The 2nd annual NORDQUA field trip
Deglacial history and geomorphic development of the area
between Vanern and Vattern: Younger Dryas moraines, the

Baltic Ice Lake drainage and the dynamic Vattern Lobe
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Information
Dates and TimesWe | eave fr om Ge ov e tRatsbyondbusand:3ddv2Wavr i ns
We will make a stop at Landvetter airport at 16:00 on tffe 24

Course requirements:

This field trip will be a course for 3 ECTS credits. Upon completion of the course requirements, | will
sign a Gothenburg University certificate that you have fulfilled the requirements fordrasli8

course. Here are the requirements:

T T Youmust maintaira field note booko document the stops (I will look at
these on the bus home!)

T 1 Have afamiliarity with thgp_d foféadicles for this trip. | am preparing and
selecting about 10 6essentiald papers f
two weeks before you arrive for your perusal.

1 1 Every person will present a shortirinute (power point or not)
presentabn of their current or planned research project. This will be on the
three evenings we will be Btamslatt

1 1 After the trip, you will submit within two weekssiort pape(5 pages)
answering key questions that have arisen during the trip. Tuestions will
be developed during the trip and assigned to you afterwards.

When all this is satisfactorily completed, | will issue the certificate.
Payment: The cost of the trip is 3000 SEK. This must be paid before you can get on the bus!

Meals and Lodgng: All meals and lodging are covered by the expenses. Therefore, | need to know of
any menu restrictions ASAP. We will be staying at Flamshtp(//flamslatt.sg/ in beautiful Valle

Harad for all three nights ohe road. We will have dinner and breakfast each day, and they will
provide us with a lunckack. Please bring sheets and towels! But you can also buy these there for 60
SEK a day. We will be staying hostlyle in rooms with 24 beds per rooth we will sortthis out

when we arrive!

Clothing: Prepare for anything! Rain, sun. We will do some moderate hiking and investigate some

steep exposures, Sso appropriate shoesé To save o
good to have Ga@omnmd tohe hihed fsldaddb shoes. I f you ar
necessary.

Articles for the course
These articles were sent out to all particip

Bjorck, S., & Digerfeldt, G. (1984Climatic changes at Pleistocene/Holocene boundary in the Middle
Swedish endmoraine zone, mainly inferred from stratigraphic indicatio@iniatic changes on a
yearly to millennial basig§pp. 3#56). Springer Netherlands.

Bjorck, S., & Digerfeldt, G.1986). Late WeichselidEarly Holocene shore displacement west of Mt.
Billingen, within the Middle Swedish edtioraine zoneBoreas 151), 1-18.

Bjorck, S. (1995). A review of the history of the Baltic Sea, M0ka BP Quaternary International
27, 19-40.

Cleland, C. E. (2013). Common cause explanation and the search for a smokiGga@uogical
Society of America Special Papesf2, 1-9.


http://flamslatt.se/

Greenwood, S. L., O'Regan, M., Sward, H., Flodén, T., Ananyev, R., Chernykh, D., & Jakobsson, M.
(2015). Multide re&advances of a Lakeditern outlet glacier during Fennoscandian Ice Sheet retreat,
southtentral SwederBoreas

Jakobsson, M., Bjorck, S., Alm, G., Andrén, T., Lindeberg, G., & Svensson, N. O. (2007).
Reconstructing the Younger Dryas ice dammed lake in the Baltic Basin: Bathymetry, area and volume.
Global and Planetary Chang&7(3), 355370.

Johnson, M. D., & Stahl, Y. (2010). Stratigraphy, sedimentology, age and palaeoenvironment of
marine varved chain the Middle Swedish edhoraine zoneBoreas 39(2), 199214.

Johnson, M. D., Benediktsson, I. O., & Bjorklund, L. (2013)e Ledsjo end moraifea subaquatic
push moraine composed of glaciomarine clay in central Swedeceedings of the Geologists'
Association124(5), 738752.

Johnson, M. D., Kylander, M. E., Casserstedt, L., Wiborgh, H., & Bjorck, S. (2013). Varved
glaciomarineclay in central Sweden before and after the Baltic Ice Lake drainage: a further clue to the
drainage events at Mt Billgen.GFF, 1353-4), 293307.

Lidmar-Bergstrom, K., Bonow, J. M., & Japsen, P. (20B3)atigraphic Landscape Analysis and
geomorphological paradigms: Scandinavia as an example of Phanerozoic uplift and subsidence.
Global and Planetary Chang&00, 153-171.

Lundgvist, J., & Wohlfarth, B. (2000). Timing and éaseést correlation of south Swedish ice
marginal lines during the Late Weichseli§uaternary Science Revievi2§(10), 11271148.

ObRegan, M. , Gr e e Bw&d, 6l.d& Jak8bssh, M, (in Bess. IGeotechifcal ,and
sedimentary evidence for thigfoundedce in southern Lake \iern during deglaciatiorGFF.

Smith, C. A., Engdahl, M., & Persson, T. (2014). Geomorphic and stratigraphic criteria used to date
the Rada Landslide, VaatGotaland, Swede@FF, 136(3), 507511.

Stromberg, B. (1992). The final stage of the Baltic Ice L&K&U series Ca. Research pap@l),
347-353.

Stromberg, B. (1994). Younger Dryas deglaciation at Mt. Billingen, and clay varve dating of the
YoungerDryas/Preboreal transitioBoreas 23(2), 17#193.

Swi d, H. , ObRegan, M. , Ampel , L., Ananyev, R. , C
Kylander, M. E. Mdrth, C. M., PretoP., & JakobssonM. (in press)Regional deglaciation and

postglacial lakelevelopment as reflected in a 74m sedimentary

record from Lake Viiern, southern Swede@GFF.

Introduction

The 29 Annual NORDQUIA field trip is designed as a PhD course to visit important sites that show
the geomorphic and Quaternagologic character of the area between Lakes Vénern and Vattern in
southwest Sweden. These include classic sites, but there has also been a flurry of recent activity that
have added to the overall story.

Take-home messages
Among the BIG TAKEHOME MESSAGES for this trip are the following



The Quaternary story is played on an ancient bedrock landscape that consists of a subcambrian

peneplain, which is intact in places, but also altered elsewhere to a-fiafleselandscape
(Sw. sprickdalslandskapas a reslt of Mesozoic weathering and subsequent removal of
weathered products. Inselbergs with a Paleozoic sequence (Kinnekulle, Halleberg, Hunneberg,
Billingen) remain on parts of the peneplain and we will visit these. Very little glacial erosion
has occurredni the QuaternanpDay 1.
The stratigraphy of the area contains glacial, fluvial, lake and marine sediments deposited
during deglaciation across the Pleistocene Holocene bourlbdays.
Readvancand slowedretreat of the Scandinavian ice sheet dutirgYounger Dryas
produced a series of moraine ridges (push moraines mostly) referred to has the Middle
Swedish endnoraine zone. These ridges were made byriagginal oscillations during
overall retreat during the YDay 2.
Areas below 10@00meters irthe area were submerged under the ocean (west of Billingen)
of beneath a series of itckammed lakes (east of Billingen) so that fgrained glaciomarine
and glaciolacustrine sediments dominate the lowland areas. Much of these sediments (marine
and lake)are varvedAll days.
Emergence of the | and to todayds | evel has
isostatic uplift, sea level change and changing outlets of dammedAdikesys.
Following and during emergence, eolian activity created disiunce fields, and OSL dates
reveal when these activities occurrBay 2.
Some of the glaciomarine sediments are sensitive and prone to failure. Some of these failures
occurred soon after deglaciation and are associated with faulting that occurredicheingft
rapid uplift. Day 1.
Glacial Lake Tidan formed between Billingen and Vattern during deglaciation and had a
complicated history of level changes, as well as several times of connection with the Baltic Ice
Lake.Day 3.
The Baltic Ice Lake drained @etrophically near the end of the YD, and there is
sedimentologic, stratigraphic and geomorphic evidence that supports the drainage occurred

0 initially subglacially

o under, through or over stagnant ice lying in the Langen basin

0 over the southern trough ofy§tamon and

0 into the North Sea at the western edge Klyftanizays 2 and 4.
West of Klyftamon, Baltic ice lake drainage deposits are found in a stratigraphic sequence
sandwiched between two distinct varved sequence whose character can be expkhieed by
opening of the Narke strait and the start of the Yoldia Sea episode.
De Geer moraines, which wasmeraneydy Gemrd DedGeer n u a |
may likdy be annualDay 3.
A remarkable landscape of deime landforms (Valle Harad) turns aiatbe quite complex
with a surface geomorphology that is best explained by gradual development during the YD,
parallel with enemoraine formationDay 2.
A lobe of the ice sheet extended into the Véattern basin, and recent evidence shows that the
6Vattodbremd lacted somewhat independently of t
geotechnicakvidence recently found in a Vattern core.
CI' content in pore water of the varved sequence found in the Vattern core, which appears to
have peaks in the Alleréahd at the end of the YD, lends considerably strength to the idea that
the Baltic Ice Lake has an earlier drainage during the Allerdd. This drainage was first
suggested in shorelirgisplacement curves in southern Sweden that indicated -deladde
drop during the AllerédDays 3 and 4.
Complex geological questions are solved following multiple paths opf inquiry and searching
for a O6smoking gun. 6
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Bedrock geology of the field-trip

The bedrock geology of the area is well summarized elsewhere, but the most important elements are
the gneiss and granite crystalline bedrock of Precambrian age as well as the isolated remnants of a
formerly extensive Paleozoic cover occurring in Billing€mnekulle, Halleberg and Hunneberg.

Figure 1 shows the bedrock geology of southern Sweden.

Baltic Ice Lake drainage and the Middle Swedish end-moraine zone
between Skara and Gotene

Baltic basin water bodies during deglaciation

Perhaps the most dramagind the most researched event during the late Quaternary of Sweden is the
development of water bodies in the Baltic basin, including the drainage of the Baltic Ice Lake..
Following the Late Glacial Maximum (LGM) (Fig. 2), and as the ice margin of the Beatah Ice

Sheet (SIS) melted northwardeater began to be ponded in front of the ice in the Baltic basin (Fig.
3). The resulting development of the wkilown Baltic stages (Baltic Ice Lake, Yoldia Sea, Ancylus
Ice Lake, and Littorina Sea; Figure 4)d result of the interplay of four factors:

1 Retreat of the ice margin,

1 Eustatic sedevel rise,

9 Isostatic rise of the crust, and

1 The topography revealed by the retreating ice.

The interaction of these four factors produced the unique sequences offshpese been studied

for over a hundred years by geologists, physical geographers, archeologists, and paleobiologists
(Figured). A summary of these stages is provided by Bjorck (1995, 2008) and Andrén (2003a, 2003b,
2003c, 2004), and Table 1 outlines #ge and character of these stages.

Deglaciation along the Swedish west coast

The deglaciation along the Swedish west coast took place over at least 5000 years and produced a
series of icamargin positions marked by igearginatdelta moraines and push raores (Figure 5).
Remarkably, except for these moraines and the thick clays that fill the valleys (see next section), little
glacial sediment occurs in the excursion area, and in most places, the bedrock is devoid of a till cover,
even above the marinelimt ( 6 HK 6 ) . T dmargirepositians veere moened at tibeesame
times as the Baltic I ce Lake expanded on Swedenbd
ice margin standing in the ocean. The ages of thesecaast moraines, includingefHalland coastal
moraines (see Fernlund, 1988, 1993), the Gothenburg moraines (see Wedel, 1971), the Berghem
moraine (see Ronnert and Wedel, 1989), and the Levene, Trollhattan (Johansson, 1982) and Younger
Dryas moraines, have been recently summarizddibgqvist and Wohlfarth (2001) (Table 2, Figure

6).



000 0S2 L:1

P—

(LINGUAOPAO YO WNLQUE
HoJSUNIE SAP) J0)sIT

J——

LnAB0 Saeyuoion ¢ ! ﬁ

Noquas A

Assow ey .

upeueA-vel ‘wer o

uweysHwis'

)puni33iog

Aasin

vauozspuerpws oBunarg .\

‘veuozulBoiog N\ N
U0ZSBULSID)

oo sson ‘Buisesuoy

(anys) uaisHiex) :
(anys) soypsioy E

{(unus) uaispues

Aasue eddoy

PN g

013 HoANY

ugjsnyog |
186UgBSEqEIP U400 -1A10JQUIOH

Agam&mg_ﬂnmﬁw_mo A
‘ouprs 1 26ug6 ebiN) soqeia [N

(sew) toberspoiobigy)
W w ueispues.

(@nl-1es) soypisser e .
(en-eini) yeseg B

(e1ux) e50) Yoo
UISPUES ‘VAISXIEH

(oS uBIUEP) UBISHEN .

{(enen) uarsiobren

uonjspue

\ @

Bioq
BuisjoH

ey .9)) uaispues
400 UBISPUBSIILONNEID)

ANNEODY3E MSIOZOY3NYA 9

(epeipueswOoleWBL SWap)
1s1eny ‘slouBiewunB yoo -a%oeNgID

setioq ereveirens [

VIOQUWE MO (HSSEQEIIN SiAPP) 010GED .

(apeipg swap) sopoinesd eispry D
Wuesbvi o}
ebisiou usbijuen “eyuesBuoo EISplY
WIRIBSWISY *SPUESIN “UBPIOlISEH
o) 'e6i5/oub 106U ‘io)ueID BI6UA
(veddnibspuersieq) ids
JRIOWOIBUOY ‘S1 A ‘SOHJE OJIDNS
WewBad pow (1weib
-snyog) JoluesB eisbux
- (uoesg ‘uoBiy)
1150}10u8 ‘0qqeb BISEUA
uaBugBanny xo |
Jseugbseqep eisBus

uauozyuojApy wo
J1a1seA 8bUBASISBAPAS G

(uaisHE3n) HUIOIOP YOO UBISHIEY

sy

‘slouBiowwiB 1o eI
VORI

‘bisiseqeAn siwop) 0xqen

(PEIP SWop) 1euo) ‘Juop

“oueiB '(g16poJ Joyja g:6) sleuboLo

PEIDE SWOP 'Biepos
Jo0 snlj 15810 slouBopo

—

wuozuous ‘juaks
‘(epigbiga "edioy ) yuesn

seqepludAL| l

uBuOZ}UOIAN
wo J3)sQ aBuanSISEAPAS b

10,1866 BXSUBHA BING D

so116:0q BYSIUBYINA BYSISEE D

S

WOQUWE ‘WoIp ‘0iqqeD l
(wesBsBuin) ) Wwopouesn .

hueiBeBugA oo
“eIpWENUICS “SULRLSLIEY

seBugbseqeip BBIGN ‘2ISEUp _H_H_

punibbiaq sebunelg ‘¢

Jsa)seBioq
exsUBYNA BING
sapebieq
EXSIUBNINA BXSISEE
uspeny

"IB) IS "BHORNGID)

aipun

3
3
:

WoqUyWE op
‘ysiseqeiun swep) ciqqes

(ienwesBin) Japojuesb eispry [

soleBioq
BASUBY|A BING

WNILUBIONANS BIAQ)

IWeIBSPUBILIEA SPURIRWS .

o

“ozuows eAY ‘0i0qE6 0:6UA _ |

1
1w peib
-unsjBunp “sewsion
0)p1S501 “1esowolBucy
“UBISPUES ¥SIU10r

Je6ugBseqeip BBIFSN BISBUA =E.

1) W uBISHIEY “J0)pfSIa)
“UoISPURS SUAGUNIBESBUISIA

1e1equApod-juesb exsineuIpURYSSURL] 2

(apepuesuolewBuw swap)
SOMIE LOO 11S1IBAY JOJINS 'BXOBARID

(opEIpUBALIOIEWEIL SIop) 1o\
6500 BXSIUBHINA BIBIDOULIBIUI OO ung

sebioa orsueim osen [

WNIUUBIOHEMS B:pUN

seqe ‘Jioaywe
‘WO (4SISEQRAIN SINBP) 0IGGED

apepueawoewb I
RSN st ool

wutsdonnsonu [l
ooy 7]

puniBBiaq (siAsiex pui) ¥siuusjonens *|

1394H384N

och Jor

ional Atl as, Berg

Nat

geods

Figure 10 Fr om Sver i



Figure 2. Map of northern Europe showing the maxiunaaverage of the Scandinavian Ice Sheet
(heavy black line) and mapped end moraines (thin black lines) from Boulton and others (2001). The
Salpausselka (3 ridges), Middle Swedish{I0 ridges), and Ra end moraines weyerfed during

the Younger Dryas.

Figure 3. Paleogeographic map of
southwestern Scandianvia at-16 Ka
(calendar years) BP (HoumailKielsen

& Kjaer, 2003). Forest greenSIS;

olive gree®d fresh water, early Baltic

Ice Lake; blué ocean; lime greed

dead ice. Leaves, shells, and names
refer todated paleoecological sites upon
which the map is made.

12 \ 16-15 Ka BP




Figure 49 The stages of the ice lakes and seas in the Baltic basin during deglaciation. A shows the
Baltic Ice Lake at around 11,600 yBP just before drainage. B shows the Yoldia Sea after gedrain

at around 11,200 yBP. C shows the Ancylus Ice Lake at 10,500 y BP prior to outflow through
Oresund. D shows the Lirrorina Sea at 6500 yBP. Images take n from Andrén (2003a, 2003b, 2003 ¢
and 2004)

11



Table 1. Stages of the water bodies in the Ba#girb(from Bjoérck, 2008)

Starting
age :
Outlet(s) (CAL Duration Comment
b
100062000
Littorina Sea Oresund 10,000 Till present Sea level years before
salt ingresses
Oteid,
Ancylus Ice Steinsleva, Up to10-15m 10-m fall at
Lake Gota Alv, and 10,700 700 above sea level 10,200
finally Oresund
Yoldia Sea Narke Strait 11,600 900 Sea level 2" drainage of
' BIL at 11,600
Baltic Ice " Afewto 25 m 1* drainage of
Lake Oresund 15,000 3400 above sea level BIL at 13,000

The Middle Swedish end-moraine zone

A major focus of this excursion during the first two days is to view and discuss the geomorphology,
structure, and origin of the Middle Swedish andraine zone (MSEMZ), especially west of Billingen.

The MSEMZ consists of a series of moridges found throughout southern Sweden (Figure 6).
These have also been referred to as the O6Younger
the YD cold event, and they were formed at the same time as the Salpausselkd moraines in Finland
and theRa (and As?) moraine/s in Norway. The moraines in Finland were formed during overall ice
margin retreat whereas as the moraines in Norway represent a significant readvance at this time (up to
40 km) (Donner, 1995; Mangerud and others, 1979). In the wmgstetion of the MSEMZ in Sweden,

a readvance of approximately 4 km is shown at Dals Ed (Johansson, 1982). The MSEMZ consists not
only of moraine ridges (one to ten in number) but also deltas and zones of thickere till (Lundqvist,
1988). Two ridges compesthe MSEMZ at Dals Ed and east of Vattern around Linkdping). West of

Dals Ed, the two lines converge to one and become the Ra moraine in Norway. Ondhd eaesit

sides of Billingen, the multiple moraine ridges were formed during oscillatingérginretreat

(Stromberg, 1994; Johnson and Stahl, 2010). However, it is not known how farthargia

retreated during the Alled Chronozone, prior to the formation of the oldest ridge in the MSEMZ.

Based on shorelindisplacement curves in southern Swedgjorck and Digerfeldt (1984) discovered
evidence for a sudden, -I0 drop in the level of the BIL during the Allatd the only logical location

for this Allerad drainage is at Billingen, implying that the ice margin retreated at least 15 km during

the Allered (Figure 7). On this field trip, we will discover new evidence for this earlier drainage.

The current names of these moraines are a bit confusing. As we will see, the middle Swedish end
moraine zone consists of several ridges in the field area. Howeverh e names O0Sk°vde mc

6Billingen morained6 have been used for these as
implication is that the southemmost ridge in the MSEMZ could be the Skévde moraine. However,

Berglundds explvderpambonani oBd6the ©BRE® it consists o
if the O6morained i s one or-mastaigge at Skovdeis ndtg e s . Mor eo

necessarily of the same age as the soutmarst ridge throughout the zone, therefore misleading
to extend this name elsewhere. | have chosen to name the individual ridges west of Billingen for
clarity, and to refer to the MSEMZ as a whole.
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Figure 5. Glaciotectonic structures visible in the Levene moraine in an gravel pit in LeRkea® by

Jan Lundqvist , 1968 (Lundqvist and Wohlfarth, 2001).

Table 2. Estimated radiocarbon and calengaar ages for southwest coast Sweden end moraines
(Lundqvist and Wobhlfarth, 2001; Bjorck, 2008; Johnson and Stahl, 2010)

: Mangerud et al (1974) Greenland
. " Radiocarbon Calendar-year .
Ice-margin position chronozone isotope
age, ka age, ka ,
terminology eventt
(during drainage)** Younger Dryas GS1-
10 11.6 Holocene
Preboreal boundary
boundary
Middle SYVGdISh 10.411.8 121 Younger Dryas GS1
end moraines*** Chronozone
Levene moraine 11.3 134 Allergd Chronozone Gl-1c?
TroIIha.ttan 11.811.9 14.2 Older Dryas Gl-1d?
moraine Chronozone
Berghem moraine  12.2512.35 14.214.4 Bglling Chronozone Gl-1e?
Gothenburg 12.612.7 14.515.4 Baling Chronozone ~ GS2a?
moraine
Halland coastal .
. 14.014.1 16-18 600l dest [ GS2
moraines

*Correlated using calendar ages of moraines and the ice core. Not correlated on the basis of interpreting events.
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**No geomorphic ridge, that we know of, marks thenwegin position when drainage of the BIL occurred, with the exception of the ridge

at Timmersdala. Nonetheless, thisioar gi n posi ti on was referred to as the fABillingen
Wohlfarth (2001).
**The southernmostdge in the MSEMZ has been referred to as the Sk°vde Mora
590«
o™
\‘“,:r \)-a_~‘
8l
Ny >12.200 5 'G
' . calyr 82/ o
¢ ) o Sk -~y 3 12,650 GRIP yr BP \W
¢ 2 213200 1800 vy —=" & 12,890 GISP yr BP 58° 1
) cal yr BP i Bp A 48,/ ~13,000 cal yr 8P
580 "1 7)“.100u|yl\BP\ : TP if o ‘,/" < . 13,050 GRIP yr BP
Vs ~ i 2200 vy "l// 13,200 GISP yr BP
514,100 cal yr BP ,-\- 2400 vy =<~ ~13,400 cal yr B8P
32 X ¥ ' ol
H ® Vimmarby
Goteborg e !
3 L M13%00GRIPyBP Ry _g 1350 caly 8P
HCM \‘ ! 14.010 GISP yr 8P 7 )
>15,000 PRI ,:‘ - 16,250 cal yr BP
e —— NN, s rr el 571
N v
¥ 14,450 GRIP yr BP
L 70 Kattegat \ 7Y 14430GiSPyr 8P
57 / A X <Lake Bormen %-13,900 cal yr B8P
N 14,700 GRIP yr BP
15.:?':;":};000 » “a u.mmsp::ap Kaim _g
15,100 — > XY N 14300 cal yr B8P o
calyr BP ; Mo Sy e
\L"_‘ * l/\
\ '%%%;:u.woowyrasg.
: 14,450 GRIP yr BP -
N -100 \ 14.490 GISP y BP »
i > % Iy N— BP\\ ~14.600 cal yr BP
56 -300 14:590(3.5;’:5;, 14,350 GRIP yr BP
~14,800 cal yr BP 14,390 GISP yr BP
Pox ~14,500 cal yr BP
§>1c,9so calyr 8P % “C and/or pollen stratigraphically
H dated bottom layers in lake sediments
o =3 _"-\..;'_y Pollen stratigraphy, varved clays
= ‘.-.- “C dates, varved clays 55°
100 km 7 *“C gates manne
1522 shells (PAsse, 1992) 18°
Figure 6. Map of southern Sweden showing ages oefriaegin positions. From Lundqvist and
Wohlfarth (2001).
The 6Bil |l i ngen ablembedausethereiisso Bllingem reoaaine (). Mhat is, the term
6Billingen mor ai-maegih positos at thestime of theslasttdiaieage. However, there

is almost no geomorphic evidence for this line, and its location is not unconiabVBus nowhere is
it represented by a moraine ridge. | recommend that we no longer use these terms.
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Fig. $11.7. Skiss dver
Baltiska Issjons tvd
tappningar. Oster om
Billingen dr issjon
déimd till en nivd av
-151 m 6 nuvarande
havsyta. Viister om Bil-
lingen stdr viirlds-
havets yta pd 125 m 6 h.
Frén Bjorck & Diger-
feldt (1984, fig. 7).

0 i 0ke

Figure 70 Sequence of iemarginal retreat at Billingen according to Bjorck and Digerfeldt (1984)
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SW Swedish end moraines compared to the GRIP ice core

END MORAINES

end-morainezone

evene moraine

Trollhdttan moraine
Berghem moraine

Gothenburg momine

Hallands

11000 Holocene
] Greenland Stadial Middle Swedish
Younger Dryas 12000 1 GS-1
Allerad 13000 Gl-1b” Greenland Interstadigl |
R Qi Gl-1
QOlder Dryas R 1. __E
Balling 14000 - Gl-1d
15000
g ]
Oldest Dryas o 16000 — GS-2a
g 4
o 17000
© 4
a Greenland Stadial 2
% 18000 GS-%h GS-2
< ]
19000 +
20000 — '
] GS-2c
21000 —
] Greenland Interstadial 2
22000 - %—- Gl-2
23000 T v T T T T 1
-44 -42 -40 -36 -34
Oxygen isotope ratios (8°0 %)
Moraine-age estimates based on calibrated radiocarbon, Lunggvist and Wohlfarth, 2001
f— Moraine-age estimates based on 10Be exposure dating, Larsen, et al., 2012.

coastalmoranes

Figure 80 Comparison of the calibrated radiocarbdates and exposure dates on the moraines in

SW Sweden (Figure 6) compared to the GRIP ice core.

Drilling and road excavation during 20@609 west of Billingen in the excursion area have revealed
that (1) most of the 280 m of clay occurring between theSMZ ridges is undisturbed, marine, and
varved; (2) this clay was deposited during the Younger Drays Chronozone; and (3) the moraine ridges
are composed of YD clay pushed glaciotectonically into push moraines during small oscillations of the

overall retreting ice (Johnson and Stahl, 2010).

Evidence for BIL drainage west of Billingen

There is abundant evidence for the catastrophic drainage of the Baltic Ice Lake (for example,
Strémberg, 1992; Bjorck, 1995)! At this time, 7000%lahwater drained westwardand the water
level in the Baltic basin reached sea level, beginning the Yoldia Sea phase. It is essentially certain that
the ice margin stood at the northern tip of Billingen when this drainage occurred. However, the
geomorphic and sedimentologic eviderof this event west of Billingen pales in comparison to the
size of the event. In fact, during the IGCP excursion in 1990 (see Lundqvist and Saarnisto, 1990),
many international participants visiting Billingen were profoundly unimpressed with the ewiftenc

drainage. This led Stromberg to revisit key field areas previously described by Lundqvist and others
scover o

(1931) and to Oredi

t he boul

der

dr ai

In addition to theullstensfalton Klyftamon (Figure B other lines of evidence have been pointed out

as indicating BIL drainage, including (1) areas of bedrock on Billingen and Klyftamon washed clean

of sediment (Lundqvist and others 319 Passe 2006a, 2006b)(Figuje(?) chaotic sand and gravel
beds aroun&o6tene sandwiched between beds of varved clay (Johansson, 1937; Johnson and others,

2010), and (3) the deposits at Timmersdala. We will visit all of these sites on this trip. In addition to
these, isotopic and sedimentologic records from cores in SW Sweden the Skagerrak and
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Kattegat have been tentatively, but not conclusively, tied to not only the final the BIL drainage event,
but also the proposed Allaat drainage. See Johnson and others (2010) for a discussion of this
evidence.
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Ledsjo : 7

& = o ‘
I o~ moreines Kulla \" w}\‘ A = DO ;
o : T - A

1~ Paleozoic remnants Skénmgs-ASaka w’_ o Pt ) ) Wl i ‘90l Swedish end-moraine zone (MSEMZ)

mﬂmmmalanwe /20 ] S T 9% ) D) 5 -
[ iyftamon I B I R —— —

- bare bedrack on Klyftamon
@ | cobbly to bouldery gravel
L. on Klyftamon
hummocky topography
including Valle Harad \ 28 | T S, [ |
gy eskers and ice-contact G N IR OO 1O 1
m sand and gravel 5\‘3 |
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~ +—1 S . —

towns T e i e R

suggested ice margin at drainage

10 km

| 13°30'E

Figure.90 Map from Johnson and others (2Q1showing geomorphic features and towns between
Skdvde and Kinnekulltnset shows location of study area in Sweden. Sites described in

text include Amiddle ages theme park (Arns BykIGA grocery store in Gtiene, ¥Simon
Johansson (1937) site west oft&ite, I=E20 exposure near Lansmansdén, M=gravel pit near
Mellommossen, #£20 exposure at Pellagden, T=thermalwater pipes in Gotene, afid=gravel pit
near Tisslaberget. Information taken from our field npke$din (19.6), and P&se (2006a, 20@9.
The suggested ice margin is drawn based on Stromberg (IB®2)cemargin position ovemt.
Kinnekulle and through Vaneirs less certain.
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Marine clay, Uddevalla shellbanks, Swedish fjords, the highest
shoreline, and the Holocene marine regression

During deglaciation of the southwestern Sweden, the isotdigpiession of the crust meant that much

of this regiom was below sea level. Figures 10 andsfidw the marine limit(® gst a kust |l i nj en
throughout Sweden. The value of the marine limit is dependent on primarily three interacting factors:
(1) the amant of isostatic crustal depression at each point (which is in turn a function of ice thickness
and time), (2) the eustatic sea level when each

point was deglaciated, and (3) the time of
deglaciation at each point. Nearly everywhere in
Sweden, the marinenit was formed

immediatelyupon icemargin retreat. That is, the
shorelineregressed immediately following
deglaciation. The question of marine transgression
following deglaciation has been raised in a few
places, but generally, is not thought to have
occurred, and if it did, only in a minor local way.

FigurelQd 6 HK®é map of Sweden fro
National Atlas.

Marineclayd 6 gl aci al «c¢cl ay, 6 oOp
gl aci alhe Pleistonathe/Holocene
boundary

The bedrock valleys of the west coast are filled
with up to 100 m of marine clay that has been

referred to as O6gl aci al cl a
deposited proximal to the ice margin during ice
retreat (therefore, a O0ti me

gl aci al d&osedeposited afteproughty
900010,000 radiocarbon years ago. Because the
transition between the glacial and pgkicial

clays is considered to be continuous, a large effort
in the 7006s and 8006s was ma
boundary for the Pleistocesitnlocene boundary.
Though considerable amount of detiled
information was collected for this stratotype, it

was concluded not to establish the stratotype here.
See Cato and others (1982) and Olausson (1982)
for details. The paleoenrionemtn of the west cos
clays as investigated by Fredén (1988)
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West-coast shells banks

The outflow of water from the Baltic basin during the Yoldia Sea phase was forced to pass through

rather narrow passages along the relatively higher topographytal&gvedish west ceti(Fig. 13.

At various points, the outflow of fresh water, and the inflow of marine water created local conditions

that all owed for &ébloomsé of shelly fauna and th
mapped and studied by Fredén (1988) wlagsified the fossils and interpreted paleoenvironment.

Many of these shellbanks existed fror a realtively short periods of time indicating that optimal

conditions for their formation (the circulation pattern and the delivery of nutrients) were quite

dynanic.

Swedish fjords

Fjords along he Swedish west coast lack the dramatic relief of the Norwegian fjords, but nevertheless
bear many similarities, particularly that many have a rather shallow opening to sea and a deeper in
land portion in which circulativis constrained.

The fjord topography was created not by glaciers, but by extensive, deep weathering during the
Mesozoic along existing fractures and faults in the Precambrian bedrock. The formation of this
sprickdalslandskafs the subject of our final day of this excursion.

Poor circulation has led to leaxygen conditions in several fjords. Current global warming has been
suggested to be a factor in creating higher oxyg
research has shown that oxygen poor conditions have developed in Gulmars fjord during the past,

notably during the Medieval Warm Period (Filipsson and Nordberg, 2010).

OHK® and the Hol ocene marine regression

The marine | imit ( 6Hdgedflomabout20bme in thexGothenlsuig area tcaovee a r a
150 mnorth of UddevallgFigure10).Thisfictitious(!) coastline, is a tim¢ransgressive level marking

the highest point marine waters reached following deglacation. At each locality where HK can be

measured, it can be assumed that this level was established the moment ice retreated from that locality
thatis, at the ice margin. The actual shoreline level at HK marks where-oesstsland at that

momentbecause both isostatic rise of the crust antheasedevel rise are ongoing. In the

Gothenburg area, relative sea level fall (combined effects of isostacy and eustacy) following

deglaciation was on the order of-38 cm per yedr HK was not HK for long at each point!

The successivdisplacement of the shoreline, not only in Sweden, but in all of Scandinavia, has been a
central research question in Quaternary research. Although dated localities exist where shoreline
sediment has been found, the primary method that has been used &hireline displacement has

been the lakésolation method.
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The Skagerrak Western Straits Vanem Basin Nérke Strait Westem Yoldia Sea Central Yoldia Sea Legend
B e 16°E

Present shoreline

Ice margin

Land area

Bottom water
marine influence

TS

Surface water
freshwater influenced

Investigated site

Isoline for number
of species

6-9
Number of species

E Meltwater, fresh D
Baltic water, brackish

Intermediate water, brackish-marine

Atlantic water, normal marine

[ The skagerrax | VYestern Vinern Basin Soe Western Yoldia Sea | central Yoidia Sea

Figure 12. Figure from Schoning and others ( 2001) that shows the paleogeography and circulations

of the sea during the Yoldia Sea stage. Numbers in C refer to number of spemiansiand

ostrcods found at these sites. Together with 13010
distribution of water masses shown in D.

Bedrock geomorphologyd ancient deep weathering along fractures
and Pleistocene glacial modification

The relation between different topographies in basement rocks with associated saprolites and cover
rocks of different age has been used to interpret the morphotectonic evolution in southernmost Sweden
(e.g. LidmarBergstrom, 1995, 1996). In areas whereRhecambrian basement emerges from below
Palaeozoic cover rocks, for instance at Kinnekulle and HalteHunneberg, it is extremely flat with a
relative relief below 20 m and labelled the sCdambrian peneplain. The peneplain is regarded as the
primary suface from which all younger basement relief has evolved (e.g. LiB@gstrom, 1996).
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In SW Sweden the basement emerges from below Mesozoic sedimentary rocks and the relief is

undulating hilly or strongly jointiligned with a higher amplitude (c. 135 dohansson, 2000) and

associated with deep kaolinitic saprolites (LidiBargstréom, 1995). The etched jogligned relief

continues further north along the west coast in Bohuslan, but there Mesozoic cover rocks occur only
offshore in the Skagerrak. Pleiseme glaciations have left clear and ubiquitous imprints of glacial
erosion in the etched fAjoint valley | andscapeo i
almost totally stripped with wide extensions of bare rocks. The intervening depressifiasfiored

due to depositions of glacimarine clays and silts. Residues of preglacial saprolites are reported only

from dmwide fissures at road cuttings and quarries (Mattsson, 1962, L-iBengstrom et al, 1997,

Johansson et al, 2001), unlike otheeas in southern and sowgastern Sweden where deep zones of

saprolites containing corestones are common (LieBaagstrom et al, 1997). Thus the main relief in

Bohuslan has been interpreted asgleeially deepweathered with a subsequently erosion of

saprolites (=etching), while landforms in the minor scales have been described as completely glacially
scoured. Similar landscapes of areal glacial scouring exist in shield terrain in Canada and other parts of
Fennoscandia, Scotland, west Greenland,eaétiyes of the Antarctic Ice Sheets, in Patagonia and the
South I slands of New Zeeland (Sugden and John, 1
been described as low relief terrain (<100 m) that everywhere bears signs of glacial erosion,

comprisng irregular depressions with intervening rock bosses scraped by ice. Linton (1963) used the
term fiknock and | oc han dvestSeqgiland. Faa thehsgmefarea, Thamae as i n
(1995) has argued that glacial modification is associated wiipstg of preglacial relief, exposing

the basal weathering surface to different degrees of further reshaping. In Bohuslan it is obvious that

the Aknock and | ochano ebhdedpaegldcial etshingremd snbsegqueatr e d u e
stripping. Sincehe relief farther east at the s@ambrian peneplain has not been glacially reshaped

into this type of landscape, it can be suggested that etched relief of low amplitude is a prerequisite for
fiknock and | ochand topography to develop (Johans

vj‘!;(l\f‘im;nt&hgg vx - ,A“. .

Fig 13 Depressions, or basins, have developed through deep weathering along master joints. While
growing in size, basins coalesce and form rikeepattern of depressions separated by more

compact upland rock blocks.
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Fig. 11. A granite hill 1.5 km south
of Hunnebostrand (see Fig. 9 for
location). The cliff to the nght
strikes N-S and its wall is striated
with numerous p-forms. No striae
or p-forms have been found on the
cliff 1o the left, which strikes
WNW-ESE. Roches moutonnées
with striae from ENE and p-forms
are ubiguitous on the summit sur-
face above the cliffs. Plucking has
caused a stepped pattern above the
vertical WNW-ESE striking cliff.

Geografiska Annaler - B3 A (2001) « 1-2 79

Fig. 14 Granite sheet controlled roches moutonnées (left) and glaciofluvial forms (right) at Ramsvik.
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Glacial Lake Tidan

Glacial Lake Tidan (GLT) is a speciglaciallake that is not often discussed, but important for this
field trip. GLT existed in the low area just east of Billingen and the highland that bordereshside
of Vattern, called Hokens#Big. 15 16). Numerous outlets occurred for this lake, anddke
lowered every time the retreating ice margin opened a lower outletlF{§asse & Pile, in pressit

one point in its development, it was connected and at the same level as the Baltic Ice Lake, but later

uplift closed
this connection
(where the
black arrow is
in the figure). It
is also not clear
the sequence
events that
occurred with
GLT as the ice
margin
approached the
position when
the BIL
drainage
occurred. It is
likely that GLT
drained to the
BIL prior to the
drainage, but
this is not
completdy
clear.

Figure 150 The location of glacial Lake Tidan (lighter blur color). It is important to note that at no

time did a lake of the size shown exist. The lake lake expanded as the ice sheet retyreated to the north,

and as new outlets were formed, thiee level dropped (see Figure 1&he sequence of the outlets
are shown and numbered in chronological order (from P&sBde, in press). The black arrow
represents a stage where GLT and the Baltic Ice Lake were connected and at the same level.
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Figure 16.0 A
DEM of the region
where the basin
between Billingen
and Hokensas is
clearly visible.
(from Pass&

Pile, in press)



Figure 179 Lake levels of glacial Lake Tidan.
100 Numbers refer to outlets shoiwn in Fig. 15.

] The ages are in calender years (from Pa&se
Pile, in press)

12 300 BP
11 B BP
] 8
4 11500 BP
100
m B
0- . . . , , , The dynamic Vattern Lobe
0 0 2 % 40 50 km 60 It has long been known that an extention of the

Scandinavian Ice Sheet extends the length of
Vattern during the degl aciation. This agetreat be see
map.A detailed study by Waldmarsson (1986) illuminated the dynamics of the lobe, and we will visit

sites described from that study. However, a slurry of papers from a Stockholm group have shown the
Véttern Lobe to have been somewhat more dynamic than the rstirmnguce, and it is this story that is

featured on this trip (Jakobsson et al., 2014; Greenwood, et al.,2015;r d , et al ., in pr
et al., in press)

Figure 18 shows how the Vattern Lobe changed through time. Compare with Eigure

A
e Figure 1806
—_ >
..=::::::::::::::W From
--ooiim . Greenwood etal.,
—\Wghalla/dxnehaga £ ( 210 5)
Visings6
/.“.m-
\Rose’nlund
s — — . ; : N
125 100 75 50 25
—
Approximate distance (km)
B
Rosenlund Tranghalla

Fig. 10. Re-advances in Lake Vittern during deglaciation and the Younger Dryas, interpreted from offshore data presented herein and
onshore terrestrial stratigraphy presented by Waldemarson (1986). A. Time-distance diagram, with an approximately representative distance
scale, and even distribution through time. Retreat positions (in green, corresponding to those in the map panels, B) mark the minimum north-
erly retreat of ice prior to each re-advance event (i.e. ice must lie here or further north in each case). B. Map view of each re-advance, with cor-
responding prior retreat position (green dashed lines). Ice-advance limits are shown in black, based on seismic unit or geomorphological
limits. The Rosenlund advance is based on Waldemarson’s (1986) assertion that the Rosenlund diamict is found 30 km south of Vittern, but
we have no constraint on its form or position. Dotted black lines represent uncertain/speculative ice margins. Arrows indicate marginal flow
direction.
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Stops
Day oned September 21, 20156 The Bedrock Landscape and the

Geologic Setting
e .0,

Geovetarcentrumd Goteborg to Uddevalla
Location:SW $/eden, Goteborg to Uddevalla

Questions:What is causing the landscapdief? What has been the effect gflaciation®
Relevant excursion paper&idmarBergstrom et al (2013)

BackgroundSee the section on bedrock geomorphology in the introduction. From Gdteborg to

Uddevalla (and beyond) we travel through a 9dbsozoic etch surf& WSGi OKSRQ Ayid2 (GKS
subcambrian peneplain. All of this area as we travel to the Shell Banks was under the highest

shoreline during deglaciatiolacial erosion is minogee Figure$9-22.
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Fig. 2. a) Digital elevation data grouped in 10 m classes of the study area in SW Sweden.
SCP: sub-Cambrian peneplain. SCP*: uplifted and dissected sub-Cambrian peneplain.
SME: sub-Mesozoic etchsurface. S: the Sotendiset peninsula. b) E-W topographic profile
across the three palaeosurfaces.

Figure 19- From Johansson (2000) showing Hallebergtdmaneberg, the subcambrian peneplain
exposed, and the etch surface that characterizes the coastal topography.

Figure 20c From Olvmo andohansson
(2002).Detailed structural and geomorphic
map of a Bohuarea hill showing the
control of structure on valley formation.

F Baulder

N Wnalebaek

7 ::»rmm‘u ngeiss Gl
he moutgeniee in granite kr\;;

w7 Maior jim-oligred it with aapect

& Deeyty wctvered joints
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DEEP WEATHERING
AND
SUBSEQUENT STRIPPING

Fig. 5. Model of basin development through etching along densely spaced secondary joints
located in the central parts of a domed rock block. Saprolite residues are marked with dots.
On the right side of the basin lateral growth is supressed by a boundary joint and a
marginal scarp has developed through partial stripping of saprolite. On the left side there
is no single boundary joint and instead a stepped pattern has evolved by guidance from
both jointing and sheeting. The model is based on measurements presented in Fig. 7 in
paper1V.

Figure 216 model showing deeper weathering where fissure are more closely spaced, with a resulting
valley following removal of the weathered products.

méoh KINNEKULLE BILLINGEN
300 -
200 -
[0 -

km 5 10 15 20 4 30 3
- urberg [ kambriom - ordovicium - silur - dusbus
bild 3. Profil genom Kinnekulle och Billingen. Hojdskalan=11 x langdskalan.

40

Figure 22-- Cross section frorKinnekulle to Billingen. The fault west of Billingen underlies Valle
Harad.

Stop 1.1 The Shell Banks at Uddevalla (Tore Passe)
Location:Kurdd shell bank, Uddevalla

Questions:Why this concentration of shells? Why was this mined? What does this site reveal about
isostatic and eustatic changes?

BackgroundSee the notes in the introduction. As Sweden rose above the world ocean, the Vanern
basin became more and more isolated frdime rest of the sea, and numerous straits became
outlined (see Fig23). This created unique locations for enriched biologic activity generated by the
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reaction currents coming through these straits. A rich fauna occurs here, but the ages of these fossils
actually occur over a rather short range.

MARINE LIFE AND DEGLACIATION CHRONOLOGY OF THE VANERN BASIN

11300 - 10 800 B.P.

Area above sea level

Locality number of radiocarbon
dated sample:

62 Invertebrate

Vertebrate

0 10 20 30 4O S0km

Fig. 51. Generalized palacogeographical map of ¢. 10800 years B.P. Numbers refer to locality of radiocarbon dated sample with mean
value between 11300 and 10800 years B.P., see Table 2.

CURT FREDEN
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Fig. 19. A longitudinal section of the valley profile between Udde-
valla and Vinersborg, Figs 13-14. The ridge (Fr) to the left is part
of the Berghem terminal moraine and forms the threshold of By-
fjorden. The shallow, southernmost part of lake Vinern is seen to
the right. Hilly areas in the valley are shown by broken lines. Tenta-
tive estimation of hydrographical conditions correspond to about
11000 years B.P., cf Fig. 22. All the shell-banks in the vicinity of
0 10km Uddevalla are found on the western slopes, i.e., the habitats have
been exposed to sea water leeward of the outgoing melt water
currents.

W acea of sheltbanks

Figure 23.0 From Fredén (1988)above A paleogeographic map showing the ice margin and the
areas covered by the western sea at the start of the Younger Dryas. Kurdd is point 4 on this
map(below) A sketctshowing circulations conditions associated with shalhk formation.
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Stop 1.2 Nordkraken, Halleberg and Hunnberg (Mats Olvmo and Svante Bjorck)
LUNCH
Location:Nordkroken

Questions:What creates peneplains? What is the age of the peneplain? How havatielsda level
rise and isostatic crustal rebound varied through deglaciation?

Relevant excursion papersidmarBergstromet al,, 2013;Bjorck & Digerferldt (1984, 1986)

Backgroundt KAa aAGS 61 & y2YAYIlIGSR (42 68 w3asSz2t23Ax0
display of the subcambrian peneplain (R8), here slightly modified by glacial erosion. The

formation of peneplains remains a mystery, it seems, but it is clearthatehey exist! To the east,
Halleberg rests on this surface and you can easily imagine the plain continuing underneath the butte;
underneath the Cambrian sandstone. Bjorck and Digerfeldt (as well as others) carried out many lake
isolation studies here taharacterize shoreline displacement (see Fidi#e

16 Svante Bjorck and Gunnar Digerfeldt BOREAS 15 (1986)
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Fig. 18. /
threshold

ste Weichselian-Early Holocene shore displacement curve for the north-western tip of Mt. Billingen (Lake Langen's
ased on Fig. 17. Bjorck & Digerfeldt’s (1982) curve from Hunneberg is shown as a comparison. The arrow marks the

Figure24.1 shoreline displacement curves for the HallebHdtmneberg area as well as closer to
Billingen. From Bjorck & Digerfelt (1986).

Stop 1.3 Rada landslide (Colby Smith)
Location:Rada, neatidkoping, Sweden

Questions:What caused this landslide? How can the age be determined?
Relevant excursion paper8mith et al., (2014)

BackgroundiFigure 2%Landslides in sensitive clays in Sweden are an important concern and risk. It
is thought alsoltat increased precipitation (due to climate change) may increase slide frequency in
these thixotropic clays. However, it is increasingly clear, that a number of ancient landslides in
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Figure 25t From Smith et al, 2014 showing LiDAIRhade of the R&daslide and stratigraphic
columns.

Scandinavia have perhaps been triggered by greater seismic activity due to rapid isostatic uplift
associate with rapid deglaciation. Is the Rada slide one of these?

Stop 1.4 Raback harbor (Mats Olvmo)
Location:RabackKinnekulle, Sweden

Questions:Again, peneplain questions!
Relevant excursion papers:-

BackgroundaA locality that shows the contact between the subcambrian peneplain and the overlying
Cambrian sandstone. The gneiss below is weathered. Thedreaikanter in the conglomerate. We

may also look for trilobites in the overlying shafeghere is time Hgures 26show the Paleozoic
stratigraphy on Kinnekulle.
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Stop 1.5 Hallekis limestone quarry (Mark Johnson)
Location:Hallekis, Kinnekulle

Background: The discovery of fossil meteorites by Tassarini at Kinnekulle and the subsequent search
for them by Birger Schmitz and quarry workers at Thorsbaggturned up one of the most sensational
; % 2 stories in all of geology.

At this stop, we will review the story
of the discovery and the
implications of abundant fossil
meteorites in this Ordovician
sequence.

From Schmitz and Haggstrém
(2006} A siystematicsearchfor
fossil meteorites has beeaonducted
since 1992 in migrdovician
marine limestone ithe Thorsberg
guarryat Kinnekulle, southern
SwedenWithin the project, more
than fifty fossil meteorites, 120 cm
in diameter, have been fouddring
qguarryng of the anciefy lithified sea
floor. Thenumber of fossil

188MmMm

Figure 27.0 Fossil meteorite together with Orthocerus (L), quarry at Hallekis (UR); and chromite
grain (LR). (Courtesy, Burger Schmitz)

meteoites found compared to the amaarried is far tooigh to be &plained by a meteorite flux to
Earth similar to that ofhpresent. There is no indication thiaé meteorites have been concentrated
into a small area of theea floor after impacting on Ear Schmitz et al. (1996, 200therefore
suggested #it accetion rates of meteorites wavae to two orders of maguaie higher during a part
of theMiddle Figure

Ordovician than at the present. This ideaossisteniith argon isotope gas retigon ages of recent
meteoriteshowing that a majarollision/disruption event affected thedhondrite parent body 450
500 Myr ago (McConville et all988; Keil et al. 1994; Bgard 1995). The major and traekement
composition of relicthromite grains from the fossitleteorites in the Thorsberg guaindicate that
all or almostall meteorites foundra L chondrites (or possibly Lthondrites) (Schmitz et é2001).
The amount of cosmic rgyroduced noble

gases in ta chromite grains increases the Viddle Ordovician. Kinnekule, 5. Sweden
higher up in the strata a metderis found —
(Heck et al2004).This is consistent with an o
origin of all the meteorites from omaajor
asteroid breakup eveat.
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Stopl6Top o6Kinnekull e:
good till stop (Per Mdller, Tom Dowling and Mark Johnson)

Location:Kinnekulle

Questions:How are drumlins formed? What is the gersesf the till exposed at the fi?

Relevant excursion papers:

dr uml

first

BackgroundKinnekulles another inselberg, or erosional remnant, of the once extensive Paleozoic
cover. Here, the top shows spectacular drumlins, whiabbeen studied bypowlingand others
(2013) Here, the drumlins are clearly influenced by the presence of the diabas# &apnekulle,

34

and the
drumlins
are
covered
with
blocks of
this rock
type.

Till
outcrops
are not
common
on this
excursion
, and till
is not
common
in SW
Sweden.
However,

there is an outcrop of till at the top of Kinnekulle that we
will get a chance to digp.

Figure 29t LiDARhillshadeof Kinnekullgabove);
drumlins (in red) and geology (Ieftice figure from
Tom)). Magenta=crystallibe basement/gneiss;
gray=sandstone; purple&blue=Cambrian shale and
Ordovician limestone; lavender=Silurian shale;
green=Permian diabase.
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