene and modern glaciers,
and contribute to understanding of physical proegsgoverning modern and past glacial
dynamics.

In the study area glacial dynamics was mainly goeerby the changes in pore water
pressure. It is reflected in degree of the glammaipling to its base. It is argued that during the
glacier advance the highest glacier flow velocitie=e reached via the glacier sliding over
the surface of soft deformable sediments, whileness movement due to deformation of the
subglacial sediments had a secondary importancereidre onset of the drumlins signifies
glacier coupling and deceleration of the glaci@wfldue to lowering of the pore water
pressure head caused by changes of water pernbeaghibperties of the glacier bed
sediments.

According to results of this investigation diapiormhation was an event-like
phenomenon driven by the changes of the subglapoet water pressure, and probably
reflects a surge-type glacial advance event wighdrahanges in glacial surface topography
and subglacial pore water pressures (Paper V).

The Ulmale site creates an image of the central gfathe AGT flow path. Glacial
flow was achieved mainly via basal sliding. Theings diapir structures and subsiding
interdiapir spaces created a mosaic-like pattersutfglacial material redistribution at the
initial phase of theAGT advance. Areas above diapirs were subject to alacbsion but
interdiapir spaces were characterized by subsidefcthe subglacial material and were
subject to accretion of the till.

The Gudenieki, Ziemupe and Sensala sites repreparitsf the cross section through
the margin shear moraine, formed during the advaricApriki, Barta and Venta glacial
tongues. The glaciotectonic structure assemblagtheatsites suggests that shear margin
moraines are time transgressive phenomena, andhihatctual margin shear moraine ridge
reflects the latter stage of the glacial advanisedilstinct internal bedding architecture shows
unidirectional deformation of the sediments, typycachieved through thrusting. The main
driving stress direction is close to the right antgl the overall glacial flow direction, and is
probably induced by the normal stresses exertedhbyhigher lying ice masses, due to
compression of the latter against the inactive i€emupe site represents the marginal
environment of the &ta glacial tongue, but the amount of subglacidbdeation is lower,
which probably reflects the fact that the thicknesshe loose subglacial sediments here is
lower.
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The Strante site represents transitional bed cdonditbetween the central part of the
AGT and the marginal zone. Subglacial bed deformatiesembles the same mosaic
deformation pattern as at the Ulmale site, butdéngree of glacial coupling is more enhanced.
Sandy glaciotectonite is composed predominantlpcdl material and the degree of mixing
is substantially lower than at the Ulmale Sitengigng lower strain rates and a higher degree
of the glacial coupling to its base. Glacier thingt directed at the right angle to the local
glacial flow probably indicates transverse compmsd stresses induced by the lateral shear
of the fast flowing glacier to stagnant ice masgesindicated by the microfabric distribution,
the sandy glaciotectonite at the Strante site fdrimeextremely low glacier bed strength
conditions.

The BIS experienced dramatic changes over the courseeaddflaciation in the study
area. We argue that tB#Swas stopped in the area prior to &@T glacial advance stage and
the remnant ice was reactivated as ice lobes dormgues, leaving dead, inactive ice between
the active ice masses.

The Pleistocene sequence in western Latvia provategr complete succession of at
least one warm, probably interglacial level climauccession and at least three successions
of cold events. Moreover, its Middle Weichseliataml potentially provides insight into
climate successions relevant for the entire B&ga region. The OSL dates indicate the need
for substantial re-evaluation of stratigraphic posi of the upper part of Pleistocene
sedimentary sequence in the western Latvia. Inrdcdeomplete stratigraphic reinterpretation
and place the results in wider perspective, mosearch has to be done, especially studying
the lower marine clayey sediments using absolutedating and up-to-date bioenvironmental
research methods. At the moment we can draw thiewiolg chronostratigraphical
conclusions:

1. The upper till unit represents the Late Weichsetiall stage succession, rather than
the Saalian or the combination of Saalian and LAteichselian glaciations as
interpreted before.

2. A freshwater basin existed at the Baltic Sea deprasduring Middle Weichselian
MIS 3 at least from 52 to 25 ka, drawing maximume dgnit for the latest
Scandinavian ice sheet reaching Western Latvia.

In general it can be concluded that the main objestof this thesis have been
reached. As a result (I) dynamics of the ice masseb subglacial processes have been
described, and proven margin shear moraines exesi@nthe marginal positions of the glacial
tongues; (Il) Weichselian glaciation deposits a@/pn to cover much larger area and it plays
the major role of glacial landscape in the westeatvia, contrary to previous interpretations;
(Il New OSL dating results prove the Middle Weselian age of the sandy sediment
sequence below the upper till and stresses oundoessity for further re-evaluation and
reinterpretation of the Pleistocene sediment segpienwestern Latvia.
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APKOPOJUMS (SUMMARY)

levads

Starptautiskaj klimata manas panel (IPCC) ir uzserts, ka ledus vairogu iek
dinamika ir viens no vismak noertetajiem faktoriem, kas variiiski ieteknet cilvécei
nozimigas glohlas jaras imepa izmanas laikk (Salomonet al, 2007). Misdienu lieiko
ledaju un ledus vairogu gulth notiekoSo procesu izZiBana ir apdtinata 3s vides
nepieejartbas @, tadel pleisto€na apledojumu atsis pEdas ir ipaSi svaigs ledija
dinamiku kontratjoSo procesu un notiekoSo nagsmu izzimSanas avots.akot vismaz ar
pleisto€éna Menapas (Latvij- Latgales) laiku (Ehlers, 1996; Danilans, 1978)aka dda
Eiropas teritorijas (tai skait Latvija) ir pardzvojusi vismaz cetrus apledojumus.
Rietumlatvijas teritoriju pdeja, un domajams ar iepriek€jo apledojumu laik, ir klajusi
Baltijas ledus lielpisma (Boultonet al, 2001; Zets, Markots, 2004), kas bija viena no
nozZimigakajam Skandiavijas (Fenoskandijas) ledusvairoga dijesam plismam. Baltijas
lielplismas gultni Rietumlatvijas teritativeido nekonsoliéti, viegli deforngjami nogulumi,
kas ir viens no namigakajiem atru ledaja plasmu veicinoSiem faktoriem. Vislas apledojuma
maksinilas izplatbas laild teritorija atrads ledus vairoga nage (AboltinS, 1989), apec
sakotngji ledaja gultne tika palauta zemlegja erozijas procesiem. Tikaihik, jau sikot ar
ledaja deglacicijas etapa agmajam fazem, ledija eroziju nomaifa zemledja akumuicijas
un glaciotektoniskie procesi.idz ar to no legsja-gultnes mijiedariibas porijam petamaj
teritorija pietiekami ilgu laiku pasveja labweligi apsikli, lai uzk@atos un saglaiios \Vela
Vislas laikmeta un seki nogulumi, un veidotos glaciotektonikstrukitiras. Tapec petijumu
teritorija ir pievilaga aug§ja pleistoéna shnkopas uzkisaras hronolgijas un notikumu
sedbas izgete, ka an Baltijas ledus lielpismas unas struktirdinamisko viefbu — ledija lobu
un nelu - dinamikas izziasara.

Atra ledija plismas saisba ar ledja gultnes deformtiju ir atklata jau pirms gandz
25 gadiem (Boulton, 1986). Izpratne par to, ka dafgami, mazk notufigi par ledu
nogulumi ledja gultre var kiatiski ierosirat atru ledija plaismu, un, ka tie tiek defoigti 11dz
ar ledija plismu, tika defigta ka paradigmas maa glacilaja geolagija (Boulton, 1986;
Murray, 1997; Maltmaret al, 2000). Kops @ laika ledija gultre deforngjamu nogulumu
klatbatne ir atata par Itisku faktoru lokla un glolala ledus vairoga dinamikas (Boulton,
Hindmarsh, 1987), liel@roga nogulumu biezumaaplaliSars un izvietojuna (Alley, 1991;
Piotrowski et al, 2004), k ani glokalo klimata izmahu nowrteSara (Clark, 1994, 1995).
Liela uzmafba tika piegrsta subgla@las dinamikas procesiem, kas nosaka ledus
lielplismas, k ai iesggjamiem toatruma limigjoSiem faktoriem (Alley, 1993; Stokex al,
2006, 2007). Antarktlas ledus lielgismu dinamika lied méra ir raksturota & ledaja
sakabinSaras ar gultni un baitas sideSanas modeliss{ick slip modgl(Rooneyet al, 1987;
Alley, 1993; Fischer, Clarke, 1994).ed@jos gados virkd pétijjumu tiek uzserts, ka
pielipSanas (sakakiBaras ar gultni) vietas irittisks ledus lielgismas dinamiku kontrgjoss
faktors, kas var izraispat lielplismas aprimSanu (Christoffersen, Tulazcyk, 2003&tdakes
et al, 2006, 2007). Legja gultnes uziive un sasdvs ir noZmigs ledija dinamiku kontradjoSs
faktors, bet, neskatoties uz to, d@l gultnes deforacijas apsikli un ledija iedarliba uz
nekonsolidtiem, viegli deforngjamiem nogulumiem ir apskiéd tikai nedaudzos darbos
(Boulton 1986; Piotrowsket al, 2004). lidz ar to viens no galvenajiem uzdevumiem $
promocijas dard ir raksturot dadu reolg@ijas nogulumu ietekmi uz lagh gultnes
defornaciju un ledus pismas apakliem.

L. Kleitons (Claytonet al, 1989) un J.A. Pjotrovskis (Piotrowskt al, 2001) ir
apSaufjusi ledija gultnes deforacijas apsiklu plaSu izplabu gan zem Labréa ledus
vairoga, gan arzem seglegiem kopuna. Ta vieta tika izvirzta teorija par legla bazlo
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slidéSanu pa pinu ledijkuSanadidenu kartinu - plevi vai pa phnu bazlas deformacijas shni,
ko galvenokrt nosaka zemlegh poridens spiediena flukiicijas (Alley, 1993) un, ziima
mera, ai nogulumu granulometriskais un miakais sasivs, ledija gultnes raupjums un ledus
plaismasatrums (Knight, 2002). Pleisténa nogulumu segageolasiska uzhive un plaSie
atsegumi Baltijasdras Kurzemes &tkrastos paver vienrdp iesggju parbaudt eso&s
teorijas un veikt detalétus ledija gultnes deformcijas @Etjjumus mkstos, nekonsoligtos un
viegli deforngjamos nogulumos,akar izzinat to ietekmi uzatras ledja plismas veidoSanos
un dinamiku.

Palegeog#fiska situacija Ziemdeiropa pirms [gdéja apledojuma maksiahas stadijas
— Velas Vislas apledojuma — i@éSaras ir visai \aji dokumentta, jo ledus vairogamat
ekspansijas (transgresijas) eatap liels nekonsolidtu nogulumu erozijas potents.
Vidusvislas posms, kas atbilst nray izotopu stadiym MIS 4-3, ir vismazk izpetitais Vislas
leduslaikmeta intells Skandiavijas apledojumu skart@jteritorija. Pedejos gados plasSi tiek
apspriesta apledojuma i€gariba Vidusvislas laik (Mangerud, 2004; Kalm, 2006), kaut gan
joprojam dati par a4 izplatbu un hronostratigfiskas lieabas ir nepiligas. Vidusvislas
laikmeta glacilie nogulumi ir konsta&ti vairakas vieis Fenoskandij K. Nenonens
(Nenonen 1995) un V. P. Salonens (Saloeeml, 2008) uzskata, ka Vidusvislas stdsli
aizskas pirms 791ikst.g., to grtrauca ledja deglacicijas fize pirms 62-55tikst.g. LieGbas
par Vidusvislas apledojumu ir konsiwts ar Baltijas dienvidaustrumu ¢l Igaunip
(Liivrand, 1991) un Pol§ (Marks, 1998, 2004). V. Z& un A. Markots (2004), balstoties uz
glaciotectoniski deforgtiu glaciofluvalo nogulumu TL dajumiem Talsu apktng, izvirzija
ideju par iespamu ledija uzviraSaras fazi pirms 74-60 iikst.g. (Talsu stadis). Toner Sie
dagSanas rezuti ir joprojam disku€jami, jo nesenie gginajumi atkartot So nogulumu
dagSanu ar optiski stiméto luminiscences (OSL) metodi bija neveikgm Vidusvislas
vecuma baseina nogulumi ir konstatan Lietuvas ziemgietumos (Satkunast al, 2009),
kas atrodas tikai 100 km uz dienvidiem nodarba ptijumu teritorijas. legtie datSanas
rezul@éti liecina par salddens baseina eksistenci Lietuvas zigraimos pirms aptuveni 33
takst. g. Devipadsmit OSL d&jumu limno-aluvilo nogulumu paraugu dg&tanas rezuiti
no Nemunas vidusteces apvidusadar vecuma intefilu no 6316 idz 32+4 tikst.g., &dcjadi
liecinot par So nogulumu uziganos Vidusvislas laik(Gaigalas, 2000).

Rietumlatvija bija pirm vieta, kur pleistogna nogulumu uzkiSaras vecuma
noskaidroSam pirmo reizi Latvip tika izmantota OSL dagsanas metode. lage OSL
dagSanas rezulti lauj pamatoti prskait pleistoéna nogulumu griezuma auggs ddas
hronostratigifisko piedetbu un saréra preazi noteikt Vislas leduslaikmeta makgilas
uzvirziSaras stadijas akumu Rietumlatvijas teritodj} OSL datjumi dod af jaunu, nommigu
informaciju par Vidusvislas laika posma (MIS 4-8ologisiem apstkliem Baltijas jiras
regiona austrumu piekrast

Promocijas darbs ir veéts Skandiavijas ledus vairoga dinamikas #&pi
Rietumlatvijas zemieh pedeja apledojuma laik, ipasSi Baltijas {jiras piekrastesidzenumu
teritorija, kur ledija reljefa formas liel méra ir izdzestas Baltijas ledus ezera ddrés
rezul@éta.

Promocijas darba iz&nles laild izvirzito merku sasniegSanai bijaparvar vaiaki
izaicinajumi, Tpasi izstidajot zemledja virsmas rekonsti$anas pgmienus, balstoties tikai
uz glaciotektoniskm struktiram, sknu sagulumu un matéta reolgiju defornacijas lailéa.
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Darba uzdevumi ir: (I) identifit glacklo un negladlo nogulumu litolgiskos un
geretiskos tipus; (II) noertét auggjas moenas sipkopas izplabu un geomorfolgiski to
raksturot Baltijas gjras slvkrastiem piegulo$aj teritorija; (Ill) izpétit slanu sagulumu un
nowertet zemledja nogulumu iesgiamo dinamisko reakciju uz leg radto spriegumuipasi
uzmanbu \ersSot Apriku ledus niles dinamiskajiem apskliem; (IV) rekonstrat un detalizt
regionalos ledija plaismas virzienus gijumu apgabal (V) noskaidrot OSL vecumus
zemmoenas smilSainajiem nogulumiem.
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1. Petijumu teritorija

Petijjumu teritorija aipem Rietumlatvijas zemieni (Straume, 1979 dajas
robezs), tap skaié piekrastes da, ko leduslaikmeta beigu posnr parskalojusi Baltijas
ledus ezeraudeni (1. att.). S&j teritorija Baltijas jiras sivkrastu atsegumi ar nelieliem
akumulaiva krasta prtraukumiem ir izsekojami garidr 90 km garura. Vietam savkrasti
sasniedz 22 m augstumu, un uzakatilustre pleisto€na glacilo un negladlo nogulumu
slankopas uzhvi.

Dotaja petijuma tika iz\eléti 5 pamata atsegumu posmigl saguluma apakiu un
glaciotektonisko deforatijas strukiiru izpstei: Sensalas, Gudenieku, Ulmales, Strantes un
Ziemupes givkrastu posmi,itlz 2 km gari (2. att.). Kapar Siem 5 pamata atsegumu
posmiem tika aprakgt arf Ziraru, ValceniekuEcenieku un BaltmuiZzas atsegumu posmi, un

kuros tika veikta paraugu igkSana smilts nogulumu vecuma noteikSanai ar OSlbanet
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indekss

2. atkls. Rietumlatvijas pleist@na sinkopasgeologiskais griezums @veidots gc Kalnina et
al.,, 2000.Geolggisko urbumu novietojumu) skat 1B. att. Teksttirzato litologisko vienbu
simboli: Sd — Sudrabu@li; Ak - Akmenraga s#ta; Jrk1, Jrk2, Jrk3 4adkalnes sutas sihni.

Petijumu apgabals atrodas uz Baltijas pamatiezu dgasesieméaustrumu nogges.
PamatieZzu virsma pazemgno -20 m dienvidogdz -60 m rietumzienjgetumu virzien,
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kur regionalais kritums ir 3,3 m/km. Urbumu dati liecina, kampatieZzu virsmu, kuru veido
augSdevona dolommergelis, nials, dolomts un gipsis, prsedz vaiitk ka 60 m bieza
pleisto€na nogulumu kompligti uzbavéta shnkopa, ko veido glacini, glaciofluvili,
glaciolimniski, limniski un mani nogulumi (Meirons un Straume, 1979; Segli 1987;
Kalnipa et al, 2000; Kalnpa, 2001; JuSke¥s, 1998). dz Sim So atsegumu stratifiskas
piedetbas @tijumi ir tikusi balstti tikai uz biostratigifiskajam petijumu meto@m — sporu
putek$u, augu makroatlieku un g diatomeju anaki, bet glacilas sedimericijas procesi
un glaciotektonisks defornacijas strukiiras nav detalii pétitas.

Apriku ledus nmiles skari teritorija aiziem Apriku un Piemaresdzenumus (1C. att.).
Apriku lidzenums ir glaciodepresija, kas piegietumkursas augstienes rietumu &, un
ta manto subkvaiitas virsmas loklo depresiju (Juskets, 1998). Robeza starp Akui un
Piemaresitizenumiem sakirar Baltijas ledus ezera Bl krastaiju (1C att.).
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2. Petijumu teritorijas geolggiska uzbive

Petijumu teritoriju ir kBkjusi visi cetri pleistoéna apledojumi (Danihs, 1973;
Meirons, Straume, 1979; Ehlers, 1996¢laku petijumu autori (Segiis, 1987; Kalmaet al,
2000; Kalnha, 2001) uzskata, ka vage pleistoéna shnpkopas glacignie nogulumi
uzkrajusSies letizas (Elsteras) apledojuma laik

G. Konshinet al, (1970) starpm@nu nogulumus interprgja ka mafnus. Sie
nogulumi tika uzskati par HolSteinas starpleduslaikmeta veidojumieror{ghinet al, 1970;
Veinbergs, Savvaitov, 1970; Danilans, 1973). Saxtuk. Serebrjannijset al. (Serebryanniy
et al, 1977) So nogulumu veido&anlaiku saigja ar Vidusvislas interstaga laiku. Pavisam
tris glacigno nogulumu &hi, kas novietoti af§iriga hipsometrsik limen un ko atdala
siltaka laika posmu alainie, nalaini aleintiskie, aleittiskie un smilSainie mami un
saldidens baseina nogulumi tika kod galvenolart balstoties uz litolgiskas un
palinolgsiskas izgEtes rezulitiem (Kalnpa et al, 2000). Pa$ slankopas pamath
pirmskvartira nogulumieziem uzgwsarkanbiina mogénas sinkopa, kasidz Sim tika koredta
ar Letizas (Elsteras) leduslaikmetu (Danilans, 1973; $€gli987; Kalma et al, 2000;
Kalnina, 2001). $mornas sinkopa ir visai iztuta un sastopama praktiski visos urbumos,
kas sasniedz pamatiezu virsmu un parasiiz 2-3 m bieza (2. att.). Apvienotais litglskais
griezums ar atbilstoSu jau esoSo uiriqterprettu stratigafisku iedatjumu ir paadits 3.
attela.

ApakZjo mornas sipkopu prsedz 25-30 m bieza aa, nalaina aleifta un
aleiritisku nogulumu gihkopa. $s shnkopas apakdo ddu veido vissmalkgraudaikais
materkls — mals, malains aleifts un aleifts. Ta ir badita ar organisko vielu un organismu
atliekam. Sknkopa ir noverojams nogulumu granulometriskzméra pieaugums virzienuz
augsu (Seghs, 1987; Kalma, 2001).

V. Seglips (1987) izdaja So sinkopu ka Sudrabu @lpus (skat. 2. att.: indekss Sd ),
kas veido Akmegraga swtas (skat. 2. att.: indekss Ak) apaksddu. Sudrabu ghi parsedz
apaks§jo mornas sipkopu (2. un 3. att.). a8 sastva domire malains mateils, kura
biezums izplabas nogabal svarstas vidgji no 1,5 idz 6 m (Seghis, 1987). Makrofadijas
Sajos nogulumos irgpstavétas ar augu makro atliak, moluskucaulu fragmentiemipasi
Portlandia arcticg, ka af ar ostrakodiem un foraminifem (Konshin et al, 1970;
Charamisinava, 1971; Kalm, 2001). SeghS (1987) Sos shus izdalja ka véla Lé&tizas
(Elsteras) laika nogulumus.

Parsedzod Akmegraga swtas dda sastv no divam vieribam: apaksja aleifita lidz
smilSaina aleita shpa, un auggas smilSaias shnkopas, kura ir izplata gEtijumu apgabala
dienvidu d& (Seglp8, 1987). Apakda, aleiftiska facija sedgi parsedz zerik ieguloSos
malainas facijas nogulumus, as biezums sasniedz 13 m Akinaga aphkrtné (2. att.).
Caramisinava (Charamisinava, 1971) korggavairakas jiras, pasla tidens un salitlens
diatomeju sugas un aize, ka jiras sugas ir dominantas &gyiezuna. Diatomeju daudzums
vertikala griezuna pieaug virzied uz augsu. Apakfa, aleiftiska slankopas d#a ir bagta ar
organisko vielu un organismu atlih (ipaSi ar augu atlieékn), ki afn ar ostrakodiem,
foraminifeam, diatomegm un jras molusku caulu fragmentiem. Pamatojoties uz
makroskopisko fasiju un palinolgisko anaizi G. KonSinset al. (Konshinet al, 1970), I.
Danilans (Danilans, 1973), V. Segd (1987), Kalma et al. (2000) un Kalma (2001)
korekja So sinkopu ar Pulvernieku (HolSteinas) intergkdailaiku.

Tomer Iidz Sim nav iegti ticami absaita vecuma da&jumi, kas apstipridtu Sdu
slankopas stratigtfijas interpreiciju. Balstoties uz aleiisko nogulumu @iha diatomeju
anaizes rezulttiem, Caramisinava (Charamisinava, 1971) izdara $gaonu par ¥ slna
piedefbu Emas (Felicianovas) interglatam. Velak Z. Meirons un J. Straume (1979)

57



apSaufja I. Danikna (Danilans, 1973) &lzienu par palinolgisko datu atbilsbu Pulvernieku
(HolSteinas) laikam. Abi mitie autori nofida, ka putekgu sukcesija Akmgraga sinkopa
vairak lidzinas Emas (Felicianovas) putek$ spektram. Akmgraga swtas aleifta un smilts
nogulumus prklaj 10-20 m smalkgraudainas (0,1-0,25 mm) smilts lewriiskas smilts
slankopa, ko L. Kalma et al. (2000) izdala & Jirkalnes sitas apakdos shnus (skat. 2. att.:
indekss Jrkl1,). L. Kalpa et al. (2000) atzmé glaciotektonisks defornmacijas pazmes uz
robezas ar gpsedzoso diamiktonu, uz dienvidiem no StrantesK@nipa et al. (ibid., 104.
lpp.) nokda, ka ,liekka dda no puteksiem Jrkl sinkopa izskats pargulsreti”. Japieame,
ka aleifta nogulumi, kas ir iesaistdiapira strukiiru uzkuvé Strantes atseguma pospieder
Jrk2 (skat. 2. att.: indekss Jrk2amsém nevis Akmeraga swai. Sie (Jrk2) aleitiskie
nogulumi girsedz Jrkl ghus (Kalnha et al, 2000). Jrk2 aug§a dda biezi vien ir intenyi
dislocta ar diafra struktiram, kas Iatiski apgitina s korekta novietojuma un biezuma
noteikSanu griezumn (2. att.). Jrk2 &hi veido diapru kodolus jiras sivkrasta atsegumos
Gudeniekuidz Strantes posmos. Sajos abaaas organisk materila saturs ir zems. Jrkl

161' vil. N{e‘lls Alfiﬁts Sn.qilts Gr.ants Oli Diamiktons

—_—— ' Nogulumu apraksts Iepriekseja stratigrafija Parskatita stratigrafija
SRR SRR SRS KK KSR
fo it /,OAAZ/ %AAA 2 1. Marinie un eolie smilts Veélais Ledus laikmets | V&lais Ledus laikmets
T nogulumi un Holocéns un Holocens
2. Tumsi peleka bazala moréna, | Zales (Kurzeme) Veéla Vislas laikmets
0 2 -3 m biezuma, vietam laikmets
sasniedzot 7 - 10 m

3. Sekliidens baseina aleiritiski |Agra Zale (Jurkalne-3) |Vidus Vislas laikmets
smilSaini nogulumi
-20

4-5. Parsvara erodéta, urbumos |Agras Zales Vidus Vislas laikmets?
konstateta ap Akmenragu (Jurkalne-3) laikmets
tumsi peléka moréna. Lidz 1 m
biezuma. Zem morénas
daudzviet iegul glaciofluviali
smilts un grants nogulumi

-30

6 - 7. Martnie aleiritiskas Agras Zales laikmets ?
smilts, aleirita, aleiritiska mala | (Jirkalne 2 and 1)
un mala nogulumi. Slankopas
augsgja dala izk1lgjas dienvidu
virziena.

40

8. Juras tumsi aleiritisaka mala | Holsteinas laikmets ?
50 nogulumi. Biezuma lidz pat 20 (Akmenrags)

m.

9 - 10. Sarkanbriina moréna, Elsteres (Letiza) ?
ol [0 vietam zem tas pagul laikmets
ey iy glaciofluviala smilts un grants.

Mals Aleirits Smilts Grants Oli ~ Diamiktons

3. atels. Kvartairsegageneralizts geologiskais griezums caur Rietumlatvijadzenumiem, un tai
atbilstod, iepriek&ja un reinterpreta nogulumu hronostratigfija.

slankopa ir konstattas atsevigas pasla udens diatomejas (Seg$, 1987), bet Jrk2 @jkopa
nedaudzasijas diatomeju sugas (Charamisinava, 1971). Badstotiz palinolgiskagm
anaizém L. Kalnina et al. (2000) nofida uz tundras vides apkliem So sinkopu uzk&Saras
laika. Abas $s shpkopas ir tikuSas koreflas ar Zles (Kurzemes) leduslaikmeta agro posmu
(Seglps, 1987; Kalninat al, 2000; Kalnina, 2001).

Jrkl un Jrk2 ghkopas diskordanti gzsedz pina, fragmerdta mognas un
glaciofluvialo nogulumu glnkopa, kas vertida griezuna iegd aptuveni pleistama
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nogulumu sinkopas vidusda. Morénas nogulumi ir sastopami tikai atsédS urbumos
Akmenraga aphrtng, ka afi, iesgjams, dazviet avkrastu atsegumos.eBumu teritorijas
dienvidu dd& &is moenas sinis ir izplaits aptuveni tikai 10 km liela platba
ziemdaustrumos no Akmgaga. T&u, ne vienmr Sis moénas sinis tiek nogirts ka
atsevika stratigifiska vienba, piemdram, V. JuSkewia (1998) veiktd pleistoéna
nogulumu sinkopas uzbves interprexcija.

Jrk2 un vi@jas mognas nogulumus diskordantingedz drkalnes sutas Jrk3 (2. att.:
indekss Jrk3) smildaino nogulumarsk. S slankopa sasniedz 40 m biezumu (Se§li1987;
Kalnipa et al, 2000) un ir nogrojama Baltijas jras Kurzemes stkrastu atsegumos.
Petjumu apgabala dienvidu galrk3 sinkopa uzgl tieSi uz mognas nogulumiem.
slankopas augd§a dda atsedzas @&tkrastos, un tika paraugota OSL &stnai. Diem& |idz
Sim nav veikti pietiekami dati Jrk3 sknkopas sedimentofaskie [Etijumi. Balstoties uz
slankopas fragmeitiem litologiskajiem aprakstiem atsegumos un urbumos, I. Vegsan
A. Savvaitovs (Veinbergs, Savvaitov, 1970) to rakstka loti smalkas 1dz smalkas un
vidgjas smilts nogulumus ar aldgiska, vieem bagta ar organisko vielu, matéla
starpsiniem. Rakstuigakais $idas uzlves piemdrs ir Gudenieku gravas atsegurfievakti
smilts paraugi OSL dgumiem) un tai blakusesoSajasgs sivkrasta atsegumos.

Sensalas, Ulmales, Baltmuizas, Strantes un Ziemafssgumu posmos smilSain
slankopa sagiv no daziem desmitiem centimetrdd4d metru bieziem smalkasidk
vidgjgraudainas smilts aliem ar aleittiskas smilts idz smilSaina aleita starpginiem.
Ulmales un Baltmuizas atsegumu posmos Sie noguilurisrupjgraudaiakie un atsevigu
slanu biezums Seit sasniedz 2 m. \d&ws atsegumos ir redzamasgui ripsnojuma tekstas.
Vietam smilSainajos 8hos ir norojams muldveida gbslnojums un straumju ripsnojums.
Neviennerigi izplaftais muldveida $bsknojums ir veidojies no periodigkn vilces
straungm, nogulumiem uzkijoties zenadens ggdas. Ztaru, Valcenieku un Gudenieku
atsegumu posmos Saiagkopai ir rakstuiga idz 1 m bieza smalkgraudainad4 loti
smalkgraudaina &hota smilts ar aleitiskas smilts un aleila starpginiem, kas vietm ir
bagita ar organisko vielu. iSslankopas dga ir veidojusies nogaim uzkajoties apak&a
zemas engijas straumju reina. Kopuma nogulumu ficijas @Etamajos atsegumos liecina par
mairigu sedimeriicijas reZmu. Zemas engijas straumju reina paratls sknojums tika
briziem m@rtraukts ar augskas enetijas straumju reima sipslnojumu un ripsnojumu. Tas
norada uz neregdtu fluvialu straumju iepidi baseia. Savulart, vairuma gadjumu
domirgjoSais vinu ripsnojums nada uz sedimeatiju sekk aden virs vilnoSans kazes.
Nogulumu sinkopas sedimeatija notika, dorajams, sekidens krasta vai lagas apgiklos.
St interpresicija kopuna sakit ar |. Veinberga un A. Savvaitova (Veinbergs, Sator, 1970,
lpp. 75-76) ptijjumu rezuliitiem, kur no#dits, ka smilSainie nogulumi, ar atseyeém
aleiritiskiem un nalainiem starpginiem uzkgjas litorales zon ,[..] augsja aleifita zora,
apaksja un auggja krasta nogzes dé, ka afn pludmat un laginas”. Organisks vielas
saturs Saj slankopa ir visai zems, torr aleifitskakajiem shpiem ir veikta palinolgiska
anaize, la af atsevi§os gadumos ir konstattas dazas saldens diatomeju sugas (Segli
1987). Lagnu facijas nogulumi Gudenieku atsegumu pasmbadtaki ar organisko vielu,
tadel tajos ir veiktas gan palingitskas, gan augu makrofdgu analizes, uz am
pamatojoties, 18 slankopa parasti tika korefa vai nu ar HolSteinas (Pulvernieku)
starpleduslaikmeta&lo posmu (Danilans, 1973), vaiiafales leduslaikmeta agro posmu
(Seglps, 1987; Kalmaet al, 2000; Kalnpa, 2001).

Pleistoéna shnkopas augsda veido augga mornas nogulumu shkopa, kas agk
ir tikusi interpretta ka Zales leduslaikmeta nogulumi (Danilans, 1973; Kadret al, 2000),
vai aff saliktas uzbves - Zles un gd¢ja apledojuma - veidojums (JuSkésiun c., 1998:
skat. geologisko griezumu kvadta nogulumu kartei pa profilainiju C — D, lapa 41
(Ventspils)). Mognas biezums ir nevierimgs: vicji 2m, bet maksiralais biezums sasniedz
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pat 7-8 m. Mognas virsma ir eradla Baltijas ledus ezera stadiju laikun daudzviet par
izskalois moenas nogulumu ddreizjo izplatibu liecina laukakmeu brusis Baltijas ledus
ezera smilSaino nogulumu pamatn

Savulaik divu mainas sinu izplatbu Etamag teritorija konstagja A. Dreimanis
(1936), kurs pigéma, ka augga morena Baltijas firas sivkrastos nogulsilusies Mindelas
(Zales) apledojuma laik Sis viedoklis tika nekritiski pigemts af vélakos darbos (Konshiat
al., 1970; Danilans,1973; Juskasj 1998; Kalma et al, 2000). $da aug&as mognas
interpre&cija ir novedusiidz savdatgai situicijai, kura noteicoSie Rietumkursas augstienes
ledaja reljefu veidojoSie nogulumi ir Kurzemes a{&s) moEna, bet Vislas apledojuma
nogulumi nav sastopami vairdiem ir tikai palirtota loma.

Apkopojot dz Sim publictas stratigifiskas interpreicijas, Rietumlatvijas
pleistoéna sinkopas hronostratigfiska piedetba Kust visai neskaidra un pretriga, kas
norada uz to, ka ir nepiecieSami jaunigigtopu tiesi arsedzoso smilSaino nogulumu aligal
vecuma dajumi. Loti ticams, ka &i dagjumi lautu atrisiat slankopas hronostratigfisko
piedetbu. § darba izs@idaSanas gait iegitie OSL datSanas rezulti Jauj atrisirat
Rietumlatvijas pleistama stnkopas auggas ddas hronostratigfisko piedetbu, un kati
Zina rada jaunus jagfumus par zemk ieguoSo pleistoéna shpkopu hronostratigifisko
interpreé&ciju.

Pedgja Vislas apledojuma laik Rietumlatvijas teritorija atrad Baltijas ledus
lielplismas dinamisis ietekmes zan Deglacicijas laila Baltijas ledus lielpismassa%elas
KurSu un Usmas ledus lobos. So ledus lobu malag zoatjas vaiskas ledus rales
(Veinbergs, 1968AboltinsS et al, 1977; Zets, Markots, 2004). Ledus &u deglaciciju
partrauca vaiikas akiva ledus malas osaitijas (Veinbergs 1968). Mardilo reljefu formu
joslas ir koredtas ar cdm margiralo veidojumu josim Austrumbaltij (Raukaset al, 1995).
Apriku ledus mile ir Kursas ledus loba izviiipms Ziemélietuvas (Linkuvas) degla&tijas
faze (Veinbergs, 1972; Meironet al, 1976; Meironset al, 1979; Zets, Markots, 2004).
Apriku ledusmiles izplatbu fikss latealas mognas un ledus mardgihe veidojumi
Rietumkursas augstienes rietumu in@feinbergs 1972; Meironet al, 1979) (1B. att.). Sis
relatvi nelielais Kursas ledus loba izvigms bija aptuveni 35 km garS. Apu ledus niles
ledus masu pkmai bija divegents raksturs —atpaplasiajas no 6 km platuma piekrastes
teritorija lidz 15 km #s margialaja zora (1B. att.). Aprku lidzenum subglacilas reljefa
formas lieh mera ir apskptas zem lokla Apriku pieledija baseina nogulumiem (Veinbergs,
1968, 1972; Straume 1979)idz ar to drumlini misdienu zemes virsinir noverojami tikai
ierobezoti un prsvaa tie ir aprakti ar 5 — 9 m biezu glaciolimnisko mbgnu lartu (1C. att.).
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3. Materi ali un metodes

Petijjums ir balsits uz orginaliem datiem, kas iadi vairaku lauka ekspadiju laika
Rietumlatvip vairak ka 5 gadu garum Lauka darbu ietvaros tika apsekoti visi pieejamie
stavkrastu atsegumi un tika igketi 5 s@vkrastu atsegumu posmi, kas pidm ataino
zemledija defornicijas veidus Rietumlatvijas piekrastes teritoriLauka darbos ligka
uzmanba tika pieersta ledja gultnes nogulumu iekfis uzhives un deforricijas strukiiru
izpetei. Tika veikta detala shnu trisdimensiodla saguluma apaflu izpste un
strukiirelementu uz@riSana. Mrijumu dati tika apsadati un attloti ar datorprogrammu
StereoNet

Lai noskaidrotu pleist@na shnpkopas geolggisko uzhluvi un parinterprettu
geologisko griezumu tika analéts liels skaitsgeologisko urbumu, kas savulaik ir veikti
1:50 000 mroga kar¢Sanas laik (skat. 2. att.). Sensalas atsegumaadpk tika veikti 17
urbumi ar naliku karet mornas virsmas augstuma sagahu.

Ledaja reljefa formas @ijumu teritorip tika deSifEtas izmantojot Latvijas
Geotelpiskis informacijas aentiras (LGIA) digitalo virsmas modeli ar izdrtspeju 20x20 m.
Glacilas reljefa formas tika analitas n@nojuma attlos AraGIS vide, mainot izgaismojuma
lenki un azimutu. Atsevigu drumlinu formu deSifiSanai un to telpigksakartojuma anakei
tika izmantotas 1:10 000aroga topogifiskas kartes un aerofotagfijas. Aerofotounemumi
tika analizti no stereopriem veidotos anaglifos. Piekrastadzienumu teritor§ glacilas
reljefa formas tika noteiktas, analat kvartira 1:50 00Qseolagiskas kartes un virsmas datus
(virsmas reljefa modelis un 1:10 00@nwga topogifiskas kartes).

Baseina smilts paraugi OSL dmimu veikSanai tika ieikti laika no 2000.1dz 2008.
gadam. Gudenieku, Sensalas ( 01, 02 un 0By un Valcenieku OSL paraugi (1. tabula)
tika ievakti misina cauruds, kuras bija 2,5 cm diametun 50 cm garas. KatiparaugoSanas
vieta tika ievakti 4 &di paraugi. Paraugi tika nemti iepriekS aftita paraugojara slana
atsegur, iedzenot migia caurules. Papildus, katparaugoSanas vigtaptuveni 20-30 cm
virs iedZtajiem stimiem tika nmemts paraugs dabiak radioaktiviites un dabisk mitruma
noteikSanai. Paraugu igk8anai tika izeleti tie stvkrastu atsegumu ieciik kuri atradis
iesggjami talak no deformacijas strukiiram vai diapra shknu izliekuma ézenaji dda, ka an
pec iesggjas liebka at@luma no diapra centra, kur, & zinams, vertikilais parvietojums ir
vislielakais.

Ecenieku, Ulmales (01 un 02), Batmuizas, StranteZiemupes (01 un 02) OSL
paraugi (1. tabula) tika memti, pielietojot Eijkelkamp netrau€tu ciefis grunts paraugu
nopemSanas komplektu. Neapgaismotas smilts parauga takts 4,5x40 cm
polivinilhlorida (PVC) caur@ un ievietots gaismas necaurl@gl konteined. Papildus
aptuveni 20-30 cm virs un zem paraugak®anas vietas atsegamai vertikala urbuna tika
nopemts paraugs dabigk radioaktiviites un dabiskmitruma noteikSanai.

Visas paraugoSanas Vist paraugs tika nemts no vismaz 0,5 m bieza,
smalkgraudainasdz videjgraudainas, labildrotas smilts gina. Visi paraugi tika apstdati
un analizti Helsinku Universiites Dabas astures muzeja Daganas laboratodj kur
anaizém tika izmantoti 210-29am lieli kvarca un laukSpata graudi.

Neapstidatam paraugam beta doza tik&rita ar Risg GM-25-5 beta daudzkan
skaifitaju pec Risg laboratord izstradatas metodikas (Bgtter-Jensen, Mejdahl, 1988).
Parrekins no izneritas beta dozas uz abseétb beta dozu ir balgs uz ngrijuma rezulitu
savietoSanu ar Somijas atskaites grunts paraugthWin K daudzuma @anijumiem, kuri ir
veikti ar neitronu aktiviacijas paemienu. Rrrekins ietver mineila grauda izréra korekciju,
pienemot, ka mateiis ir gaissauss (rel@gais mitrums ir 20%). Parauga mitrums tika noteikts
laboratorijas apsklos, sverot min@tmateralu no caurules gala, gan pirms, gaéc da
piesitinaSanas amdeni. Paraugiem Sensala 01, 02 un O@arZun Valcenieki dabiskais
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mitruma daudzums tika piemts k 20%, kas ir nedaudzagpvértets, saidzinajuma ar
dabiskajiem apskliem un ngrijjumiemin situ, kuri tika veikti 2009. gada ruden

Attirita kvarca un laukSpata graudu dozasiumi tika veikti pec vienreizjas bez
atlikuma rgeneraivas dozas protokola atsekis kvarca graudu deganai (Murray A.S. &
Wintle A.G., 2000). Kvarca un laukSpata graudi tétestraleti no parauga, pielietojot dada
blivuma &idrumus. LaukSpata graudu OSLempumi tika veikti, pielietojot zilo gaismu
emitgjoso diodi (LED) un infrasarkano stinfgiju.
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4. Rezultati

Petijjuma iegitie rezulfiti aptver pleistoena nogulumu un glaciotektonisko straukt
karteSanas matetius un glaciotektonisko defoiuiju strukiirgeologiskas izgetes datu kopu
izveletos Baltija sivkrasta atsegumu etalonposmusg, aa Apriku ledus males gultnes un
Sensalas atseguma apkes geomorfolgiskas un glaciotektonisls kartSanas un
desifeSanas rezultus, K af uz OSL datjumiem balsitu pleistoéna shnkopas augdas
dadas hronostratigfijas parinterpreéciju.

Glaciotektonisks deformacijas strukiiru izpstes rezuliti un atsegumugeolagiska
uzbive ir detlizéti atspoglota un analizta Publikicija 1. Petjjumu rezulsti Ziemupes
atsegura ir apkopoti un interpréti Publikacija Il. Autors uzskata par nepiecieSamu pievienot
atsevigus papildus rezultus, kas nav publiti rakstu kop ieklautafs ziratniskaps
publikacijas starptautiski cijamos izdevumos to foraita un piéaujamo apjomadl, bet kas
pamato publikcijas iztirzatos secigjumus. Sie rezuiti ir tikudi izmantoti Starptautisis
kvartara [Etniedbas savieibas (INQUA) Sauszemes nogulumu, procesu w@stuwes
komisijas (TEPRO) Peribaltijas g®nalas darba grupas lauka simpozija laukaatriiskas
ekskursijas deed, ka af Baltijas IX juras geolggijas konferences gekonferences lauka
zinatniskas ekskursijas sagatavodafbreimaniset al, 2004; Sakst al, 2004; Zets et al,
2004; Sakset al, 2006; Kahans et al, 2004; Kahans et.al., 2006). Rezatt ir prezentti
vairakos starptautiskos Zitniskos paskumos. Gudenieku, Ulmales un Strantes atsegumu
posmu uzbve un glaciotektonika detaéiti ir atspoguota publilacija IV. Pleistoéna
slankopas griezuma augés ddas hronostratigfija Rietumlatvijas gladlaja zemier (skat.
Meirons, Straume, 1979, Ipp. 415-419) ir atsgoguPublikacija 111.

Kopuma kar€Sanas un struiktgeolosisko pEtijumu  rezuliti  Rietumlatvijas
stavkrastos lauj izdait tris ledija gultnes deforidtijas tipus. Sensalas, Gudenieku un
Ziemupes atsegumu posmus veidoajadvienvirziena spiediena rad kroku-uzhdijumu
komplekss. Ulmales un Strantes atsegumu posmagalediltnes deforicija ir saistta ar
materkla vertikalu, augSupejoSugpvietojumu, ko izraiga diagrstrukiiru veidoSanos.

Visos piecos datizéeti pétitajos atsegumu posmos pleisioa nogulumus veidadzgi
nogulumi: (I) atseguma pamatrun vidusdé atsedzas smalkas vai aiggkas smilts
nogulumi; (Il) tos p@rklaj pedeja apledojuma ma@nas un glaciofludli nogulumi, kas ir
ievérojami glaciotektoniski deforati. Mals un nalaina aleifta materils veido diafra
strukiiras, t&u Gudenieku agktné diapra strukfiru veidojoSais matetis ir mona.

4.1. Sensalas atsegums

Sensalas atsegums atrodasaligt ziemdos no visiem etalorgijumu posmiem (1B.
att.). Saj atsegura aug$jas mognas sinkopas biezums, kasafsvag visur ir atdaita ar
Sauru lbdes zonu no pagoesSajiem nogulumiem, sasniedz 4 m. Bhas nogulumu biezums ir
visai iztugts, toner starp diapra struktiram ir nowerojams neliels biezuma pieaugums, kas,
iesgEjams, atspodo gultnes raupjuma izmgas. Ap diafra strukiiram var nowrot izteiktu
deformicijas koncen@Sanos. Augdas moknas matedils ir izstiepts vaitkas atrauds Ilecas,
kas atrodas smilts un grants maieri uzkadijumu énas pud un dz ar smalkas smilts
nogulumiem izliekts kroks uzhdijumu galos.

Vietam aug@§ja morna ir noverojami vaiakus metrus gari un dazus cm biezi
aleiritiskas smilts @iniSi. Mikroméroga gar 3m joskm sastopamasaprauktas eSeldatas
Ridera bides zoas, ka ar vilkSanas krokas un budipa.
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4. attls. Sensalas atseguma afikes virsmas digita modda n@nojuma attls. Verikalais nerogs ir
palielinats 3 reizes. Ar jagjuma Zmem ir atZmets iesgjamas tides &nu morenas. lerojiet, ka
teritorija starp Siem Jaiem ir hipsometriski nedaudz zeka ka arpus tiem. Sis atts nav publiéts.

Ledaja gultnes deforacija var nogirt divus etapus: (I) diapa strukfiru veidoSaas
un (Il) vienvirziena oriergta zemledja materila kompresija DR virzien Diapra strukiiras
ir ieverojami deforngtas un satdlitas kogja sasinaSaras virziera. Diapru malainaja aleifta
materkla ir noverojami atrauti bloki, kas to augd dda ir sajaukti ar aug$as mogenas
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materklu. Diagru struktiru defornacijas nerogi samazias D virziera. SmilSainie nogulumi
atseguma pamatnr mazk deforneti un veido gande vertikalas, Ezenas krokas.

Krokas ass plaknesrsums ir ZR-DA virzien, kas liecina par galvankompresgjosa
sprieguma vektora orieitiju no ZA uz DR. Daudzu atrautu kroku striukt kodolus veido
rupjgraudains grants uriwomaterils. Sajos kroku kodolos veiktie makrolineatéts nerjumi
norada uz idzigu, galved kompresgjosa sprieguma orieatiju (Publikacija 1). Atseguma
meéroga var izdait kopigu atavuma virsmu, jo deforatijas dzlums un apjoms samazs
kompresijas virziem gar kopgu ativuma virsmu. Svirsma packs DR virzies, kas saktn
ar ledijja defornicijas intensiites samaz@saras virzienu. Aug§as moknas
makrolineariites nerijumi liecina par ledja plismas virzienu no ZZA uz DDR, kas sdalar
regionalo ledaja plismas virzienu (Gaigalas al, 1968; Boultoret al, 2001; Zets, Markots,
2004).

Aug&jas moenas virsmas katfanas rezulta atseguma apktne tika atkhts aptuveni
500 m plats, 5 km gars un 5 m augstsdinevalnis, kas stiepjas aptuveni no R uz A. So
teritoriju ir erodjusi Baltijas ledus ezeradeni, tadel donajams, ka skotngji valnis ir bijis
augsiiks. Sensalas atsegums atbilstvdna kodola dhi. Vana garenass ir perpendiks
galvenajam, komprégpSajam spriegumam un padial ledhja plismas virzienam (4. att.).

Virsmas modm n@&nojuma aia (4. att.) ir redzams, ka bez\&lnpa ir no\erojami \el
divi, lidziga rakstura Vai. Viens no tiem aizZtkas idz ar krastathiju (I1dzgi ka pie Sensalas
atseguma), otrs atrodas uis tpasas asdnijas, kur pirmais. Valnis, kas atbilst Sensalas
atsegumam ir interprés ka bides anu mogna (shear margin moraine)k to ir defirgjusi H.
Stoukss un H. Kirks (Stokes, Clark, 2002)aRjo abu vénu iekEja uzhive nav tikusi ptita,
jo nav pieejami atsegumi, bet, balstoties uz Spwanorfolggisko hdzibu tos ar var
interprett ka bides anu mognas. Ja#&la interpreicija atbilst patieshai, tad Sie viai iezime
Ventas ledus gles zieméu robezu pdejo deglacicijas fizu laika.

4.2. Ziemupes atsegums

Atseguma posms Ziemapgr visvairak uz dienvidiem novietotaiséffjumu objekts.
Sap teritorija pleisto€na shnkopa i%ilgjas dienvidu virzies, un &is biezums sasniedz tikai
20-30 m (2. att.). Atseguarpleisto@€na nogulumu g@hkopas pamatni veido Vidusvislas laika
posma aleitiska smilts. To prsedz glaciofluvili nogulumi, kas ir defor@ti vairakas
izometriskis krolas. Visticanak Sis krokas ir diapu veidoSaas rezulita raduds krokas.
Kroku struktiram no ZZR ir uzlditi vairaki nelieli nogulumu zihveidakermai. Viena &da
krokas un zigpveida uzkbdijumu struktiru kombiracija ir pafdita 5. attla. Uzkidijuma
strukiiru amplitida ir neliela - 51z 10 m. Uzidijumu virsmas kit virziema uz leju, kas
ataino ledja spriegumu lauka ratiju ap diafrkroku un liecina par abu strukt vienlaiagu
veidoSanos. Diapa veidoss kroku strukiiras izrai§a nestabiliites punktu veidoSanos kgd
gultre, ap kuriem notika deforacijas sasaitescoupling: kompresija krokas froakaja pus
(proksimalaja sp@rna) un stiepeenas pus (distilaja sparna). Defornicijas koncen@Saras
izraigja mognas mateala biezuma palieliisanos kroku Z pis

Aptuveni griezuma vidusd@ atsedzas sargits kroku-uzidijumu strukfiru
komplekss, kas no virsmas ir ie#ts ar subglaélu bides zonu (6. att.). Atseguma pangatn
morenas mateas ir uzldits un izliekts krok. Lidzgi ka Strantes un Gudenieku atsegumos,
ann Ziemupes apittné vajais, diaprismam palautais mateéis ir mona. Galvea sprieguma
orienficija, kas veido kroku—uztijumu strukiru kompleksu - ir @rsta no ZA uz DR.
Apak&ja n diagramma atbilst sinklatei starp diamiktona blokiem (6. att.). Dajams, &
atspogio krokoto nogulumu struktelementu prorientaciju ap apak§o diamiktona kroku.
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5. attls. Ziemupes atseguma fragments.aTegdzams diaps, kuram Z sgrna ir uzbidijums.
Uzbidijumu virsmas ir atmétas ar oranzu, punktotiniju. Uzkidijuma virsmu krituma begis, ka
afi diapra krokas forma nada uz to vienlaiigu veidoSanos. Nepub#its attls.

VisbieZk glaciofluvialie nogulumi ir deformati Iecveida kermenos (7. att.), kuru
garums nefrsniedz 10 m, bet biezums idt 3 m. Sckermeyu forma liecina par to, ka tie ir
tikuSi pakauti rofcijai. Nemot \era, ka Sie glaciofluvdlo nogulumukermeni atsegura ir
izvietoti nereguri. Tie, donajams, ir veidojusSies & nelieli iznesu konusi le&ga priek& ta
transgresijasae. Ledaja radta sprieguma oriegtija no ZA uz DR S&ermewu defornacijas
laika sakiit ar sprieguma ass ori@niju ap diafra struktiram un no#&da uz kopju ledaja
uzvirziSaras un gultnes deforaicijas posmu (7. att.).

Atseguma dienvidu da tieSi zem aug$as moenas ir izsekojama labi izteikta
sinistiala bides zona. Atseguma zieluedda aug$jas mognas sipkopa ir noskalota ar
Baltijas ledus ezeradeniem, donajams, ka Iides zona m@nas pamathbija izsekojama ar
Seit. Sinistila bide, kas ir noteiktage noliektiem Bdes malieriem gar ides zonu, (6. un 7.
att.), ir pretja kogjam dekstilam kides virzienam atseguim Mikrolinearitates n&rjumi
bides zoa apstiprina ides virzienu no D uz Z un saker vilkSanas kroku nolieces virzienu
(Publikacija I1).

b 5 : - R o :
e - X : 3 > SR e

6. at€ls. Komplekss ma@nas un aleitiskas smilts glaciotektonisko wjumu un kroku strukiru
komplekss. Auggas mognas pamathir noverojama sinistila bides zona, kas nkd deforngto
slankopu. Balgs finijas atspogio deforngtas nosfinojumu virsmas; frtraukta oran Iinija atbilst
domajamam uzhdijuma virsnam. Bides zona augfis mognas pamathir atZiméta ar oranzZu
partrauktu iniju. = diagrammas sagfita krokotajiem aleitiskas smilts giniem. Nepubli¢ts attls.
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Bides zonas rasas izraigja lidz pat 2 m bieza defofuijas shna veidoSanos, kas
atspogiojas lineariites pirorienticija diamiktora zem hdes zonas (Publikija 1l 3. att.).
Aug&jas mogknas makrolinearitei ir izteikts ZZA-DDR virziea veérsts maksimums
(61=0.675; 6,=0.256), kas labi saskan argi@nalo ledaja plismas virzienu 3ajteritorija
(Gaigalaset al, 1967; Punkari, 1997; Boultoet al, 2001; Zets, Markots, 2004). Savak
makrolineariite apak&a diamiktora nav tik labi izteikta ¢1=0.443;6,=0.370). Lielasc,
veértibas nofida uz lineamentu izkliedi kaga plakre, kas liecina par ménas lineamentu

7. atkls. Deforngta grants un lo materila léca. = diagramma atspodm sinkliralas krokas krokas
plakniskos elementus, kamtliagramma ataino grants fuomaterila makrolineariti. Sinklinala kroka ir
veidojusies iespieZot grants H4uomaterila kermeni izkusu§ zmeledja substita. Sinklinales virsmu,
morenas pamat) no¥kel sinistila bides zona, ka sir ateeta ar oranzuihiju. Nepubli@ts atéls.

parorien&ciju bides deforracijas rezulita.

Pamatojoties uz strukiu kargSanas un Kkinedtikas anakzi var izdait divus
zemledja gultnes deforacijas posmus: (I) diapa strukéiru un uzhdijumu-kroku strukiiru
kompleksa veidosas un (ll) tam sekoja$ kdes zonas veidoSas,m Auggjie smilSainie
nogulumi gakotnéjas defornmacijas posm, domgjams, bija sasalasstvokli, uz to noida
koncentrisks krokas mateila, kur shnu biezuma izmaias irloti nelielas. Zemlegja bides
zonas un deforatijas moEnas veidoSais noada uz siltas legja gultnes apskliem. Bides
zora var norot defornacijas koncengSanos 1-2 cm Saujosla, kas noida uz deforracijas
pawajinasanos. Dormjams, ka #du deformacijas pawdjinaSanos izraiga sasaluSas grunts
kuSana un #pjoSie potfidens spiedieni, kuru rezaii ledajs atsaisjas no gultnes.

Apriku ledus nales gultnes topogfija un apveids, & af izplattas glacklas reljefa
formas tika interprétas pamatojoties uz virsmggomorfolgisko anaizi, kas tika veikta
balstoties uz salizpemumiem un virsmas digilajiem datiem. Apitu ledus miles gultnes
defornicijas iztei tika iz\el&ti tris atsegumi - Gudenieki, Ulmale un Strante (1B).aie
atsegumi ataino Aptu ledus ndles margiralas zonas (Gudenieki un Strante) un cdaotr
zonu (Ulmale) (Publikcija V).
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4.3. Gudenieku atsegums

Gudenieku atsegums atrodas Apriedus nales gultnes zienia mah (1C. att.). Saj
atsegura pleisto€na shpkopa sagiv no aleiftiskas smilts @ pamatnes da, un liek mera
erocktu augs8jas moenas sinkopas. Litolgiski Sada uzlave ir tipiska visiem Baltijasiras
stavkrastiem, Rietumlatvij.

Atseguna raksturga glaciotektonisk strukiira ir uzhdijumu <rija ar @rvietojumu
ZA virziena (Publikacija IV: 3. att.), kas ir #rsts gandz perpendikuri kopgjam ledija
kustibas virzienam Sajteritorija - no ZZR uz DDA (Gaigalast al, 1967, Zels, Markots,
2004). Atsevikas uzldijumu zvpas sagiv N0 mognas sina to pamat®& un parsedzosas
smilts un grants vai aléirskas smilts matetia. Relaivi jaurnaki uzhidijumi ir noverojami
atseguma dienvidu galVisas uzidijumu virsmas monokligli krit gandrz vierada krituma
lenki. Sads uzbdijumu strukfiru izvietojums noida visticarak uz subgladilu nevis
proglacilu deforniciju. Proglacilas deformcijas rezulita uzhdijumi veido transgrasu
strukfiru kopu, kur jaudkie uzldijumi ir uzhkiditi veckajiem. SmilSaino nogulumu
slanojums ir saglafjies un ataino trauslas defogoijas apsiklus, kas naida uz So nogulumu
sasaluso 8vokli uzbidijumu veidoSa#s laika. Tas liecina arpar to, ka legis piedavoja
stagracijas fzi, kuras lailk zemledja nogulumi sasala.

Atseguma dienvidu gal (Publikacija IV: 3. att.) uzlidijumu strukfiras caurrauj
diaprs, kurS saav no mognas diamiktona, kas, damms tika atrauts no dak ieguosSiem
morenas nogulumiem. Gar dimp mahm aleiftiskas smilts sinojums ir tikai nedaudz
noliekts gar diajva kontaktvirsmu, kas nada uz to, ka diapa strukiiras veidoSais laika Sie
nogulumi joprofm bija sasalusstvokli. Materila celSaas veidojoties diggpam atseguma
vidusdda izraigja nogulumu grimSanu, kas atsptmas k& labi izteikti stiepes dzumi
(Publikacija I1V: 3. att.).

Uzhidijumu <rija morfologiski atspogipjas k linears valnis, kas Baltijas ledus ezera
parskalotaji lidzenuma virsm izpauZzas k |gzens linars mognas paglums (1C. att.). Sis
valnis stiepjas no atkrasta atseguma aptuveni 2 km iekSzeMalna garenass ir oriegta
perpendikudri uzbidijumus veidojoSam kompresijas spiedienaridzigas uzives reljefa
forma ir konstatta af petamas teritorijas ziem@s, Sensalas atsegainkas atrodas Usmas
ledus loba dienvidu latélaja zora (Publikacija 1). Gudenieku griezumsagat ka Sensalas
atsegums tiek interpis ka bides anu mognas &&ersgriezuma da.

4.4. Ulmales atsegums

Ulmales atsegums atrodas Aqriledus miles gultnesvsidusdda. Atseguna redzams
pleisto@na nogulumu ghkopas apalkgo ddu veido smalkgraudainas un aiggkas smilts,
ko parsedz relavi bieza mognas sinkopa (Publilicija IV: 4. att.). Vig atsegura smilSainos
nogulumus caurrauj ahaina aleitta diapri. Aug&jas mognas nogulumu 8his virs diafriem
partriikst, vai i biezums btiski samazias. Sida geologiska uzbive ir rakstuiga aptuveni 12
km garam sivkrasta atsegumu posmanakst ar Gudenieku atseguma dienvidu gadlz pat
Strantes atsegumam dienvidos. Tas atsjpodwpriku ledus ndles centilas ddas gultnes
geologisko uzhivi un liecina par procesiem, kas norigusies ledja un gultnes mijiedaibas
ZOr.

Aug&jas mognas sinkopas biezums ir maigs un starp diapu ieplakim sasniedz 7
m, bet vigjais biezums ir 2-3 m (Pubkikija IV: 4. att.). MoEnas sinkopas biezkaja dda
(parasti 2-3 m virs pamatnes) ir roejama bides zona, kas ir izsekojama 20-30 m plaum
(Publikacija 1V: 5.att.). Bdes zonas plakne irkigbta starpdiajpu ieplakas virziem
Visticamak, tas nofda uz diafra strukiiras celSanos un starp diapieplakas grimSantidbes
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zonas veidoSas laika (Publikacija IV: 4. att.). Tas apliecina, ka diap struktiru veidoSaas
un aug8jas moknas sinkopas akicija notika vienlaitgi. Urbumu dati naida, ka diapus
veidojoSais matedis Saj teritorija iegu aptuveni 30 m dhima kas liecina par to, ka diap
kodola nogulumu grvietojuma ampliida ir vismaz 30 m (2. att.).

Diapiru forma atsegummairas no vienlrsas idz loti komplicstai. Garengriezum
diapgru pret ledju vérsta nogaze ir kzena, bet legja kusibas virziea kritos nogaze ir
ieliekta un stva, vai pat atsevi®s posmos vertifa, bet augSda pat noliekta leaia kusibas
virziema. Tas liecina, ka lemla vilces spks iedarbgjs uz $m strukfiram vismaz 12 m
dziluma. VienkarSas formas diag 3kersgriezuma ir gandiz simetriski. $ersprofila
komplicsto diagru forma ir saposmota ar vakam sekundram krokam un daikm
(Publikacija IV: 4. att.). Vieim diapra kodolu veido smilts matats, kas, dorajams, ir
levilkts diapra strukfira no zenak ieguloSiem smilSainiem nogulumiem.

Aug&jas moenas apakda robezvirsma ir asa, vie@h ieameta ar idz pat 10 cm
biezu hdes zonu. BrobeZvirsma, & ai domirgjosais nogulumu deforfigijas viskozi-
plastiskais raksturs nala uz to, ka vismaz Apu ledus nales vidusd@ valdija siltas
gultnes apgkli, bet ledus masuapvietoSaas galvenokrt notika uz ledja bazla shidejuma
vai plana nogulumu &ha defornacijas €kina, lidzigi ka to ir apraksjusi Evanset al, (2006).

4.5. Strantes atsegums

Strantes atsegums ir visvakdr uz dienvidiem novietotais atsegumu posms,akur
atsedzas Apku ledus loba deforatie nogulumi (Publikcija IV: 6. att.). Atsegum kopa ar
aleiritisku smilti un augdo mornu atsedzas #haina aleitta diapra struktiras un]oti
sabivéts un relaivi madvs diamiktons, ko veido al&irska smilts ar nelielu rupka materila
piejaukumu.

SmilSaira diamiktona dinkopa ir ap 6 m bieza, um ir izsekojama 120 m plat
atseguma da. S slankopa tiek interpreta ka glaciotektofits atbilstodi D.l. Benna un D.
Evansa (Benn, Evans, 1996) defumam. Sinkopai ir rakstuigs izteikts plakniskums (tuvu
horizonlam) un sipotu nogulumu atrauté (Publikacija IV: 6. att). So atrauie
defornacijas raksturs ir 1tlzigs tektonisko iesbuma struliru kinemnatikai plastisks
defornacijas lides zoas ar rakstugam rofacijas pazmem (Publilacija IV: 7. att.), Zem
diamiktona esoSais smilSaino nogulumu pagulsinoliecas tes deforrcijas virziera, kas
norada uz deks#lu bides virzienu. Nelielas vilkSanas krokas ganvgtojuma plakam bides
zora apstiprina deksitu bidi. Diamiktona sinkopa iXkilgjas latedla virziem, un to ieskau;j
diapra struktiras. Garenisko la ieskgumu lineariite, ka ai citi bides virziena indikatori
norada uz ZZA - DDR orierstu bides virzienu, kas labi sakrar kopgo ledija plismas
virzienu $&j teritorija deglacicijas lailka (Gaigalaset al, 1967; Zets, Markots, 2004).

Strantes atseguma defartijas strukiiru raksturs ir idzigs ieprieks apskdasjam
Ulmales atsegumam.idzigi zemledja gultnes defordcija domirg diagru parvietojuma
izraigta materila migracija un deformcija, bet atgirtba no Apriku ledus miles centilas
ddas, ledja defornmicijas intensites pakpe (deformcijas dzlums no atseguma virsas) ir
augsiika. Lielaka deformacijas dzluma pakpe ir izskaidrojama ar to, ka Strante atrodas tikai
1-2 km no Aprku ledus ndles gultnes dienviduaga, kas ir ieuncta ar hdes anu mognu
(skat. mkamo nodiu). Sados apstklos ledija plismasatrums ir mazks, par plismasatrumu
ledus ngles centilaja zora. Tas nomné, ka zemledja poitidens spiedieni ir maki un
atbilstosi ir liekka ledija piesaiste gultnei.
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4.6. Apriku ledus neles gultnesgeomorfologija

Apriku ledus nmiles gultnes konfiguicija tika iezméeta balstoties uz lega margirilo
reljefa formu kopas izvietojumu, kas tika dedtdr balstoties uz topogfiskas virsmas
digitalajiem modéiem un kvardrgeolggiskas kartes inforrciju. Apriku ledus rdles gultni
gareniski iemmg tas sinu margialie vani, kas ieskauj Apikiu drumlinu lauka lineamentus.
Méles aprises labi ieéme izteikta gala mamnas vdnu kéde Rietumkursas augstienes rietumu
nogaze. Lielakais no gala m@nas vdniem ir Almales—\Vardupes margisais valnis, kas ir
skaidri izsekojams digita virsmas mod& na&nojuma attla ka ieliekta, predji ledaja
kustibas virzienam &rsta glacila reljefa forma (Publikcija 1V: 9. att.), kas padas vaigk ka
30 m virs Aprku lidzenuma.

Apriku ledus nales subgladilas izcelsmes reljefa formu izsekoSana ir apgéata, jo
deglacicijas laikh no ledus hwo teritoriju pakipeniski prklaja Apriku sprostezers, bet
hipsometriski zemkos imenos — Baltijas ledus ezeradepi. Tikai zemledja gultnes
ziemdaustrumu dia virs glaciolimnisko nogulumuidzenuma padas vaigki plakanvirsmas
drumlini (Publikacija IV: 9. att.). Sie gareniskie drumlinulgair labi izteikti digitala virsmas
modda n@&nojuma attla. Drumlinu gedu garenasis ir orieéths RZR-ADA virziei, noadot
uz lokalu ledaja plismas virzienu. Kopum Sap teritorija ir konstagts 21 drumlins vai
drumlinveida reljefa formas. So Igd reljefa formu garums 8wstas no 1,5idz 5 km, kas ir
vairak par vicgjo drumlinu garumu klasiskos drumlinu laukos (Clark Stokes, 2001; Stokes
un Clark, 2002aZelcs, Dreimanis, 1997)ad] nevar izsigt atsevigu So formu atbilsbu
megaflitingiem vai cita tipa legla megalinearites veidojumiem.

Drumlini Apriku ledus rdles zemledja gultre aizsikas vieti, kas salit ar kraam
izmaipam ledija gultnesgeologiskap uzhive, kur nesaistus, viegli deformjamus ledja
gultnes nogulumus nomaina augSdevona ddlo(Rublikacija 1V: 9. att.). Gar So robezu
nesaistto pleistoéna nogulumu biezums krasi samazsimo 40-50 m Piemaresglzenun uz
10-20 m Aprku drumlinu lauk.

Gareniski, &¢zeni moenas v#ni ir izsekojami pie Gudeniekiem un 1-2 km uz
dienvidiem no Strantes atsegumiem (Puldgija IV: 9. att.). So vlwu orienticija sakft ar
drumlinu orieniciju. To pasSreigjais augstums napsniedz 5-10 m, bet Sie M@ tapat ir
visaugsikas glacilas reljefa formas Apkiu ledus niles gultre. Gudenieku valnis ir 200-400
m plats. To var izsekot aptuveni 2 kmahtima no ntisdienu krastaihijas. Strantes valnis ir
plataks un gagks. Ta platums sg@rstas no 600-800 m, bet garums ir ap 5 km (Puicijl IV:

9. att.).

Abi Sie vdni tiek interpreéti ka bides anu mognas, kas ir veidojaS Apriku ledus
meles uzviraSaras laika. To veidoSanos izraja kompre®/u spriegumu rasSas uz robezas
starp akivu ledu no vienas puses, un stagnantu (pie gufiiressmlusu) ledu, no otras puses.
Sads ledija reljefa formu izcelsmes matisms zemlegja apsiklos tika piedvats saidzinosi
nesen (Stokes un Clark 2002a).

Arpus Aprku ledus nales gultnes ir identifigti vairaki, ledaja plismas virzienam
skerseniski \érsti lineamenti (Publikcija IV: 9. att.). Tie tiek interpréti ka drumliniz&tas
reljefa formas, kas ir veidojas agekas ledija deglacicijas fizes, kad ledjs bija biezks un
daudz viedgik parvargja lokalos gultnes padumus. Sa& laika ledsja plaismas virziens bija
vérsts no ZZR uz DDA nevis no RZR uz AZAa kas bija @laka deglacicijas laila, kad
izveidojas Apriku nmele (AboltinS et al, 1972, 1977; Straume, 1979; Raulasal, 1995).
Hipsometriski zerikajos imenos Sos lineamentus vaeh noke] Apriku ledus niles plisma.
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4.7. OSL dagjumi

Visi OSL paraugi tika ieakti no aug8§jas Jrk3 sinkopas (2. att., 1. tabula). Visos
gadjumos paraugi tika ngemti viets, kur smilSainos nogulumuérgedz maoEnas sinkopa.

OSL sigrals no Sensal ievaktajiem paraugiem liecina pa#itru smilts déingu
sedimerdciju un to diferengtu izgaismojumu, kas palielina rezilt izkliedi. Sensalas
paraugu laukSpata graudu OSL reztultdeva p@rvertétus un neskaidrus rezaftis.
Infrasarka@s stimukicijas rezuliti kvarca graudiem labi sakrita ar to OSL reziitm. Tas
liecina, ka smilts matetiia transpoSanas laiks un saules gaismas iettaribija neilga,apec
tadi, relatvi Ieni OSL slazdi, k laukSpata graudi, tika izgaismoti tikail&ja

Gudenieku, Valcenieku unifaru paraugu dasana deva labus rezilis kvarca
graudiem un nepiiigus rezulitus laukSpata graudiem. LaukSpata grauduijomi uzradija
vecumu, kas bija i@rojami lielaks par kvarca graudu OSL reztiem. Tas, iesfgjams,
liecina, ka Sie nogulumi tika ekspginsaules gaismai nepietiekami ilgi, lai laukSpgtaudi
bttu pilniba izgaismoti. Smilts graudu iz&rs Gudenieku paraugam bijasi&inosi mazs;itiz
ar to atdato laukSpata graudu daudzums bija par mazu, kakaitet graudu krigatu
nepilnbas, vagja ietekntt rezul@tus. Kalija saturs daitos laukSpata graudos Valcenieku
paraug bija visai augsts (aptuveni 10.2 %}.i8mesla d] iek&ja doza lauk3pata graudiem
tika apekinata nevis norérita, kas izmaifja koggo dozu uz 2,10786 mGy/a, kura, atigec
vargja palielirat dagSanas rezudtu izkliedi. LaukSpata graudu @aimiem Ztaru paraug ir
visai lielageologiska vecuma izkliede - no tuvas kvarca graudwegimnas rezudtiem lidz pat
triskarSai § vecuma prsnieg3anai. &@ls rezulits ir izskaidrojas ar strauju nogué$anos,
kuras laik mazjuigakie laukSpata graudi tika izgaismoti tikailgja

1. tabula Baltijas jiras sivkrash atsegto zemmenas smilts nogulumu OSL @dhanas rezuiti.

Parauga Deva Absorleta deva +/- Vecums +/-
nosaukums | (mGy/a) (Gy) (Gy) | (takst.g.p.m.) | (i@kst. g. p.m.)
Sensala 01 2.06 87.8 10.35 43 5.0
Sensala 02 1.75 78 13.36 45 7.7
Sensala 03 1.55 67.9 15.57 44 10
Zitari 1.51 55.64 10.65 37 7.1
Ecenieki 1.77 58.4 5.22 33 3.4
Gudenieki 2.34 105.8 9.89 45 4.2
Valcenieki 1.30 53.1 12.88 41 9.9
Ulmale 01 1.45 37.9 5.62 26 4.1
Ulmale 02 1.41 39.6 6.13 28 4.6
Baltmuiza 1.59 41.5 3.64 26 2.6
Strante 2.00 68.6 8.54 34 4.6
Ziemupe 01 1.54 72.8 7.43 47 5.4
Ziemupe 02 2.01 105 19.8 52 10

Baltmuizas, Stranted;cenieku, Ziemupes un Ulmales paraugucgtas rezuiti
paada skaidru vecuma sagjaima ainu, inemot paraugam Ziemupe 02, kuram smilts graudu
granulometriskais iz@rs bija par mazu un dianai pieejamais matais bija ierobezots.
Dabiskis luminiscences &tibas visiem paraugienk&soja pieaugumaiknes lin@ro ddu,

Iidz ar to piestinajuma probémas nav konstatas (Publilicija Ill: 4. att.).

Ka liecina OSL datSanas rezuti, visi nogulumu dajjumi norada uz Jrk3 ghkopas
smilsaino nogulumu sedimactju Vidusvislas interstadia laika. Nogulumu vecuma
variacijas iespjams, ziama mera ir saisttas ar ar glaciotektonisks deformacijas ietekmi,
kuras laik veaki nogulumi lolali vargja tikt pacelti no daakam vietam uz augsu.
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5. Diskusija un interpretacija

No atsegumu izies rezulitiem izriet, ka ledja gultnes nogulumu defo&uijas
raksturs ir at§irigs, bet vietm defornacijas strukiiras nav sastopamas. Tiaslj izirt tris
dazdus zemlegila defornicijas apsiklu tipus: (I) deforracijas apstkli, kur zemledja
deformicijas strukiiru veidoSanos galvenai nosaka diajisma procesi saigia ar atru
ledaja plasmu, (11) deformcijas apstkli, kas nosaka legh plaismas virzienamk&rsam verstu
uzkidijuma strukiiru veidoSanos saiba ar zemledja procesiem ledus &tu latetlaja dda,
un (Ill) stagnanta ledus apkiu apgabali starp ledusé&i zoram, kuros nav naxrojama

glaciotektoniska deforatija.

5.1. Leddja gultnes deformacija, kas ir saistita ar atru ledus plasmu

Darba rezufiti liecina, ka smilSaino nogulumu defoinija un diafra struktiru
veidoSaAas ir savstargi saisfta. Diapra strukfiru raSaAs un fp@rvietojums nokéela
parsedzosos smilSainos nogulumus ungf@atos tudk ledaja gultnei. Virs diapra struktiru
virsotrem smil3ainais matetis, norikot ledija-gultnes kontaktzan tika erodts. Sis
materkls tika asimiéts ledija un transpofts distla virziena starp diapru ieplakim un
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8. attls. Shematisks matata pardales un diajpu plaismas modelis Apku ledus rales gultre. A —
Materiala transports no diap struktiru virsotrem uz starp diajou ieplakim planskatjuma. B —
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nogulsrets taps. Tadgjadi veidofs lokala materila mognas ak&cijas kcas (8. att.). Vairum
gadjumu diapra struktiras ton@r nesasniedza laph-gultnes robezzonu, un diaps
veidojosais matedls netika iekauts mognas diamiktos. So abu procesu vienlaa norise ir
lezimeta ar monokliali kritoSu aug§as mognas pamatni ap diaga struktiram.

Diapira struktiras Aprku ledus mdles centilaja zora gar ass ihiju sasiv no
mazcaurlaitha aleirta, nila vai mognas mateala. Saidzinajuma ar pErsedzosSiem un
pagdoSiem smilSainiem nogulumiem, ndtajiem nogulumiem ir rakstiga zemauadens
spiediena disifcijas spja. So diafra strukfiru virsotnes padas tuvu vai pat sasniedza
ledaja-gultnes kontaktzonu.atad @c J. Piotrovskat al, (Piotrowskiet al, (2004) modia
diapru virsotnes ir vietas, kur zemlgd gultre visticanik veidosies deforacijas plankums
(spot). Predji Sim apgalvojumam - ap dig@a struktiram Ulmales un Strantes atsegumos nav
noverojama glaciotektoniska defoatija, respelii, deformicijas plankuma veidosas.
Gluzi pretji, Sajas viehs notika matefila erozija un transports, un glaciotektonmisk
defornicija norisirajas starpdiapu ieplalkas (8. att.).

St petijuma rezulsiti liecina, ka Aprku ledus ndles gultnes cerifaja dda zemledja
deformicija izpauds ka ledaja gultnes nogulumu diam plisma bivuma inversijas ietekn
Sis process ietekéja af ledija mognas bazla shna veido$ams dinamiku. Zemlegja
gultnes deforracijas rezulita notika vienlaitgga mateiila erozija virs diapa struktiru
virsotrem, erodta materéila transports un noguls$aras starpdiapu ieplalas ( skat. 8. att.).
Relaivi biezas moenas Ecas starpdiapu ieplakis tika nogulsétas no matedila, kas tika
parvietots no pina deformcijas stna virs diafra ledija gultre, leddja parvietojuma veidam
lokali mainoties no stigjuma proksinilaja diapgra pug uz gultnes deforatiju ta distlaja
pug (8. att.). MoEnas akumduicijas un erozijas procesus Heméra kontrokja diapra
strukiiru izvietojums un augSanaadgjadi, ledaja parvietojums & gultré notika galvenokrt
ka bazlais sidéjums uz pinasidens pives vai ar plana deformicijas nogulumu &ha
(Piotrowski et al, 2001), t.i., Aprku ledus mndles centilaja zora ledajs bija liek mera
atsaisits no gultnes. 1dzigi defornmicijas apstkli var tikt interpregti visam @tjjumu
apgabalam tag zors, kur glacilas reljefa formas liecina par ledusim eksistenci4boltins
et al, 1972; Zets, Markots, 2004), un kur zemigd gultni veidojoSie viegli deforgjamie,
nekonsolidtie, tdens mazcaurlaidie nogulumi, kas ir poteras avots diapa struktiram,
iegu ne dziak ka 40-50 m, un ledus &ju uzviraSaras dinamiskais raksturs irdzigs Apriu
ledus nzlei.

Diapirisma raSafis un matefla augSupgrstas iespieSais melanisms farsedzosos
nogulumos zem legh ir visai maz ptits. Pastv viedoklis, ka # strukiiras rodas lega
malas zoa, post-tektoniski (Abeet al, 1989), vai arnogulumiem atslogojoties ledus pkss
(Hart, Smith, 1997). So struku subglacila gereze ir apraksta retumis, un Sisgjums ir
viens no pirmajiem, kas saista So stiwktveidoSanos ar lagh aktivitates uzliesmojumiem
(serdziem, ledja uzphidiem) —atras ledja plaismas raSas procesiem. R. Hindinss un K.
Risdiks (Hindmarsh, Rijsdijk, 2000) uzsver, ka viehmgi stratificcta vide nestabiliites var
rasties vai nu viskozites gradientu & starp siniem, vai af tas var izraigt efekiva poridens
spiediena izmaias. Efekiva portidens spiediena atkga matedlu reolagzija ir apsiklis, kas
lauj izskaidrot Reilija-Teilora (Rayleigh—Taylor) siabiliaSu raSanos zemlad gultnes
nogulumu gaguma (Hindmarsh, Rijsdijk 2000). Diapu profili perpendikudri ledaja plaismai
(ar retiem imémumiem) ir simetriski. Turpregriezuna, paraéli ledaja kustbas virzienam, to
profili ir asimetriski stiepti digla virziera. Ledaja robezvirsmas kuSanasleyu erozijas vai
akumukcijas darlbas gdas griezurm nav novrojamas, kas arnorada uz to, ka diapa
strukfiras ir veidojuds zemledja apsiklos. Visticanak, ka diapru veidoSaas norisirajas 3s
teritorijas degladicijas nostguma fizé, ko ievadja ledija aktivitates uzliesmojums. Prga
gadjuma, ja ledijja uzviraSaras atkirtotos, hitu redzama atiktota diaprstruktiru
defornacija, kas nav nasrota. Donajams, ka Vislas apledojuma makaids uzviriSaris
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sakotneja fazé Sie nogulumi bija sasaliiSstavokli, tapéc to deformacija nenotika. Leadia
uzvirziSaras turpiragjuma So teritoriju khja Baltijas ledus lielglsma, kuragtra kustba notika
pamad uz bazlas sidéSanas vai pha nogulumu ahiSa deforracijas kkina, kas kagja
dzilu glaciotektonisko strulstu veidoSanosjdizigi ka tas ir Siplas krasta ledus liligihnam,
ipasSi B lielptismai (Alley et al, 1986). Lielpisma B, idzgi ka Baltijas ledus lielpisma,
uzgu uz nekonsoligtiem nogulumiem. Makrolineatite mognai starpdiapu ieplaléas atbilst
Apriku lauka drumlinu garenasu oriaajai Apriku ledus nales distlaja dda, kur zemledja
gultnes uzbve ir at¥kiriga (Publikcija IV: 4. att.).

E

Siltas gultnes ledajs
Aukstas gultnes ledajs

Udens caurlaidigs materials

Udens necaurlaidigs materials

Ledus pliismas atrums

/ \ Materiala parvietojuma vektori

9. attls. Poridens spiediena akstibu principils modelis Aprku ledus nales uzpitidu (€rdza) laika.
A — Apriku ledus rales uzvirzSaras sikums. Piegulas distila ledus masa Sajetag ir joprojam
piesalusi pie gultnes; B — Afxi ledus rdles uzpiidi izraisa ledus masu uz§anos uz froatas
akfiva-stagnanta lea robezas un padens spiedienu pieaugumu zemjadsubstita; C — Apriu
ledusnzles uzpiidi, kas tika izraiti iznicinot priekd esod stagnanta ledus lauku. Agu ledus
meéles strauja uzvifdaras noveda pie straujas &d virsmas kriSa@s, un attietgi strauju poiildens
spiedienu krisanos zem W@d, kas izraifa nestabiliiSu raSanos nesaisis, \aji caurlaidgos
zemledija nogulumos.

Diapirisms norisiajas ka vienreiZjs notikums, kas aizkas pieaugoSam podens
spiedienam frsniedzot norrlo, kuru radja ledija un nogulumu svara radis spriegums
ledaja gultre (Publikacija IV: 11. att.). $di apsikli vargja rasties, kad zem staiih vai kni
pieaugod3m ledus maam, vienntrigi pieaugoso padens spiedienu nomaina So ledus masu
strauja drefiza, kas attiegi izraigja strauju pardens spiediena samaz$anos legja gultre
(Publikacija IV: 11. att.). $dos apsiklos ledija gultre adens smilSainajos nogulumos tiktu
drerets ledija malas virziea ka viennerigs adens sinis ledus-nogulumu robezviramka
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adens piisma kaalos; ka dispersaidens (Dar§ plaisma caur nogulumu pon. Turpret
poridens spiediens zeakajos nala un aleitta nogulumos (k ai citos zemas caurlaioias
nogulumos) saglabos augsts. Bdi, kad pofidens spiediens smilSainajos nogulumos bija
krities, bet mazcaurlaigajos tas & saglalajas augsts, Sie nogulumildva nestabili, jo
poridens spiediens apsniedza litostatisko un notika diagtrukiiru veidoSaas. leditie
rezul@ti (Publikacija IV) liecina, ka diapra strukfiru amplitida un vina garums (aitums
starp diafriem) ir atkargi no diaprismam pakaut slana biezuma. Certtlaja dda (Ulmales
atsegums) @la un aleitta nogulumu biezums ir vislighais (idz pat 30 m), kas @&tkrastu
atsegumos atspofpjas K visaugsikas un plaikas strukiiras. Teritorii, kur tdens
mazcaurlaitgie nogulumi ir pinaki, diapra strukfiras ir Sauikas un zerikas.

Ledaja dinamikas un diapu veidoSaAs melanisms srdza laikk ir atspoglots
shematisk modet 9. attla. Spiezoties pret aprimusu ledu, transgees ledus plisma
izraigja ledus masu uzk$anos un letja virsmas celSanos. Zma bridi tika parsniegta
kritiska bides prete#ba un ledus masaska dremties rietumu virzied, kas noveda pie
straujas ledus virsmas pazegasaris. Lidz ar ledus virsmas pazeradanos legja gultre
samazigjas pondens spiediens. Turpret poridens spiediens dzkajos, udens
mazcaurlaitbos nogulumos saglajfas augsts. Strauji s@toSais ledus biezums izrges
normala sprieguma kritumu un efaké spiediena pieaugumu mazcaurigajos, nalainajos
aleirita nogulumos. Sajbridi diagru veido3anos vaja izraigt aleifita un nala materila
straujas kohezivites zudums. Digapu kroku virsmas deforatija un erozija uniSmaterala
izgulsreSaras starpdiapu ieplakis veicirgja turpmaku So strukiiru augSanu (celSanosyx
bridim, kaner saglalajas pietiekami augsts patens spiediens zem aléa nogulumos.

5.2. Bdes énu morénas

Bides anu mognas tika interpr@tas balstoties uz glaciotektonisko un morfaéo
petijumu rezulitiem (Publikicija |, IV). So mogénu iek&ja uzhive ziratniskag literatira nav
apskaita. Tapec Sis g@tijums, iespjams, ir viens no pirmajiem, kas apskata So reljefenu
iekjo uzhkavi atras ledja plismas ietvaros (Publikija IV un Publikcija 1, ka Sis
problenatikas agiku interpreiciju). Perpendikura griezuna bides §nu mognas sadv no
zemledja materila un moenas bazla slana ar viea virziema oriengtam kompresijas
defornicijas strukiiram. Kompresijas strukitas veido zinveida regresi uzhbidijumi trauslas
I1dz ddgji trauslas deforricijas gaduma un plastiski krokojumi un kroku -azumu sistmas
trausli-plastiskas deforicijas gadiuma. Morénas matefila loma deforracijas strukiiras
samazifs distla virziema. Vel talak distla virziena novietotie uzidijumu bloki sastv tikai
no zemledja materila (Publilacija I, 1V). Bides &anu mognam ir rakstufga kipjoSa
defornacijas strukiiru ativuma virsma (decollement) diti virziena (Publikacija 1, V).
Abas petitajas lides anu moenas uzhdijumu veidoSafs ir notikusi relawi Saui josla, kas
norada uz to, ka uzZbifjums rads nornila sprieguma gradienta ietekmkas izveidagjs
uzkrajoties bieam ledus maan Apriku ledus miles uzviraSaras sskumstadij.

Uzhidijumu izkartojums Sensalas atsegiinataino zemlegja, bet ne proglagiu
defornicijas vidi (Publikcija V). Ir jaatazme, ka aginaj petijjumu rezulitu apkopojura
(Publikacija 1) & reljefa forma tika interpréta ka lateala mogna, kas veidojusies izvadigd
(outlet glacier) mal. Apriku ledus ndles glacilo reljefa formu, & aif morfologiski lidzigu
valpu Strant un Gudeniekos, iekfis uzluves jau@kie petijumi liek pieskaitt So valni pie
bides anu mognas veidojumiem. Arcitos sedA un misdienu seglega klatajos apgabalos
Sada morfolgiska tipa reljefa formas tiek saists aratru ledija plismu, K tas ir ledja
lielplasmas (Stokes un Clark, 2002a; Stokatsal, 2007) vai ledja <rdzu (Publilicija V).

75



Tomer So reljefa formyseretiska interpreficija ir javeic balstoties ne tikai uz to morfgiqu,
bet ar pamatojoties uz to iek® uzhivi. Diapira strukiiru veidoSaas hdes margialajas
morenas norisiajas Ec uzhdijumu <rijas veidoSaas, kas apstiprina diaqu raSanos &
materila reakciju uz efekva spiediena izmaam.

5.3. Apgabali ar stagnantu ledu

Uz zieméiem no Gudenieku posma atsedzadzigi smilSaini-aleittiski baseina
nogulumi. Tos vieim parsedz galvendit izskalots maEnas mateéils. So atsegumu virsa ir
parveidota Baltijas ledus ezeti@enu erozijas rezudta, tapéc augsja morena ir noskalota vai
an parskalota, unas viet ir atrodams laukakme brusis. Apmeram 1-1,5 km uz zienliem
no Gudenieku atseguma glaciotektoniskas defoljas pazmes izzid, un kot ap Atariem
nogulumiem ir rakstdgs normals sagulums. Spetijuma rezultti liek apgalvot, ka Apiu
ledus ngles uzvirzSaras laika petijumu teritoriju khja stagnants, dofijams, piesalis pie
gultnes ledus. K. Klarks un K. Stoukss (Clark, ®%k2001), un K. Stoukss un K. Klarks
(Stokes, Clark, 2003) apgalvo, ka d@llielplismas aprimSanu pavada plaSajedultnes
sasaistes punktsticky spotandu val.) veidoSafis. Tajos leduslist neakivs un piesalst pie
gultnes. Sasaistes punktu veidoSanogjéedultre var notikt: (1) ledja lielplasmai zaudjot
kustbu virs gultnes patumiem, (ll) ledija lielplismai sasniedzot apgabalu, kur geltn
atsedzas cieti, iztigi pamatiezi, kas varab klati ar oti planu mognas krtu vai pavisam bez
tas (Stokeset al, 2007). Rdgja gadjuma bides spriegums, kas lgdm japarvar, lai notiktu
bazlais sidejums, var Iat daudz lieiks, neld mornas matedlam vai nesaistiem
nogulumiem. T&pat sasaistes punkti var veidoties virs igar labi dreBta mognas
materkla, vai ar vietas, kur norisids zemledja adens sasalSana pie ledus gultnes (Stekes
al., 2007).

SI petijuma rezulti lauj izvirAt hipo€zi, ka Baltijas ledus lielplsmas apaaris
Rietumlatvijas zemienesdzenumu teritor§, iesggjams, notika zemlegjia tdeniem piesalstot
pie ledija gultnes. Ledus masu aprimSana $eyitorija, dormgjams, norisigjas visai strauiji,
ko apliecina labi saglajusSies veakasgeneécijas ledija reljefa formu lineamenti.

5.4. Apriku drumlini

Apriku ledus males gultnes digtaja dda atrodas sadizinoSi neliels drumlinu lauks
(IV Publikacija, 9. att.). Drumlinu padiSaras neles gultre ir strauja un nosrojama gar
kopigu robezu, kura i@me izmaias ledus @lesgultnesgeolagiskaja uzhive. Gar So robezu
vaji saisftos augSdevona smilSakmes nomaina augSdevona cietie un plaisainie diom
(Kurss, 1992; Juskess et al, 1998), k ai strauji samazis pleistoéna nogulumu biezums.
Seit Apriu ledus nales bazlo slideSanu nomaifja sasaistes/skjuma @tick/slipandu val.)
plisma, kura sekgja drumlinu veidoSanos. Ledus masu Kugs$ veida izmaas izraiga
poridens spiediena izmgs zemleaja gultre, kas ir d§gji atkariga no gultnes nogulumu
tadens caurlaigbas. K. Klarks un K. Stoukss (Stokes, Clark, 2004j)a par Makklintoka
Sauruma ledus lielpfmu nowro, ka ledja paleostraumes gulindrumlinu veidoSais
aizékums sakit ar zemledja gultnes raupjuma izmgim. M. Rattas un J. Piotrovskis
(Rattas, Piotrowski, 2003) pamato, kadfarves lauka drumlinu veidoSanos diemécra
kontrokja poidenu drerizas apgikli pamatiezos. Apkiu ledus males gadjuma tas gultne
viscaur sadl no lidziga sagiva smilSaini-aleitiska matefila, toner So nogulumu biezums
samazifs ledus pismas virziea. Piekrastesitizenumu teritor§ nogulumi ir 60-70 m biezi,
savukart teritorija, kur sikas drumlinu lauks tikai 10-20 m (10. att.)idk&gi, nogulumu
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granulometriskais sasts kopuma Klast ruppks drumlinu lauka virzien Tadgjadi var

apgalvot, ka ptamaja teritorija ledaja dinamiku neietek@da ledija gultnes raupjuma
izmainas, bet gan pamatiezu $ast izmapas, kas raga atkirigu pondens spiediena
sadaljumu ledija gultre. Pateicoties laikai tdens vadmibai, doloniti drergja un samazija

poridenu spiedienu legja gultre, tadejadi sekngjot ledaja-gultnes sakab#$aras plankumu
un drumlinu veidoSanos.
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10. atels. Teoktisks pofnidens spiediena unides sprieguma flukagijas modelis Apiiu ledus rales
gultré. A — Geolaogiskais griezums par@l Apriku ledus rales assthijai. Apriku ledus rales profils ir
attElots shematiski. Ligenda: 1 — Augda morenas sinkopa; 2 — Vidja mornas sinkopa; 3 —Apakda
morenas sinkopa; 4 — smilts un grants; 5 — smalkgraudaina laimtiska smilts; 6 — vigja aleifita un
malaina aleiita shnkopa; 7 — aleitiska smilts; apakgais aleifts un nalainais aleitts, 8 — dolorits; 9 —
smilSakmens; 10 — proglatd uzladijumu zona; 11 — padeyu migracijas vektori (neatbilst svogam);
13 — urbumi. B — Defa, kas natda ledja plaismasatruma sadajumu gultre. C — Grafiks, kas pada
poridens spiediena (Pw) uides spriegumas{ kvalitatvas izmapas Aprku ledus nales gultrz.

Apriku ledus male gar s centilo garenasi §c ledija dinamikas rakstura var tikt
sadaita divas ddas, kuras atdala dolamn izplaibas robeza (10. att.). Lgd gultnes
apstiklus Piemaresdzenuma pusraksturo augsts padens spiediens zemlgd nogulumos,
un tdens migicija parsvaf notiek gar ledus—gultnes virsmu, kas rega#t ledija atsaist un
slidgjuma. Leddja gultnes deforatiju raksturo Wju, mazcaurlaithu nogulumu diajou
plisma un loklas noZmes piesaistesidjuma ledija plismas meinisms ap diagpiem. Saj
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ledus ntles dda ledus ir @arsvag atsaisits no gultnes, un ledusgsima notiek lied méra uz
slidgjuma kkina, kas nosaka straujasapaatas ptismas atstibu.

Ledaja gultnes deforicija aiz dolonitu robezas raksturdens drefiza dolonitos un
divergents ledus mpismas raksturs, kas izrges poridens spiediena kritumu lgd gultre,
ledus piismasatruma samazisanos un drumlinu veidoSanos. Drumlinu &snpieaug ledus
malas virzien, kas liecina par arvien pieaugosu ledus piessagtipas virziera (10. att.).

5.5. OSL dagSanas rezulati

C. J. van Mrbaks (van Meerbackt al, 2009) noida ka MIS3 laik notika vaigkas
klimatiskas pasiltinSaras fazes, kas tiek sauktas par Dadrsija — OiSgera (Dansgaard-
Oeschger) notikumiem, kurusanrauca auksti, stasla klimatiskie apgikli. So notikumu
mairiba sekmja klimata izraistas glolala juras imepa swrstbas, kam Iitu jaatainojas
nogulumu fcijas. M. Rabino (Rabineaet al, 2006) no&da, ka globlais jaras imenis,
safidzinot ar nisdienu jiras imeni, bija aptuveni 3adz 80 m zeraks MIS 3 gkuma, un 65
Iidz 95 m zeriks MIS 3 beigs. Pimemot, ka Vidusvislas laik Skandiavijas apledojuma
izplatiba bija ie¥rojami mazka neld Vélas Vislas lail, izostatislis depresijas diaims bija
ieverojami mazks par jiras imepa kritumu. Baltijastudens baseina Vidusvislas laika
nogulumu dginkopa neatspoda &das straujas klimatisko flukiaiju izraiStas jiras imepa
svarstibas Ziemégatlantijas rgiona. Tas liecina, ka paSreja Rietumlatvijas teritorija lielko
Vidusvislas laika posma tla atrads virs Pasaules okea tidens imepa, un apskata
nogulumu sipkopa ir uzkgjusies interstadla saldidens baseir) kas bija izaits no okéna
rietumos (Binu Saurums) un ziengustrumos (savienojums ar Baltoy).

OSL dagjumu rezulsti norada, ka augga mornas sinkopa ir nogulséta Ec Vislas
interstadila un atbilst @las Vislas apledojumam (Pubfdi&ja I, Il, IlI, IV), bet ne, K ieprieks
tika interpretts, kombirgtam &las Vislas un Zles apledojumu laikam (JuSkeésiet al,
1998; Kalnpha et al, 2000; Kalnha, 2001). Analigjot OSL paraugu ngemsanas vietu
lokalizaciju (2. att. un 1. tabula) ir redzams, ka jakie baseina nogulumu dgmi ir iegati
no Baltijas jiras sivkrastu smilSaiis sknkopas centilas ddas. Tas, iespams, ataino
pakapenisku baseina regresiju. Jakie datjumi (26 tikst.g.) (1. tabula, Publicija III)
norada iespjamo maksimlo Skandiavijas apledojuma uzviizaras laiku Baltijas {iras
dienvidaustrumosatigjadi apstiprinot Skandivijas apledojumaao un straujo uzviriSaras
scenmriju.

J. Satkuna®t al. (Satkunaset al, 2009) zno, ka Lietuvas zienjgetumos, blakus
Rietumkursas zemiene&ltenumiem, dato ezera un ikdras nogulumu vecums ir ~33 000
“C kalibtie gadi pirms msdieram. Merkines (Merkiné) Emas starpleduslaikmeta
nogulumu griezum ko parsedz jarskalotas mamas nogulumi, kas uziusies Elas Vislas
segledja maksimalas uzviraSaras laika, kidras un koksnes atlieku radioakt ogleKda
anaizes rezultti uzrada § materiila 31 500+2300/-1800 ¢“C vecumu pirms msdieram
(Gaigalaset al, 2000). Rd¢ja apledojuma uzviiBaris maksinilie vecumi Latvij ir
intenvala no 32 0001z 36 000 gadiem, kas i@ ar *“C un TL dat$anas metdan (Zeks,
Markots, 2004). V. Kalms (Kalm, 2006) secina, kaugijas teritorj bezledus apskli
pastivéja laika posra starp 26,8 un 43,2ikst. gadu pirms msdieram. Tadgjadi var apgalvot,
ka deja laika iegatie absoiita vecuma da&jumi arvien pretzak define pedéja apledojuma
maksinalas stadijas uzviidaras skumu Baltijas rgiona dienvidaustrumos, un Baltijagas
stavkrastu datjumi jutami seknd nogulumu vecuma piedéas proldmas risimjumu.

Ziemupes atseguma paraugi ada uz vislieiko §s shnkopas vecumu. Paraugi tika
nopemti dagtas smil3aias sknkopas pamath (Publikacija 1ll). Saj griezuma d@ iztrakst
Jrkl un Jrk2 @hkopas, k ain Akmenraga s#a. Tadgjadi, aug$ja smilSaira slankopa (Jrk3)
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uzgd tieSi uz apakdas moenas (2. att.), bet pleistewa shnkopas kopjais biezums
negarsniedz 20-30 m. OSL datimu rezulgti liecina, ka apakga smilSairas shnkopas dia
(Jrk3) sika uzkaties aptuveni pirms 5Gikst.g. pirms rasdieram, t.i., MIS 3 akuma. V.-P.
Salonenst al. (Saloneret al, 2008) sa¥ pétijuma iepaistina ar rezuiitiem, kas liecina, ka
Vidusvislas apledojuma deglacija Somijas ziemles norisiajas starp 62-57tkst. g.p.m.
Sie dati ziama mera labi saktt ar Ziemupes OSL dgtimiem, kas uzskaii par veakajiiem
dagjumiem [Etijjumu teritorip, tie uzada iesgjamo Vidusvislas interstasla iestiSaras laiku
Rietumlatvijas zemienesdzenumos un Baltijasijas basein

Ar OSL metodi daitie nogulumi iepriek§os pEtijjumos tika interpreti ka vélas
HolSteinas (Pulvernieku) (Danilans, 1973) vaiaagfales laika (Segis, 1987; Kalnja et al,
2000), vai ar ka velas Emas laika veidojumi, kas atrodasidalnosi neliei depresij starp
PlaSumiem un Guiem (Kalnipa, 2001, 157. Ipp.). Jaunig@ge OSL datSanas rezudti
norada, ka neviena nam interpreficijam nekiet pietiekami pamatota. €a nevar izsigt, ka
dagta smilSaim slankopa ir uzkgjusies daudz alak neld tai paguloSie aleita un nala
nogulumi, par ko liecina viem sastopamais Vigas mognas starpghis (Publikicija lll,
Publikacija I).

Morénas vecums, kas iegtieSi zem daias baseina nogulumuagkopas, joprgm
nav pietiekami droSi zams. T&u var apgalvot, kaatminimalais vecums ir MIS 3 beigas vai
MIS 4 skums, bet maksifdlais vecums nav ierobezots ar aligolvecuma da@jumiem.
Tomer, balstoties uz augst izklasfitiem pieadijumiem, tiek piedvata So nogulumu vecuma
jauna interpreicija. J. I. Svendsenst al. (Svendseret al, 2004) apliecina, kags Emas
interglackla laika Eiazijas zieméos var izdat tris kontinendla apledojuma stadijas: &,
vidus un las Vislas stadii. Sava petijjuma autori konstat, ka Vidusvislas stadlia laika
apledojums HKja lgaunijas un Baltijastujas depresijas teritorijas un ir izsekojams ar
Rietumlatvijas idzenumu teritor§. Turklat, ir visai gfiti iztcloties, ka Zles apledojums, kas
izplatjas @lu aiz &la Vislas apledojuma robein, bitu atsgjis tikai planas, fragmentas
morenas un glaciofludlo nogulumu &cas, kas iedustarp biezm, saidzinoSi silta laika
baseina nogulumualkopam. Resionalie dati liecina, ka agrun vidus pleistogna nogulumu
lielaka dda tika izncinati erozijas rezulita vélaku ledija uzvirZSaras stadiju laik (Raukaset
al., 1995). hdgjadi, var apgalvot, ka Sie fragmant izplaftitie glacignie nogulumi ir
uzkrajusies, dorajams, Vidusvislas stasla laika, kura izplaiba bija ie¥rojami mazka nek
Zales apledojumam.

Agras Vislas interstadlie jaras nogulumi ir tikusSi atrauti unapvietoti zemledja
apstiklos no Rgas i¢a, uzvirzoties Ryas i¢a ledus lielpismai @deja apledojuma laik
(Dreimanis, Zsals, 1995; Molodkov et al, 1998). Apak§as pleistoéna shnkopas
stratigifiska iedafjuma interpreicijai ir nepiecieSami augstas krdspejas seismiskie un
geolasiskas urbSanas datiakai absoiita vecuma da&jumi (Publikacija IlI).

OSL datsanas rezudti kopuns liecina, ka Baltijasiras depresij ilgstosi, akot ar
Vidusvislas stadia beigim (Ziemupes d&jumi) gandiz lidz \€las Vislas stadila sskumam
(Ulmales un Baltmuizas dgtimi), eksistja plasSs sal@idens baseins.
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6. Secirajumi

St petijuma rezuliti Jauj izdart vairakus svaigus secigjumus par ledja dinamiku un
notikumu hronolgiju Rietumlatvijas teritor§ un veikt notikumu hronolgjas korekciju ar
citam Baltijas rgiona DA teritoripm. Ka liecina sivkrastu atsegumu la un neledja
izcelsmes sedimeitijas apstklu interpreicijas dati, & af glaciostrukiru un
glaciomorfolgiskie getijjumi, ledaja-gultnes mijiedariba zemledja apsiklos ir notikusi trs
at&irigos veidos:

1) Zemledja defornacija, kuru raksturo diapstrukfiru veidoSaas saisito ledija gultnes
materila plisma un sasaistesddjuma gultnes deforatijas kombinacija ar atru ledus
plasmu;

2) Vienvirziena uzidijumu un kroku strukiru veidoSaas ar plaku versumu &erseniski
ledaja kusibas virzienam, kuras rezatii radis lEzeni, ledija kusibas virzienam pardi
orien€ti bides anu mognu vdni;

3) Stagnanta, pie gultnes piesaluSa ledus apgdiatis nav nogrojamas zemlegja gultnes
deforniciju pazmes.

Bides anu mognas ir saldzinoSi nesen apraktdts reljefa formas, un Si€fjums ir
viens no pirmajiem, kdrir pamatota So formu veido&nne tikai lielu ledus lielpkmu
malas zoas, bet ar saidzinoSi nelielu ledus Bju lateslaja zora, kur akivais ledus
mijiedarbojas ar pag ledu. Tas pieda, ka bdes anu mognu veidoSanos nosaka ledus
gultnes matesia reolgija un pismasatrums, bet ne legla dinamisko vietbu rangs un
izmeri. Petijjuma rezuliti sniedz ieskatu So formu identié&anas pames, no kuam var
secirit bides anu mognu daudz plagku izplatbu seno apledojumu skartos apgabalos, tai
skai@ Latvijas teritorif.

Sis @tijums apliecina, ka atseki@s gagumos ir iespjams atrisiat liela méroga un
nepatsiviga pondens spiediena izmai raksturu legja gultre un identifi&t ta noZmi ledus
vairoga dinamiskajos procesos. lzpratne paens,ipasSi nogulumu padens, ietekmi uz
glacalam sisemam var paidzet pleistoéna un nuisdienu seglegu dinamikas
rekonstr@sars, ka afn papildirat zinaSanas par fizidajiem procesiem, kas norigis ledija—
gultnes mijiedartbas zoa misdienu un senajos |&0ds.

Rietumlatvijas zemienesdzenumos legla dinamiku liehk méra noteica pordens
spiediena izmaias, kas atspodojas ledja sasaistes page ar & gultni. Ledus uzviriSaras
laika lielakie plasmasatrumi tika paakti uz ledus baaa slidejuma pa i gultni r€kina, kaner
ledaja gultnes deforacijai bija sekundra noime. Drumlinu padiSaras zemledja gultre
iezZimé robezu, gar kuru notika ledus spdiska sasaiste ar gultni, ko ieragan poridens
spiediena samaziRaras zemledja nogulumos, & cglonis savukrt bija to filtracijas ipasbu
izmainas.

Petijjuma rezuliti liecina, ka diapru veidoSaas norisirajas ka vienrei£js notikums,
ko izraigja zemledja pomidenu spiediena izmaas. Tas ataino ¢edZa veida legja
uzvirzisanos ar rakstigam strauim ledija virsmas reljefa un zemlajd poridens spiediena
izmainam.

Ulmales atsegums atspdguApriku ledus nales centilo (ass) zonu. Ledus q@ma
Sap zora lielakoties notika uz ledus balz shidéjuma gkina. Diapru ,augSana” un
starpdiapra ieplaku grimSana Agu ledus miles uzviriSaras skumposm radja
mozakveida zemlegla materila deforn&iciju un skotnéja nogulumu biezuma zpdali.
Apgabali virs diapriem tika pakauti ledija erozijai, turprat starp diapru ieplalis notika
morenas mateala uzkasarss.

Gudenieku, Ziemupes un Sensalas atsegumiidesb dnu mognu e&rsgriezuma
ddas, kas veidoja§ Apriku, Bartas un Ventas ledus au transgresijas laik
Glaciotektonisks strukftiras liecina, ka iles anu mognas ne viengr ir izdabmas k
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atsevigas reljefa formas, bet @ik iezimé laika mairigu margialo zonu, un tdes &nu
morenas valnis ataino ggb akfiva ledus anu poiciju. So formu iek&ai uzhivei ir
rakstuiga vienvirziena nogulumu defotaija, kas redzamaakuztidijumu <rija. Galvenais
spiedes sprieguma virziens iérsts aptuveni perpendilnl ledus pitismas virzienam, ko,
domajams, izraisa nordila sprieguma gradients starp @kt un pamva ledus masn.
Ziemupes atsegums atainarias ledus rles @inu poiciju, bet zemlegla defornacijas
apjoms Seit ir maks, ko, domjams, nosaka maks nesaisto zemledja nogulumu biezums
Sap apgabdl.

Strantes atsegums atainargjas gultnes apgklus starp Apku ledus nales centilo
(ass) un malas zonu. Zemigal gultnes deforacijai ir lidzigs mozzkas deformcijas
sadaljums la Ulmale, bet ledja piesaistes pape ir augstka. SmilSainais glaciotektts
sastiv gandrz pilniba no lokala materila, un matetila sajaukSais palkipe ir ieverojami
mazka ka Ulmale. Visticanik, ka tas atainoehaku deformacijas atrumu un lieiku ledija
sasaistes paki ar gultni. Zemledja uzladijumi, kas ir \ersti aptuveni perpendikati ledus
plasmai, donjams, noiida uz §&rsenisku spriegumu rasanos izteikta leddsmplasatruma
gradienta apsklos. Mikrolinearifites @tijjumi glaciotektoita norada uz to veidoSanomti
vaja zemledja materila iztuiibas ap$ik]|os.

Vislas apledojuma maksitas izplaitbas stadijas deglaaijas laikh Baltijas ledus
lielplismas aistiba notika dramatiskas izmgis. S&j petijuma tiek apgalvots, ka Baltijas
ledus lieptisma (pirms Apitu ledus ndles uzviraSarks) bija apstjusies, un tikai pc tam
aprimu&s ledus masas realkdjis ka ledus lobi un réles, atsijot starp #m stagnanta ledus
laukus.

Rietumlatvijas pleistama shpkopa aptver arsangra pilnigu vismaz viena silta,
domajams, intergladila laika nogulumus un vismazidrauksta laika nogulumuaskopas.
Turklat Vidusvislas vecuma @&jkopa ir potendli nozimigs palegeogifisko un
paleoklimatisko rekonstrukciju avots visam Baltijasas rgionam. OSL da@Sanas rezuiti
norada uz nepiecieSaimu katiski parskatt pleistoéna sknkopas augd§as ddas
hronostratigifiju Rietumlatvija. Stratigafijas parinterpreéSanai un plaku rezulatu
iegaSanai ir nepiecieSams veikt papildustippmus, ipaSu uzmaibu pieerSot apak§ai,
malaini-aleiritiskajai jiras nogulumu 8shkopai, K& af pielietot nusdienu absaka vecuma
dagSanas un paleovidestjumu metodes. Sofat ir iesggjams izdait sekojosus secijumus
par sinkopas hronostratigfiju:

1. Augsja morenas sinkopa ir veidojusies &a Vislas apledojuma nevis ales
apledojuma laik. So sinkopu [Etamaja teritorija nevar uzskat par stratigifiski
apvienotu (nesadil) véla Vislas un Zles leduslaikmeta veidojumu.

2. Vidusvislas lailk (MIS 3) Baltijas jiras depresij eksistja saldidens baseins vismaz
no 52 idz 26 ftikst.g. pirms msdieram, kas ierobezo Vislas apledojuma izpidas
maksinilas stadijas maksiaho vecumu ptijjumu teritorig.

Pec ieditajiem rezulitiem var seciat, ka do& petijjuma izviratais nerkis ir sasniegts
un galvenie izvirgtie uzdevumi ir izpilati. Rezulgta: (I) ir raksturota ledus masu dinamika un
zemledija procesi, K an pieradita kdes anu mognu atistiba ledus rélu margirilaja zorg;

(I) ir pieradits, ka &las Vislas apledojuma nogulumiaih daudz plagku teritoriju nek tas
tika uzskatts agek, un Siem nogulumiem ir dontjosa loma Rietumlatvijas lexja reljefa
veidosag; (Ill) jaunie OSL datjumi pielada zemmainas smilSaino nogulumu uz&anos
sekiidens basei Vidusvislas apledojuma laik un pamato turpaku petijjumu
nepiecieSaitu veikt padZinatu zem Vidusvislas interstada nogulumiem ieguloSo
slankopu izEti.
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Pateiabas

S petjuma autors pateicas promocijas darbaitdgm - profesoram, Drgeol.
Vitalijjam Zelkkam par ieguldo lielo darbu ziatnisko rakstu tapSan pacietgam un loti
nodergam diskusiim par @tijuma rezulitiem. Tapat autors ir pateigs savam ilggaglam
kolegim un topoSam zitnu doktoram — Andim Kalnam par kopgu darbu B petijjuma
rezul@tu un tos atspodajoso ziratnisko rakstu tapSan Autors ir pateitgs Marim NartiSam
par \ertigajgm konsulécijam GIS programmatru pielietojuna. Autors ir pateitgs Markam
Deitonam par ziftniska raksta any valodas regiSanu. Autors iripaSi pateitgs
visskaisikajai geologei — Kristnei Tovmasjanai par iegujdmu baseina nogulumu
sedimericijas vides raksturosan un promocijas darba latvieSu valodas kopsavilkuma
redigéSanu. Rtijums veikts ar ESF (Nr. 2009/0138/1DP/1.1.2.1.2R%/VIAA/004) un
LZP grantu (Nr. 05.1498; Nr. 2007/ZP-87; Nr. 2008/&7) finandilu atbalstu.
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