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Methods and stratigraphies used to reconstruct Mid­
and Late Weichselian palaeoenvironmental and
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phies used to recon stru ct Mi d- and Late Weichselia n palaeoenvironmental and palaeoclimatic cha nge s in Nor way.
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A review is presented on th e comprehensive st rat igraphic database and th e meth od s used for palaeoclimat ic and
palaeoenvironmenta l inte rp retati on s in Norway duri ng the M id- to Late Weichselian tim e interva l.The recon struc­

ti on s are based on 9 tr ansect s from inl and to coast and are underpinned by more th an 300 dates, w hich provide a
coh erent chro no logy of th e st rat igraphic successions and of the main events.Raised marine sediment s sugg est tha t

conside rable g lacial isostasy combined with ice-sheet instabil ity affected several areas, th e sea reachi ng far inland
during pha ses of signifi cant ice retr eat dated to bet ween 4S and 17 ka (14(l BP. Magnet ic susceptibi lity records

obtain ed from paleosols proved useful both as a tool for corr elati on and as a palaeop recip it at ion ind icator, a para ­

met er th at is not ori ou sly difficult to est imate. These data, in combinat ion wi th biost rat ig raphic information (anim al
bon es, shells, dinoflage llates, po llen, macro plant remains, etc.), suggest tentativ ely th at th e cl imatic cond it ion s dur­
ing the interstadials between 45 and 17 ka (14C) BPvar ied between dr y low and m iddle Arct ic, dry subarct ic tundra

to more humid subarct ic, and Boreal condition s during th e older par t of this inte rval.
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Norway, 749 1Trondheim, 2) Schollersgt. 1, 7000 Trondheim, 3) Geol. lnst., University of Bergen, AIII!gt. 4 1, 5007 Bergen,4)
SINTEFKjemi Mi/j0, Gryta 2, Btattera, 7465 Trondheim

Introduction
In this pap er we describe th e methodology and key strat i­

graphies (Fig. 1) underpinning new palaeoenvironmental

and palaeoclimatic reconstructions fo r th e Mid- and Late

Weichselian of onshore areas of Norway.The dating meth­

ods employed, the regional glacial history and reconstruc­

tions of curv es representing glacier fluctuations are pre­

sented in two linked pap ers (Olsen et al. 2001a, b).

The main aim of this work has been to review the strati ­

graph ical data available in order to better constrain recon­

structions of glacia l, palaeoenvironmental and palaeocli­

mati c variati ons in Norway during the t ime interval 40-15 ka

BP. The relative importance of th e data used, in terms of

numbers of locali ti es and litholo gical uni ts, is illus tra ted in

Fig. 2 (see also Table 6). The regional t im ing of events is

based mainly on 14( -dat ing of bul k organic sediments, sup­

plemented w ith a sign if icant contribution of 14(-dates

ob tained fro m shells and oth er organic-bearing material s

(Olsen et al. 2001a). The most important data used for

palaeocl imat ic and palaeoenvironmental interpretations are

pollen 'assemblage' data and mar ine mollusc assemblag es,

fairly robust data for these proxies being available from c.

20% of the localities.

The stratigraphical data have been synthesised from

records obtained from all over th e country, but th e recon­

st ructions focused along 9 transects from inland to coast

(Fig.1).Most of th e orig inal data came to lig ht as a result of

Quaternary str ati graphica l mapping by the Geological

Survey of Norway. Info rmation from other published

sources,part icularly those from th e areas covered by profiles

3 and 8, is also employed.The most comprehensive data-sets

for th e time range 22-15 ka Bp, includ ing deta iled microfos sil

(pollen, insects, etc.) and macrofossil (macroalgae) records,

are those from And eya (K.-D. Vorren 1978,1.0 . Vorren et al.

1988, Aim 1993). These data are included in th e database

both as pr imary information for the reconstr uctions and as a

control dataset (Table 4: Olsen et al. 2001a). Dates of mam ­

mot h bones indicate ice-free condit ion s in Southeast

Norway c. 30-40 ka BP (Heintz 1974, Bergersen & Games

1981, Bergersen 1991, Idland 1992),and data from cave sedi­

ments covering the t ime range from 20 to more than 45 ka

BP from North Norway and West Norway have also been

considered (Larsen et al. 1987, Lauritzen et al. 1996, Nese

1996, Nese & Lauritzen 1996,Valen et al. 1996, 1997). Middl e

Weichsel ian mollusc shells, fo raminifera and pol len 'assem­

blages' from highl y up lifted in situ marine sediments at

Heqi eeren, Southwest Norway (Andersen et al. 1987, 1991,

Janocko et al. 1998), have also been included (Table 4:Olsen

et al. 2001a).
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Transect Letters Site name
no. on map

1 v Leirelva, Varanger Peninsu la
V Komagelva , - " -

Pa Skie llbekken, Pasvik

\2 A r Leirho lalLauksundet, Arney
S Sargejohka, Finnmarksvidda

3 A 0vre t'Erasvatn, Andaya
Gry Storelva, Gryt0ya
Hi Mage lva 11 , Hinneya
T Caves in Kj0psvik. Tysfjord
U Urdalen 9

4 Bo Bog neset. Mel0Y 10
A Asmoen, - " - 11
KJ Kjelddal, - " -
G r Grytaga, Fauske 12
R Risvasselva, - " - 13

5 Lu Luktvatnet. Vefsn
Fi Fiskelauselva, Grane 14
Ha Hattfjelldal 15

6 L a La ngstrandbakken, Vikna 16
Si Sitter, Nord-F latanger 17
N Namsen, Namda l 18
Tv 0 . Tverraqa, Lierne 19
B Blafjellelva. - "- 20

7 Se Reinaa", Selbu 21
Se Stesrneset, • " . 22
G Grytdal, Budal 24
F Flora , Tyda l 23

8 Skj Skjonghelleren (cave), Mere 25
Hh Hamnsundhelleren (cave) 26

Between K KolIsete, Sogn og Fjordane
8 and 9 Jeeren Elgane. Jeeren 27

E E ersund

9, west H Herlandsdalen 28
H Rundhaugen 29
H Passebekk 30

9 Sk Skjeberg 31
0 Dokka 32

Ro Ro koberget 33
L Mesna, Li llehamme r
L Stampeslelta , • " - 34

Fo Grabekken, Folldal 35
Fo Folldal 36

Fig.1 . Map w ith st rat ig raphical sites (dots) used in this study.Also indi cated are sites with comparable informat ion (open circl es) from other pub lished
or unpublish ed sources, the weste rn margin of the Scandinavian ice sheet du ring the Last Glacial maximum (LGM) and the Younger Dryas (YD) stadial,
profiles for the glacia tion curves, letters indicating stra tig raphi cal sites referred to in the inset tab le and in the main text, and posit ion of the most
prom inent ice strea ms (t he least pronounced ind icated by broken lin es),
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Fig. 2. Distribution of palaeocl imati c and palaeoenvironmenta l ind ica­
tors used in our study.Most indicatorsare used in on ly one or two strat i­
graphical unitsat each site, but shellsoccur often in several units, e.g., at
Bogneset, north ern Norway, where shells occur in 5 different st rat i­
graph ic units.
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Fig.3. Map with locatio n of modern soil and paleosol sites referred to in
t his study. Names of sites are: * = Pasvik (four mod ern soil sites), 2=
Sargejohka, 3= BIMjellelva, 4= Ste ren (modern soil site), 5= Grytdal, 6=
Foll dal; and 7= Mesna (modern and paleosol site).After Olsen (1997b).

and drainage through th e soils, fol lowed by int ervals of dry

condit ions, will increase the rate of th e soil-forming

processes, and therefore also inc rease the production of

magnet ic minerals. For details of t he method, see Olsen

(1998).

Fig. 4. (A) Suggested approximate ly linear relationship between mod­
ern rainfall (precipitat ion) and pedogen ic magnet ic suscepti bility of
young soils from single sites (open circles) and averaged value from sev­
eral sites (closed circle). (B) Similar curve based on more com prehensive
data from loess soils in the temperate zone around th e wor ld; inferred
from data in Maher & Thomp son (1995). XB and Xc are explained in
Table 1.After Olsen (1997b).
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Indicators of palaeoclimatic and
palaeoenvironmental conditions
Magnetic susceptibility
Pedogenic magn eti c suscept ibil ity (MS) is a specific soil

property which has been used to record and correlate pale­

osols, even wi thin th e cont ext of Norwegian glacial stra ti ­

g raphic seque nces (Olsen 1997b, 1998; Figs. 3 & S). It may

also be an important indicator of pro xy climate, as sug­

gested for soil horizons in loess successions in eastern

Europe and China (Kukla et al. 1988).The increase in MS val­

ues,which frequent ly occurs in the transition between loess

and loess soils, occurs in a simi lar manner, independen t of

scale, in studied pro files from Norwegian soils deve loped in

diverse parent materials (Olsen 1997b, 1998).

We have used MS measured in podsols which have

deve loped under com parable topogra phica l conditions in

different areas, in a preliminary manner as an indi cator of

palaeorainfall (Olsen 1997b; Fig. 4 & Table 1). The general

idea of th is app roach is that heavy minerals, includi ng mag­

net it e and ot her magneti c minerals, are gradually enric hed

downwards,e.g. in the B-horizon of podsols,during repeated

rainfal l events. The more rain that falls on the ground and

th e more t im es th at wate r drai nage or seepage through th e

sediments occurs, t he more magnetic minera ls accumulate

in th e B-horizon, and therefore, th e higher MS values wi ll be

produ ced. In addi tio n, th ere may exist a component of fine­

grained magnetic minera ls (e.g.,mag hemite and mag netite)

which result from general pedogenetic processes (e.g.,

Banerjee 1995).lt is conce ivable that repeated rainfall cycles
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Fig. 5. Magnet ic susceptibility from th e st rat ig raphies at Sargejoh ka (Al, BIMjellelva (B),Mesna (Cl. Grytda l (D) and Fo lld al (E),and all curves plotted in

the same diagr am (F;aft er Olsen 1997b). All cur ves are based on c. 500 gram sam ples. Nume rical ages are based on AM S_ 14C dates of soils and corre ­

lated sed iments.

Table 1_ Annua l mea n precipitation inferred from magnet ic suscepti bil ity (X) in paleosols (buried soils). A linear relationsh ip is assumed bet ween
ann ual mean precip it ati on and increase in magn et ic suscept ibil ity in different so ils, Basic suppo sit ions are part icularly the relat ionship between the

mod ern soil and pre cip itation in Pasvik (4 sites), Storen (1 site ) and Lilleh ammer (1 site ). XB= maximum X in the soil B ho rizon , and Xc = minimum or
average X in th e soi l C horiz on .After Olsen (1997b).

Site Soil Period A e. ka BP XB · XC Preci . mml ear Preci ., l oda
Pasvik pO Holocene 10 250 540 - 700 500
Sto ren pO Holocene 9 470 1000 - 1300 500·1000
Lillehammer pO Holocene 9 300 700 - 850 700·800
Sargejohka p 1 Sargejo hka i.s. > 35 300 650 - 830 300
Liern e p l.l Trofors i.s. 17 - 21 130 280 - 365 300 - 500
Liern e p 1.2 Hattfjellda l Ls.1 30 -40 60 125 - 175 300 - 500

Grytdal pl.l ? Hattfj elldal Ls_1I 24 - 28 115 255 - 320 500 - 1000

Gryt dal p1.2 Hattfjelldal LS.I 30 - 37 65 145 - 190 500 - 1000
Folldal p l.l Trofors i.s. 17 - 21 80 175 - 225 300 - 500
Folldal p 1.2 Grarno bek ken i.s. 26 - 36 40 90 - 125 300 - 500
Folldal p1.3 pre-Grarnob. i.s. > 36 100 220 ·285 300 - 500
Lilleham mer p 1 Grarnob ekken i.s. 31 - 36 240 525 - 675 700 - 800
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Table 2. Midd le and Late Weichselian inte rstadials (> 15 ka BP) in Norway, w ith examples of palynom orph data (pollen & spores) expressed as AP ver­

sus NAP, and interpretat ion of clim atic conditions.

Locat ion & Material Environment Organic content; AP-unident.-NAP% Inferred climate, Ice-f ree interval,
ref erence % LOI, TCor TOC characteristic vegetation assigned age, BP

Sargejohka Gyttja silt Terrestr ial - 1.2 (LOI) 20 - 0 - 80 Subarct ic tundra, t reeless vege- Sargejohka

(Olsen et al. f luvial - tati on, but dwarf birches occur interstadial;
1996) lacustrine frequently.Grasses and sedges 35,000 -

Transect 2 dominate.Wormwood (Arte misia) > 45,000 14C-yr

reaches 5%.

N. A:r asvatnet Alga l silt Marine 12-13 (LOI) 5 - 0 - 95 Hig h Arctic climate in the yo unger 'Andoya
(Vorren et al. part ,Middle to Low Arcti c, wi th interst adial';
1988) Betula nana, Ericales, Rubiaceae, 1s.ooo -18,500;

Hiatus etc. in th e older part . 19,000 - 19,500;

Transect 3 Algal silt Marine 3-4 (LOI) 10 - 0-90 Mari t ime Middl e Arct ic (Oxyria, and 20,000-
Cyperaceae) to continent al Low 21,000 14C-yr

Arct ic cl imate (Artemisia, Betul a n.) (0 v.fErasvat net ;
Aim 1993)

Bogneset Silt Glaciom arine (preliminary results) 'Alesund
(Olsen, in pre p.) Maritime Subarct ic cond itions, interstadial';

Transect 4 w ith scatte red t rees (Bet ula sp.). 28,000 - 39,000
14C-yr

Hattfjelldal Silt - sand Gl.f luv.- 1.4 (TC) 33 - 33 - 33; (preliminary results) Hattfjelldal
(Olsen, in prep.) g l.lac.;possible (some resed. Subarct ic tu ndr a, tr eeless vege- interstadialll;

marine infl uence po llen) tati on, but dwarf birches occur 24,000 - 27,000
(Ce-def.,mari ne frequ ent ly.Grasses and sedges 14C-yr

algae?) dom inate. Isolated areas with ferns.

Transect 5 Silt - sand GIJluv.- f luv.- 1.7 (TC) 60 - 14 -26; (preliminary results) Hattfjelldal
gl.l ac.-lac., (some resed. Subarct ic tu nd ra, scattere d t rees, interstadiall;
marine infl u.? po llen) decid.& conif.t rees, some fern s. 30,000 - > 35,000

14C-yr

KolI sete Gyttja Gl.lac. - lac. > 90 % NAP, some Subarct ic - Arct ic tundra, dom . by 'So interstadial';
(Aa & Senste- resed. or longtrans- dwarf bi rches and grasses.July tem p. c.43 ,500 -
gaard 1997) po rted t ree-poll en at least 3-4°C lower than tod ay. > 50,000 14C-yr

Rokoberget Sandy silt Gl.lac.- 2.7 (LOI) 8.5 - 31.5 - 60 Subarct ic cli mate, tu ndra cond it ions Rokoberget
(Rokoengen et gl.marine (Ce- combined w it h seashore vegetation, interstadlal, y. part;
a1.1 993) Hiatus def.& dinocysts) dom inated by grass. c.34,000 14C-yr

Clayey silt Gl.lac. - 3.0 (LOI) 13 - 20 - 67 Simi lar as the young er part Rokoberget
Transect 9 gl.marine (?) interstadlal, o. part;

c.47,000 14C-yr

Grabekken Clay-silt / Glaciol ac.l 3.0 (LOI) 30 - 0 - 70; some Subarct ic clim ate, open tu ndr a veg., Gramobekken
(Gramobekken: sand/ g laciofluv. resed. or longt rans- scatte red bir ches.Mainly herb s, as interstadial;
Thoresen & Ber- gravel por ted t ree-poll en. Poaceae, Artemi sia (6%).Thal ic- c.32,000-
gersen 1983) tr um and Cyperaceae. 40,000 14C-yr

Djupdalsbekken Till , w ith Resed. material : 1.8 (LOI) 10 -0 - 90 Slightl y different, w it h more wet Griimobekken
(Thoresen & resed.org . Gl.lac. - g l.f luv. conditions and mu ch more shrubs interstadlal, o. part;
Bergersen 1983) th an at Grabekken, > 40,000 14C-yr

Folldal Clay - silt Glaciolacustrine 0.2 (TOC) Mainly resed. poll en (preliminary results) 'Hatt fjelldal
(Olsen, in prep.) in terstadial ll';

24,000 - 27,000

Transect 9 Silt - sand Gl.lac. 0.2 (TOC) Similar as at Dju p- (preliminary results) Griimobekken
dalsbekken As at th e nearby Djupdalsbekken lnterstadial, o. part;

localit y. > 40,000 14C-yr

0v.Astbrua Soil Subaerial cond., No organics found Permafrost conditions w it h ice 0v.Astbrua
gravel pit weat hering and wedg e form ati on, proximity to a interstadial2;
(Haldorsen et permaf rost glacier in bo th ends of th e interval Mid Weichselian.
a1. 1992) Sand/ Gl.lac. Plant macrofossils 40 - 0 - 60; mo sses Open, tree less tundra vegetation 0v. Astbrua

silty clay up to 2 cm length and twigs of Salix do minated by grass. Dwarf bir ches in terstadial l ;
Tran sect 9 recorded are found occur commo nly.Artemisia up to 12%. > 48,000, probably

early Mid Weichs.

Pollen data and plant remains
Pollen analysis has been performed on samp les from sedi­

ments below and between till units, and on some selected

samples from basal parts of lodgement ti lls. The samples

were t reated wi t h HF and aceto lysis as described in Fcegri &

Iversen (1989). Lycopodi um tablets were added to allow

absolute pollen analysis (Stockmarr 1972).

In order to make sense of t he considerable amount of

data shown in a typical pollen diagra m, it is necessary to
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Upwelling atpolar tront

Warmsurtace currents

A North limit 01 Arclica is/andica

'-' Limit 01 sea ice(where different
from mid- / low-arctic boundary)

Fig.6. Northernmost sites w ith occurre nces of Arctica islandica from the
inte rval 30,000 - 40,000 14C-yr BP in Norwa y. See the main text for fur­
ther details.Addi t ional map informat ion modified from Peacock (1989).

d ivide th e diagram into po llen-strat ig raph ic un its charac­

terised by distinct ive group s of pollen types. In th is way, a

series of pollen zones and local pollen assemblage zones is

create d (Lowe & Walker 1997). Our data , however, in most

cases are too sparse to encourage such subdivisions. The

pol len data generally show homogeneo us terrestr ial taxa

represent ed in a few samp les wi t h low pollen conc ent ra­

t ions (commonly less than 100-200 pollen gra ins/cm ').

Therefore, we usually describe th e po llen data from each

interstadia l w hich is repr esent ed at a particular st rat ig raphic

site, as one local po llen assemblage zone. Sediments of vari-

ous grain size and gen esis are used in this work.

Comparisons of po llen data, including pollen concentra­

tions, between sites are therefore mainly tent at ive.

The po llen conc ent rat ions in gyttja sediments from the

Sargejoh ka (35,000 -> 45,000 BP) and the Rokoberget inter ­

stadia l complexes (34,000 -> 47,000 BP) reached up to 3x1G'

and alm ost 3x10' po llen grains / cm', respect ively

(Rokoengen et al. 1993, Olsen et al. 1996). The samp les from

th e sediments from the interval 17,000 - 35,000 BP(Table 2)

have much lower organ ic cont ents and pollen concentra­

t ions, mainl y less t han 100 pollen grains/ cm' . Due to vari­

able preservat ion , th e frequency of uniden tified pollen

grains varies,but it is commonly less than 5-10%.However, in

a few cases it is up to 30-35%.

Samp les selected for a prelim inary exam inat ion of plant

rema ins (macro and micro) we re prepared follow ing stan­

dard method s for separat ion of for am in ifers (e.g.,Steinsund

& Hald 1994). A micro-/st ereoscop e wi th a magnification up

to 50 t imes was used duri ng examination, wh ich resulted in,

e.g., a frequency dist ribu tion of twigs, t issue, leaves, etc., but

no detailed data on species level are available, except for

some few cases where such data have bee n report ed (e.g.,at

Sargejoh ka; cf. Olsen et al. 1996; and at Rokoberget; cf.

Rokoengen et al. 1993).

Sample nos.
1-617-94 1-2/ 10-92 2-2/1 0-92 3A-2/ 10-92 36-2 /10-92

94

4

2

38

2

11 49.8 %
0 %

1.9%

Other mic rofossils:
Foraminifera
Pollen 1
Spores
14C-ages (shell, from

th e same sed.samp les)

3 0 0
97 1 4

915 90 385
2.180 18.522 16.761

677 8 9

2 4 3
7

1 1
c.36,000 c.40 ,000 c.38,000

7

49
410

19.009

88

53
2

c.32,000

12
1194

5.130

27

9

c.28,000
Age range:

28,000 ­

40,000 BP

Table 3. Palynomorphs, mainly dinoflagel­
lares. recorded in the Middle and Late
Weichselian sediments at Bogneset, Amoya ,
North Norway.The number of dinoflagellate
cysts and other mic rofossils are ind icated .
14C-ages of shells are includ ed.
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Sitter Sitter Oldra Rokoberget Rokoberget Nam sen Grytdal Table 4. Palynomorph s,
Dinoflagellates 1-11/7-95 1-1717-95 1-20/7-95 2-27/9-91 4-11/3-90 2-10/10-95 1-15/10-96 mainly dino flage llates,
Operculodi nium recorded in th e Mi dd le

centrocarp um 72 4 and Late Weichselian sed i-
Prot op eridin ium spp. ments from selected sites

(cf.P.conicoides) 5 in Norway. The number of
Protoperidini um spp. 2 din oflagellate cysts and
Spinife rit es spp. ind et. other m icrofossil s are indi-
Bitectatodinium cated. 14C-ages of sed i-

tepikiense ment s (and one shell) are
Perid in ium also included.

faeroense
Unidentified

di nofl ag.cysts 2 2 1 2 > 2
Sum, di nocyst s 77 0 9 4 1 2 some

Sum, markers 870 825 1220 124 87
Dry mate rial (grams) 1.955 1.455 1.314 9.667 8.499 10.296 21.632
Product iv ity (no. of dino-

cysts per gram dry sed.) 630 0 78 46 19
Other microfo ssils:

Foraminifera 1
Marine algae 3
Pollen 11 8 2
Spores 27 12
14C-ages (INSor shell, c. 21,000 c. 30,000 c. 33,000 c.3 4,000 c.47,000 c. 18,500 c. 39,500
from th e same sed.) (shell) 14C-yr BP

and palaeoclimatic interpretations (Table 3),but even sparse

data on palynomorphs may provide useful, qual itative di s­

tinctions between mar ine and terrestrial conditions (Table

4). The reason for t his is t hat most of t he sedime nt

sequences that we have checked for dinoflagellates have

been located in more inland positions and lack not only

other marine microfossi ls, but marine macrofossils as we ll. A

check for the presence of dinoflagellates has therefore been

employed to establish whether some sequence s may still

have accumulated under mar ine conditions (Olsen &

Gresfjeld 1999).

Calcareous concretions in sediments
The calcareous concretions encountered in this study are

tho ugh t to have been formed during condi tions of high

groundwater flow with a steep hydros tatic grad ient and an

in itial 'bulge' w it h high concentrations of dissolved carbon­

ate . Such conditions are found, for examp le, in glaciof luvia l

environments, w it h a typical depositional temperature of c.

O°C(e.g.,Dionne & Cailleux 1972).As these concretions most

probably are formed close to the gro undwater table, t hey

are considered to reflect the position of the groundwater

table at th e time of formation. Such concretions need ice­

free conditions to be produced,and are therefore important

geological indicators for ice ret reat .

It should be noted that alt hough th e age offormation of

concretions may be almost as old as the sedim ent itself, it

may also be much younger. 14C-dat ing of concretions may

even give num erica l ages higher than the sediment because

of the possib le 'reservoir' age of the C0 3 (hardwater effect).

However, such dates, in combination wit h dates obtained

fro m other dating methods (e.g., Urrh, luminescence, etc.),

may still prove useful.

Animal bones
Bones of mammoth from Gudbrand sdalen, Southeast

Norway, 14C-dated to c.45,OOO yr BPand redat ed by th e Urrh

method to c. 43,000 - 53,000 cal yr Bp, sugg est that mam­

moths may have lived in ice-free valleys in Norway du ring

the Mid Weichselian (Heintz 1974, Berger sen & Garnes 1981,

Bergersen 1991, Idland 1992). A rich bone assemblage of

several thousand bones deri ved from different kinds of ani­

mals (birds, foxes, rabbits, etc.) in cave sedim ents from the

same period are known from coastal West Norway (Larsen et

al. 1987). Bones of other animal s (e.g., bear, wolf, etc.) have

also been repo rted from caves in North Norway (Lauritzen et

al. 1996, Nese 1996, Nese & Lauritzen 1996), and the se are

dated to between 20,000 and 30,000 yr BP.The animals rep­

resented in the cave faunas indicate climatic condit ions sim­

ilar to the present conditions on Svalbard and in the north ­

ernmost par t of Norway. These data are used both for con­

trol dates (Olsen et al. 2001a) as well as ind icators of th e

palaeoenvironmental conditions at the time.

Stratigraphy and stratigraphical con­
siderations
Sediment fades and depositional environments
Reconstruction of ice-sheet fluctuations in Norway is based

on complex stratigraphic sequence s which inc lude a variety

of sediment facies orig inat ing from a range of depositional

env ironments. The most frequent and qualitatively most

im portant of these are illustrated in Table 5. Sediments

deposited in prog lacial environments occur in a majority of

the localit ies.The glaciolacustrine sedim ent facies A and B1

are represented mainly by sub-facies (a) comprising lami ­

nated clay, silt and sand, alternat ing w ith sub-facies (b)
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Fig. 7. Distribut ion of the most frequently occurri ng sediment facies

represent ed in the sub-t ill sed iments in our study.Mo st of the sediment

facies (A, 81, C, D, F & G) are dom inated by clay, silt and fine sand, and
mo st of th ese are inferred to represe nt prog lacial environme nts (A-D).

For descript ion of sedi mentary env ironment, see Table 5.

Fig.8. Ce-content' (expressed as Cen/Ce - rati o) and 013C of 47 selected

sedi ment sam ples, See the main text fo r descr ipt ion of calculation pro­

cedure for Cen/Ce. Not e th at all th e sam ples wi th a certa in or inferr ed
sign ifi cant input of marin e sedi me nt s have a Cen/Ce rat io of c. 1.0 or
less, which indi cate sed iments deple ted in Ce.

15

:: - -- --- c=-- Q~"~~--

Sedi mentary Numbe r 01localities

lacies 4 8 12 16 20 24 28

A~j l

B1 ~ I

B2~l I

C1 ~l I

C2 ~

D1 ~1 1

D2 ~l

E ~l

F •G ~j l

~I
Considered

H ~
certain

~
D Possible

I

J ~

Uplifted above lateglacial &
Holocene mar ine limit; silt & clay,
with clasts; no marine fossils

As Cl , but wi th marine
fossi ls (shells, dinoflag)

Ice-lake; mainly lam inated

sand, silt & clay

Comments

Ice-dam med lake; mainly

laminated sand, silt & clay

As D1,but w ith marine

fossils (shell s,d ino fla )

Various kinds of deposit s;

main ly sand

Silt & fine sand

Lower than lateg lacial & Holo­

cene marine limit; silt & clay,
wi th clasts; no mar ine fossils

All sites are from on shor e

areas and therefore up lift ed
compared to the present

sea-level; silt & clay

Mainly g ravel & sand

Gyttja, peat , etc.

organic env.

Terrest rial

Progla cial;

g laciolacustr ine
81 Progla cial;

glac io lacustrine

82 Progla cial;

glaciofluvial
Cl Proglacial;

g lacio marine

C2 Proglacial;
glaciomarine

D1 Prog lacial;

g laciomarine

D2 Proglacial;

laciomarine
Fluvial

Lacustrine
Marine

Ot her subaerial Subaerial cave environment;

cond itio ns pedogenesis, etc.

Aeolian environment Sand

Sedi ment facies Sedi mentary
env ironment

A

E

8

C

D

F
G

H

Table 5. Sedimen t facies and depositional env ironment inferred from

the stu died stra tigraphic succession s.

which consists of massive clay, silt or sand, whereas the

glaciofluvial sediment facies B2 includes several sub-facies

of sand and gravel. These sediment facies types (A, B1, B2)

are the most common facies in our database for the inland

areas (Fig. 7).ln coastal areas it is glaciomarine facies D1 and

D2, as well as marine facies G, that are the most common

sedim ent types.
Glaciomarine facies Cl and C2, which are recorded at

high altitudes in inner fjord valleys at some 20 localit ies, are
qual itatively important because they indicate bot h certain
(C2) and probable (Cl), high, contemporary, relative sea lev­

els (see next paragraph), in turn indicating substant ial

glacial isostatic depression of the land.

High relative sea-levels
The occurrence of pre-Holoce ne marine sediments at locali­

ties situated far in land and much higher than the present

sea level is high ly sign ificant, especially those which lie well

above the lateglacial marine limit. Only three sequences
containing marin e macrofo ssils (shells)and five w ith marine

microfos sils (foraminifera,dinocysts,algae) have been foun d

so far (Olsen & Gresfie ld 1999), though a number of other

sequences may conta in trace quant it ies of marine fossils.To

establish whether waterlain sediments accumulated under

marine cond it ions, although the sequences lack obvious
marine fossils,organic matter was extracted from residues of

relict marine organisms using hexane as described by Olsen

et al. (2001a).The content of La and Ce has also been mea­

sured to dete rmine the extent of the Ce-deficient lanthanide

.io%o.,'5 .do
0 13c reI. to PDB

I
·5

c:::J Possible marine, but
• VV1 th no recorded marinefossils* with mannetossus(shells, dlCoflag)

.:f) only terrestna l mput

Ce - 'content' and 8 13C of 47 sediment samples:

o

(XRF,
ICP)

Ce /Co
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Stratigraphical model lnterstadials
(14C-ages)

(Consistency) and
Unit Cl-Si S G 0 Transect number No. of transects ice advance s

1 c: J 1, 2, 3, 4, 5, 6, 7, 8, 9 9 V
2 1

~
1,2, 3, 4,5, 6, 7, 8, 9 9

)
22 · . 1, 2, 3, 4, 5, 6, 7, 8, 9 9

2 2 3 1, 2, 3, 4, 5, 6, 7, 8, 9 9 9
2 A · . 'Boiling

25 ·. . interstadial'
C. 13 ka BP

\3 f::, 1, 2, 3, 4, 5, 6, 7, 8, 9 9 9 IV
4.1

~ 1
42 · . 3 1 N = 40

4 4 3 1,3,7,8(7), 9 4-5 6-7 Range (92%)

4A · . 1,3, 4(7),5, 6,7, 9 6-7 16 - 21 ka

4 5 ·. . 1 1

5 f::, I 1, 3(7), 4, 5, 6, 7, 8, 9 7-8 III
6 1

~
5 1

62 · . 5 1 N = 27

6 6 3 1, 3(?), 4, 5, 7, 8(?), 9 5-7 5-7 Range (100%)

6A · . 23.3 - 28.7 ka

6 5 ·. .
7 c: I 1,3(7), 4,5, 6(7), 7, 8 , 9 6-8 11

8 1

~
82 · . 1 1 N = 44

8 8 3 1, 3(7), 4, 5, 6(7), 7, 8 , 9 6-8 6-8 Range (100%)

8A · . 28.7 - 40 ka

C. 39 ka BP
85 ·. .

9 c: J
1(7), 2(7), 3(7), 4(7), 6(7), 7, 8, 9 3-8 I

10 1

~
102 · . N = 14

1 0 10 3 3(7), 6(7),7,8,9 3-5 Range (100%)

l OA · . 40 - 47 ka

105 ·. .
Cl = Clay Si = Silt S = Sand G = Gravel o = Diarntcton. mainly basal UI

NGU-BULL 43 8 , 2 001 - PAGE 29

Fig.9. Out line of the generalised regio nal st rat ig­
raphy represent ing th e inte rval 10-15 to 40-45 ka
BP. The chronology refers to 14C-yr. Unit 1 may
include several subunits of till s and waterlain
sed iments, and is supposed to rep resent all
lateg lacial stadial and interstadial events afte r c.
12.3 ka BP. Unit 2 represents the fir st reg ion al,
lateglacial, ice-retr eat phase record ed in onshore
positions along the coast of Norwa y. Unit 3 rep­
resents th e second, major ice adva nce (LGM 2)
during the Late Weich selian. Units 1, 2 & 3 occu r
along all nin e profiles. Unit 4 repr esent s th e ice
ret reat between the two major ice advances dur ­
ing the Late Weichselian. 50 far, this unit is not
record ed along profil e 2. Unit 5 repr esent s th e
Late Weichselian maximu m (LGM 1). It is prob a­
bly represen ted along all profiles, bu t as unit 4 is
lackin g in pro fi le 2, unit 5 cannot be prop erly dis­
tinguished from the ove rlying unit 3. Units 6,7 &

8 also occur in most pro fi les,whereas units 9 & 10
are cons idered less well dated, w it h the excep­
t ion of profiles 7, 8 & 9 w here th ese units are
dat ed more accurate ly.

(Olsen et al.2001a).wh ich is an indicator of a marine deposi­

tional environment (Roa ldset 1980). Other parameters also
used to ident ify probable marine cond it ions, as, e.g., C/N

ratio, Cl and Br content, w ill be discussed in anot her paper
(Olsen, in prep.).

Generalised stratigraphy
A generalised st rat igraphy of the Mid - and Late Weichselian

of Norway is illustrated in Fig. 9. The stratigraphical model
includes units of tills alte rnati ng wi th waterlain sediments.
Unit s3 - 10 represent the interval 40-15 ka (14C) BP.The gen­

eralised stratigra phy is based on more than 100 localit ies

from onshore areas and spread over most parts of Norway.

Almo st 50 of these localiti es, wi th representatives from all

nine transects (Fiq.l ), are included as examp les in Table 6,

and 36 key stratigraph ic successions are show n as simplified
logs (Figs. 10 and 11 ). The localiti es comprising excavated

sect ions, cores and exposures along rivers and roads are

grouped according to their occurrence along each of th e
nine t ransects from distal (left) to proximal (righ t), and are

present ed from north to south.

Regional overview
There is a strong regional consistency in the stratigra ph ic

scheme depi cted in Table 6 and Figs. 9-11. The major ice

advances I - IV of the interva l 40-15 ka BP are represented in

at least six of the nine transects, except for ice advance I

which is dated to c.40 ka BP,which is less pronounced in our

data. However, ice advance I may also be represented in
more than the two places west of th e main watershed (t ran­

sects 7 & 8) where it is record ed.Evidence of a very high rela­

tive sea level along t ransect 9, during deposition of unit 8 at
Herlandsdalen, Passebekk and Mesna, and at Rokoberget c.

233 m a.s.l. (Olsen & Grosfjeld 1999;lateglacial marine limit c.

190 m a.s.l.:at this site where th e sediments are depl eted in

Ce and contain some marine dinof lagellate cysts (Table 4)),

indic ates significant glacial isostasy and the occurrence of

an extensive ice-body corresponding to unit 9.Till recorded

for this glacial episode, called the Mesna Till, occurs at

Lillehammer (Olsen 1985).This suggests that a significant ice

advance at c.40 ka ago may also have occurred in southea st­

ern Norway. The same argument may be made for strati­

graphic evidence for sites along transects 3,4,5 and 6,which
ind icates that this ice advance may have been a very exten­

sive one (at least south of Vestfjorden, Fig.1).The interveni ng

int erstadial episodes also seem to be equally well repre­
sented over the region as a whole.

Sites along transect 7
Leirelva. - This site is represented by an exposed c. 10 m­

high river section reaching up to 120 m a.s.1. and located at

700 17' Nand 300 16' E, with map reference 2435 I (scale
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Table 6. Localit ies (sites) w ith generalised stratigraphic units, sediment facies, utilise d dat ing methods and com ments on dat ing , correla t ion and indi -
cators of climate and environment.The numerical ages of the mentioned dat es refer to Olsen et al. (2001a, b), and references therein. For locati on of
profi les, stra tigra phic framework and sediment facies, see Figs. 1 & 9 and Table 5. Localit y "A:rasvatnet" is described as "N. A:rasvat net " in Table 2 and
"Lake Nedre A:rasvatn" in the main text.

Transect no. Location & reference Str, un its Fades 14C TL OSL U-ser. AA rati o Pal. Mag. Comments
Komagel va 3
(Olsen et a1.1996) 4 B2 INS,SOL x Ce-deficiency (0.88)
Leirelva 3
(Olsen et al. 1996) 4 A INS, SOL x x Ce-def. (0.90)
Skjellbekken, Pasvi k 3,5
(Olsen, unpubl.) 6 B2 INS

7
8 B2 INS

2 Lauksundet, Arneya 3,5 x shell , resed.
(Andreassen et al.
1985)

2 Leirhola , Arneya 3,5 ,7
(Andreassen et al. 8 D2/G x shell
1985)

2 Slet tae lva 3,5,7 x x shell, pollen, resed.
(Vorren et al. 1981) 8?

2 Sargejohka 3,5 ,7 x (unit 7) Lake Mungo? (e.28 ka BP)
(Olsen 1988, Olsen 8 E/F INS, po llen , palaeosol
et a1.1996) macro

2 Kautokeino 3,5 ,7
(Olsen 1988, Olsen 8 Bl /B2 x resed.
& Often 1996)

3 Bleik, Andeya 4 D2 x x shell, foraminifera
(Meller et al. 1992) 6?,8? D2 x shell

3 0vre A:rasvatn et 4 Bl / F SOL,INS, pollen, insects
(Aim 1993) macro

3 A:rasvatnet 3?
(T.O.Vorren et al. 4 D2/G SOL, INS, pollen, algae
1988) macro

3 End letvatnet 3
(KD. Vorren 1978) 4 D2/G SOL,INS po llen

3 Store lva, Gryte ya 3,5,7,9
10 A/C2 x x shell

3 Magelva, Hinneya 3, 5,7 ,9 x x shell, resed. (unit 10)
10 (N C2)

3 Cave, Kjepsvik 4 subaer ial x x bone s, cale.concretion
(Lauritzen et al. 8, 10 subaer ial x x bo nes, cale.concret ion
1996)

4 Bogneset I & 11 3,4 ?,5 D1/B2
(Olsen, in prep.) 6 D2/G x resed.shell, dinoflag.

7 x resed.shell , d inoflag.

8 D2/G x x shell, dino flag.
9?

4 Grytaqa 5,7 x, INS resed.shell , Ce-de f. (0.94)
(Olsen, in prep .) 8? D2/G

4 Risvasselva 3,5 ,7
(Olsen, in prep .) 8 A INS Ce-def., resed.(0.93)

4 Caves, Rana 6 subaer ial C03 cale.co ncre t ions
(Lauritzen, pers. 8 subaerial cm cale.concre tions
comm. 1998) 10? subaeri al C03 cale.concret ions

5 Hund kjerka 3,5 ,7 , 9
(Olsen, unpubl.) 10 D2 x resed. shell

5 Fisklauselva 3
(Olsen 1997a) 4 Bl / B2 INS

5
6 A INS x
7 INS reworked org .(unit 8)
8 A/B1

5 Hattfjelldal & 3
Slettasen 4 B2
(Olsen 1997a, 5 INS resed.org.
in prep.) 6 B2/C l INS pollen, Ce-def. (0.93).

7 INS possible ma rine algae
8 B2/Cl INS pollen, Ce-def. (0.94)
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Tabl e 6. (cont inued)

Transect no. Location & reference Str. units Fades 14C TL OSL U-ser. AA ratio Pal.Mag. Comments

6 Langstrandbakken, 3
Vikna 4 01 /B2 INS

S,7 x shell, resed. (unit 8)

8 02 /G
6 0stre Tverraqa 3

(Olsen et al., 4 A INS

in prep .) 5,7

6 Gran, Nord li 3, 5,7

(Olsen et al., 8 Bl INS resed.org . (unit 1O)

in prep.) 9, 10 Bl /E/F

6 BIMjellelva I & 11 3
(Olsen et al, 4 A INS
in prep.) 5, 6, 7

6 &7 Sit ter, Flatanger 3 INS reworked org. (unit 4),
4 01 dinofl ag.

5,7 INS reworked org. (uni t 8)

8 Bl /0l /G ?

7 Seeterelva.Osen 3, 5, 7 x shell, resed. (unit 8)

(Olsen & Riiber, 8 01
in prep.)

7 Reinaa, Selbu 3
4 B2/C1? INS Ce-def. (O.87)

hiatus

6 Bl /C1 ? INS Ce-def. (0.72)
7

8 B2/ C1? INS
7 Stzerneset, Selbu 3 INS rework ed org . (unit 4)

4 A/B2/C 1? Ce-d ef. (0.83)

5 INS reworked org . (unit 6)
6 A/B2

7 Gryt dal, Gauldal 3
4 A(Cl ) INS Ce-def. (0.88)
5 INS rewo rked org. (unit 6)
6 A (C1) INS Ce-def. (0.87)
7 INS rew or ked org. (un it 8)
8 Bl /Cl / 0 l INS Ce-d ef. (0.53)
9 INS rewo rked org . (uni t 10)
10 Bl /Cl /0l INS Ce-def. (0.77)

7 Flor a, Selbu lTyd al 3 INS
4 A/Cl INS

8 Skjon gh elleren 2,6 subaeria l x x bones, speleothems
(Larsen et al. 1987) 7 A (subg l.) x Lake Mungo? (c. 28 ka BP)

8 subaerial
9 A (subg l.) x LaChamp?(c.4 0 - 42 ka BP)
10 subae rial x speleothems

8 Hamnsundhelleren 5? A (subgl.)
(Valen et al. 1998) 6 subaerial x bon es (from un it 6 & 8)

7 A (subgl.) x Lake Mungo? (c. 28 ka BP)
8 subae rial

8 Gaml em sveten 4? subaeria l x block fie ld, soil, bulk o rg.
(J.Mang erud , pers.
comm . 1981)

8 Kortgarden 3, 5 x she ll, resed. (unit 6?)
(Follestad 1990) 6? 0 2/G

8 Skorgenes,Vest nes 3,5 , 7?
(Larsen & Ward 8,9? B2/01
1992) 10? B2/01 x

8 KolI set e, Sognda l 3,5 ?
(Aa & Sensteqaard 4,6? A INS hiatu s between unit s 6 & 10
1997, in prep.) 10 A/ F x; SOL po llen

9 Skje berg, Halden 3
(Olsen 1995, 1998) 4 0 1 INS

9 Herl andsdalen, 5
Numeda len 6 Bl /Cl INS Ce-def. (0.79)

7 INS reworked org. (unit 8)

8 Cl INS Ce-d ef, (0.36)
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Table 6. (cont inued)

Transect no. Locati on & reference Str. un its Fades 14C TL OSL U-ser. AA rati o Pal. Mag. Comments

9 Passebekk, 3
Numedalen 4 A (C1) INS Ce-def. (0.77)

5, 6,7 INS resed.org . (unit 8),
8 A/C1 Ce-def. (0.97)

9 Rokoberg et 3,5,6,7
(Rokoengen et al. 8 C2 INS pollen, Ce-def. (0.66),
1993) 10 C1/C2? INS dinoflag.

9 Dokka 3
(Olsen 1995, 1998) 4 B1 / B2 INS

5 INS rewor ked org. (unit 6),
6? B1 Ce-def. (0.98)

9 Stampesletta, 3 unit 4?, clasti c dyke from

Lillehammer 4? A (subgl.) SOL contact between uni t s 3 & 5.
(Olsen 1995, 1998) 5,7 INS reworked org . (unit 8)

8 B1 /C1 ?
9 Mesna, Lillehammer 3 unit 4?, clast ic dyke from

(Olsen 1985, 1995, 4? A (subg l.) INS contact between uni ts 3 & 5/7
1998) 5, 7

8 Bl /D1? INS Ce-def. (0.93)

9
9 Sorperoa,Vinstra 8 subaerial x eo lian sand

(Bergersen et al. 9?
1991) 10?

9 Gra(mo)bek ken, 3, 5,7?
Folld al (Thoresen & 4?,6 A x cale.concret ions

Bergersen 1983) 8 B2/ E x; SOL,INS x polle n, cale.concreto

9 Djupdalsbekken, 3,5 , 7?
Fo lldal 4?,6 A pollen, resed. (unit 8)
(Thoresen & 8 B2/ E
Bergersen 1983) 9?

9 Folldal 3,5 ,7?
(Olsen, unpubl.) 4?,6 A INS,SOL, poll en, resed.(unit 8?),

8? B2/ E C03 cale.concreti ons
9?

1:50,000) and UTM coordinates 972005. The upper part of

th e stratigraphy consists of silty ice-dammed sediments

overlain by a thin lodgement t ill and w ith deglac iation sedi­

ments on top (Figs. 10 & 11).AMS radiocarbon dates of both
solub le and insolub le fractions, as well as TL and OSLdates

of bul k samples from th e sub-till silt , indicate an early Late
Weichselian age. This also implies a probable Late Glacial

Maxim um (LGM) age (LGM 2) for the overlying till (Fig. 11 ;

Olsen et al. 1996).

Komagelva . - An exposed 6 m-high river secti on reach­

ing up to 55 m a.s.1. represents th is site,which is located at c.
70° 16' Nand 30° 20' E, map refr. 2435 1, 996985.The sect ion

comprises sand unit s overlain by glaciofluvial gravel and a
lodgement t ill with a deg laciation sediment sequence on

top (Fig. 11). OSL dating of a sand lense in the gravel and
AMS radiocarbon dates from reworked sediments in the

lowermost part of the overlying t ill, indicate an age of
around 16-17 ka BP. The till may therefore represent a very

early ice advance during the last deglaciation or, as we con­

sider most likely, it may represent a second ice advance dur ­
ing th e LGM interval (LGM 2) (Olsen et al. 1996).

Skje llbekken. - This site comp rises the sect ions of 16

machine-excavated trenches of up to 2 by 5 m width and

length, and 4-5 m depth, and located within an area of c. 3

km'.The main site is located at c.69° 23' Na nd 29° 27' E, map

refr. 2433 IV, 965998, and a log from this site reaching up to

125 m a.s.l, is show n in Fig. 11.AMSradiocarbon dates of the
insoluble fract ion of sediments at two stratigra ph ical levels

separated and overlain by lodgement t ills, together wi th the

data from Komag elva and Leirelva, ind icate a high ly unsta­
ble ice sheet, with at least three ice advances separated by

ice-retreat period s dur ing th e late Middle Weichselian and

LGM interval.

Sites along transect 2
Leirhola. - Two stratigraphies from sections on the island

Arnoy, northern Trorns, have been described by Andreassen

et al. (1985).A simpl ified log from the Leirhola site, located at
c.70° 03' Nand 20° 28' E,map refr. 163511,803713, is shown in

Fig. 11 .The strat igraphy wi th two basal t ills with 14( -dated

shells from this and th e neighbo uring Lauksundet site ind i­

cate th e occurrence of at least two ice advances after 30 ka

BP.The oldest of these may have occurred shortly after 30 ka
Bp, followed by an ice retreat before 27 ka BP, and subse­

quent ly an ice advance dur ing the LGM interval,wi th a max­

imum ice extens ion at the shelf edge c. 21 ka BP (LGM 1)

(HaId et al. 1990).

Sargejohka. - This site comprises c. 20 machine-exca-



L.OLSEN, H.SVEIAN,B.BERGSTR0 M,S.F. SELVIK,S-E. LAURITZEN, 0 .STOKLANDs K. GR0SFJEW N GU-B U L L 438, 200 1 - PA GE 33

B

\

,

,

Mount ains,
watershed

,,
,,,

r
r

8:

7:

6:

,,,,,,
5:

9:

4 :

3:

Mountains , lGM Outer
watershed Transect posi tion coastline

... (no rmal sed )
~ ~

1:

,,

2:

400 km

Younger Oryas
(ice margin posi tion)

200

l GM Outer
Transect position coastline

... I..
1:

,
2:

3:

4 :

,
5:

,,,

6:

7:
,,,,

8:
,

9:

A Scale

Fig. 10. Stratigraphic sites projected on to t heir associated tran sects. For locat ion of transects, see the main text (Fig. 1).The numbers refer to th e sites
with st ratig raphic successions whic h are show n in Fig. 11.True length s of t ransects accord ing to th e map, Fig. 1,are indi cated in Fig. A, whereas nor­
malised lengths are indi cated in Fig. B.Not e that no sites from th e cont inenta l shelf are included here.

vated trenches and sections and some 25 percussion

drillings (Olsen et al. 1996). The uppermost part of th e

stratigraphy is illustrated in Fig. 11, and th e locati on is at c.
69° 07' Nand 24° 47' E, map refr.2033 111,118693.At least two

ice advances represent ed by t ills occurred after c. 35 ka BP

and the oldest of thes e may have an age of c.28 ka BP, due to

t he occurrence of a possibl e palaeomagnetic excursion

w hich may correspond to th e Lake Mu ngo excursion (age, c.
28 ka BP) in the basal part of the lower till (Levlie & Ellingsen

1993,Olsen et al. 1996).

Kautokeino.* - This site is rep resented by several sec­

tions in a gravel pit in t he vi llage of Kautokeino on western

Finn marksvidda, map refr. 1832 1, 819550, approximately at

th e same latitude, but c. 80 km west of Sargejohka (Olsen

1988, Olsen et al. 1996). TL dat es of resedimented, sub-till ,

g lacio lacustrine/g laciofluvia l sedi ments yie lded ages in the

interva l 37-41 ka Bp, which toget her w it h the overall stratig­

raphy indicate a simil ar ice retrea t - ice advance history as at

Sargejohka.The Kaut okein o site is included in Tabl e 6.

*) The sites indicated by an aste risk are included in Table 6,

but not in Fig. 11.

Sitesalong transect3
Bleik.* - This site, com pri sing a mo raine complex wit h asso­

ciated glacigenic and marine sediments in nort hwestern

Andeya, has been described by M0 11er et al. (1992).The loca­

ti on is at c.69° 16' Nand 15° 57' E, map refr. 1233 1, 370845.

The site is included in Table 6 and is supposed to repr esent

the only LGM ice-marginal po sit ion on land in Norway.

According to M0 11er et al. (1992), thi s LGM event culminated

at c. 22 ka BP at Bleik.This site is located on ly 4 km di stally

(NW) from the Nedre JErasvatn and 0vre JErasvatn sites

which are also included in our reference database (Tables 2

& 6, and Fig. 11).

Lake Nedre JErasva tn.* - Coring s in lake basins on

northern Andeya (Fig. 1) have yielded import ant informa­

tion on th e Late Weichselian glacial and climatic history in

this reg ion (Table 6). The bottom sediment s of Lake Nedre

JErasvatn (35 m a.s.l.), map refr. 1233 I, 416842 , we re depo­

sited at c. 20,000 yr Bp, and subsequently compacted by a

glaci er advance at c. 18,500 - 19,000 yr BP (T.Vorren et al.

1988). Data from Nedr e JErasvatn is included in Tabl e 2.The

final deg laciation of both th is lake and the nearby Lake

Endletvatn occurred at c. 18,000 - 18,500 yr BP (K.-DVo rren

1978,T.Vorren et al. 1988).

Lake 0vre JErasvatn. - 0 vre JErasvatn is situa ted close

to Nedre JErasvatn, but slightly higher (44 m a.s.l.). Its loca­

tion is at c. 69° 15' Nand 16° 03' E, map refr. 1233 1,410835.

Litho- and bio stratigraphical data , supplemented by an

extensive series of radiocarbon dates, have been reported

by Aim (1993). Dating of th e bottom sediments yielded an

age of 21,000 - 21,800 yr BP (Fig. 11), and only a terrestrial

input has been recorded in the 0vre JErasvatn lake sedi ­

ments.This is in contrast to th e nearby lake Nedre JErasvatn ,
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where marine sediments were deposited during the inter val

15,500 - 19,500 yr Bp, indicat ing a high relat ive sea level (T.

Vorren et al. 1988).The 0vre fErasvatn sediments, w it h th eir

position slightly distally to Nedre fErasvatn , have not been

overrun by any glacier afte r 21,800 yr BP,w hich is also in con­

t rast to th e Nedre fErasvatn sediment s.The glacier advance

at e. 18,500-19,000 yr BP, ment ioned above, must therefo re

have ended some where bet ween these two sites.

Storelva. - This site is represented by an exposed river

section of 20 by 25 m width and height , respect ively, and

reaching up to e.140 m a.s.l. lts locat ion is at e.68° 53' N and

16° 35' E, map refr. 1332 IV, 634434. A sequence of 5-6 m of

upward-coarsening , inferred shallow-mar ine sediments is

here overlain by a 12-15 m-thi ck ti ll. The alt itude of these

sediments high abov e the lateglacial marine limit (e. 70 m

a.s.l.) requires special attent ion to th e possibility of open -sea

conditions.The alte rnat ive environm ent wou ld be sedimen ­

tat ion in an ice-dammed lake with redeposition of glaci ally

transported marine fossils.However, fab ric analyses from the

uppe rmo st part of th e unde rlying t ill and th e basal part of

the overlying t ill indicate northerly directed ice movements,

which mo st like ly would have helped to maintain an op en

bay to th e sea in the E-NE du ring deposi tion of the shallow­

water sediments. Therefore, we thin k th at t he alti t ude may

be explained by glacial isostasy and that th e sedi ments are

of shallow-marine orig in (Olsen & Grosfjeld 1999).

Radiocarbon dat ing and amin o-acid analysis of a shell of the

bivalve Mya truncata fro m the marine sedi ments yielded a

middle Middle Weichselian age (Fig. 11).which indi cates th at

unload ing of a thick ice body and deglaciat ion occurred

short ly before this time.

Magelva. - This site comprises several road sect ions of

1.5 - 2.5 m height. These reveal a strat igraphy w hich

includes t ills and rede posited marine sedi ments from th e

Middle and Late Weichselian (Table 6, and Olsen et al.

2001b). One of the secti ons, Magelva 11, reaches up to e. 162

m a.s.l.(Fig. 11). Its position is at e.68° 39' N and 16° 26' E, map

refr. 1332 111,585171. A 14C-dat ing of Mya truncata from th e

lower t ill indicates a slightl y older but possib ly correlative

age to th e Storelva marine sedi ments (Fig. 11). If that is th e

case, then th is shell may also have its orig in fro m a posit ion

high above th e lateglacial mari ne limi t (e.70 m a.s.l., also in

this area). However, other sections at the Magelva sit e, also

reaching almost 160 m a.s.l., inclu de sediments wi th

lateglaci al mari ne fossils whic h must have been glacially

transported to this alt it ude, imp lying that older marine fos­

sils may have a similar histo ry (Olsen & Grosfjeld 1999).The

Magelva strat igraphy ind icates at least two ice advan ces

with deposition of t ill after 46,000 yr BP and before the

lateglacial, ice-front oscillations in this area.

Storste inshola.* - The occurrence and dat ing of animal

bones and calcareou s concretions from a cave

(Storste inshola), map refr. 1331 Ill, 573549, at Kjop svik in

Tysfjord (Fig.1) indicate ice-free cond itions at e.20,33 and 45

ka BP(Table 6; Lauri tzen et al. 1996,Olsen et al. 2001a).

Urdalen. - A 10-12 m-high road section reaching up to

360 m a.s. l., and wit h a locat ion at e.68° 49' Nand 18° 00' E,

map refr. 1431 IV, 219992, represen ts th is site .The stratigra­

phy comprises two major till units, an upper coarse-grained,

bro wnish-grey t ill wi th a trans ition to a stony, glaciofl uvial

sediment on top, and a low er till w hich is main ly a compact,

fine-grained, bluish-grey, lodgement t ill of typ ical regional

type (e.g., Olsen 1985a, b, Reite 1993).The lower t ill is sepa­

rated into two main part s by a 2-3 m-thick, intercalated,

glac ially deformed sediment complex of diamict ic silty sand,

alterna ting with zones of dark grey and light grey silt lami ­

nae in up to 10-15 cm-thick bands .The silty sand of this com­

plex shows a massive structure, w hereas the defo rmed, dark

and light silt laminae have a structure w hich resemb les that

of a stromatolite. AMS radiocarbon dating of t he insoluble

fraction of bulk-organic deposits from the sediment com­

plex yielded ages of e.20.5 (dark silt laminae) and 27.5 ka BP

(massive diamictic silty sand), th e oldest age in the youngest

st rat igraphic position (Fig. 11). The reverse age cond it ions

may have been caused by glac ial acti vity (erosion - redepo­

sition or glacial tectonics).The blu ish-gre y t ill, includin g the

diamict ic beds within the sediment complex, may th us rep­

resent at least two, and possibly three ice advances over th is

area, i.e. one prior to 27.5 ka BP, possibly also one between

27.5 and 20.5 (LGM 1),and the last after 20.5 ka BP(LGM 2).

Sites along transect 4
Meloya.* - A e. 1.5 m-deep and 2.5 m-wide tre nch on the

western part of the island Meloya. at e.66° 49' Nand 13° 30'

E, map refr. 1928 IV, 282122, is located 4-5 km distally from

th e oldest reconst ructed , lateg lacial, ice-marginal posit ion

(e. 12,300 yr Bp, And ersen et al. 1981, Gjelle et al. 1995).The

stratig raphy at this site, reaching up to 15-18 m a.s.l., com ­

prises a fine-grained, compact, bluish -gre y lodgement t ill,

including shell fragments and redepos ited mar ine sedi ­

ments (wit h algae), and w ith littoral sand on top. An AMS

dating of the insoluble fraction of a bulk-organic sediment

of mari ne origin and redeposited in the t ill, indi cates ice

ret reat from th e shelf to th e fjord area prior to 17,700 yr Bp,

and subseque nt readvance to the shelf.

Bolden.* - This site, also called Skogreina, is a gravel pit

with its sect ions all well belo w the lateglacial marine limi t, in

a complex ice-marginal deposit at e.66° 58' N and 13° 37' E,

map refr. 1928 IV,382261. Coarse-grained beach and subl it­

to ral deposits cover the surface of the formation, w hich

include deltaic fo reset beds overlain by a mora ine complex

comprising m-thick t ills alternat ing with sandy gravel beds.

In the nor theastern part of the gravel pit the mora ine is cut

by a channe l and a younger delta ic form at ion has replaced

Fig. 11. Examples of simplified logs from sites located along all nine
transects indicated on the map, Fig. 1, and in Fig. 10. The logs are
arranged from distal (left) to proximal (right) position and from nor th to
south. Note that dates are show n as ka BP (i.e., t ime-scale in 14C-yr,
except th ose indicated asTUOSLdates wh ich are shown in cal yr) along
transects 1 and 2,and as 14C-yr BPalong all other transects.
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th e mora ine complex. According to Ander sen et al. (1981)

and Rasmussen (1984), the ice margin at c. 12,300 yr BP was

situated at Bolden. The mora ine complex, including the
upp er deltaic formation, may belong to th is lateglacial sub­

stage. Fragment s of shells from the lower deltaic formation
and from the moraine complex yielded 14C-ages at 37-38 ka

BP ( Skogreina TUa-743,TUa-946,TUa-l 092;Table 3, Olsen et

al. 2001a).The lower deltaic formation may th erefore repre­
sent a pre-Iateglacial, ice-marginal deposit, possibly of late

Mid Weichselian age.
Bogneset. - This site comprises the section s of a small

gravel pit wi th adjacent road sections. It is located on the

island Amoya at c. 66° 46' Nand 13° 28' E, map refr. 1928 IV,

328076, and c. 2 km proximally from the ice margin at c.

12,300 yr BP.The gravel pit includes a boulde r horizon c.4 m

a.s.l ., overlain by shell-bearing glaciom arine - marine sedi­

ments and ti lls (Fig. 11 ). The strat ig raphy with radiocarbon

dates indicates ice-free cond it ions in the interval 28.4 - 40

ka Bp, followed by at least three ice advances which were

separated by ice-retreat intervals bet ween 28,355 and

12,300 yr BP.
Asmoen. - This site is located on th e mainland at c. 66°

53' N and 13° 43' E,map refr. 19281,439190,and c.6-8 km dis­

tall y from the Younger Dryas ice-margin posit ion. The site
comprises two 6 m-high river sect ions, some 200 m apart ,

and reaching up to 75 m a.s.1. which is c. 15 m below the

lateglacial marine lim it.The st rat igraphy includes a glacioflu ­

vial - fluvial, sandy gravel overlain by till and flu vial grave l
and sand on top (Fig. 11 ). AMS radiocarbo n dat ing of shell

fragments from the sub-t ill sediments and the t ill indic ate a

considerable age difference from late Mid Weichselian (28­

29 ka BP) to lateglacial between the units.
Kje ldda l. - This site, com prising two exposed river sec­

t ions some 100 m apart, is located at c.66° 46' N and 13° 43'

E, map refr. 1928 IV, 414064 - 415065.The sections reach an

alt itud e up to c.50 - 55 m a.s.l.and th e location is less than 1

km distally fro m an ice-marg inal delta which was deposited

in front of a local cirq ue-glacie r that existed during th e
Younger Dryas Chronozone. The st rat igraphy at Kjeldd al

reveals redeposited shallow -marine sediments and at least

two tills , both several metres thick and contain ing deform ed

sediments.The upp ermo st part of th e sect ions consist of 5­
20 m-thi ck gravelly and stony sand (A) of glaciofluv ial - flu­

vial origin. A combined stratigraphy from Kjelddal comprises
a grey,sandy,compact, lower t ill Cof at least 3 m th ickness.It

cont ains defor med sedim ents of gravelly silty sand wi th

small, thin, shell fragm ents of unknown type (and too fragile

to be sampled during the initial study).The overlying t ill (B)
is subdivi ded into fou r different facies (B1 - B4), all compact

and of bluish-grey colour.The lower facies (B4) is sandy, and

th e lower midd le facies (B3) is silty,darker in colour and con­

tains foraminifera and shell fragments (Macoma ca/carea).

The upp er middle facies (B2) is sandy wi th more bou lders

and cobb les than in th e other facies.The uppermost facies
(Bl) is again more silty and with fewer cobblesand boulders,

and includes shells of Macoma cakarea, Nucu/ana pernu /e,

a.o., and a relatively rich assemblage of foraminifera (Olsen,

in prep.). AMS dat ing of shell fragments from facies B3 and

Bl yielded ages of 33 and 35 ka Bp, wh ich indicate that the

bluish-g rey t ill belongs to th e late Mid and Late Weichselian.
AMS radiocarbon dat ing of the insolub le fraction of bulk ­

organic sediments of marine origin from the same facies of

th e upper t ill gave ages of c.24,860 and 18,880 yr Bp, respec­
t ively (Olsen, in prep.).Therefore, we thi nk that the Kjelddal

stratigraphy represents an ice advance (lower t ill) possib ly

older than 33 - 35 ka BP, a subsequent interstadial followed
by a readvance of the ice after 33 ka BP(upper t ill, facies B4),

a new interstadial at c.25 ka BP(upper ti ll, facies B3),another

ice advance (LGM 1; facies B2) and then another interstadial

at c. 19 ka BP (intercalated waterlain sedimen ts in facies B1).

followed by th e last ice advance (LGM 2) which is repre­

sented by th e upp ermo st part of th e upper t ill. In our recon­

structio n, the Kjelddal stratigraphy seems to comprise all the

major glacial flu ctuations during the LGM interval 15 - 30
(40?) ka BP.

Grytaga.- This site is represented by an exposed c.10 m­

high river section reaching up to 75 m a.s.l. The posit ion isat
c.67° 20' Nand 15° 12' E, map refr.2029 1,088700.The strat ig­

raphy comprises two ti lls, both compact, bluish-grey, lodge­

ment t ills.The lowe r t ill includes deformed sediments of sup­

posed marine origin.The c1ast fabric in th is ti ll indicates an

ice movement towards th e shelf in the west, similar to that

ind icated by striat ions on th e surface of th e under lying
bedro ck.AMS radio carbon datin g of the insoluble fract ion of
bu lk-organic sedimen t redeposi ted in the lower t ill (Fig. 11 )

indicates that the ice flow towards the shelf occurred after

35 ka BP. Clast fabric s in the upper t ill indicate a northerly

directed ice flow, which is likely to represent an ice-flow

direct ion dur ing a deglacia t ion period.The uppe r t ill, whi ch

contains redeposi ted shells of Middle Weichselian age (Fig.

11 ). may therefore belong to the last deg laciat ion, e.g., the

late part of the Youn ger DryasChronozone during which th e

ice flow was northerly in this area (Olsen, in prep.), or it may

belong to a previou s deglaciation period.The strat igrap hy at
Grytaqa ends with a shell-bearing, silt y sand of shallow­

marine origin from the last deglaciation on top.

Risvasselva . - This site is represented by a river section

wi th location at c.6r 02' Nand 15° 59' E, map refr. 2129 11,

434369. The 6-15 m-high section reaching up to c. 515 m
a.s.1. exposes a stratigraphy which includes laminated, ice­

dammed, silty sediments overlain by two t ills (Fig. 11). The

lower ti ll is of a fine-gra ined, compact, bluish-grey, regional

lodg ement type of t ill, similar to,e.g., the Jerstad Till from the
Lillehammer area (Olsen 1985b). and the upp er t ill is silty

sand with a brow nish-grey colour and is also a lodgement

til l. Att empts to find geomagneti c excursions in the sub-t ill
sediments were negative (R. l.evlie, pers. comm . 1997),

whereas an AMS radiocarbon dating of the insolubl e frac­

t ion of bulk -organ ic sediments from the silt yielded an age

of c. 36.8 ka BP. The ice-dammed sediments require an ice
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body situated in the north , pro bably arising during an ice­

advance phase, and thi s corresponds wi th the oldest st ria­

tio ns in th e area which indicate an ice movement du ring

advance phasestowards th e SSW from the mount ain area in

th e N and NEwhere two ice caps exist today. It is likely that
th e ice-damming phase and the lower ti ll belong to an ice
advance well after the expected occurrence of the

Laschamp geomagnet ic excursion. This excursion is recog­

nised, e.g., in cave sediments in western Norway, and

occurred slight ly before 40 ka BP (Larsenet al. 1987,Valen et

al. 1995, 1996). We consider the organ ics in th e silt to be

resediment ed fro m older deposits, which give a possib le age

of the ice-damming phase closer to 30 ka BPthan indicated
by th e 14C-dat ing,but prior to the Lake Mungo geomag netic

excursion at c.28 ka BP.

Sites along transect 5
Hundkjerka.* - This site is represented by sediments in a
karst cave at the coast, at c.65° 26' Nand 12° 33' E, map refr.

1825 IV, 862576. The cave is developed in marble and the

sediments were studied in sect ions exposed du ring activity

in a marble quarry.The sediments, reaching up to c. 40 m

a.s.1. (before further quarryi ng). were situated in the main
ent rance of the cave and in a cave shaft 4-7 m from th e cave

mo uth. The tot al sediment colum n was c. 10 m high and the
st ratig raphy comp rised,from base to top,a 2 m-thick diamic­

ton wi th a dominance of local rocks, an overlying 1 m-t hick

marine regression sequence followed by a 4.5 m-thick, bou l­

dery, stony diamicton of varied lith ology, a th in gravelly

diamicton ,a 0.5 m-th ick t ill and a 1.5 m-th ick marine regres­
sion sequence on top (Olsen, in prep.).A 14C-dati ng of a shell

fragment from the lower marine sediments yielded an age
of c.46 ka BP (TUa-1093,Table 3,Olsen et al.2001a).whereas

dates of shells from th e upper marine sediments yielded
only early Holocene ages (Olsen, in prep.).The t ill may repre­

sent a LGMadvance,either LGM 1 or 2,or it may represent a

Middle Weichselian stadia l. We consider a LGM 2 age to be

most likely because deposition of ti lls probably occurred

dur ing each stadia l and silty clay overlies th e present upp er

till ; which is not st raightfo rward to combine with erosion of
subjacent, probably coarse-grained materials (e.g., till s).

Fiskelauselva. - A c. 5 m-h igh river section reaching up

to 486 m a.s.1. represents thi s site and is located at c.65° 40' N
and 13° 40' E, map refr. 1926 Ill, 342819. The strat ig raphy,

comprising three till s wi th intercalated sediments, belongs
to th e Weichselian after c.30 ka BP (Fig. 11 ).All t illsat th is site

are of th e compact, blui sh-grey, fine-grained regional type,

but th e middl e and upp er t ills includ e more resedimented

silty and sandy sediments. AMS dati ng of th e insoluble frac­

ti on of bulk- organic sediments from the waterlain units and

th e lowermost t ill indicate th e occurrence of three ice­
retreat inte rvals l interstadials at c. 29.4, 28 and 19.5 ka BP

(Fig. 11) and ice advances betwee n 29.4 and 28,28 and 19.5

(LGM 1),and afte r 19.5 ka BP(LGM 2).The representation of a

disturbed magnetic signal of a possible palaeomagnetic

excursion in the lower interca lated silt (Levlie 1994) may cor­

respond to the Lake Mungo excursion, in accordance with
th e 14C-ageof c.28 ka BP.This excursion is also thought to be

represented in cave sedimen ts some 15-20 km southwest of

th is site (Valen et al. 1997).The upper intercalated sediments

at Fiskelauselva represent th e Trofors interstadial (Olsen

1997a).
Hattfjelldal. - A 10 m-hig h machine-excavated section

along a road adjacent to a creek at c.65° 36' Nand 13° 57' E,

map refr. 1926 11 , 518765, represent s this site. The sect ion,

reaching up to 270 m a.s.l., comprises a strat igrap hy with

several metres of glaciofluvia l gravel, capped by a 1-3 cm­
th ick layer of silty sand and over lain by three lodgement ti lls

and intercalated glaciotectonised silt and sand (Fig. 11).The

lowermost t ill is c. 0.5 m thick and fo lded over and int o the
basal part of the overlying lamin ated silt and sand.This may

have happened during the subsequent ice advance. The

consequent reversed age of the sequence of dates through
the lower intercalated sediments, including the overfolded

part, may be explained either by overfolding of the entire

water lain sequence or by overfo lding of the lowermost part

combined with input of organics from erosion in gradua lly
older strata. We th ink that th e erosion hypot hesis fit s best

wi th the observed struct ures and that the olde st org anics

wi th 14C-ages of 30.5 and 34.9 ka BP (the latter from an adja­
cent sectio n) are redeposited in the basal part of the overly­

ing till. In contrast to the two lower ti lls, which are of a fine­

grained, compac t, bluish-grey region al type (e.g. Olsen

1985a, b). th e uppermost t ill is more sandy, w ith a grey to
brown ish-grey colour.The upper, inte rcalated sediments are

com posed of a mo re homogeneous sand than the lower,
inte rcalated, waterlain sediments, which include layers of

both gravelly sand, sand and laminated silt. The pol len and

macrofossil conte nt of th e lowermost sand layer, which is
capping th e gravel, and of the lower, intercalated, waterlain

sediments at Hattfjelldal ind icate two assemb lages of vege­

tation, th ought to represent two interstadials (Hattfjelldal I

and 11 ).whic h are separated by an interveni ng stadiaI (Olsen

1997a, Olsen & Selvik, in prep.). The ice advance between

Hattfjelldal I and II is represented by the thin, glaciotec­

toni sed, lowermost ti ll (Fig. 11). which in our reconstruction

has an age slight ly older than 28,060 yr BP and corresponds

to the ice advance betwee n 29.4 and 28 ka BP recorded at
Fiskelauselva. However, the oldest stadiaI represented at

Hattfjelld al is represent ed by its final phase of deg laciation

prio r to 34.9 ka BP with depositi on of th e thi ck glaciof luvial
gravel represent ed in th e lowermost part of th e sect ion (Fig.

11 ). The ice advances duri ng th e LGM interval, first LGM 1

and th en LGM 2, are probably represented by the midd le
and upp er till s. The ice-retreat inte rval separating these

phases is represented by the upper intercalated waterlain

sand and corresponds with the Trofors inters tadia l at

Fiskelauselva (Olsen 1997a).
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Sites along transect6
Langstrandbakken.- A c.5 m-high machine-excavated sec­

tion reaching up to 20 m a.s.l.along a road at c.64° 54' Nand

10° 50' E, map refr. 1624 1, 868001, represents th is site. The
stratigraphy includes two ti lls, both younger than 37 ka BP

and the youngest probably representing LGM 2 aft er 18.7 ka

BP (Fig. 11). The latter is indicated by an AMS radiocarbon

datin g of bu lk organ ics fro m waterlain sediments which are

part ially inte rcalated between the t ills and part ially glacio­

tectonised into th e upp ermost part of the lower t ill.
Sitter. - This site is represented by the sectio ns of four

machine-excavated trenches of 1.5 m width, 2.5 - 3.5 m

depth and 5-10 m length,with location at c.64° 31' N and 10°
58' E, map refr. 162411,947572 .The sections , reaching up to c.
50 m a.s.l.,comprise a comb ined strat igraphy which includes

six thin till s w ith reworked and/or int ercalated waterlain

sedim ent s. The surface is covered wi th beach gravels. The

three lower til ls are all very compact, but different in compo­

sit ion. The lowermost t ill is a c. 0.3 m-thick, mainly com­
pacted and glaciotectonised sandy silt, with a more diamic­

t ic character includi ng clasts in its upper part .An AMSradio­

carbon dating of bulk organics from this unit, which con­

tains only terrestrial organic material, yielded an age of c.30

ka BP(Fig. 11).The organic content in the overlying t ill seems

to be close to zero,whereasthe subsequent thin t ill is mainly

reworked and t illised marin e sedime nts wi th microfossils
such as dinoflagellates and fo ramini fera (Olsen & Gresfie ld

1999). A dating of bulk organi cs from th ese sediments gave

an age of c.21 ka BP, indic ating that the rewor king and com­
paction pro bably occurred dur ing the LGM 2 ice advance

and that the underlying till belongs to LGM 1. All the units

which overlie the lower three t ills represent lateg lacial depo­

sition al events,c.12.5 ka BP or younger.

Namsen. - This site is represented by a 30 m-high river

sect ion, mainly in t ill deposits, but also including one inter­

calated waterlain sedimen t un it of up to at least 4.5 m thick­

ness (Fig. 11 ).The waterlain sediments represent the infilli ng
of a more than 15-20 m-wide channel which has been

incised into the lower t ill. The locat ion of the site is at c.64°
45 ' N and 12° 51' E, map refr. 1824 1, 982838. The waterlain

sediments include organic material of terrestrial and marin e

origin and are situated at c. 174.5-179 m a.s.1. (Olsen &

Gresfield 1999), which is up to 37 m higher than the

lateg lacial marine limit.AM Sradiocarbon dating of the insol­

uble and hexane extracted fract ions of bulk -organ ic sedi­
ments indi cates that th e high sea-level condit ions occurred

c. 16-18.5 ka BP. This corresponds wi th the regional ice­

retreat interval between LGM 1 and 2,during wh ich t ime the

glacial isostat ic depression of the land surface must have

been considerable over such a long distance from the LGM

position and the coast (Fig. 10) and in so shor t a time after

LGM 1.

0stre Tverraqa.- A machine-excavated section of c.8 m

height, com bine d with percussion drilling and coring

through the remaining 12 m of overb urden above the

bedrock, represents thi s site.The site is located at c.64° 28' N

and 13° 12' E, map refr. 1823 I, 141519, and the stratigraphy

includes t ills, mainly of fine-grained, compact, bluish-grey

type, and reworked intercalated, waterlain sedimen ts. The

overall stratigraphy and AMS radiocarbon dating of the
insolub le fraction of bu lk organ ics from the intercalated sed­

iments indicate ice-free conditi ons at c. 17.8 ka BP (Fig. 11),

and subsequent ice advance during the LGM 2 interval.
Blatjellelva. - This site is represented by two river sec­

t ions of 12 and 27 m height (Fig. 11).The stratigraphy com­

prises t ills, mainly of the regiona l, fine-gra ined, compact,
bluish-grey type , intercalated lake sedimen ts, glaciofl uvial

outwash sediments and ice-dammed lake sediments on top .

The position is at c.64° 10' Nand 13° 38' E, map refr. 1923 Ill,

338181 (sect ion I).The overall stratigraphy and AMS radio­

carbon dating of the insoluble fraction of bulk organ ics from

th e inte rcalated sediments indicate that both LGM 1 and 2
with th e int ervening ice-retreat interva l may be represented
here (Fig. 11).

Sites along transect 7
Reinaa (Renaa), - This site is situated some 20-30 km proxi­

mal from the Younger Dryas ice-marg inal posit ion (Fig. 10),

map refr.1621 11,882138, and is represented by two adjacent

road sect ionswhich include a combined stratigraphy of c.30

m thickness (Fig. 11). The strat igraphy comprises a more

than 15 m-t hick lowe r t ill of fine-grained, compact, bluish­

grey type, with an intervening unit of c.0.3 m-thi ck silt and
sand some 5 m fro m the upper bou ndary of the till.

Laminated silt and sand, overlain by sand and gravelly sand,
are deposited in a glacioflu vial channel which is incised

some 10-15 m deep into the lower till. Two erosional uncon ­

formit ies are recogni sed in the sediment sequence of the

channel.A thick, sandy and silty t ill of grey to brown ish-grey

colour overlies the channel sedimen ts. AMS radiocarbon
dating of the insolu ble fract ion of bu lk organics from

reworked sediments in the t ills and from intercalated sedi­

ments (including the sediments in the channel ) indicate ice

advances between 31.6 and 29.2 ka BP, between 29.2 and

28.7 ka BP and after 16.9 - 19.9 ka BP (Fig. 11). It is possible

that the regional major LGM ice advance (LGM 1) may corre­

spond with one or both ofthe unconformit ies in the channel
sediments between 28.7 and 19.9 ka BP (Fig. 11).

Stcerneset (St ern eset) . - This site is represented by a 5

m-high section reaching up to c.460 m a.s.l. along a road at
c. 63° 11 ' Nand 11 ° 16' E, map refr. 1721 Ill, 14 1078. The

stratigraphy include s three t ills wi th intercalated and overly­

ing waterlain sediments.The sediments are of glaciofluvial
and glaciolacustrine origin. AMS_14( dating of the insoluble

fraction of bul k organics from reworked sediments in the

lower t ill and from the sediments in the boundary zone to

the overly ing t ill (Fig. 11), indicates that the stratig raphy
comp rises ice-free intervals at c.25.2 and 18.8 ka BP and ice

advances during the LGM stadials (LGM 1 and 2).The upper

part of the stratigraphy also includes two tills which indicate
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one or more oscillations of the ice sheet during th e last

deglaciation period .
Flora.- This site is represented by three sect ions along a

steep creek (or small river ) at e.63° 06' N and 11 ° 18' E, map

refr. 1721 111,163006 - 164003.The sect ions,reaching up to e.
264, 280 and 310 m a.s.l., respect ively, include a combined

st rat igraphy which comprises several tills and units of inter­

calated wate rlain sediments. Based on 8 AMS_14( dates,wit h

an average age of e. 17.6 ka Bp, of th e insolubl e fracti on of

bulk organics from sediments reworked in th e till s or from

inte rcalated sediments, it follows that the recorded st rati gra­

phy ind icates ice-free condit ions foll owed by ice-front oscil­

lations and a fin al ice adva nce after e. 17.6 ka BPduring the

LGM 2 stadial (Fig. 11).

Grytdal. - This site is represented by four sect ions along

a steep local road at e.62° 58' N and 10° 34' E, map refr. 1620

IV, 797825 - 798826 - 799826 - 800827.The sect ions, reach­

ing up to e. 158,235, 247 and 260 m a.s.l., respecti vely, com­

pri se a combined strat ig raphy w it h at least six till s,and inter­

calated and underlying sedim ents. The overall st rati g raphy

and radioc arbon dates indicate that ice-free intervals

occurred at e. 39.5 - > 41.8, 37.2 - 38.5,23.7 - 28.4 and e. 19

ka Bp, and ice advances occurred between the se intervals

and after 19 ka BP(Fig. 11).The dates are all of th e insoluble

fraction of bulk organics from sediments, and all of terre s­

trial or ig in, except for those of age 37-39 ka BPwhere a Ce­

deficiency and badly preserved, possible dinoflagell ates

indicate a probable marin e input (e.g.Table 4).

Sitesalong transect8
Skjonghelleren. - The 20 m-thick sediments in thi s cave

(Skjonghelleren) have been studied and described by Larsen

et al. (1987),and th e location of the cave is at e.62° 32' Nand

6° 08' E, map refr. 1120 11,51 0353.The sedi ments, reaching up

to e.63 m a.s.l., comprise diamictons in the upper 4 m, indi­

cating three ice-free intervals separated by periods of ice­

cover rep resented by lamin ated glaciolacustrine silt (Fig. 11).

Bones and speleothems from th e middle diamicton are 14( ­

and UfTh-dated and yield ages between e.28.9 and 34.9 ka

BP, thus representing the Alesund interstadial (Mangerud et

al. 1981, Valen et al. 1996). A palaeomagnetic excursion cor­

related with th e Lake Mungo excursion (e. 28 ka BP) is

recorded in the upper laminated silt sequence (Levlie &

Sandnes 1987), thu s indicating th at the last ice advance rep­

resented in th e Skjonghelleren st rat igraphy started shortly

before 28 ka BP.

Hamnsundhelleren. - The cave Hamnsundhelleren is

located at e.62° 33' N and 6° 20' E, map refr. 1220 111 , 600367,

some 10 km east of the Skjonghelleren cave, and th e cave

sediments have been studied and described by Valen et al.

(1996).The sediments reach up to 59 m a.s.1. (65 m a.s.1. in

th e cave mouth) and compr ise three cave-diamictons of

simi lar character to th ose at Skjonghelleren,w it h underlying

and intervening waterlain sedim ents (Fig. 11). Bones from

th e lower diamicton are 14C-dated to e.24.4, 24.6 and 27.6 -

31.9 ka Bp, but th e fir st two dates are of bones w hich are con­

sidered to have been reworked and di slocated by cryoturba­

tion and/ or glacial act iv ity from th e middle diamicton.These

two dates are considered to date th e Hamn sund interstadial

(Valen et al. 1996), but thi s has been ign ored (!) by Sejr up et

al. (2000) who correlated th e Hamn sund interstadial w it h

th e regional ice-ret reat interval at e.20 ka BP.

A palaeom agn eti c excursion recorded in the middl e

sequence of wate rlain subglacial sediments is correlated

w it h th e Lake Mungo excursion (Valen et al. 1996), w hereas

an old er excursion in th e lowerm ost laminated silt has been

correlated wi t h th e Laschamp excursion , at e. 42 ka BP

(Levlie & Sandn es 1987, Valen et al. 1995). The composite

st rat ig raphy and dates at Hamn sundhelleren indicate ice­

free inte rvals during th e Alesund interstadial and th e

Hamn sund interstadial, as we ll as du ring th e Holocene; and

also ice-covered conditions at e.40 ka Bp, between th e two

interstadials (e.25-28 ka BP) and afte r e.24.4 ka BP(LGM 1?).
The upper intercalated sedimen ts have a complex compos i­

tion w it h lamin ated clay in th e lower part , coarser sand­

dominated, debri s-flow sedi ments in th e middle and t ill

mixed with other diamict sediments in th e uppermo st part

close to th e cave ent rance.Valen et al. (1996) considered th is

unit to represent a cont inuous ice-covered interval from th e

Hamn sund interstadial to th e Holocene,but we suggest th at

the complexity in composition of th e unit may hide traces of

an ice-free inte rval at e. 20 ka BP, i.e. younger th an th e

Hamn sund interstad ial. With thi s interpr etat ion, th e LGM 2

stadial,corresponding to th eTamp en form ation in th e North

Sea(Sej rup et al. 1994),may also be represented in th e upper

part of the same complex unit.

Additional sites* along trans ect 8, at Gamlemsveten,

Kortgarden and Skorgenes, all located distally from th e

Younger Dryas ice-marginal positi on, and at Koll sete w hich

is located in th e inn er Sogn efjord region and 90-100 km

pro ximal from th e Younger Dryas ice-margin al position (Fig.

1), are included in Table 6.

In the overview shown in Fig. 11 we have included a site

from Elgane, Hcqjeeren, in southweste rn Norway.This site is

located less than 10 km from th e coast, more th an 50 km dis­

tall y to the Younger Dryas ice-marginal position, and mid ­

way between tr ansects 8 and 9, i.e.a long dist ance from both

tran sects.Nevertheless, the site is included due to it s impor­

tant st rat igraphy with in situ Middle Weichselian marine sed­

im ents (overlain by till ) situated at an alt itude 170-1 80 m

higher than the lateglacial mar ine limit of e. 15-25 m a.s.!. in

this area (Janocko et al. 1998). Middle Weichselian marine

sediments at Hoqi eeren have been known for a long ti me

and a number of sites wit h similar information such as th at

of the Elgane site have been reported from thi s area (see

review in Stalsberg et al. 1999).

Sitesalong transect9, western region, middlezone
Relevant information from sites farther inl and are not avail­

able from thi s region .
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Herlandsdalen. - This site is represented by a 12 m-high

river sectio n reaching up to c.242 m a.s.1. and is located at c.

59° 28' Nand 9° 50' E, map refr. 1713 1,470923.The stratigra ­

phy includes three tills, the two lower of fine-gra ined, com­
pact, bluish -grey regional type with intercalated silt and

sand, and the upper till of more sandy, coarse-grained char­

acter with grey to brownish-grey colour. Clast fabrics indi­

cate a generally southeast ward ice-flo w direc tion (Fig. 11).

The stratigraphy and AMS radiocarbon dating of the insolu­

ble fraction of bulk organics from the lowermost t ill and
from intercalated sediments indicate ice-free conditions at c.

28.3 and 23.3 ka BP, and ice advances bet ween these ages

and after 23.3 ka BP.
Rundhaugen . - This site has previously been described

by Roaldset (1980), and reinvestiga ted and dated by the

Geolog ical Survey of Norway (Olsen & Gresfjeld 1999).The

site is represented by a 4 m-high sect ion along a local road
at c. 59° 28' N and 9° 49' E, map refr. 1713 1,467927.The sec­

t ion reaches up to c. 245 m a.s.l, and the st rat igraphy com­

prises defo rmed silt overlain by a t ill,which varies in compo­
sition and colo ur from fine-grained bluish-grey and green­

ish-grey in lower parts to coarse-grained brownish -grey in

its upper part. The c1ast fabric in the till and deformation
structures in the sub-til l sediments with small-scale folding

and shearing indicate an ice-flow direction towards the SE

(note that the arrow head is po inting in t he opposite/wrong

direct ion in Fig. 3: Olsen & Grosfjeld 1999, due to a print ing

error ).This indicates open-sea conditions du ring depos iti on,

which implies that the silt may have a marine orig in as also

ind icated by a strong Ce depletion (see above, and Roaldset

1980).Some algae-like microfossi ls of possible marine orig in
occur in the silt, but have not been properly identified (due

to bad preservation) and must therefore be considered as

unknown. Dating of bulk organics from the silt (Fig. 11 ) sup­

ports a corre lation wi th the Sandnes inters tadial (c.30-40 ka

BP), assuggested by Roaldset (1980).

Passebekk. - This site is represented by three secti ons

along a road located at c. 59° 31' Nand 9° 45' E, map refr.

1714 11,457963 - 1713 I,457956.The sect ions,reaching up to

251,2 70 and 330 m a.s.l., comprise a st rat igraphy wi th three

til ls and rewo rked and int ercalated sediments (Fig. 11).The

lowermost t il l is of fine-grained, compact, bluish-grey

regio nal type,whereas the younger t ills are mo re sandy and

wi th brownish-grey colo ur.The stratigraphy at th is and the
neighbouring sites west of Oslofjorden, and the AMS radio ­

carbon dating of the insolu ble fract ion of bulk organics from

reworked and inte rcalated sediments (between ti lls), indi­

cate ice-free cond itions at c.28-32,23.3 and 21 ka BP, and ice

advances wi th depos ition of t ills between these ages,aswell

as after 21 ka BP.

Sites along transect 9, eastern region, from coast to
inland
Skjeberg . - This locality is represented by the 4 m-high sec­

tions of a garage site located at c.59° 10' Nand 10° 04' E,map

refr. 1913 11,280605.The sections , reaching up to c.35 m a.s.l.,

comprise a stratigraphy including four t ills wi th intercalated

and overlying sand and gravel. Striations on bedrock in the

neighbourhood and on stones in the t ills indicate an ice­

flow direct ion generally to wards the SSW.AMS radiocarbon
dat ing of the solu ble and the insoluble fract ions of bulk

organ ics from a silt layer in th e lowermos t, intervening,

waterlain sedimen ts yielded ages of c. 16.8 and 19.5 ka BP

(Fig. 11 ).This ind icates that the underlying and overlying t ills

may represent LGM 1 and 2, respect ively.The site is located
w ithin the wide and comp lex zone of the Ons0Y - Borge

moraines (c. 11 ,300 yr BP; R. Sorensen 1983, Olsen &

Serensen 1993),and the two uppe r t ills may therefore repre­

sent ice-front oscillati ons dur ing th is substage.The gravel on

top is beach gravel of Mid Holocen e age (Olsen & Sorensen

1993).

Dokka . - This site is represented by a 8 m-high sect ion

adjacent to a creek and along a road at c.60° 49' Nand 10°

04' E,map refr.1816 1V,584435.The section reaches up to 170

m a.s. l.and comprises a stratigraphy with two t ills and inter­

calated sand and gravel. The lower t ill is of a fine-grained,
compact, bluish-grey regional type (Olsen 1979, 1985a, b),

whereas th e upper t ill is silty to sandy, grey and also rela­

t ively compact. ( last fabrics indicate ice-flow direct ions

towards the SE and SSE (Fig. 11 ).The strat igraphy and AMS

radiocarbon dat ing of th e insolu ble fract ion of bul k organ ics

from lenses of redeposited sediment in the low er t ill, and

fro m c1asts and veins of silt in the boundary zone bet ween

the intercalated sediments and the overlying t ill, indicate

ice-free cond it ions at c.27 and 19 ka BP (Fig. 11 ).The t ills indi­

cate ice advances between these ages and afte r 19 ka Bp'

probably corresponding to LGM 1 and 2, respectively.
Rokoberget. - This site is represented by a 4 m-high sec­

t ion along a local road at c.60° 47' Nand 110 28' E, map refr.

2016 IV, 348412. The Rokoberget site was first reported by

Rokoengen et al. (1993),and th en further described by Olsen

& Grosfjeld (1999). The strat igraphy comprises a t ill wh ich

overlies glaciotectonically deformed silt, with poll en and

marine microfossils (dinocysts) recorded at two levels, c. 47

and 34 ka BP. A hiatus is bel ieved to occur between th e

dated levels (Fig. 11; Olsen & Grosfjeld 1999).The silt reaches

up to c. 233 m a.s.l., which is well above the lateglacial

marine limit (190 m a.s.l.) in this area.The high alti tude of the

corresponding sea levels is explained by glacial isostasy
(Olsen &Gresfjeld 1999). Deformat ion struc tu res in the sub­

t ill sediments, c1ast fabr ics in the t ill and f1u tings on the adja­

cent surface indicate an ice-flow pattern which corresponds

to the late Middle and Late Weichselian glacial ice-flow

development in the Mj0sa region (Olsen 1985a, b).

Stampesletta. - This locality is represented by the 6 m­

high secti ons on the site of one of the sports bu ildings
(Hakonshallen) used during the Olymp ic Winter Games at

Lillehammer, 1994, and the locati on is at c.61° 07' N and 10°

28' E, map refr. 1817 11, 794776.The sect ions, reaching up to c.

250 m a.s.l., comprise a stratigraphy wi th 10-15 cm of silt



L.OLSEN,H.SVEIAN, B. BERGSTR0M,S. F. SELVIK,S-E. LAURITZEN, 0. STOKLAND & K. GR0SFJEW N GU -BULL 438 , 2001 - PAGE 43

overlain by two tills, the lower one correspondin g to th e

fin e-grained, compact, bluish-g rey Jorstad t ill (Olsen 1985b),

and th e upper ti ll of more coarse-grained character and wi t h

a grey to brownish-grey colour. AMS_14Cdating of the insol­

ub le fraction of bulk organics from the sub-til l silt indicates

an age correspo ndi ng to th e Mi ddle Weichselian wate rlain

sediments overlain by the Jorstad till and younger t ills at the

neighbouring Mesna site (Olsen 1985b, 1995, 1998). Bulk

organics from a clastic dyke w hich penet rates the lower t ill,

sta rting from t he boundary zone to t he overlying t ill, have

been 14C-dated and yielded an age of c. 16 ka BP (Fig. 11).

Dating of bulk organics from a similar dyke which pene­

t rates th e Jorstad till at th e Mesna site also yielded an age of

c. 16 ka BP (UtC 6041, Table 2, Olsen et al. 200 1a). Clastic

dykes of this kind have been described by, e.g., Larsen &

Mangerud (1992), and are typically t hou ght to have been

injected into subjace nt materials from th e sole of an overrid­

ing glacier. In the examples from Stampesletta and Mesna,

such injections may thus have occurred during th e last

major ice adva nce (LGM 2).

Grabekken. - This site, named Gramob ekken and fi rst

described by Garnes (1978),was further st udied by Thoresen

& Bergersen (1983). and t hen by Olsen (1997 b; and unpub­

lished material) who also renamed th e site in accordance

wi t h t he name Grabekken used on t he 1:50,000 map-sheet.

The locat ion is at c.62° 11' Nand 10° 26' E, map refr. 1619 Ill,

749959.The stra ti graphy comprises gravel and sand w it h a

th ick intervening sequence of laminated clayey silt, and an

overlyi ng t hick t il l.The t ill is of f ine-grained, com pact, bl uish­

grey typ e, similar to the Jorstad til l (Olsen 1985b) .

Radi ocarbon dating of th e insoluble and solub le fr act ion s of

bulk org anic s from th e low ermost gravels, close to the

bedrock surface, yie lded ages of 32-37 ka BP (Thoresen &

Bergersen 1983).UfTh and 14C dati ng of a calcareou s concre­

ti on from th e upper part of th e sub-t ill sediments gave sig­

nific antl y d ifferent ages, c. 19 (i.e. 22,230 cal yr) and 41 ka BP

(Fig. 11). We consider t he 14C-age to be too old due to old

carbon ate circul at ing in th e groundwater, and t he UfTh age

to be to o young due to a low 230Thl 232Th rati o « 20) whic h

indicates con ta mi nation by detri ta l th or ium, and w hich gen­

erally gives too young ages.

The stadia l repesented by th e t il l is probably younger

th an 32 ka BP, in accordance w it h th e 14C dates fro m th e

underlying sediments, but an age as young as 19 ka Bp, as

indicated by the minimum age of the calcareous concretion,

seems less likely.

FoUdal . - This site is represented by a secti on along th e

main road in Folldal and located at c.62° 11' Nand 10° 27' E,

map refr. 1619 Ill, 756965. The section is located c. 550 m

from th e Dj updalsbekken site w hich has bee n describ ed,

e.g.,byThoresen & Bergersen (1983) and more recently st ud­

ied by the Geological Survey of Norway (Olsen, unpublished

mater ial). The up per 4 m of t he Folldal section, w hich

reaches up to 550 m a.s.l,and some 20 m lower th an th e sub­

till sediments at Grabekken. is shown in Fig. 11.The stratigra-

phy comprises a more than 5 m-thick lower ti ll overla in by

1.5 m of sand and laminated silt, fo llowed by th e erosional

remna nts of a f ine-grained, compact, bluish-grey ti ll, which

at Djupdalsbekken exceeds 10 m thickness and underlies at

least one younger, more coarse-grained ti ll. AMS radiocar­

bon dating of t he solub le (A) and inso lub le (B) fr act ions of

bulk organics from th e silt indicates ice-free conditions at c.
23.3 - 26.3 ka BP (Fig. 11).We consider an average of c.25 ka

Bp, or closer to t he age of t he insoluble frac tion (26.3), to be

the most like ly age of t he sediments, and a corre lation with

the Grabekken sub-till lami nated silt seems reasonable.The

overlying, fine-grained, bluish-grey tills at th e nearby Folldal ,

Dju pdalsbekken and Grabekken sites are considered to rep­

resent a correlative t ill unit, and th is ti ll may represent an ice

advance during the LGM interval. The ice flow w as first

di rected down-valley to the E-ESE, as indicated by c1ast fab­

ric and deform at ion struc t ure s in the lowermost part of th e

t ill , but then turned to a more no rtherly direction, and even

to the NNW and NW in th e upper parts, also in accordance

wi t h clast fabr ics in t he ti ll.ln this reco nstr uction th ere are no

indica t ions of ice-f ree conditions between LGM 1 and 2 in

the Folldal area.

Discussion
The meth ods used for palaeoc lim atic and palaeoenviron­

mental interpretations, and the presented examples of

Middle to Late Weichselian stra tigra phic successions along

nin e transects from inl and to coast in di fferent parts of

Norway, are all important elements in the reconstruction of

the glacia l history presented in t his paper.The high regional

cons iste ncy of t he general stra tigraphy, as indicated in Figs.

9-11 & Table 6, is th e major basis for t he glaciation model

which is presented in a linked paper (Olsen et al. 2001 b).

It is possible that the exam ples of glaciomarine facies C

(Table 5).althoug h sparsely represented in Table 6, represen t

t he most qualitative ly import ant sediment facies fo r the

reconstruction of th e regional glacial history. The signifi­

cance of th is facies is t hat it reflects very high relative sea­

level condit ions, thus prob abl y implying a con siderable

glacial loading on t he land surface. Such conditions also

indicate extre mely unsta ble glacia l condit ions, which is an

im por ta nt eleme nt of our g lacial mod el (Olsen et al. 2001b).

Theoretic ally, some of t he uplift refle cted by these

marine sediments could be of tectonic origin. However, it is

di fficul t to understand how generally irregu lar tec ton ic

movements could exp lain th e fin ds of marin e sediments of

wi de ly different ages at nearly th e same alt it udes and loca­

t io ns (e.g., Magelva 11, Store lva, Rokoberget; Table 6).

Although glacial t ranspo rtat ion canno t be reject ed in all

such known cases (e.g., Slet taelva; Vorren et al. 1981, and

Mage lva I; Olsen et al. 200 1b), it has been claim ed t hat

repeated,vertical,g lacia l isostatic movements caused by the

loadin g - un loading of major ice sheets expla ins most of the

very high, upli ft ed, marin e sedi me nts (Olsen & Gresfjeld

1999).
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There is a notic eable scarcity of radiocarbon dates of
shells with ages between 27 and 17 ka BP in our data base,

which may reflect a general scarcity of shells in th is age

range on the Norweg ian mainland. This is discussed by

Olsen et al. (2001a, b), and needs to be studied more thor­

oughly in th e futu re.

AMS radiocarbon dating of sediments w ith low organic

conte nt is another important method for th e reconstr uction

of the glacial histor y.We have tried to overcome the disad­

vantag e wi th regard to sensitiv ity to cont amination of sedi­
ments wi th small organic conte nt , by carefu l sampling and

stori ng, and by using several dates from each set of closely

spaced and genetically and chron ologically conn ected units
(Olsen et al. 2001a).

It has been show n by a few examples with 'cont rol' dates

based on different dating methods, that th e accuracy of the

sedim ent dates (mainly the INS fraction) is relat ively high,

e.g. less than 10-15 % deviat ion between (test- ) dates and

control dates, and by using replicates we have also shown

that the precision is fair ly high ( Olsen et al.2001a).However,
it is evident that the st rongest argum ent for an overall relia­

bi lity of th e method and app roach we have used is th e

apparently high regional consistency, which we also have

postu lated based on general considerations of the t iming of

th e stratigraphy and geolog ical events in our model (Olsen

et a1.2001a, b).

Based on variousdat ing meth ods (Olsen et al.2001a),the

geochronologic al range of the regional strat igraphic record

presented here seems fairly accurately determined to the
40-15 ka (14C) BP interval.The four majo r ice advances whi ch

are th ought to be represented along most of the tran sects
(Figs. 1 & 9) may not have been synchronous, but the ti me

needed for repeated cycles of build-up of extensive glaciers

fo llowed by major ice retreat during th e 40-15 ka BP int erval

constrains the non- synch roneity to a few thousand years in
each case.Therefore, even if the major stadial and intersta­

dial event sare not synchronous regionally,these events can­

not in any case be more than 2000-3000 years outside the
estimated (regional) age-range (Fig. 9).

The overall pattern of glacial variat ion during the 40-15

ka BP int erval shows rapid shift s between alterna tin g ice

cover and ice-free condit ions, even wi th a much lower dat­

ing accuracy and precision than we have found (Olsen et al.

2001a). Hence, most of the western parts of the

Sca ndinavian ice sheet must have been warm-based,except
for some high mountain areas with possible cold -based ice,
durin g the Mid dle and Late Weichselian stadials.This is dif­

ferent from the cent ral parts of Fennoscandia where exten­

sive cold-based ice is suggested to have occurred and pre­

vailed during a considerable part of th e Late Weichselian

(e.g., l.aqerback 1988, Olsen 1988, Soll id & Serbel 1988,

Kleman 1992).

Rapid shifts between glacial and interstadial condition s

also include intervals of rapid ice growt h.So far, no accurate

calculat ions have been made on precipi tatio n necessary for

such fast ice growth. However, we suggest that a precipi ta­

t ion wi th a net accumula tion on the same scale as the aver­

age for the Holocene in Greenland (c. 0.1 m per year;

Dansgaard et al. 1993) may be enough to produce such high

ice-gro wth rates which are requ ired in our model.
An attempt has been made to use magnetic susceptib il­

ity (MS) as a too l for correlati on between soils from the last

interglacial in northern and southern Norway (Olsen 1998),

and th is possibility is further emphas ised for Weichselian

interstadial soils (Fig.5;Olsen 1997b).Olsen (1997b) also car­

ried out a preliminary study wi th reconstruction of palaeo­
rainfall using tentative numbers obtained directly from MS

measurements of well- drained Norwegian soils and pale­

osols. This is based on the assumption s that (i) the pede­

genic magnetic susceptibility of soils is a rapid ly formed soil

property which is preserved after burial in an almost steady­

state condi tion , and (ii) a proportiona l relationship exists

between rainfall and the MS pattern of wel l-drained soils.

Such a proport ional relat ionship between modern rainfall

and the pedogenic MSof young soils from different parts of
the world, mainly China, has been reported by Maher &

Thompson (1995).

The inferred palaeorainfall based on the paleosol MS

data shown in Table 1 indi cates that the climate may have

been genera lly drier than today during the Middle and Late

Weichselian interstadials, wi th the long and complex

Sargejohka inters tadial (Olsen et al. 1996) as a possibl e
exception to th is trend.

The sparse po llen data that we have acquired from

Mid dle and Late Weichselian interstadials from inland areas

of Norway are too skeletal to suppo rt,aswell as to challenge,
th e climatic interpretation based on the MS data (i.e., rela­

t ively dry cond itions). However, the climate and vegetation

tentatively inferred from the pollen dat a and plant remains

are thought to have been colder and poorer than the pre­

sent, possibly similar to low arct ic to subarct ic tundra areas

tod ay (Table 2).
Tentative sea-surface temperature (SST) may be inferred

from mollusc shells and some dinoflagellates, but precise

est imates are not available and the SST values may therefore

range from arctic to boreal temperatures (e.g., Fig. 6, and

Tables 3 & 4). Pollen from coastal sites prov ides proxy data

for summer air temperatures, which also have a wide range

even for the short time interval 21-16 ka BP (e.g.,Vorren et al.

1988, Alm 1993).

Summary and conclusions
In th is contribut ion we have reviewed the comprehensive

stratigraphic database and indi cators for palaeoclimat ic and
palaeoenvironmental interpretat ions during the Mid to Late

Weichselian ti me interval based on nine transect s from

inland to coast in Norway.The construc ted glacial curves for

these transects and their geochronologic basis are pre­

sented in two compa nion papers (Olsen et al.2001a, b).

The generali sed strat igraph y and regional strat igraphic
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consistency show clearly a similar and th erefore regio nal
trend, wi th large ice-sheet fluctuations in all regions during

the period 40-15 ka BP.The overall pattern of glacial varia­

t ions shows rapid shifts between alternating ice cover and

ice-free cond iti ons. Marine sediments in sub-ti ll positions at

high altitudes above lateglacial marine levels are record ed

in many areas and regions of Norway (Andersen et al. 1991,

Olsen 1997a). These upli ft ed sediments could theoretically

be explained by tectonics, but as th ey occur in many areas

and at high alt itudes in several ice-free periods, the most
likely explanat ion must be stro ng glacial isostasy (Olsen &

Gresfjeld 1999).This must have included an element of rapid

ice retreat, e.g., comparable to the last deglaciation, or even

faster than that. With a stable ice sheet and phases of slow

ice retreat , combined with insignificant tectonic move­

ments, there woul d be no in situ marine sediments at high

alti tudes. Consequentl y, th e occurrences of regiona lly high

relative sea levels imp ly an unstable ice sheet and rapid ice
retreat, which is not compatible with a thick ice sheet and a

large ice volume included in the classical Scandinavian ice­

sheet mod el (Vorren 1977,Andersen 1981,Mangerud 1991).

The reported and review ed palaeoclimatic evidence

(e.g.,biologi cal data:Tables 2-4 and Fig.6; oth er data:Table 1

and Figs.4 & 5) may be taken as a tentative indication of rel­

atively dry, low arcti c to subarctic conditions during most of
the phases of reduced ice extension durin g th e period 40-15
ka BP. This implies that, to reach the high ice-growth rates

needed to explain all th e recorded glacier fluctuations, there

must have been abrupt changes to high- precipitat ion con­
ditions du ring the transiti ons from int erstadials to stadials.

Acknowledgements
The main basis for th is paper is several yea rs of regional Qua terna ry

geo logical mapping and st rat ig raphical f ieldwork funded by t he

Geo logical Survey of Norway (NGU). John Lowe and At le Nesje have

read and com mented on an earlie r dr aft of th e manu script, and David

Roberts has cor rect ed th e Engli sh t ext. Irene Lund qvist and Bjorg

Svendqa rd have drafted the figures. We are grateful to NGU and all

th ese person s, as w ell as th e reviewers of th is manu script, Arne Reite

and At le Nesje, and t hank ever yone for their he lp.Th is paper is a cont ri­

bution to project 5.3.3 in the NORPAST (Past Climates of the Nor wegia n

Region) project , a co llabo ration between Norwe gia n geo logica l and

biol ogical research in stitutions.

References
Aim, T. 1993: 0 vre fErasvatn - palynost ratigrap hy of a 22,000 to 10,000

BP lacu strine reco rd on Andeya, northern Nor w ay. Boreas 22,
171-188.

And ersen, B. G. 1981: Late Weic hsel ian Ice Sheets in Eurasia and

Green land. In Denton , G.& Hughes ,T.(eds.):TheLast Great IceSheets,
3-65.John Wiley and Sons,New York.

Andersen, B. G., Been, F., Nyda l, R., Rasm ussen, A. & Vallev ik, P. 1981:

Radiocarbon dates of marginal moraines in Nord land, No rth

Nor way.Geografiska Annaler 63, 155-1 60.

And ersen, B.G.,Wangen,O.P.& 0s tmo, S.R. 1987: Quaterna ry Geol ogy of

Jeeren and adja cent areas, southweste rn Norway. Norgesgeologiske
undersekelseBulletin 4 11,55 pp .

And ersen, B.G.,Bakken , K., Dale, B., Fugelli , E., Henningsmoe n, K. E., Heeq ,

H. I., Nagy,J., Read,A .& Tell emann, H. 1991: Weichselian St rat ig raphy

at Oppstad, Hoqernor k and Foss Eig eland, Jeeren, SW Norw ay.Striae
34, 109-124.

Banerjee, S. K. 1995: Chasing th e Paleom o nsoon over China : its mag­

net ic proxy record .GSA Today5, 93-97.

Barss,M.5.& Wi ll iams, G.L. 1973: Palynol ogy and nann ofossil processing

techn iq ues.Geological Survey of Canada,Paper 73-26, 25 pp.

Berg ersen, 0 . 1991: Norske mammutfunn og kvart a=rgeologi. Naturen 6,
254-262.

Bergersen, O. & Garnes, K. 1981: Weichselian in central South Nor w ay:

the Gudbrandsdal Interstad ial and the following glaciation. Boreas
10,315-322.

Dansgaard,W., Johnsen, S.J., Clausen , H. B., Dahl -Jensen , D., Gundestr up,

N.S., Ham mer,C.U., Hvidberg,C.5.,Ste ff ensen,J. P.,Sveinbjo rnsdo t t ir,

A. E., Jouz el, J. & Bond, G. 1993: Evid enc e fo r ge neral instability of

past cli mate from a 250-kyr ice-core record.Nature364, 218-220.

Dionne, J. C. & Caille ux, A. 1972: Faulted calcareous concretion s in

Pleisto cene sediments.Journal ofGeology 80,744-748.

Fa=gri, K. & Iversen, J. 1989: Textbook of pollen analysis. 4. In Fa=g ri, K.,

Kaland, P. & Krzywinski, K. (eds.). John Wiley & Sons, Chic hester, 328

pp .

Garn es, K. 1978: Zur St rat ig raph ie der Weichseleiszei t im zentralen

SOdnorwegen. In Nag l, (ed.): Beitrage zur Ouartiu- und andschafts­
forschung. Festschrif t zum 60. Geburtstag von Julius Flink, Wien,

195-220.

Gje lle, 5., Berqstrern, B., Gust avson , M., Olsen , L. & Sveian, H. 1995 :

Geology and landscape around the Arctic Circle in Norway. Norge s

geo logiske undersekelse, 128 pp .

Hald, M., Seett ern, J. & Nesse, E. 1990: Midd le and Late Weichsel ian

st rat igraphy in shallow dri ll in gs fro m th e southw est ern Barents Sea:

fo ram iniferal, ami no acid and radiocarbon evidence. Norsk
GeologiskTidsskrift 70, 241-25 7.

Heintz, A. 1974: Tw o new fi nd s and two new age-determ inations of

mammot hs f ro m Norway.NorskGeologiskTidsskrift 54, 203 -205 .

Idl and, M. A. 1992: Geokjemiske analyser av de norske mammutrestene
med henblikk po datering.Unpublished Thesis, Uni versit y of Bergen,

77 pp .

Janocko, J., Landv ik, J. Y., Larsen, E., Sejrup, H. P. & Steinsund , P. I. 1998:

Midd le and Late Quate rna ry deposit ional histo ry reconstructed

from two boreho les at Lagj a=ren and Heqj eeren SW Nor way. Norsk
GeologiskTidsskrift 78, 153-167.

Kleman, J. 1992: The palimpsest gl acial landscape in northwestern

Sweden - Late Weich selian de glaciati on landforms and t races of

olde r w est-cente red ice sheets.GeografiskaAnnaler 74, 305-325.

Kukla, G. J., Heli er, F., Liu, S.-M., xu T.-C., l.iu, T.-S. & An, Z.-S. 1988:

Pleistocene cl ima tes dated by mag net ic susceptibili ty . Geology 16,
811-814.

Laqerback, R. 1988: Periglacial ph enom ena in th e wooded areas of

northern Swed en - a relic from the Tarendo Int erstadi al. Boreas 17,
487-49 9.

Larsen, E., Gulliksen, 5., Lau ritzen, S.-E., Lie, R., l.ev lie, R. & Mangerud , J.

1987: Cave st rat ig raphy in we stern Norway ; mult ipl e Weich selian

glaciations and inters tadial ver tebrate fauna .Boreas 16,267-292 .

Larsen, E. & Mang erud, J. 1992: Subg lacially form ed clast ic dikes.

SverigesGeologiska Undersokning,Ser.Ca81, 163-170 .

Laur it zen, S.-E., Nese, H., Lie, R. W, Laurit sen, A. & Levli e, R. 1996:

Int erstadial /interg lacial faun a from Norcemgrotta, Kjop svik , Nor th

No rw ay.Karst Waters InstituteSpecial Publication 2. Climate Change:
TheKarst Record,89-9 2.

Lowe, J. J. & Walker, M. J. C. 1997: Reconstructing Quaternary
Environments. Second Edition. Ad dison Wesley Lon gman Lim it ed,

446 pp .

l.evli e, R. 1994: Paleomagneticpropertiesof theFiskelausvatnet sedimen­
tary sequence - Initial results. Uni versit y of Bergen , un published

report, 24 pp.

Levlie, R. & Ell ingsen, K. L. 1993: Palaeomagnetic investigation of inter­
glacial sediments from Sargejohka, Finnmarksvidda. University of

Berge n, unpublished repo rt, 29 pp .

l.ev lie, R. & Sandn es, A. 1987: Palaeom agn eti c excursio ns record ed in



N G U-BUL L 438, 200 1 - PAGE 46 L.OLSEN, H.SVEIAN, B.BERGSTR0M, S. F. SELVIK, S-E.LAURITZEN, 0 .STOKLAND & K. GR0SFJELD

m id -Weichselian cave sediments from Skjonghe lleren, va lde rey, W.

Norway.Physicsof the Earth and Planetary Interiors 45, 337-348.

Maher, B. A. & Thompson, R. 1995: Paleorainfa ll recon stru cti on s from

pedogenic magnetic suscept ibility variati ons in the Chinese loess
and paleosols.Quaternary Research44,383-391.

Mangerud, J. 1991: The Last Ice Age in Scand inav ia. In Ande rsen, B.G.&
Koniqsson , L.-K. (eds.): Late Quaternary Stratigraphy in the Nordic
Countries 150,000 - 15,000 BP.Striae 34, 1S-30.

Moller, J. J., Dan ielsen, T. K. & Fjalstad, A. 1992: Late Weich selian gl acial

maximum on Andeya, North Nor way.Boreas2 1,1-13.

Nese,H. 1996: Sedimentologisk utv ikling av grottene i Kjopsvik - med hov­
udvekt po Storsteinsholesystemet.Unp ubl ished Thesis, University of

Bergen, 157 pp.
Nese, H. & Lauritzen, S.-E. 1996: Quatern ary st rat ig raphy of the

Storsteinhola cave syste m, Kjopsvi k, no rth Nor way. Karst Waters
Institute Special Publication 2, 116-12 0.

Olsen, L. 1979: Kvartcergeologiske undersokelser i 0 . Gausdal -
tittenammer-omradet, Oppland . Unpublished Thesis, University of

Bergen,480 pp.
Olsen, L. 1985a: Lillehammer. Description of th e Quaternary geo log ical

map 1817 11 - 1:50,000.NorgesgeologiskeundersekelseSkrifter 60,47
pp .

Olsen, L. 1985b : Weichselian Till Stra t igraphy in the Lillehammer Area,

Southea st Nor way. Norgesgeologiske undersekelse Bulletin 40 I , 59­

81.
Olsen, L. 1988: StadiaIs and interstad ials during the Weichsel gla ciation

on Finnm arksvidda, northern Norway.Boreas 17,5 17-539.

Olsen, L. 1995: Quaternary palaeoso ls in Norway - examples from
selected areas. (Extended abstract) Norges geologiske undersekelse
Bulletin 427, 12-15.

Olsen, L.1997a: Rapid shift s in glacial extension charact erise a new con ­

ceptual model for glacial variat io ns during th e Mid and Late
Weichselian in Nor way. (Extended abstract) Norges geologiske
undersokelseBulletin 433, 54-SS.

Olsen, L. 1997b: Pedogenic magnetic suscepti b ility in Norwe gian
palaeosols and tills - a tool for strati graphic correlat ion and paleo­

rainfall esti mat ion. (Extended ab stract ) Norges geologiske under­
sekelse Bulletin 433, 56-57.

Olsen, L. 1998: Pleistoc ene paleoso ls in Nor way: implications for past

cl imate and g lacial erosion.Catena 34, 75-103.
Olsen, L., Van der Borg, K., Berq strern , B., Sveian , H., Lauritzen , S.-E. &

Hansen, G. 2001a: AMS rad iocarb on dati ng of glacigenic sediments
w ith low organic content - an im po rtant tool for reconstructi ng the

history of glacial variations in Nor way.Norsk Geologisk Tidsskrift 81,
59-92.

Olsen, L., Sveian, H. & Bergstrom, B. 2001b: Rapid adjustments of the
weste rn part of th e Scandina vian ice sheet du ring th e Mi d- and
Late Weich selian - a new model. Norsk Geologisk Tidsskrift Bl ,
193-117.

Olsen, L.& Grosfjeld, K. 1999: High Middle and Late Weichse lian relative
sea levels in Norway - wi th im plicat ions for the glacial isostasy and

th e ice-ret reat rates.Norges geologiskeundersekelse Bulletin 435,43­

51.
Olsen, L., Mejdahl, V. & Selvik, S. F. 1996: Midd le and Late Pleistocene

st rat ig raphy, chronology and glac ial history in Finnmark, North
Norway.NorgesgeologiskeundersekelseBulletin 429, 1-111 .

Olsen, L.& Sorensen, E. 1993: Halden 1913 11. Kvart cergeo logisk kart M
1:50 000 med beskriv else.Norgesgeologiske undersekelse.

Peacock,J. D. 1989: Marine molluscs and Late Quaternary env ironmen­

ta l studies wi t h part icular reference to th e Lateg lacial period in
north-west Europe: a review.Quaternary Science Reviews8,179-192 .

Rasmussen, A. 1984: Quaternary studies in Nordland, North Norway.
Unpublished Dr.Thesis, University of Bergen , 29 pp .

Reite,A. 1994: Weich selian and Holocene geology of Ser-Trondelag and
adjacent part s of Nord-Trondelag county, Central Norway. Norges
geologiske undersekelseBulletin 426, 1-30.

Roald set, E. 1980: Overconso lidated sub-t ill clays in Herland sdalen,

lower Num edal , south Nor way.NorskGeologisk Tidsskrift 60,39-51.
Rokoeng en, K., Olsen, L. & Selvik, S. F. 1993: Sub-till sedi me nts at

Rokoberg et, southeaste rn Norway. Norges geologiske undersekelse
Bulletin 424, 1-12.

Sejrup, H. P., Haflidason, H., Forsberg , C.F., King , E., Long , D.& Rokoeng en,

K. 1994: Late Weichselian g laciat ion history of the northern Nor th

Sea.Boreas23, 1-13.
Sejrup, H. P., Larsen, E., Land vik , J., King , E. L., Hafl idason, H. & Nesje, A.

2000 : Quaternary glaciati on s in south ern Fennoscandia; evidence
from south-weste rn Norway and the northern North Sea.

Quaternary Science Reviews 19,667-685.
Sollid, J.L.& Sorbe l, L. 1988: Infl uence of tem perature con ditions in for ­

mation of end moraines in Fennoscandi a and Svalbard. Boreas 17,
553-55 8.

Stalsberg, K., Landvik, J. Y., Larsen E. & Sejrup, H. P. 1999: Saalian to

Weichselia n stratig raphy and sedimentation along the U'Igjceren ­

Hogjceren escarpment, southwest Norway. Journal of Quaternory
Science 14,299-312.

Stein sund , P.1.& Hald, M. 1994: Recent calcium carbonate dissolution in

the Barent s Sea: Paleoceanogra phi c applications. Marine Geology
117, 303-316.

Stockrnarr.J. 1972: Table ts wi th spo res used in absolute pollen ana lysis.

Pollen et Spores 13,61 5-621 .
Serensen , R. 1983: Glacial dep osit s in th e Oslofjord area. In Ehlers, J.

(ed.): Glacial deposits in North-West Europe, 19-28. A. A.

Balkema/ Rotterdam.
Thoresen, M. & Bergersen, O. 1983: Sub-t ill sediments in Follda l,

Hedmark, Southeast Norway. Norges geologiske undersokelse 389,
37-55.

Valen,V., Larsen,E.& MangerudJ 1995: High -resolut ion paleom agnet ic
co rrelation of M iddle Weichse lian ice-dammed lake sediments in

two coastal caves, western Norway.Boreas24, 14 1-153.
Valen,V., Larsen, E., Mangerud, J.& Huft ham mer,A. 1996: Sedimentolog y

and stra t ig raphy in the cave Hamnsundhelleren, western Nor way.

Journal ofQuaternary Science 11,185-201.
Valen, V., Lauritzen, S.& Lovlie, R. 1997 : Sedimenta tion in a high-lat itude

karst cave: Sirijo rdg rot ta, Nordland, Norway. Norsk Geologisk
Tidsskrif t 77, 233-250.

Vorr en, K.-D. 1978: Late and Middle Weichse lian strat igraphy of Andoya,
north Norway.Boreas7, 19-38.

Vorren,T.1977: Weich selian ice movements in South Norway and adja­
cent areas.Boreas 6, 247- 257.

Vorren.T.,Corn er, G. & Nagy,J . 1981: Weichsel ian sediments con tain ing
redeposit ed interstadiallint erglacial fossils at Slettaelva, North

Norway. Boreas10,477 -484.
Vorren, T., Vorren, K.-D., Aim , T., Gull iksen, S. & Lovlie , R. 1988: The last

deglaciation (20,000 to 11,000 B.P.) on Andeya, no rthern Norway.
Boreas 17,41-77.


