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A bstrac t

T h e  c o a s ta l  d u n e f ie ld  a t V e je r s  ( w e s t  c o a s t  o f  J u t la n d ) ,  w h ic h  is  n o w  s ta b i l iz e d  b y  v e g e ta t io n ,  c o v e r s  a n  a re a  o f  

a p p ro x im a te ly  12 0  k m 2 a n d  o c c u r s  in  a  v e ry  h ig h -e n e rg y  w in d  re g im e .  A lo n g  th e  c o a s t l in e  a  n a r ro w  b e l t  o f  5 - 1 5  m  h ig h  
d u n e  r id g e s  o c c u r .  T h e  d u n e  r id g e s  a re  g ra d u a l ly  r e p la c e d  in la n d  b y  1 0 - 2 0  m  h ig h  p a ra b o l ic  o r  i r r e g u la r  d u n e  fo rm s . In  th e  

c e n tra ]  p a r t  o f  th e  d u n e f ie ld  a  la rg e  a e o l ia n  s a n d  p la in  (c a .  5 0  k m 2 )  o c c u r s  a t  th e  w in d w a rd  s id e  o f  a  la rg e  a n d  u p  to  2 0  m  

h ig h  p a ra b o l ic  d u n e .
T h e  3 D  s t ru c tu re  o f  th e  d u n e f ie ld  d e p o s i t s  h a v e  b e e n  s tu d ie d  b y  g e o m o rp h o lo g ic a l  a n a ly s is ,  s c d im e n to lo g ic a l  fa c ie s  

a n a ly s is  o f  b o r in g s ,  tr e n c h e s  a n d  n a tu ra l  e x p o s u r e s ,  a n d  m o s t  im p o r ta n t ly  b y  g e o r a d a r  m a p p in g .  T h e  a e o l ia n  d e p o s i t s  w h ic h  
o v e r l ie  a  m id d le  to  la te  H o lo c e n e  b a r r ie r  s p it  d e p o s i t io n a l  s y s te m  c a n  b e  d iv id e d  in to  a  L o w e r  u n i t  th a t  d ra p e s  th e  u n d e r ly in g  

b a r r ie r  s y s te m  to p o g ra p h y ,  a n d  a n  U p p e r  u n i t  th a t  in c lu d e s  th e  p r e s e n t  d u n e s .  T h e  b o u n d a ry  b e tw e e n  th e  tw o  a e o l ia n  u n i ts  is  
a  w e l l-d e v e lo p e d  P h r a g m i te s  p e a t . T h e  L o w e r  a e o l ia n  u n i t  is  c o m p o s e d  o f  tw o  a e o l ia n  s u b u n its  s e p a ra te d  b y  a n  o rg a n ic - r i c h  

h o r iz o n .  A ls o  th e  U p p e r  u n i t  is  c o m p o s i te  a n d  c o m p o s e d  o f  a  b a s a l  a e o l ia n  s a n d  c o v e r  a n d  o v e r ly in g  d u n e  o r  s a n d  p la in  
d e p o s i t s .  T h e  d u n e  d e p o s i t s  lo c a lly  a rc  c o m p o s e d  o f  u p  to  f o u r  d e p o s i t io n a l  s u b u n i ts  s e p a ra te d  b y  im m a tu r e  s o ils .  T h e  b a s e  

o f  th e  L o w e r  a e o l ia n  u n i t  fo r m e d  a ro u n d  3 0 0  A .D .,  w h e re a s  th e  P h r a g m i te s  p e a t  a t th e  b a s e  o f  th e  U p p e r  a e o l ia n  u n i t  h a s  
b e e n  d a te d  to  c a . 1 0 0 0  A .D . F r o m  h is to r ic a l  s o u rc e s  w e  k n o w  th a t  th e  p r e s e n t  d u n e f ie ld  p r im a r i ly  fo r m e d  b e tw e e n  1 5 5 0  a n d  

1 8 5 0  A .D .
T h e  s a n d  c o n te n t  in  th e  U p p e r  u n i t  is  e s t im a te d  to  5 5 0  X  IO 6 m 3, w h ic h  y ie ld s  s a n d  t r a n s p o r t  r a te s  b e tw e e n  2 5  m 3 (m  

w id th ) - 1  y r _1  (a c c u m u la t io n  in  1 0 0 0  y e a r s ) ,  a n d  83  m 3 ( m  w id th ) - 1  y r - 1  ( a c c u m u la t io n  in  3 0 0  y e a r s ) .  T h e  s a n d  in  th e  
d u n e f ie ld  o r ig in a te d  f ro m  b e a c h  d e p o s i ts .  A  la r g e  b u t  p u ls a t in g  s u p p ly  o f  s a n d  w a s  s u p p l ie d  to  th e  b e a c h e s  b y  s o u th w a rd s  
ru n n in g  c o a s ta l  c u r re n ts .

T h e  c o m p o s i t io n  o f  th e  V e je r s  d u n e f ie ld  d e p o s i t s  in d ic a te  th a t  p e r io d s  o f  d u n e f ie ld  g r o w th  a l te rn a te d  w ith  p e r io d s  o f  
d u n e f ie ld  s ta b i l iz a t io n  d u r in g  th e  la s t  c a . 1 7 0 0  y e a r s .  T h e  f in a l  a n d  m o s t  im p o r ta n t  p h a s e  o f  d u n e f ie ld  g r o w th  to o k  p la c e  
d u r in g  ‘th e  L i t t le  l e e  A g e ’. T h is  p e r io d  w a s  c h a r a c te r iz e d  b y  a n  o v e ra l l  c o ld  a n d  s to rm y  c l im a te  a n d  a  r e la t iv e  lo w  s e a  le v e l,  

a n d  r e s u l te d  in  a n  in c re a s e d  a v a i la b i l i ty  o f  s a n d  in  th e  s h o re z o n e  a n d  a  h ig h  in f lu x  o f  s a n d  in to  th e  d u n e f ie ld .  S h o r t  p e r io d s  
o f  d e c r e a s e d  s to rm in e s s  a re  r e c o rd e d  b y  th e  im m a tu re  s o ils .  D u n e f ie ld  g ro w th  p r io r  to  1 0 0 0  A .D . w a s  a ls o  l in k e d  to  c o ld  a n d  
s to rm y  c l im a tic  in te rv a ls .

* C orresponding  author.
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1. Introduction

C oasta l dunes are sign ifican t m orpho log ica l e le ­
m ents o f  th e  w est coast o f  Ju tland , D enm ark  (F ig . 1). 
C oastal dunes form  a n um ber o f  m ore  o r less con ­
nected  dunefie ld s, th e  la rgest o f  w hich o ccu r at 
V ejers, in  T hy  and on th e  S kagen  O dde (F ig . 1). 
V arious aspec ts o f  the la te  H o locene V ejers d u n e­
fie ld  have  been  described  s ince  th e  area w as first 
m apped  by Jessen  in  1925, b u t no  m odern  accoun t o f 
the sed im en tary  characteristics and  genesis o f  the 
dunefie ld  exists. W e, therefo re , in itia ted  a large-scale  
m app ing  p rog ram  o f  the aeolian  deposits  in the 
dunefield  in 1987 p rim arily  w ith  geo radar analyses. 
A dd itional m ethods inc luded  sed im en to log ica l stud ­

ies o f  natu ral p ro files o r trenches and geom orpholog- 
ica l analyses.

T he m ain  purpose  o f  the  p ro jec t is to  m ap  the 
large-sca le  3D  structu re  (sed im en tary  arch itecture) o f 
th e  aeo lian  deposits  and to develop  an aeo lian  event 
stra tig raphy  fo r the late H o locene deposits. T he sec­
ond  pu rpose  is to  ca lcu la te  th e  sand  budget o f  the 
dunefie ld  and  to  d iscuss dunefie ld  dynam ics in  re la­
tion  to  charac teristics o f  th e  w ind , sed im en t supply, 
sea  level and hum an  in fluence. T he V ejers dunefield 
fo rm ed  on a p rograd ing  shore line  supp lied  w ith  large 
quan tities  o f  sed im en t from  longsho re  d rift (N ielsen  
e t al., 1995). T he dynam ics o f  th e  dunefield  are 
com pared  to  the dynam ics o f  o ther late H olocene 
coastal dunefie lds in n o rthw est E urope.

50  km Skagen Odde C o asta l
dunefie lds

'V ester H anherred

Thw

J U T L A N D
NORTH
SEA

Blávands
Huk

Fig. 1. M ap  show ing  the  d istribu tion  o f  coasta l dunes in  D enm ark. M ap  based  on K uhim an , 1968. T he  largest dunefie lds occur on the west 
coast o f  Ju tland . T he  study area  occurs ju s t north  o f  B lávands H uk (see  Fig. 2).
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2. Geological setting

2.1. S tu d y  area

T he coasta l dunefield  at V ejers is situated  a t the 
southern  end o f  the w est coast o f  Ju tland  and faces 
the h igh-energy  N orth  S ea (F igs. 1 and 2). T he 
shore line  is w ave-dom inated  and  w aves have  a  sig ­
n ifican t he igh t o f  approx im ately  1.6 m  (cf. B artho ldy  
and P ejrup , 1994). T he tidal range is betw een  1 and

1.5 m  and sto rm  su rges typ ica lly  reach  2 -2 .5  m 
above m ean  sea  level. T h e  strong, sou thw ards d i­
rec ted  littoral d rift am oun ts to  0 .5 -1  X IO6 m 3 y r -1 
(B artho ldy  and P ejrup , 1994). T he b each  flanking  
th e  d unefie ld  is ca. 150 m  w ide and  is com posed  
p rim arily  o f  fine-g ra ined  sand  w ith sca ttered  shells. 
A  w ell-deve loped  fo resho re  w ith ridge  and runnel 
topography  and a  sm ooth  and g radually  slop ing  
b acksho re  is p resen t tha t is strong ly  in fluenced  by 
aeo lian  processes.

_args«

■  Greer j C

V e je rs  S trand

KALLESMÆ RSK
HEOE

HO BUGT

Grenen

SKALLINGEN

LEGEND

C oasta l dunes, 
linear ridges

C oasta l d u n es , parabolic  
an d  irregular form s

L arge parabolic  d u n e  

Aeolian flat

J  F resh w a te r mire

S altw ater m arsh

Glacial highland 
( partly co v ered  by  d u n e s  ;

Blávands
Huk

Henne

H e n n e  S trand

Henne K“

OKSB0L
■

Fig. 2. G eneralized  geom orphological m ap  o f  the  m odern  V ejers dunefield . T he  dunefie ld  is  stab ilized  by vegetation . N um bers refer to 
s tudied exposures: I =  K allesm æ rsk  H ede; 2 =  G ræ rup  S trand, g rave l p it; 3  =  B prsm ose, gravel p it; 4  =  H enne M pllea. T h e  sand  rose  at 
B lávands H u k  w as calculated  using the m ethod described  by F ryberger (1979). R D P is 55 m 3 (m  w id th )-1 y r -  1 d irec ted  east.
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T he dunefie ld  a t V ejers, an a rea  o f  ca. 120 k m 2, 
is dem arca ted  by  the p resen t shore line  to  th e  w est, 
by a lin e  runn ing  from  B lávands H uk  to  G renen  to 
th e  sou th , by  the H o B ug t fo llow ed  northw ards by 
g lac ia l h ills a t O ksbp l and the lake  system  L angsp  
and F ils0 to  th e  east, and  fina lly  by  g lacial h ills  at 
B lâb jerg  to  the no rtheast (Fig. 2). A eolian  dunes also

co v er parts  o f  the g lac ia l h igh lands at bo th  O ksbpl 
and B lâb jerg , b u t these aeo lian  deposits  are  not 
in c luded  in  the  V ejers dunefield , w h ich  is defined 
here  to  co v er on ly  th e  low -ly ing  H o locene barrier 
sp it deposits.

T he coasta l dunefie ld  a t V ejers occu rs in  a very 
h igh-energy  w ind  env ironm ent. W in d  d a ta  com piled

LEGEND

Barrier core
Henne Strand

Back barrier

Henne K'
Glacial highland

NORTH
SEA

\Langs0

Grasrup

Vejers Strand /  ■

Vejers

Fig. 3. R econstruction  o f  the m id d le - la te  H olocene barrie r spit system  that underlies the  V ejers dunefield . B ased  on  georadar mapping.
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by F rydendah l (1971 ) fo r the period  1 9 3 1 -1 9 6 0  
ind icate  tha t w inds from  sou thw estern , w estern  and 
northw estern  d irec tions dom inate  th roughou t th e  year 
and the resu ltan t d rift d irection  (R D D ) has been 
calcu la ted  to  be  tow ards 88° (F ig . 2).

O nly  sm all varia tions in  th e  w ind  reg im e occur 
th roughou t the year. M ean w ind velocity  v aries b e ­
tw een  4.9 m / s  and 5.8 m / s ,  be ing  strongest in  the 
w inter, and  w eakest in  the sum m er. W inds o f  w ind 
force 9 on  the B eau fo rt scale (19.3  m  s _ 1 ) and m ore, 
how ever, are rare in  the sum m er, bu t re la tive ly  fre ­
quen t in  the au tum n and w in te r w ith  a m ax im um  o f 
0.6 percen tages o f  all w ind even ts in  O ctober and 
January . T he resu ltan t w ind d irec tion  is the m ost 
variab le  factor, be ing  sou thw esterly  in  w in te r and 
autum n and w esterly  in  spring  and sum m er. S torm  
w inds (w ind  fo rce  9 and m ore), how ever, a re  m ost 
com m on from  w estern  o r  northw estern  d irec tions 
th roughout the year. D ata  from  K ris tensen  and  F ry ­
dendahl (1991 ) ind ica te  tha t sign ifican t short-term  
v ariations o ccu r in  storm iness.

T he V ejers dunefie ld  receives a m odera te  am ount 
o f  p rec ip ita tion  (650  m m  a year) w ith  m ost rain 
fa lling  in  late sum m er and autum n. E vaporation  
com m only  exceeds prec ip ita tion  in  late sp ring  and 
early  sum m er, w hereas the opposite  is the case  in  the 
res t o f  the year. M ean  m onth ly  tem pera tu res are 
betw een  0.5°C  in  February  and  16.5°C in July.

2.2. D ep ositiona l system

The ba rr ie r  sp it  deposits. M app ing  o f  th e  study 
area by  Jessen  (1925) revealed  the ex is tence  o f  a  
num ber o f  n o r th -so u th  trend ing  g ravel-rich  beach 
ridges underly ing  the aeo lian  dunefield . T h ese  beach 
ridges occu r from  the g lacial h igh land  at B lâb jerg  
and sou thw ards to  V ejers. O ur geo radar analyses 
con firm ed  the ex istence  o f  a w ell-developed  system  
o f  g ravel-rich  beach  ridge deposits tha t fo rm  the 
barrier core  part o f  the barrie r sp it sy s tem  (Fig. 3; 
N ie lsen  e t al., 1995).

T he b a rrie r co re  deposits, w hich are  now  covered  
by aeolian  dunes, are separated  from  the m ain land  to  
the east by  re la tive ly  fla t-ly ing  terrains w ith  the 
p resent lakes F ilsd  and L angsp . T his a rea  constitu tes 
the back  b a rrie r area (Fig. 3).

T he evo lu tion  o f  the barrie r sp it system  has been

m uch  debated  (e.g . Jessen , 1925; Jonassen , 1957; 
K rog , 1979). A cco rd ing  to  th e  m ost recen t v iew  
(N ie lsen  e t al., 1995) th e  F ilsp  basin  w as a m arine 
bay during  the initial stage o f  the  post-g lac ia l tran s­
g ression  and becam e a  lake  betw een  late A tlan tic  
and la te  S ubbo real tim e because  o f  sou thw ards 
progradation  o f  the g ravel-rich  barrie r sp it. In the 
final stage o f  b a rrie r sp it evo lu tion  (1200  A .D . to 
p resen t) th e  coarse-g ra ined  sed im en t source  w as cu t 
o ff, b u t m uch sand  w as still added  to the system . In 
this p e rio d  the b a rrie r sp it sy s tem  w as covered  by 
large dunes.

The d u n e fie ld  deposits . T h e  aeo lian  deposits  seem  
to  hav e  fo rm ed  in  th e  fina l stage o f  barrie r sp it 
evo lu tion , and  da tings o f  th e  in itia l aeo lian  lay e r in 
the a rea  ind ica te  tha t th e  dunefie ld  is very  young  
(a fte r 300  A .D .). T he bu lk  o f  th e  aeo lian  deposits, 
how ever, fo rm ed  afte r 1200 A .D .

F ro m  h is to rica l sources w e know  th a t im portan t 
periods o f  sand  d rift and coastal dune fo rm ation  
occurred  in D enm ark  betw een  ca. 1550 A .D . and  ca. 
1850 A .D . (cf. P on topp idan , 1769; B ruei, 1918; 
Flansen, 1957), and in th e  stud ied  area it appears that 
sand d rift w as m ost severe in  the seven teen th  cen tury  
(B riiel, 1918). T he h is to rica l sources do  no t m ention  
any ep isodes o f  sign ifican t sand  d rift p rio r to  ca. 
1550 A .D . It is likely , how ever, tha t dunes had 
already  fo rm ed  in th e  coastal area, bu t tha t th e  dunes 
w ere  largely  s tab ilized  by  vegeta tion  un til 1550 A .D . 
T he sand  d rift in  D enm ark  betw een  1550 and 1850 
A .D . is com m only  exp la ined  as the resu lt o f  over- 
g razing  in th e  coastal a rea  and fo rest cu tting  (e.g. 
B riiel, 1918). S ince  ca. 1750 A .D ., the p lan ting  o f 
A m m ophila  and  la te r fo rests  have  g radually  dam ped 
the sand  d rift, and the d unefie ld  a t V ejers is now  
stab ilized . T he partly  active dunefie ld  w as m apped  in 
1804 by V idenskabernes Selskab.

In a recen t pap er C hris tiansen  et al. (1990 ) de­
scribe th ree  p eriods o f  dune  fo rm ation  in  D enm ark  
(a f te r 4 0 0  B .C ., a fte r 4 0 0  A .D . and  betw een  1450 
and  1750 A .D .) and exp la in  coastal dune b u ild ing  in 
D enm ark  as a  resu lt o f  low  sea  level and increased  
availab ility  o f  sand  in  the sho re  zone. T he p resen t 
study  supports these ideas and fu rther suggests that 
th e  final period  o f  dune  fo rm ation  in  th e  V ejers area 
w as ep isod ic  and th a t dunefie ld  dynam ics prim arily  
w ere re la ted  to  fluc tuations in the characteristics o f  
th e  w ind.
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3. Methods

In fo rm ation  on the large-sca le  sed im en tary  accu ­
m ulation  and stra tig raphy  o f  the V ejers dunefie ld  is 
based  on several types o f  investigation . T h e  m o r­
pho logy  o f  the stab ilized  dune  landscape w as stud ied  
in  the fie ld  and on  topograph ic  m aps. T he sed im en­
tary  characteristics o f  th e  deposits w ere stud ied  in

natu ral p ro files , in trenches and in  sam ples from 
borings. T h e  in ternal stra tig raphy  o f  th e  aeolian and 
underly ing  deposits w as exam ined  by  georadar m ap­
p ing  (F ig . 4 , N ie lsen  e t al., 1995).

G eo rad ar m app ing  o f  the coastal deposits was 
carried  ou t in tw o periods. D uring  the first period in 
1987 an d  1989, m ost o f  th e  a rea  w as covered  by 
georadar lines (Fig. 4). Severa l o f  these  lines as well

H enne S tra n d / ■ G lacia l highland

NORTH
SEA

G lacial highland

V e je rs S t ra n d /  ■

V e jers ■“

® Deep boring 

•  S ha llow  boring 

▲ C -14 dating 

- - - j G eoradar lines 1 98 7 ,19 89  

G eoradar lines 1994

Fig. 4. G eoradar lines in the  V ejers dunefie ld . T he  lines cover the  northern  and  part o f  the centra l area in the  dunefield. T he  locations of 
borings are  a lso shown.
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as new  lines w ere stud ied  in  1991 and in 1994 w ith 
im proved  equ ipm en t (Fig. 4). T he new  lines w ere 
d ig ita lly  reco rded  and co llec ted  w ith  4 0  M H z and 
100 M H z antennae.

4. Dunefield characterization

4.1. G eom orpho logy

T he V ejers dunefield  can be  d iv ided  in to  no rth ­
ern , cen tra l and  sou thern  parts (Fig. 2). T he northern  
part (i.e . no rth  o f  G ræ rup) is re la tive ly  narrow  and 
has an  average w id th  o f  2 km  (Fig. 5). It is com ­
posed  o f  an ou te r be lt o f  m ore  o r less con tinuous 
coast-para lle l dune  ridges (w id th  o f  be lt is 2 0 0 -3 0 0  
m ). In land, a  g radual transition  to  a be lt o f  parabo lic

and irregu la r dunes (w id th  o f  be lt is 1 -3  km ) occurs. 
A ll dunes excep t th o se  in  the ou term ost dune ridge 
are com p lete ly  covered  b y  vegeta tion . T he dunes rest 
on  a  sligh tly  u n du la ting  aeo lian  sand  cover and  the 
basis o f  th e  dunes lies ca. 6 m  above sea level. T he 
coast-para lle l dune  ridges have  typ ical he igh ts b e ­
tw een  5 and 10 m , w hereas th e  parabo lic  and  associ­
a ted  irregu la r dunes have  he igh ts be tw een  10 and  20  
m . A  m ax im um  dune  heigh t o f  25 m  occu rs a t the 
transition  zone betw een  th e  tw o dune  belts  ca. 4  km  
south  o f  H ennestrand . T he northern  p a rt o f  the dune­
fie ld  is sharp ly  dem arcated  by th e  fla t-ly ing  p la in  o f  
the F ilsp  basin  to  th e  east, and the m ore southern  
L angs0 basin . T he w ater leve l in th e  F ils0 basin  has 
been  artific ia lly  low ered  since  1848 (Jessen , 1925).

T h e  cen tra l p a rt o f  th e  dunefie ld  has  a  w id th  up to 
9 km  and  is a lso  com posed  o f  a re la tive ly  narrow

C o a s ta l  d u n e s

Fig. 5. T he dunefie ld  in the  northern part o f  the  area, sou th  o f  H enne M pllea. V iew  is tow ards the  w est (the N orth  Sea). In  th e  foreground 
part o f  an e longate, com pound parabolic dune occurs (dune  heigh t ca. 12 m  above sand plain). In  the  fa r distance the  ou term ost coasta l 
dunes are visible.
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o u ter be lt o f  transverse  dune ridges (dune belt m ostly  
2 0 0 -3 0 0  m  w ide, w h ich  g radually  w idens sou th ­
w ards (Fig. 2). In land  a be lt o f  parabo lic  and  irregu­
la r  dunes (w id th  o f  be lt 0 .5 -1  km ) occurs. D unes in 
the  o u te r be lt have  typ ica l heights b e tw een  5 and  10 
m  (F ig . 6), w hereas dunes in  th e  inner be lt are 
typ ica lly  betw een  5 and 15 m  high . T h e  eastern  part 
o f  th e  dunefield  is here  com posed  o f  a large aeolian 
sand p la in  w ith  few  and sca ttered  sm all dunes (the 
K allesm æ rsk  H ede, F ig. 7), and  n ear the eastern  
m arg in  o f  th is aeolian  sand p lain  is a very  large 
parabo lic  dune.

T he sou thern  part o f  th e  dunefie ld  is com posed  o f  
tw o w ell-defined  coast-paralle l dune ridges separated  
by  a re la tive  w ide and  densely  vegeta ted  low -ly ing  
co rridor. In land a 10.5 km  long  (in  the w indw ard  
d irection) and 1 .5 -3 .5  k m  w ide a rea  o f  irregu la r and

parabo lic  dunes has fo rm ed . A  m ax im um  dune  heigh t 
o f  18 m  is seen at tw o parabo lic  dunes east o f  
O ksby. T he cen tral and sou thern  part o f  th e  V ejers 
dunefie ld  is b o unded  by  g lac ia l h ills tow ards the 
n o rtheast (ac tually  dunes have  transgressed  part o f 
th is landscape), and  by  sa ltm arsh  areas tow ards the 
east a long  th e  m arg in  o f  the  H o B ugt.

4.2. S tra tigraphy

K now ledge o f  the stra tig raphy  o f  the barrie r sp it 
system  is p rim arily  based  on geo radar m apping . T he 
g eo rad a r da ta  ind ica te  tha t the barrie r sp it system  is 
com posed  o f  low erm ost shoal sand deposits  overlain  
by  beach  and sho reface  gravel (to  the w est) and 
lagoonal sed im en ts (to  th e  east), and  topped  by 
aeo lian  sed im en ts (cf. N ie lsen  e t al., 1995). T he

Fig. 6. C oast-parallel dune ridges in the ou ter coasta l dunes be lt north  o f  V ejers S trand  (central part o f  area). G ravel-rich  sedim ents from tl"- 
underly ing  barrier core  occu r a t the  floor o f  the  ‘in tcrdune’ corridor. V iew  is tow ards th e  northw est. D une form s reach a  height ol 5 - 1,1 01 
above the ‘in terdune’ corridor.
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aeolian  sed im en ts can be  d iv ided  into a L o w er and 
U pper un it separated  by a w ell-developed  peat or 
o rgan ic-rich  horizon . T he U pper un it can  be subd i­
v ided in to  a  basal aeolian  sand  cover, aeo lian  sand 
p lain  deposits , parabo lic  dune deposits, and coastal 
dune deposits.

T he s tra tig raphy  o f  the a rea  is also know n in 
som e detail from  a n um ber o f  bo rings (e .g . Jessen, 
1925; G eo log isk  basisdatakort, 1113 IV  V arde,
D .G .U ., 1983). In  1987 seven re la tive ly  deep  borings 
w ere carried  ou t (R ibe  A m tskom m une e t al., 1989). 
F ive  o f  the  bo rings w ere p laced  in  the barrie r core 
area. T h e  sequence  o f  un its w as here: at the base 
3 - 6  m  o f  m arine  sand, then 1 0 -1 2  m  o f  gravel-rich  
shoreface  and  beach  deposits and  a t th e  top 2 - 4  m  o f 
w ell-so rted  aeo lian  sand. T w o borings w ere  p laced  in 
the b ack -barrie r area. T he sed im en tary  succession  in 
the sou thern  boring  is in terp re ted  to  consist o f  la-

goonal sed im en ts (m in . 5 m ) overla in  by  aeolian  
sed im en ts (8 .5  m ). T he aeo lian  sed im en t contains 
fou r o rgan ic-rich  horizons and it is suggested  that 
only  the  upperm ost p a rt belongs to  th e  U pper aeolian  
unit. F inally , five  shallow  borings w ere m ade  along 
line 1 in  1994 in o rd e r to exam ine  th e  th ickness o f  
the aeo lian  deposits and the litho logy  o f  in ternal 
reflectors w ith in  the aeo lian  deposits  iden tified  on 
geo radar p rofiles.

4.3. A ge

T he age o f  the aeo lian  deposits w as determ ined  
by severa l m ethods. T h e  m ost d irec t is da ting  o f  peat 
layers a t the boundary  betw een  th e  tw o aeo lian  units. 
O ne such  lay e r from  the cen tral part o f  th e  dunefield  
at the abandoned  B prsm ose  g ravel p it (F ig . 2 ) has 
been dated  b y  the C a rb o n -14 D ating  L abo ra to ry  in

B o rd ru p  P la n tag e

Fig. 7. T he  aeolian  sand p la in  (K allesm æ rsk  H ede) and d istan t parabolic  dune in B ordrup  P lantage. V iew  is tow ards the east. W id th  o f  sand 
plain seen  on pho to  is ca. 4  km .
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C openhagen  to  1080 +  70  l4C years B .P. (K -5876). 
T h is da te  w as ca lib ra ted  to  8 9 0 -1 0 1 5  A .D . (S tu iver 
and Pearson , 1986). A  p ea t layer fro m  th e  sam e 
Stratigraphie level at H enne M pllea  (F ig . 2 ) has been 
da ted  by the A M S 14C -dating  fac ility  in  A rhus to 
950 ±  9 0  14C years B .P. (A A R -1404). T h is date w as 
ca lib ra ted  to  1 0 1 0 -1 2 1 0  A .D . F inds o f  a cup  and 
p lanks from  a ship  in the g ravel-rich  b a rrie r core 
deposits  a t V ejers (cup dated  to  1 1 0 0 -1 2 0 0  A .D .) 
a lso  suggest tha t the  fo rm ation  o f  th e  upperm ost 
aeo lian  dune  unit is a  very  young  geo log ica l event. 
T w o  im m ature  so ils in  the dune deposits  a t H enne 
M pllea  have  a lso  been  dated  by the A M S l4C -dating  
facility  in  À rhus. T hese  organ ic-rich  horizons w ere 
da ted  to  1 6 8 0 -1 9 5 5  A .D . and 1 6 8 5 -1 9 5 5  A .D . in d i­
ca ting  tha t a t least the upper part o f  these  dune 
deposits  fo rm ed  after ca. 1680 A .D . A s already 
sta ted , h is to rica l sources report periods o f  severe 
sand d rift and  dune fo rm ation  betw een  1550 and 
1850 A .D . T he L o w er aeo lian  un it is m ore d ifficu lt 
to  date . B ased on po llen  analysis, Jonassen  (1957) 
dates th e  earlies t aeolian  deposits  in  th e  cen tra l part 
o f  the back -barrier a rea  to  approx im ately  300 A .D . 
C arb o n -14 dating  o f  the basal peat lay e r and overly ­
ing organ ic-rich  layer are, how ever, needed  in  o rder 
to  be tter do cu m en t th e  early  phases o f  sand  d rift and 
dune fo rm ation  in  the area.

4.4. L o w er  aeo lia n  unit

T his aeo lian  un it com prises a 1 -5  m  th ick  sheet 
o f  fine- to  m ed ium -gra ined  sand  tha t d rapes the 
underly ing  barrie r co re  and b ack -barrie r m orpho logy  
(F igs. 8 -1 0 ) .  T he low erm ost boundary  is defined  by 
a change from  m arine  o r lagoonal deposits to  aeolian  
sand. T h is boundary  is m ost easily  detec ted  on  geo ­
radar p ro files in the  barrie r co re  a rea  w here  gravel- 
rich  beach  ridge and  upper shoreface  deposits  are 
sharp ly  overla in  by  th e  aeolian  deposits. T he bo u n d ­
ary is undu la ting  and fo llow s the ridge and sw ale 
topography  o f  the beach  ridge  system . In  th e  back- 
barrier a rea  th e  low er boundary  o f  the  aeo lian  un it is 
p laced  at the top  o f  a w ell-defined  peat lay e r or 
organ ic-rich  horizon  fo rm ed on  top  o f  m assive  fine- 
and m ed ium -g ra ined  silty  sand  o f  lagoonal origin. 
W hen  the  basal peat lay e r is m issing  o r less w ell 
developed , the boundary  is d ifficu lt to  place.

T he upper boundary  o f  th e  L ow er aeo lian  un it is

an  u n du la ting  pea t layer o f  ca. + 4 .5  to  + 5  m. T his 
peat lay e r occurs bo th  in  th e  barrie r co re  and  back- 
barrie r area. T h e  p ea t lay e r has been  observed  in 
natu ral exposures at H enne M pllea , in tw o aban­
doned  quarries, in  tw o shallow  borings a long  line I 
and  in  a deep boring  a t line II. T h e  peat lay e r occurs 
in  sw ales be tw een  re la tive ly  sm all dunes ( 1 - 3  m  
h igh  and  2 0 - 4 0  m w ide). T h e  dunes are  w ell p o r­
trayed  in th e  geo radar p rofiles as sm all sym m etrical 
to  asym m etrica l hum m ocks w ith  in ternal reflectors 
tha t p robab ly  rep resen t dune stra tifica tion  (F igs. 8, 9, 
10). A n in ternal o rgan ic-rich  horizon  is com m only  
seen  on the geo rad a r p ro files from  the back-barrier 
area  as a sem i-con tinuous re flec to r (F ig . 10). In  the 
barrie r co re  area sim ila r re flec to rs  are ab sen t o r  very  
poorly  defined.

T he aeo lian  sand  co v er on  top  o f  th e  b a rrie r core 
g ravel has a th ickness betw een  ca. 1.0 m  and  ca. 3.0 
m . T he aeo lian  sand  filling  the  b ack -barrie r a rea  is 
sign ifican tly  th icker w ith  th icknesses betw een  ca. 2.5 
m  and ca. 5 .0  m . T h e  m apped  area  o f  th e  L ow er 
aeo lian  un it com prises ca. 50  k m 2, b u t th e  aeolian  
un it p robab ly  con tinues in to  th e  K allesm æ rsk  H ede 
and m ost like ly  occup ies a to tal a rea  o f  ca. 120 k m 2. 
T h is y ields a to ta l am oun t o f  25 0  X IO6 m 3 sand in 
the L ow er aeo lian  unit.

T h is un it constitu tes th e  in itia l aeolian  dep o sit on 
top  o f  th e  b a rrie r sp it system . T h e  aeolian  deposits  in 
the barrie r co re  area  define  a n um ber o f  low  and 
com m on ly  regu larly  spaced  dune  ridges. T h ese  low  
dunes fo rm ed  in te rm itten tly  at the sho re  du ring  a 
period  o f  overa ll seaw ard  (w estw ards) p rogradation  
o f  the shoreline. T h e  sm all size o f  the dunes suggests 
a re la tive ly  low  influx  o f  sand. In th e  back -barrier 
a rea  th e  aeo lian  deposits  fo rm  tw o  subunits separated  
by an o rgan ic-rich  horizon . T he in ternal struc tu res o f 
these  subunits suggest tha t the aeolian  sed im ents 
p rim arily  fo rm ed  low  dunes. T he back -barrier area, 
w h ich  o rig inally  fo rm ed  part o f  a lagoon , d ried  up 
p robab ly  in  connection  w ith  a m inor sea-level fall 
and w as filled  in  w ith  aeo lian  sed im en ts in  tw o 
ep isodes. T he trapp ing  o f  th is re la tive ly  th ick  succes­
sion o f  aeo lian  deposits  in the  b ack -barrie r area 
resem b les th e  situation  described  from  the arid- 
c lim ate  G uerre  N egro  barrie r is land  in  M ex ico  (Fry- 
berger e t al., 1990). T h e  L o w er aeo lian  u n it seem s to 
have  fo rm ed  ep isod ica lly  betw een  ca. 300 A .D . and 
1000 A .D .
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4.5. U pper aeo lian  un it

B asa l aeo lian  sa n d  cover. T h is genetic  u n it over­
lies th e  low  dune  fo rm s in  the L o w er aeo lian  unit 
sharp ly  (F igs. 8, 9). A t m any p laces, and especially  
in depressions betw een  th e  underly ing  dunes, a 
w ell-developed  P hragm ites p ea t occu rs a t the bo u n d ­
ary. T he reflectors o n  th e  geo radar p ro files suggest 
th a t the aeo lian  sand  co v er p rim arily  is fla t-bedded . 
A t som e p laces, and particu larly  in la rger dep res­
sions, inclined  reflec to rs suggest the occurrence  o f 
eastw ards m igra ting  dunes. T he u p p er boundary  o f  
th is subun it is fo r p rac tica l reasons defined  as the 
road  level in  + 6  to  + 1 0  m . T h is level is a lm ost 
iden tical to  th e  level th a t defines the dune slacks and 
sand  p lains o f  the youngest aeo lian  deposits.

A fte r the fo rm ation  o f  the L ow er aeo lian  u n it a 
phase  o f  dune  stab ilization  and  peat fo rm ation  oc­
cu rred  in low -ly ing  areas around  1000 A .D . T he 
boundary  peat lies in  ca. + 4 .5  to  + 5  m  and  records 
the fo rm ation  o f  ex tensive  P h ragm ites  sw am ps p ro b ­
ab ly  in re la tion  to a  sea level h ighstand . T h is  eustatic  
sea  level h ighstand  has been docum ented  by  S hen- 
nan (1992). A cco rd ing  to  h is sea level cu rve , th e  sea  
level around  1000 A .D . w as sligh tly  h igher th an  the 
p resen t sea  level.

T he subsequen t fo rm ation  o f  aeo lian  sand  sheets 
and low  dune  form s is p robab ly  re la ted  to the fo llow ­
ing sea  level fa ll, w h ich  cu lm inated  around  1500 
A .D . (cf. T anner, 1993). S uch a  sea  level fall w ould  
cau se  an increase  in  sed im en t availab ility  in  the 
shorezone, w hich cou ld  tr igger an ep isode  o f  aeolian  
sand d rift (cf. C hris tensen  e t al., 1990). H isto rica l 
sou rces do  n o t m en tion  any periods o f  sand  d rift 
p rio r to  1550 A .D ., b u t it has been su ggested  by 
H ansen  (1957 ) th a t aeo lian  sand  d rift a long th e  w est 
coast started  a lready  around  1200 A .D.

A eo lia n  sa n d  p la in . T his genetic  unit occurs on 
top  o f  the basal aeo lian  sand  cover. T he aeo lian  sand 
p la in  (sand  sheet) (K allesm æ rsk  H ede and  ad jo in ing  
areas) is a fla t aeo lian  terra in  w ith  sm all and  sca t­
tered  dunes and on ly  local appearance o f  la rger 
dunes. T h e  sand  p la in  occup ies a la rge  portion  o f  the 
cen tral and  eastern  p a rt o f  th e  V ejers dunefield . T he 
p la in  lies in ca. 6 to  10 m  above sea  level and 
gradually  rises tow ards the east. T h e  sand  p la in  can 
be d iv ided  in to  a sou thern  part (K allesm æ rsk  H ede), 
w h ich  is very  fla t and lies on  the w indw ard  side o f

the large  parabo lic  dune in  B ordrup  P lan tage, and a 
northern  part, w h ich  has a  m ore undu la ting  topog ra­
phy  and  is less c lea rly  assoc ia ted  w ith  a large 
p arabo lic  dune. S m all lakes and m ires are locally  
developed.

T he aeo lian  sand  p la in  covers an area  o f  ca. 50 
k m 2. Its genesis is in tim ate ly  linked  w ith tha t o f  the 
associa ted  large parabo lic  dune(s). T h is is particu ­
larly  w ell-dem onstra ted  in  th e  sou thern  p a rt o f  the 
p lain  (K allesm æ rsk  H ede) w here  the large  parabo lic  
dune in  B ord rup  P lan tage  form s the eastw ard  m argin  
o f  the g radually  ris in g  sand  plain . T he sand  p la in  and 
associa ted  sed im en ts appear to fo rm  the tra iling  edge 
deposits o f  the eastw ard  m igra ting  large  parabolic  
dune(s). T he sand  p la in  p rim arily  func tioned  as an 
a rea  o f  bypass, b u t som e sed im en t w as trapped 
because  o f  vegeta tion  o r m oistu re  co n ten t o f  the 
substrate , and th e  topograph ic  level o f  the sand  p lain  
su rface seem s to  be  con tro lled  by the groundw ater 
level.

L arge in land  p a ra b o lic  dune. T he in land  parabolic 
dune o f  B ord rup  P lan tage  occurs 7.5 k m  from  the 
p resen t dune fron t a t the sho re  and is o f  im pressive 
size. T he dune  has a w id th  o f  ca. 4  km  and length  
also  o f  ca. 4  km , and  is, thereby, one  o f  the largest 
parabo lic  dunes in  the  w orld  (cf. B reed  and  G row , 
1979). T he overa ll shape o f  th e  dune  is lobate  (cf. 
Pye, 1993). T he axis o f  the dune runs w e s t-e a s t 
ind ica ting  dune m ig ra tion  tow ards th e  east. T he nose 
a rea  o f  the parabo lic  dune  has heigh ts be tw een  20  m 
and 30 m (10 and 20 m  above the sand  plain), 
w hereas the dune arm s have  he igh ts up to  24 m  (14 
m  above the defla tion  p la in ), th e  sou thern  arm  being 
h ig h er and better developed  than  the  northern  arm. 
B oth  arm s a re  o f  a  com plex  m orpho logy  and typ i­
cally  secondary  parabo lic  dunes occur. T h e  nose  area 
o f  the parabo lic  dune  is o f  a com plex  m orphology, 
and stoss side, c re s t and lee  side are covered  by  1 -5  
m  h igh dunes and  associa ted  scou r pits.

T he dune is now  com plete ly  stab ilized  by a forest 
(p lan ted  betw een  1853 and 1917) and no natural 
exposu res exist, bu t th e  in ternal structures o f  the 
upperm ost po rtion  o f  the dune stoss side and crest 
have  been exam ined  by georadar m apping. These 
studies ind ica te  th a t th e  upperm ost 2 - 3  m  o f the 
dune is com posed  o f  a  series o f  low - to  m edium -an- 
g le  d ipp ing  (trough-fo rm ed) cross-beds w ith  dip az­
im uths tow ards th e  east. T hese  structures prim aril)
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reflec t th e  eastw ard  m igration  o f  the  superim posed  
dunes and associa ted  scour pits.

T he g rea t size o f  the B ordrup  parabo lic  dune 
reflects dune fo rm ation  in periods o f  abundan t sand 
supply. M uch  sand  p robably  o rig inated  from  erosion  
o f  the underly ing  aeolian  deposits , and  erosion  o f  
th is m ateria l w as p robably  favoured  by periods o í 
reduced  p lan t co v er a n d /o r  increased  sto rm iness. 
S uch even ts took p lace betw een  1550 and 1850 A .D . 
partly  because  o f  overg razing  in  the area, and the 
dune gained  its final fo rm  in th is period  o f  tim e. 
A ssum ing  tha t fo rm ation  o f  the parabo lic  dune w as 
in itia ted  at the coast shortly  a fte r 1000 A .D . and tha t 
the dune stopped  m igrating  around  1850 A .D ., the 
annual m ig ra tion  ra te  o f  the parabo lic  dune  equals a 
m in im um  o f 8.8 m /y r .  If, how ever, the parabo lic  
dune firs t w as in itia ted  a t the sho re  around  1550
A .D ., an annual m igration  ra te  o f  25 .0  m / y r  results. 
T hese figu res appear both  very  reasonab le  w hen 
com pared  to  m easured  annual m ig ra tion  rates a t the 
active parabo lic  dune R âb jerg  M ile on  th e  Skagen  
Spit. T h is la tte r dune  has m igrated  ca. 10.0 m / y r  
since 1887 A .D . (A n thonsen  e t al., 1996).

C oasta l dunes. T he  5 - 2 0  m h igh  stab ilized  or 
sem i-stab ilized  coastal dunes constitu te  the youngest 
aeolian  unit in  the barrier co re  area. T he o u te r be lt is 
typ ically  com posed  o f  tw o coast-paralle l dune  ridges,

bu t local topography  varies considerab ly . T he dune 
ridges are separa ted  by  a 1 0 -5 0  m  w ide  ‘in te rd u n e’ 
co rrido r in w hich the g ravel-rich  sed im en ts o f  the 
underly ing  b a rrie r core  deposits  occasionally  are e x ­
posed  (Fig. 6). A  g radual transition  b e tw een  the 
second  dune ridge and  the inner be lt o f  coastal dunes 
is dom ina ted  by  parabo lic  dunes, and com m only  the 
second  dune ridge  con ta ins inc ip ien t parabo lic  dunes. 
A t m any p laces the ou term ost coastal dune  ridge  is 
overp rin ted  by recen t sand  shadow  dunes w h ich  run 
in land  para lle l to  th e  dom inating  sto rm  w inds, and 
can  reach  sizes  up  to  ca. 3 m  (cf. C lem m ensen , 
1986). A t o th e r p laces large  b low -ou ts hav e  fo rm ed  
in th e  vegeta ted  dune  ridges. O ccasionally  the in te r­
nal struc tu res o f  th e  dunes can  be  studied  in the 
w alls  o f  the  b low -outs. O ne exam ple  occurs ju s t 
sou th  o f  H enne M pllea  (Fig. 11). T h is exposure 
reveals low erm ost g ravel-rich  beach  ridge deposits 
(fo rm ing  th e  base o f  the b low -ou t) overla in  by ca. 10 
m  aeo lian  sand  p rim arily  rep resen ting  th e  coastal 
dune unit. T h e  aeo lian  sand  o f  th e  coastal dune  unit 
d isp lays large-sca le  c ro ss-bedd ing  d ipp ing  tow ards 
th e  east and  con ta ins th ree  in ternal im m atu re  soils. 
T he basal so il (S I )  appears horizon ta l, b u t th e  soils 
S2 and S3 d ip  tow ards the ea s t and apparen tly  d rape  
the lee-side  o f  p rev ious dunes. T he S 2  and S3 soils 
are  sim ple and  w ell-defined  in th e  dune  fo rese t part,
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Fig. 11. Sedim entary  build -up  o f  large dune exposed in  blow -out structure  ju s t sou th  o f  H enne M pllea  (location  4  in  Fig. 2). G ravel-rich  
barrier core  deposits (7 )  occur at the base  o f  the  b low -ou t an d  are  overla in  by ra th e r structureless aeolian  sand and  by a  basal soil horizon 
(S I ) .  T he  overly ing  c ross-stra tified  dune sand ( 2 )  contains tw o in ternal soil horizons (term ed  S2  and  S 3 )  and  a very  im m ature soil horizon 
(S 4 )  a t the  top. T he  low erm ost three (S I ,  S2, S 3 )  so ils  a re  characterized  by  scattered , dark-coloured , b ranch and root fragm ents.
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but they  bo th  sp lit up  in to  tw o o r th ree  sub-so ils in 
the dune toese t part.

T he inner b e lt o f  th e  coastal dunes consists  o f  
parabo lic  dunes and dunes o f  m ore  irregu la r m o r­
pho logy  as w ell as b low -ou ts. Ju s t sou th  o f  H enne 
M p llea  a re la tive ly  large  e longa te  parabo lic  dune 
(leng th  2  km ) occurs. T he parabo lic  and related  
dunes are com m only  associa ted  w ith  sm all sand 
p lains. T h e  parabo lic  dunes all ind ica te  sand  tran s­
po rt tow ards the east-sou theast (9 0 -1 1 5 ° ). T h e  in te r­
nal bu ild -up  o f  these  dunes w as stud ied  in  tw o 
abandoned  g ravel p its  in the cen tra l part o f  the 
dunefield . T he g ravel deposits  lie  ju s t  be low  g round­
w ate r tab le , bu t the  overly ing  aeo lian  deposits  are 
still partly  exposed  in  som e o f  the quarry  w alls . T he 
aeo lian  deposits  in bo th  quarries are in itia ted  by  a 
1 0 -2 0  cm  th ick  pea t layer, w h ich  fo rm s the bo u n d ­
ary to th e  underly ing  L o w er aeo lian  unit. O n top  o f 
the peat lay e r fo llow  several m etres o f  aeo lian  dune 
sand  w ith  som e cro ss-bedd ing  and  th ree  im m atu re  
soils. A ll soils and in particu la r th e  upper tw o are  o f 
an u n du la ting  natu re  and drape  an  underly ing  dune 
topography.

T he coastal dune u n it records three o r fou r 
ep isodes o f  aeolian  accum ulation  separa ted  by  peri­
ods o f  s tab iliza tion  and soil form ation . E ach  accum u­
lation ep isode  rep resen ts the fo rm ation  o f  new  coastal 
dune ridges, the  reactiva tion  and g row th  o f  ex isting  
dune ridges and th e  m od ifica tion  o f  ex is ting  dunes 
in to  actively  m igrating  parabo lic  dunes. A ll these 
p rocesses p robab ly  took  p lace betw een  ca. 1550 and 
1850 A .D .

E vents o f  increased  sand d rift and dune fo rm ation  
took p lace  in the V ejers area, and at m any  coastal 
reg ions in  D enm ark  (cf. B riiel, 1918). T h ese  aeolian  
accum ulation  events are p rim arily  th ough t to be  re­
la ted  to periods o f  increased  sto rm iness although  the 
in tensity  o f  ind iv idual sand  d rift even ts p robab ly  w as 
enhanced  by  hum an in fluence.

5. Sand budget

5.1. S a n d -m oving  capac ity  o f  the w ind

W ind  data  ob ta ined  a t B lâvandshuk  F y r w ere  used 
in th is study. B lâvandshuk  F y r is situa ted  a t the 
sou thw estern  co rner o f  the dunefie ld , and w ind  data

o f  this sta tion  are, therefo re , d irec tly  app licab le  for 
the  w ho le  dunefield . T h e  w ind data  a t B lâvandshuk  
F y r rep resen t th e  period  1 9 3 1 -6 0 ; da ta  w ere ob ­
served  as six teen com pass d irec tions, bu t reduced  to 
e igh t com pass d irec tions in  the w ork  by F rydendahl 
(1971).

T he sand-m oving  capacity  o f  the w ind  (d rift po ­
ten tia ls, D P) is defined  b y  the fo rm u la  o f  F ryberger 
(1979):

Q a V ^ V - V , ) ,  (1 )

w here  Q  is a  p roportionate  am oun t o f  sand  drift, V 
is average w ind  velocity  at 1 0 m  heigh t, Vj is im pact 
th resho ld  w ind  velocity , and t  is th e  tim e  th e  w ind is 
b low ing , exp ressed  as a  percen tage  in  a w ind  sum ­
m ary.

By using  th is fo rm ula  the d rift po ten tia l is ca lcu ­
lated  to  be  1511 vecto r un its (v .u .), o r 106 m 3 (m  
w id th )-1 y r -1 (cf. F ryberger e t al., 1984), and the 
resu ltan t d rift po ten tia l is ca lcu la ted  to be  780  v.u., 
o r 55 m 3 (m  w id th )-1 y r - 1 , d irec ted  east (88°). As 
docum ented  by A nthonsen  e t al. (1996), the resultant 
d rift po ten tia l a long the  w est co as t o f  Ju tland  varies 
considerab ly  w ith  tim e. A t Skagen, fo r exam ple, the 
resu ltan t d rift po ten tia l w as h igh  (ca. 700  v .u .) and 
d irected  tow ards the  east-sou theast in 1887 and 1909, 
w hereas it w as considerab ly  sm alle r (ca. 450 v.u.) 
and d irec ted  tow ards the no rtheast betw een  1924 and 
1986. T h e  exact causes o f  th is change in  the wind 
env ironm en t are  no t w ell know n, b u t it is likely that 
th e  change o f  w ind env ironm en t reflects a shift in 
la titude  o f  the depression  tracks. In th e  latter part of 
the fo rm er cen tu ry  G reen land  had  a  cold  clim ate and 
no rthw est E u ropa  had  cool sum m ers (cf. D ansgaard 
et al., 1975, L am b, 1977). It is possib le  that also 
p rev ious co ld  periods and especia lly  those between 
1550 and  1850 A .D . in  ‘the L ittle  lee  A ge’ were 
characterized  by increased  sto rm iness (cf. Hansen, 
1957; L am b, 1977) and the dom inance  o f (summer) 
w inds from  the w est-northw est. T his idea is sup­
po rted  because  m ost stab ilized  parabolic  dunes in the 
area ind ica te  resu lting  w ind flow  from  the west- 
northw est.

5.2. In p u t o f  sand

B each  sed im ents fo rm  the m ain  source to l,K 
dunefield . T he actual ra te  o f aeolian  sand transpo . '
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h ow ever, is m uch less than th e  po ten tia l ra te  o f  sand 
transport, m ain ly  because  o f  in su ffic ien t quan tities o f  
dry sand  in  th e  beach  area. M ost sto rm s occu r during  
the w in te r m onths w hen  the  beaches frequen tly  are 
w et o r  m oist a fte r rain  o r flooding . T h e  m o istu re  o f  
th e  beach  sed im en t sign ifican tly  reduces the ra te  o f  
sand  transport. W in te r ra in fall on  th e  O regon  coast 
reduces seasonal sand  transport to  36%  of its p o ten ­
tia l (H u n ter et al., 1983). If  a sim ila r reduction  
occurred  on th e  V ejers coast, th e  actual ra te  o f  sand 
transport w ou ld  lie  around 2 0  m 3 (m  w id th) 1 y r ’.

A cco rd ing  to  B artholdy and P ejrup  (1994 ) the 
p resen t n e t littoral d rift o f  sand  a long  the coast is 
b e tw een  0.5 and  1.0 X  IO6 m 3 y r -1 sou thw ards. If  
all th is sand  is even tua lly  deposited  on  the  shore 
(leng th  o f  shoreline a long  th e  V ejers dunefie ld  is 22 
km ) and exposed  to  w ind  erosion  on th e  d ry  p a rt o f 
the beach , the rate  o f  aeolian  sand  tran sp o rt w ou ld  be 
betw een  22 .7  and 45.5  m 3 (m  w id th )-1 y r - 1 . T hese  
figu res lie  betw een  the actual and po ten tia l ra tes o f  
sand  transport.

In periods o f  increased  sto rm iness, rates o f  aeo ­
lian  tran spo rt m ust have  been h igher. Increased  
s to rm iness w ould  p robably  a lso  cau se  an  in tensified  
longsho re  d rift and  an increased  availab ility  o f  sand 
on  the beaches (cf. H em pel, 1980; H esp  and T hom , 
1990). P eriods o f  low ered  sea  level w ould  also cause 
an increase  in  sed im en t availab ility  in  the sho re  zone 
(cf. L am b, 1977; C hris tiansen  e t al., 1990). T hus, a 
com bination  o f  increased  sto rm iness and  a low  sea  
level w ould  resu lt in an increased  sand  flux  in to  the 
dunefield .

5.3. S a n d  co n ten t in  the dune fie ld

G eoradar and m orpho log ica l analysis ind ica te  tha t 
th e  V ejers dunefie ld  con tains ca. 800 X  IO6 m 3 sand. 
T he L o w er un it con tains ca. 250  X  IO6 m 3 sand  and 
the U p p er un it con ta in s ca. 550  X  IO6 m 3 sand. 
A ssum ing  tha t th e  total sand  vo lum e w as deposited  
since ca. 300  A .D ., an average  long-term  aeolian  
sand  transport rate o f  ca. 21 m 3 (m  w id th )-1 y r -1  
resu lts , and  assum ing  tha t the sand  in the U p p er un it 
w as deposited  since 1000 A .D . w e g e t a  sand  trans­
p o rt ra te  o f  25 m 3 (m  w id th )-1  y r - 1 . T h ese  figu res 
are  c lo se  to  th e  estim ated  m odern  actual ra te  o f  sand  
transport in  the  area. T h e  figu res also com pare 
favourab ly  w ith  m odern  ra te  o f  sand tran spo rt in  the

A lexandria  coastal dunefield , S ou th  A frica , w h ich  is 
31 m 3 (m  w id th )-1 y r -1  (Illenbe rger and  R ust, 
1988), and  in th e  O regon  coastal dunefie ld , w h ich  is 
34 m 3 (m  w id th )-1 y r -1  (H u n te r e t al., 1983). 
A ssum ing  th a t the fo rm ation  o f  the U p p er unit o f  the 
V ejers dunefie ld  w as res tric ted  to the p eriod  1550— 
1850 A .D . an average  ra te  o f  sand transport o f  ca. 83 
m 3 (m  w id th )-1 results. Such a short-term  rate  o f 
sand  tran spo rt is very  h igh , b u t no t im possib le  during  
a period  o f  increased  s to rm iness and  a h igh supp ly  o f  
b each  sand.

T he accum ulation  o f  sand  in  the V ejers dunefield  
w as very  rap id , and  an  average  long-term  accum ula­
tion  ra te  o f  ca. 4 m m  y r -1 (accum ula tion  o f  all 
sed im en ts in 1700 y r) and a  sho rt-te rm  accum ulation  
rate  o f  ca. 14 m m  y r -1 (accum ulation  o f  U p p er un it 
in  300  y r) can  be  ca lcu la ted . T h ese  figu res a re  very 
h igh  w hen  com pared  to the A lexand ria  coasta l dune­
fie ld  w here  the average  rate  o f  deposition  is 1.5 m m  
y r -1 (Illen b e rg er and R ust, 1988).

6. Dunefield dynamics and conclusions

T h e  aeo lian  sed im en ts at V ejers fo rm ed  in tw o 
m ain  tim e in tervals (F ig. 12). T he firs t p h ase  o f  dune 
fo rm ation  o ccu rred  after 300  A .D . and  ended  around  
1000 A .D ., w hen  w idespread  peat fo rm ation  took 
place . T he second  phase  o f  dune  fo rm ation  occurred  
b e tw een  1550 and 1850 A .D . as docum ented  by 
h isto rical sources. T h is period  w as re la tive ly  cold  
( ‘th e  L ittle  le e  A g e ’) and characterized  by  a  sea 
level low stand  (cf. C hris tiansen  e t al., 1990; T anner, 
1993). T he low ering  o f  w ave base  m ade m ore sand 
ava ilab le  fo r landw ard  tran spo rt (by  m arine p ro ­
cesses), th e  shore line  p rog raded  and w ide areas w ere 
exposed  fo r aeo lian  erosion . T h e  e roded  m ateria l w as 
transported  in land  by  strong  w inds and dep o sited  in 
the V ejers dunefield . B ecause  o f  freq u en t erosion  by  
sto rm  surges, strong  w inds a n d /o r  overg razing , the 
fo redune ridges w ere  transform ed in to  transg ressive  
dunes (cf. H esp  and  T hom , 1990). T he firs t m ain  
p h ase  o f  dune  fo rm ation  in  the area  seem s to  have  
occurred  during  a period  o f  re la tive ly  low  sea  level, 
b u t during  th is phase  on ly  low  dune  fo rm s deve l­
oped. A sea  level low stand  around 800  A .D . has 
been  docum ented  by  S hennan  (1992) and  T anner 
(1993). T h e  c lim ate  w as p robab ly  co ld  and  sto rm y.
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Fig. 12. Sum m ary  schem e show ing  aeo lian  stra tigraphy in  the 
V ejers dunefie ld  in  relation  to  sea  level and  storm iness (frequency 
o f  s to rm  surges). Sand drift and dune fo rm ation  in  the  V ejers area 
took p lace in  tw o m ain  phases separated  b y  a  period  o f  peat 
form ation  around 1000 A .D . T h e  occurrence o f  several soils 
ind icate  ep isod ic  g row th  o f  the  dunefie ld . T he  sea  level curve is 
based  on data  in  T anner (1993). T he  cu rve  on  sto rm  surge 
frequency  is based  on  data  in  G ram -Jensen  (1991).

T h e  long -term  evo lu tion  o f  th e  V ejers dunefield  
seem s p rim arily  re la ted  to  sea level. T h e  com position  
o f  the aeo lian  sed im ents c lea rly  ind icates, how ever, 
tha t in bo th  tim e in tervals periods o f  d unefie ld  grow th  
a lternated  w ith  periods o f  d unefie ld  s tab iliza tion  and 
fo rm ation  o f  o rgan ic-rich  horizons. T herefo re , peri­
ods o f  h igh  sand  supply  and a  rap id  accum ulation  
rate  a lternated  w ith  periods o f  less sand  supply  and  a 
slow  o r  neg lig ib le  accum ulation  rate. A  m ax im um  of 
fou r periods o f  dunefie ld  accum ulation  h av e  been 
iden tified  during  the final p h ase  (1 5 5 0 -1 8 5 0  A .D .) 
o f  dune  fo rm ation , b u t un fo rtunate ly  none  o f  these 
accum ulation  periods have  been da ted  exactly . T hese  
sm aller-sca le  even ts o f  dune ac tiv ity  m ay  b e  related

to  short tim e in tervals o f  increased  sto rm iness during  
‘th e  L ittle  le e  A g e’, w hereas periods o f  dune  stab i­
lization  occu rred  during  periods o f  reduced  s to rm i­
ness. B ecause  few  data  on w ind characteristics ex is t 
in  th is tim e  in terval, d a ta  on sto rm  su rge  frequency  
a long  th e  D an ish  w est coast are  h ere  u sed  as an 
ind ica to r o f  sto rm iness. T hese  d a ta  ind ica te  tha t fou r 
periods o f  excep tional sto rm iness o ccu rred  during  
‘the L ittle  le e  A g e’ (1 5 9 0 -1 6 5 0  A .D ., 1 6 6 0 -1 7 3 0
A .D ., 1 7 9 0 -1 8 0 0  A .D ., and  1 8 2 0 -1 8 7 0  A .D ., Fig. 
12). Judged  fro m  th e  n um ber o f  sto rm  surges, 
s to rm iness w as particu la rly  h igh  in  the  firs t tw o 
periods, w h ich  m atches w ell w ith  h is to rica l records 
on large-scale  sand  d rift in  these years.

T he overall aeo lian  stra tig raphy  a t V ejers co rre ­
sponds w ell w ith  the stra tig raphy  o f  o ther areas in 
D enm ark . C hris tiansen  e t al. (1990) m en tion  three 
m ain  phases o f  sand  d rift and dune  fo rm ation  in 
n o rthw estern  Ju tland . T he la tte r tw o  phases m atch  
w ell w ith  the tw o  m ain  phases o f  dune  form ation  
observed  in the V ejers dunefield . In  D enm ark  large- 
sca le  sand  d rift and dune fo rm ation  firs t took  place 
during  ‘th e  L ittle  le e  A g e ’. P rev ious phases o f  sand 
d rift on ly  resu lted  in th e  fo rm ation  o f  low  dunes. A 
sim ila r pa tte rn  has been observed  on  th e  Sefton  coast 
in no rthw est E ng land  (P ye and N eal, 1993). H ere, 
the  final and m ost im portan t phase  o f  dune fo rm ation  
to o k  p lace  betw een  ca. 1200 and ca. 1850 A .D . In 
the  N etherlands an o lder dune com plex  (the  O lder 
D unes) and  a  y ounger dune com plex  (the  Y ounger 
D unes) a re  recogn ized  (e.g. K lijn , 1990). D eposition  
o f  the o lder dune  com plex  started  as early  as 2800
B.C. and con tinued  up  to  R om an  tim es (K lijn , 1990). 
D eposition  o f  the y ounger dune com plex  took  place 
betw een  ca. 1000 A .D . and ca. 1850 A .D ., and three 
periods o f  dune ac tiv ity  are  described .

Pye and  N eal (1993 ) exp la in  the fo rm ation  o f 
active dunes in th e  M idd le  A ges as a resu lt o f  
excep tional sto rm iness and  rap id  coastal erosion. 
K lijn  (1990 ) a lso  re la tes th e  fo rm ation  o f  th e  Y ounger 
D unes in th e  M idd le  A ges to  increased  coasta l e ro ­
sion  caused  b y  a  h igher sto rm  surge frequency . K lijn 
(1990) suggests th a t these periods o f  increased  storm  
su rge  frequency  took p lace  during  rising  sea  level.

In  the p resen t study  dune  fo rm ation  took p lace  on 
a  coastline  th a t w as prograd ing . T he long-term  evo ­
lu tion  o f  th e  V ejers dunefield  is m ain ly  related  to sea 
level w ith  m ain  phases o f  dune fo rm ation  occurring
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during  late H o locene sea level low stands, o r possib ly  
du ring  early  transg ressive  phases. T he short-term  
depositional dynam ics o f  th e  dunefie ld  w ere p rim ar­
ily con tro lled  by  varia tions in the characteristics o f 
the w ind. E p isodes o f  transg ressive  dune form ation  
w ere p robab ly  caused  by a com bination  o f  factors 
inc lud ing  overg razing , sto rm  surge erosion , and 
b low -ou t form ation.
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