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The morphogenesis and in ner struc ture of the Ho lo cene foredune plain in the Narva-Joesuu area, east ern Gulf of Fin land,
were stud ied us ing op ti cally stim u lated lu mi nes cence (OSL) dat ing, ground-pen e trat ing ra dar (GPR) study and in ter pre ta tion 
of air borne LIDAR el e va tion data. The re sults show that the Narva-Joesuu foredune plain con sists of ca. 100 par al lel coastal
foredune ridges built of well-sorted fine sand un der lain by gently (~7°) sea ward-dip ping sandy beach de pos its. The dis tal
part of the plain, which con sists of at least 15 ridges, formed dur ing the re gres sive phase of the Ancylus Lake/Early Litorina
Sea, serv ing as a bar rier for the la goon be hind it. A larger por tion of ridges, with an av er age progradation rate of 0.26 m a–1,
formed un der con di tions of fall ing rel a tive sea level dur ing the Litorina re gres sion and was sep a rated from the older foredune 
suc ces sion by a hi a tus re lated to the Litorina trans gres sion at 8.5–7.3 cal. ka BP. In the high est cen tral part of the plain the
foredune growth was in ter rupted by foredune in sta bil ity and a re-blow ing ep i sode dated to 5.4 ± 0.9 ka BP which may cor re -
late with a larger re gional cool ing at 5.8–5.1 cal. ka BP in the North At lan tic and cen tral Eu rope. Dur ing the last 3000 years,
the foredune progradation rate de creased to 0.19 m a–1, most prob a bly be cause of de cel er ated land-up lift and in creased hu -
man im pact due to coastal pro tec tion. 
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INTRODUCTION

Foredunes have been de fined as shore-par al lel dune
ridges, formed on the top of the backshore by ae olian sand de -
po si tion within veg e ta tion while sys tem atic beach progradation
over time frames of tens to thou sands of years may lead to the
de vel op ment of wide foredune plains (Hesp, 2002). Their for -
ma tion and mor phol ogy can pro vide in for ma tion about Ho lo -
cene sea level changes and cli ma tic events, but also about
changes in sed i ment sup ply, veg e ta tion cover and wave en ergy 
(Hesp, 2002). In the south ern Bal tic Sea ba sin, ep i sodes of
foredune in sta bil ity and for ma tion of blow outs have been re -
lated to colder and storm ier con di tions, the so-called LIA (Lit tle
Ice Age)-type events and sys tem atic ac cre tion and foredune
plain growth with milder and calmer cli mate, and an in tact veg e -
ta tion cover (Reimann et al., 2011). 

The 2.5 km wide foredune plain in the Narva-Joesuu area
con sists of fine sandy de pos its form ing ap prox i mately 80 par al -
lel ridges in a zone run ning for 14 km ad ja cent to the pres -
ent-day shore line (Lepland et al., 1996; Fig. 1). Mar tin and

Schwartz (1991) pro posed that this ridge sys tem con sists of
uni formly straight and par al lel ridges built by wave ac tion and of
sin u ous, ir reg u lar ridges formed by a com bi na tion of wave and
ae olian pro cesses. On the ba sis of three dates ob tained from
thermoluminescence anal y ses, they sug gested the for ma tion of 
the beach ridge sys tem dur ing the Litorina Sea stage. Con sid -
er ing these dates and biostratigraphical anal y ses of the la -
goonal de pos its in Leekovosoo mire (Fig. 1C), Lepland et al.
(1996) ar gued that the SE part of the Narva-Joesuu foredune
plain had formed al ready be fore the Litorina Sea stage, most
prob a bly dur ing the re gres sion of the Ancylus Lake, and the
high est cen tral part of the ridge sys tem formed most likely dur -
ing the cul mi na tion of the Litorina Sea trans gres sion. Based on
the geo mor phol ogy and the min er al og i cal anal y ses they con -
cluded that uni formly straight ridges have been built by ae olian
pro cesses and cor re spond to the par al lel dune (foredune) type
in Bird`s (1984) clas si fi ca tion, while on the high est cen tral part
of the plain, where the forms are ir reg u lar and higher, the ini tial
foredunes were sub jected to later ae olian pro cesses. 

In the cur rent pa per the foredune com plex in the
Narva-Joesuu area is in ves ti gated by ground-pen e trat ing ra dar, 
in ter pre ta tion of air borne LIDAR el e va tion data and by op ti cally
stim u lated lu mi nes cence (OSL) dat ing in or der to clar ify the de -
vel op ment of the ridge sys tem and its re la tions to sea level and
cli ma tic events. 
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Fig. 1A – over view map with pres ent-day ap par ent land up lift isobases af ter Ekman (1996); B – Narva-Luga Klint Bay area with lo ca -
tion of isobases of the Litorina Sea level high-stand (m a.s.l.; af ter Saarse et al., 2003); C – dig i tal el e va tion model for the
Narva-Joesuu foredune plain and sur round ing ar eas with OSL sam pling sites and ages and lo ca tion of geomorphological and geo -
phys i cal pro files dis cussed in the text



GEOLOGICAL SETTING

The Narva-Joesuu foredune plain is lo cated in the west ern
part of Narva-Luga Klint Bay, an ex ten sive in den ta tion in the
klint line, part of the Narva-Luga coastal low land sit u ated in NE
Es to nia and NW Rus sia (Fig. 1). The area is char ac ter ized by
slow but un even glacioisostatic land up lift and com plex wa ter
level changes with al ter nat ing lake (Bal tic Ice Lake and Ancylus
Lake) and ma rine (Yoldia Sea and Litorina Sea) stages (Figs. 1
and 2). Lepland et al. (1996) car ried out a de tailed study into the 
geo mor phol ogy, bio- and lithostratigraphy, with mag netic anal y -
sis in com bi na tion with ra dio car bon chro nol ogy in the Es to nian
part of Narva-Luga Klint Bay. They rec og nized the high est
shore line of the Ancylus Lake at an al ti tude of 9 m around
9.2–9.1 uncal. ka BP in the Sininomme beach ridge and es ti -
mated that the high est wa ter level of the Litorina Sea was at an
al ti tude of 10 m in the Narva-Joesuu ridge sys tem (Fig. 1B).
How ever, they did not pro vide any dates from the
Narva-Joesuu area. Mar tin and Schwartz (1991) dated the
Narva-Joesuu beach ridge sys tem us ing thermoluminescence
(TL) anal y ses and ob tained a num ber of con flict ing ages. De -
spite this, they pub lished three dates with suc ces sively youn ger 
ages: 6.1, 5.4 and 5.0 ka BP for the cen tral part of the ridge sys -
tem. Based on study of lake de pos its in the east ern part of
Narva-Luga Klint Bay Sandgren et al. (2004) iden ti fied the high -
est wa ter level of the Litorina Sea at an al ti tude of 10 m at
7.6–7.2 cal. ka BP and sug gested an ad di tional mi nor (1 m)
trans gres sion wave around 6.5 cal. ka BP (Fig. 2). Rosentau et
al. (2013) com piled a Ho lo cene shore dis place ment curve for
the Narva-Luga area by us ing data from iso lated lake bas ins
from Sandgren et al. (2004), and study ing coastal landform el e -
va tions, bur ied peat lay ers and Stone Age set tle ment sites in
NE Es to nia and NW Rus sia (Fig. 2). 

MATERIAL AND METHODS

LUMINESCENCE DATING 

All sam ples for dat ing were col lected from the orig i nal de -
posit to avoid post-depositional mix ing of the sed i ments by
roots or soil for ma tion pro cesses. Sam ples OSL2 and 7 were
taken from the re-blown parts of the foredune ridges, sam ples
OSL3–6 and OSL8–12 from the shore par al lel (foredune)
ridges (Fig. 1C). The sam pling depth was 0.8–1.7 m (Ta ble 1)
and sam pled ma te rial was fine-grained sand (Ta ble 2). The al ti -
tudes and lo ca tions of OSL sam ples were mea sured on site.
Ba sic el e va tion net work was de ter mined by RTK GPS equip -
ment. Ad di tional lev el ling from ba sic RTK GPS net work points
to sam ple sites un der dense can opy was car ried out by high
pre ci sion to tal sta tion (ta chom e ter). Only short sights were used 
in or der to min i mize er ror prop a ga tion. Over all el e va tion ac cu -
racy was es ti mated to be better than 10 cm. 

Mea sure ments were made on quartz. The orig i nal sam ples
were sieved and the grain size in ter val of 210–297 mm was se -
lected for fur ther prep a ra tion. Af ter se lec tion the quartz grains
were den sity-sep a rated from the ma te rial. The sep a rated
quartz was then treated with HF 40%/1 h and HCl 10%/30 min
to etch away the sur face layer.

The sam ples were mea sured by the op ti cally stim u lated lu -
mi nes cence (OSL) dat ing method with the an up graded Risr
TL-DA-12 reader (Brtter-Jensen and Duller, 1992; Brtter-
 Jensen et al., 1999). The mea sur ing rou tine was based on sin -
gle aliquot re gen er a tion (SAR) pro to col (Murray and Wintle,
2000). Beta ra di a tion dose-rate mea sure ments were per formed 
for the sam ples with a Risr GM-25-5 beta coun ter. In the ab -
sence of gamma ra di a tion dose-rate mea sure ments, the to tal
dose rate was es ti mated from the beta count-rate mea sure -
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Fig. 2. Ho lo cene wa ter level change curves for the Narva-Luga Klint Bay 
area ac cord ing to Sandgren et al., (2004) and Rosentau et al. (2013) 

com pared to OSL ages from Narva-Joesuu

The OSL sam ple al ti tudes are cor rected against dif fer en tial iso static up lift; 
Bal tic Sea stages are ac cord ing to Andrén et al. (2011)



ments by us ing ex per i men tally de ter mined re la tions based on a 
set of dose-rate data pre vi ously col lected by neu tron ac ti va tion
mea sure ments and gamma/beta spec tros copy (AnkjFgaard
and Murray, 2007).

Er ror anal y sis of the re sults fol lows the law of er ror prop a ga -
tion and guide lines de scribed by Aitken (1985). Er rors were de -
ter mined sep a rately for each sam ple and cor re spond to the 1s
con fi dence level. The anal y sis as sumes wa ter con tents of
Wsam ple = Wsoil = 0.2 and frac tional wa ter up take F = 0.8 ± 0.2.
The es ti mated un cer tainty of F in duces 3.5% sys tem atic un cer -
tainty in all re sults and has been taken into ac count by
quadratical sum ming. Change in wa ter con tent from W = 0.2 to
0.1 or 0.3 in duces a 8 or +8% ef fect into the fi nal ages, re spec -
tively. How ever, the lat ter un cer tainty was not in cluded in the fi -
nal re sults and is given just for in for ma tion. Un cer tain ties were
in duced by the beta count ing sta tis tics and by the pro ce dure for
es ti mat ing the to tal dose rate based on the ex ist ing
count-rate/dose-rate data. Since the gamma-ra di a tion dose
rates are based on es ti ma tion, the re sult ing un cer tainty is
slightly larger than those from mea sure ments. The un cer tain -
ties in the to tal dose-rate de ter mi na tion are 12–14%, cor re -
spond ing rea son ably to the es ti mates made with a large
dataset by AnkjFrgaard and Murray (2007). To gether with the
un cer tain ties due to lu mi nes cence mea sure ments the to tal er -
rors ranged within 14–18%.

Be fore the age dis tri bu tions were made some re jec tion cri -
te ria were used for sin gle aliquots. The re cy cling ra tio limit (the
dif fer ence in the OSL in ten sity be tween the first and the last re -
gen er a tion hav ing the same doses) was put at 10%. The max i -
mum er ror in the con stant test dose, mea sured be tween re gen -
er a tion doses, was put at 10%. Max i mum palaeodose fit ting er -
ror for a sin gle aliquot was put at 25%. The aliquots that did not
meet these cri te ria were left out of the anal y ses. Only the re sults 
within the 95% con fi dence level (2s) were in cluded in the age
dis tri bu tion anal y ses based on the ra dial plot anal y sis de scribed 
by Galbraith (1990). His to grams were com piled on the ba sis of
the se lected data and the palaeodose was eval u ated.

AIRBORNE LIDAR ELEVATION DATA

Air borne LIDAR el e va tion data col lected in the years
2008–2011 by the Es to nian Land Board are used here for
geomorphological anal y ses. Scan ning was done with a Leica
ALS50-II scan ner by im ple ment ing a si nu soi dal multipulse
(MPiA) scan pat tern, where the pos si ble num ber of re flec tions
per im pulse is 1–4. Fly ing took place at an al ti tude of 2400 m,
whereby the il lu mi nated foot print di am e ter was 0.54 m and
point den sity ap prox i mately 0.45 points per m2 with com pu ta -
tional ver ti cal ac cu racy of 0.07–0.12 m. The data points rep re -
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Lab. No. Sam ple 
no. Lat i tude Lon gi tude Sam ple

depth [m]

Sur face 
al ti tude

[m]

Num ber of 
aliquots

To tal dose
rate [mGy/a]

Equal dose
[Gy]

Age 
[ka BP]

Hel-TL04218 OSL2 59°26’49’’ 28°04’23’’ 1.5   6.7
  3 1.84 ± 0.23 16.5 ± 1.4   9.0 ± 1.4

  4 1.84 ± 0.23 22.3 ± 1.3 12.1 ± 1.7

Hel-TL04219 OSL3 59°26’34’’ 28°03’42’’ 1.4 11.0   8 1.53 ± 0.20 13.7 ± 1.2   8.9 ± 1.4

Hel-TL04220 OSL4 59°26’37’’ 28°03’38’’ 1.3 12.3 10 1.83 ± 0.26 18.7 ± 1.9 10.3 ± 1.8

Hel-TL04221 OSL5 59°26’43’’ 28°03’27’’ 1.4 11.1   4 1.82 ± 0.22 22.5 ± 1.7 12.4 ± 1.8

Hel-TL04222 OSL6 59°26’48’’ 28°03’11’’ 1.4 11.9
  9 1.62 ± 0.22 11.5 ± 1.0   7.1 ± 1.2

  7 1.62 ± 0.22 14.6 ± 0.9   9.0 ± 1.4

Hel-TL04223 OSL7 59°26’46’’ 28°02’45’’ 1.2 14.8   9 1.53 ± 0.21   8.3 ± 0.8   5.4 ± 0.9

Hel-TL04224 OSL8 59°26’54’’ 28°02’53’’ 1.4 10.9 10 1.43 ± 0.19   8.5 ± 1.0   6.0 ± 1.1

Hel-TL04225 OSL9 59°26’57’’ 28°02’39’’ 1.6 10.8   9 1.38 ± 0.20   7.2 ± 0.8   5.2 ± 0.9

Hel-TL04226 OSL10 59°27’02’’ 28°02’22’’ 0.8   8.2 14 1.31 ± 0.18   6.1 ± 0.6   4.7 ± 0.8

Hel-TL04227 OSL11 59°27’00’’ 28°01’53’’ 1.3   7.0 15 1.47 ± 0.19   4.4 ± 0.4   3.0 ± 0.5

Hel-TL04228 OSL12 59°26’14’’ 28°00’19’’ 1.7   5.1 14 na na na

na – not ana lysed

T a  b l e  1

Re sults of OSL dat ing

Frac tion [µm]
Foredune ridges Re-blown ridges Pres ent

backshoreOSL3 OSL4 OSL5 OSL6 OSL2 OSL7

>2000   0.0 0.0 0.0 0.0 0.0 0.0     0.0

2000–1000   0.0 0.0 0.0 0.0 0.0 0.0     0.0

1000–500   0.1 0.0 0.1 0.0 0.0 0.0     0.0

500–250 10.1 6.1 16.4  13.7  2.8 12.3      3.0

250–125 89.1 93.2  82.1  85.7  90.3  86.9    81.1

125–63   0.5 0.6 1.0 0.4 6.5 0.6     7.2

<63   0.2 0.1 0.5 0.1 0.4 0.2     8.8

Av er age grain size [µm] 206.3  198.3    217.1    212.7    186.1    209.7    174.4

Sort ing fac tor      1.257     1.199     1.337     1.284     1.253     1.276 1.550

T a  b l e  2

Granulometric com po si tion of se lected OSL sam ples



sent ing the ter rain were clas si fied au to mat i cally and a den sity of 
0.21 points per m2 was re ceived (Es to nian Land Board, 2011). 

Bilinear in ter po la tion was used to cre ate miss ing ter rain al ti -
tudes in ar eas where point den sity was less than 2 points
per m2. Res o lu tion of the dig i tal ter rain model used in this study
was 2 x 2 m on the ground (Fig. 1C).

GROUND-PENETRATING RADAR STUDY

The GPR sur veys were per formed with a Zond 12-e sys tem
by Ra dar Sys tems Inc., us ing a com mon off set con fig u ra tion
with a co-po lar ized 300 MHz cen tre fre quency shielded an -
tenna ori ented per pen dic u lar to the pro file. The an ten nae were
pulled along the for est roads at walk ing speed in July 2010.
Three geo phys i cal pro files with a to tal length of ~11 km and
per pen dic u lar to the coast line (also nor mal to the ridges) were
used to im age the stra tig ra phy of the Narva-Joesuu ridges. One 
~2.5 km long pro file, also sam pled for op ti cal dat ing, is used
here as a rep re sen ta tive ex am ple. The GPR sig nals were trig -
gered at con stant spac ing (10 cm) by an odom e ter wheel and
co or di nated with the help of a por ta ble GPS in stru ment (Altina
GGM309; po si tion ac cu racy 5–25 m) con nected to the ra dar.
The ac cu racy of po si tional data in the for ested area was some -
times in suf fi cient and there fore co or di nates were cor rected
based on dig i tal el e va tion data and depth of ground wa ter level
on GPR sec tions. To am plify the re flec tions and re duce the
noise level, stack ing of four mea sure ments was ap plied. The
data were re corded us ing a 300 ns time win dow. The zero-time
po si tion (rep re sent ing the first break re cord) was com puted au -
to mat i cally by the ra dar de vice soft ware.

Post-pro cess ing of the GPR data was per formed with Prism2 
soft ware. A sig nal sat u ra tion cor rec tion (band-pass fil ter) was ap -
plied to the re corded data to re move low-fre quency (<100 MHz)
in duc tion ef fects. For better vi su al iza tion of deeper re flec tions a
time-de pend ent gain was used. Also, cor rec tion for to pog ra phy
was ap plied, whereas el e va tions were de rived from air borne
LIDAR data by the Es to nian Land Board. El e va tions were de -
rived for ev ery 2 m along the pro file, which re flects gen eral to -
pog ra phy well, but does not con tain smaller lo cal vari a tions that
cause mi nor un du la tions of re flec tions in the cross-sec tions. Ve -
loc i ties were ana lysed by fit ting hy per bo las to nu mer ous point
source re flec tions and dif frac tions. It was found that permittivity
in creased with depth: (1) rel a tive di elec tric permittivity within a
range from 4 to 9 char ac ter izes the top most sands above the
ground wa ter level, but (2) the permittivity val ues are much higher 
for wa ter-sat u rated sed i ments, mostly be tween 10 and 30. The
travel time was con verted to the depth scale us ing me dian rel a -
tive permittivity val ues of 6 and 19 for the sec tions above and be -
low the ground wa ter ta ble, re spec tively. 

RESULTS

OSL AGES AND GEOMORPHOLOGY OF THE FOREDUNE PLAIN 

Eleven sam ples from the Narva-Joesuu foredune plain
were OSL dated (Ta ble 1, Figs. 1 and 3). Sam ple OSL12 did
not pro vide any spe cific age due to very wide equiv a lent dose
dis tri bu tion and OSL5 was con sid ered to be poorly bleached,
thus giv ing a clearly too old age. All other sam ples were used
to gether with air borne LIDAR data for in ter pre ta tion of the de -
vel op ment of the foredune plain. The OSL ages of sam ples
OSL6 and 8–11 in di cate a con tin u ous suc ces sion of coastal
foredunes and were used for cal cu la tion of foredune
progradation rates and for es ti ma tion of av er age foredune for -
ma tion times (Ta ble 3 and Fig. 2).

Vi sual anal y sis of shaded re lief im ages and cross-sec tions
re vealed around 100 ridges in the Narva-Joesuu foredune
plain. How ever, some of these ridges have ob vi ously dis ap -
peared or merged into larger land forms (Fig. 4). To gether with
the OSL ages the ridges can be ten ta tively grouped into four
zones (Figs. 1 and 4). Dis tal zone A is char ac ter ized by rather
im pres sive multi-ridge for ma tions with rel a tive el e va tions of
2.0–4.0 m and a ridge in ter val of 60–80 m (Fig. 4). Al to gether 15 
ridges cor re spond to this zone. The high est ridges, lo cated in
the prox i mal part of this zone, show an age of 10.3 ± 1.8 ka BP
(sam ple OSL4) cor re spond ing to the Ancylus Lake stage
(Fig. 2). The mor phol ogy and OSL ages (OSL2 and OSL3) of
the ridges from the dis tal part of this zone in di cate that these
ridges were re-blown dur ing the low wa ter level phase in the
Bal tic Sea around 9.0 ka BP (Fig. 2).

Ridges of zone B are typ i cally uni formly straight and par al lel
and have re tained their nat u ral rhyth mic char ac ter (Fig. 1C). Al -
to gether 40 ridges cor re spond to this zone. Most of them have
strictly co-lin ear struc ture with an av er age ridge in ter val of
21–27 m. More dom i nant com plexes with a rel a tive height of
1.5–2.5 m ap pear at in ter vals of ~100 m. The foot el e va tions of
the ridges rise from ~9.5 to 11.5 m a.s.l. in the NE part of the
foredune plain, but re main rel a tively sta ble in the SW part
(Fig. 4). From sam ple OSL8 on wards, the OSL ages be come
con tin u ously youn ger, in di cat ing the progradation of the
foredune plain in con di tions of fall ing Litorina Sea level (Figs. 1
and 2). A belt of si nu soi dal dunes at the prox i mal end of this
zone is dated to 5.4 ± 0.9 ka BP (Fig. 2).

The ridges of zone C are also typ i cally uni formly straight and 
par al lel, but their foot el e va tions de crease from ~11 to 5  m a.s.l. 
(Figs. 1C and 4), fol low ing the mor phol ogy of the coastal slope
in her ited from the till to pog ra phy (Lepland et al., 1996). The
OSL ages of sam ples OSL8–11 in di cate that 39 ridges of zone
C were formed be tween 6.0 and 3.0 ka BP (Fig. 1). 

Close to the sea, a 400–600 m wide belt (zone D) con sists
of 19 ridges that were formed dur ing the last 3.0 ka BP. Two re -
mark able high ridges, in the cen tral part of zone D and at the
end of the pres ent-day backshore, strongly in flu enced by hu -
man ac tiv ity, still per sist with a rel a tive height up to 3 m (Fig. 4). 

The av er age progradation rate dur ing the Litorina Sea re -
gres sion phase be tween 7.1 and 3.0 ka BP was 0.31 m/yr  (Ta -
ble 3). Al to gether 54 ridges formed dur ing this pe riod, thus it
took 76 years, as an av er age, for a sin gle ridge to form. Dur ing
the last 3000 years the progradation rate de creased to
0.19 m/yr to gether with two fold in creas ing foredune for ma tion
time (Ta ble 3). An at tempt was made to es ti mate the for ma tion
time of the last foredune at the end of the backshore from maps
dat ing back to the 18th cen tury. The old est map rep re sent ing
dunes in the Narva-Joesuu area co mes from the year 1732.
Mar tin and Schwartz (1991) re pro duced a map show ing the lo -
ca tions of shore lines and dunes in 1765 and 1769. Un for tu -
nately, maps of that time are geo met ri cally un re li able, dis tort ing
dif fer ent el e ments un equally. Nev er the less, maps dated to
1769 AD and 1880 AD sug gest that the youn gest ridge was
formed be tween these years. This gives a time of ca. 130–240
years for the for ma tion of the last foredune ridge, which is
roughly com pa ra ble with the av er age cal cu lated foredune for -
ma tion time for the last 3000 years (Ta ble 3). Anal y ses of these
maps also in di cate that ca.  550 m long spit-like coastal land -
form was formed in the Narva River mouth be tween 1769 AD
and 1880 AD (Fig. 1C).

INNER STRUCTURE OF THE FOREDUNE PLAIN

The GPR im ages re vealed five char ac ter is tic fea tures (from
top to bot tom): (1) rare land ward-dip ping re flec tions in the up per -
most parts of the ridges, (2) nu mer ous sea ward-dip ping re flec -
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Fig. 3. His to grams of mea sured palaeodoses of OSL sam ples



tions, (3) a high-am pli tude subhorizontal re flec tion cor re spond ing
to the wa ter ta ble, (4) hy per bolic re flec tions orig i nat ing from
“point-sources” and (5) deep sub-hor i zon tal par al lel re flec tions.
The ra dar im ages and in ter pre ta tions are given in Fig ures 5 and 6.

Rare land ward-dip ping (with a dip of 23 to 26°; cal cu lated as -
sum ing a mean value 6 of rel a tive di elec tric permittivity) re flec -
tions (ra dar pack age A) oc cur on land ward sides of the two high -
est ridges in the cen tral part of the plain. Al though land ward dip -
ping re flec tions are char ac ter is tic of coastal dunes (Ramos et al., 
2011), these likely cor re spond to bound ing sur faces of ae olian
sands with a max i mum thick ness of ~3 m (Figs. 1C, 5 and 6B).
The land ward-dip ping re flec tions are ei ther not pres ent in other
ridges or re main in a GPR shadow zone that is usu ally the up per -
most ~0.5 m. In places the sed i ments in the up per most ~1 m
have no in ter nal re flec tivity, but oc ca sion ally sea ward-in clined re -
flec tors from ra dar pack age M (de scribed be low) ex tend to the
shadow zone (usu ally on the sea ward sides of ridges).

The most vo lu mi nous ra dar pack age (M; Fig. 5) with an av -
er age thick ness of ~6 m is char ac ter ized by nu mer ous sea -
ward-dip ping re flec tions (Fig. 6C). The di rec tion of tilt ing (with
dip up to 12°, 7° on av er age; cal cu lated as based on the av er -
age rel a tive di elec tric permittivity value of 19) clearly in di cates
the coastal depositional en vi ron ment of these sands and pos si -
bly grav els (sim i lar stud ies by Neal et al., 2002; Dick son et al.,
2009). The re flec tions that rep re sent bound ing sur faces and
un con formi ties are gen er ally wavy, oc ca sion ally len tic u lar, and
usu ally not over 20 m in length. How ever, our test pro files par al -
lel to ridges (along the an cient beach line) show horizontality
and much lon ger elon ga tion of these re flec tions. The sig nal
pen e tra tion is gen er ally good, usu ally >10 m [ex cept on the
most land ward (south east ern) side of the pro files where soil
and or ganic sed i ments cover the sands], in di cat ing low elec tri -
cal con duc tiv ity (low con tent of clay and fresh wa ter con di tions).
The ground wa ter ta ble is ob serv able as a high-am pli tude con -
tin u ous re flec tion in the cen tral high est por tion of the ridges
(Fig. 5B); else where it ob vi ously re mains in the shadow zone.

Pack age M con tains nu mer ous point-source re flec tions
which ap pear as di ag nos tic hy per bolic (con vex-up) anom a lies
in con trast to the above-de scribed rel a tively con tin u ous fea -
tures (Fig. 6A). Usu ally, in post-gla cial con di tions, such anom a -
lies are caused by rock boul ders. How ever, as the area is poor
in boul ders and no such fea tures oc cur within the un der ly ing
pack age L, nar row lenses of gravel as ob served by Lepland et
al. (1996) in a quarry wall at the Sininomme beach ridge sys tem 
(Fig. 1C) or, al ter na tively, tree stumps (case stud ies of bur ied
or ganic ma te rial by, e.g., Kear ney, 1996; Barton and Montagu,
2004; Buynevich et al., 2010), may cause the hy per bolic anom -
a lies. How ever, there is no geo log i cal ev i dence of Ho lo cene
tree stumps in the coastal de pos its of Es to nia. We note that the
con cen tra tion of the point-source re flec tions is sig nif i cantly

higher within the sea ward side of the beach ridge, and es pe -
cially high in the low er most part, close to the lower bound ary of
pack age M. 

The pat tern of the low er most ra dar pack age (L) is dis tinctly
dif fer ent from those of the higher pack ages. It is char ac ter ized by
closely spaced par al lel and al most hor i zon tal re flec tions in dic a -
tive of calm deep-wa ter sed i men ta tion con di tions. The bound ary
be tween pack ages M and L is ero sional, as wit nessed by in ci -
sions of the over ly ing ma rine sands and grav els into pack age L.
The level of ero sion is slightly deeper in the cen tral part of the
Narva-Joesuu foredune plain where pack age L also is at higher
el e va tions. In ci sions, gravel lenses, and/or tree stumps are re -
spon si ble for the hy per bolic fea tures on the GPR sec tions at or
near the M–L bound ary. The sur face re mains hid den on the land -
ward (south east ern) side of the il lus tra tive pro file (Fig. 6). How -
ever, it is iden ti fied by ap ply ing the GPR at other sites
(Kudruküla, Sininomme), near Narva-Joesuu ly ing at 0–3 m a.s.l
(Fig. 1). The re flec tion pat tern of ra dar pack age L sug gests its
for ma tion dur ing the Bal tic Ice Lake be fore 11.7 cal. ka BP when
the al ti tude of wa ter level in the study area was at least 35 m
(Rosentau et al., 2009). Ero sion of pack age L has prob a bly taken 
place dur ing the re gres sion of the Yoldia Sea (Fig. 2).

DISCUSSION

Our OSL ages and geomorphological anal y ses sup port the
idea of the for ma tion of the dis tal part (zone A in Fig. 1C) of the
Narva-Joesuu foredune plain be fore the Litorina trans gres sion,
most prob a bly dur ing the re gres sive phase of the Ancylus
Lake/Early Litorina Sea, as sug gested by Lepland et al. (1996).
Ac cord ing to the Narva-Luga shore dis place ment curves
(Fig. 2), the Ancylus Lake/Early Litorina Sea re gres sion took
place be tween 10.2 and 8.5 cal. ka BP, which cor re sponds ap -
prox i mately to the ages of sam ples OSL2–4. Dur ing the re gres -
sion the wa ter level reached its low est el e va tion at ~2 m a.s.l.
and subaerial con di tions ex isted in the dis tal part of the
Narva-Joesuu ridge com plex. The youn ger ages of sam ples
OSL2 and 3 com pared to OSL4 in di cate that the up per (at least
1.5 m) and more dis tal part of this ridge com plex was re-blown
dur ing the low wa ter level ep i sode be fore the Litorina trans gres -
sion. Far ther to the south-east, in the Leekovosoo Ba sin,
gyttja-peat formed at that time with a high de gree of scat ter in
mag netic con cen tra tions (Fig. 7), in di cat ing the in put of
wind-blown ma te rial from the Narva-Joesuu beach ridge sys -
tem (Lepland et al., 1996).

Dur ing the rel a tively rapid Litorina Sea trans gres sion the
wa ter level rose 8 m in the Narva-Joesuu area be tween 8.5 and
7.3 cal. ka BP (Figs. 1B and 2). At that time the sea ward part of
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In ter val Age [ka BP] Dis tance
[m]*

Progradation rate
[m/yr] Num ber of foredune ridges Foredune for ma tion rate

[yr/ridge]

OSL6–8 7.1 … 6.0 1840 0.31 15  73

OSL8, 9 6.0 … 5.2 1500 0.30  9  89

OSL9, 10 5.2 … 4.7 1260 0.60 14  36

OSL10, 11 4.7 … 3.0   960 0.23 16 106

OSL11-pres ent 3.0 … 0.0   575 0.19 19 158

Av er age (OSL6-pres ent) 0.26   97

*dis tance is cal cu lated from the youn gest foredune foot (55 m from the pres ent shore line) 

T a  b l e  3

Cal cu lated progradation rates and av er age foredune for ma tion ages for Litorina Sea ridges
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Fig. 4. Geomorphological pro files across the Narva-Joesuu foredune plain with in di ca tion of iden ti fied geomorphic zones

Lo ca tion of pro files is shown in Fig ure 1C; A–D – foredune zones



the coastal landform sys tem which formed dur ing the re gres -
sion of the Ancylus Lake/Early Litorina Sea was most prob a bly
re worked. Our OSL ages and geomorphological anal y ses in di -
cate that the Litorina Sea shore line was trans gressed to the
south-east from sam pling site OSL6 (Fig. 1C), and was lo cated
some where in be tween sam pling sites OSL6 and 4. In the
Leekovosoo Ba sin, the Litorina Sea trans gres sion is re flected
by the de po si tion of la goonal de tri tus gyttja in di cat ing that the
ac tive wave re gime did not en ter the ba sin (Lepland et al.,
1996). How ever, the high de gree of scat ter in mag netic con cen -
tra tions in la goonal de pos its still shows in put of wind-blown ma -
te rial from the Narva-Joesuu area (Fig. 7). 

In ter est ingly, ra dar pack age M does not con tain a clear ero -
sional sur face that could be as so ci ated with the Litorina Sea
trans gres sion. Both sands of ini tial ridges of Ancylus Lake age
and later Litorina Sea ridges formed in sim i lar coastal hy dro dy -
namic con di tions and are com posed of well-sorted fine sands
with sim i lar grain size dis tri bu tion (Ta ble 2). Quite prob a bly
Ancylus Lake beach de pos its are pre served be low Litorina Sea
de pos its in the lower por tion of ra dar pack age M, as the po ten -
tial for pres er va tion of older sed i ments is usu ally much higher
dur ing a rapid trans gres sion than dur ing a slowly ris ing sea
level (Coo per, 2007). Dur ing the Litorina Sea trans gres sion the
up per most part (at least 1 m) of older sandy de pos its must have 
been re worked as bars and has in dis tin guish ably merged with

youn ger de pos its. De spite the uni form re flec tor pat tern of
coastal sands and lack of a clear sur face within it, the ero sional
pe riod and wa ter level lowstand be fore the Litorina trans gres -
sion could be as so ci ated with nu mer ous hy per bolic fea tures in
ra dar pack age M that tend to align 2–3 m above the base of the
pack age in the NW part of the pro file stud ied. In the sea ward
part of the beach ridge sys tem the hy per bo las orig i nate from
ob jects within the 1–1.5 m depth range. Such a depth range
could mark the re work ing depth of older sed i ments, while these
re flec tive ob jects are gravel lenses or tree stumps that were
bur ied in transgressive con di tions. In the cen tral and land ward
parts of the ridge sys tem the align ment of hy per bolic fea tures is
not clear and could in di cate a lesser hy dro dy namic re gime on a
flat ter coast.

A suc ces sion of at least 73 ridges was formed in the prox i -
mal part of the foredune plain in con di tions of fall ing rel a tive sea
level dur ing the Litorina re gres sion at an av er age progradation
rate of 0.26 m/yr (Ta ble 3). There is no ev i dence of the for ma -
tion of the transgressive Litorina Sea shore line in the high est
cen tral part of the ridge sys tem as sug gested by Lepland et al.
(1996). Our OSL ages in di cate that the ridges in the cen tral part
of the plain were formed al ready in the con di tions of the fall ing
Litorina Sea level around 6.0 ka BP (Fig. 2). 

Gen er ally sys tem atic progradation of the foredune plain
with the for ma tion of rel a tively straight and par al lel ridges was
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Fig. 5. The up per fig ure rep re sents an il lus tra tive ground-pen e trat ing ra dar im age along the pro file 1 (Fig. 1C) show ing sam -
pling sites (black and white dots in di cate samplings at and off the pro file, re spec tively) for OSL dat ing; the lower fig ure shows

an in ter preted sec tion where ra dar pack ages A, M, and L are given

The up per most white stripe (lower fig ure) in di cates the ra dar shadow zone, the white line is wa ter ta ble, white dots show lo ca tions of ma -
jor hy per bolic re flec tions; rect an gles (A–C) cor re spond to de tailed views in Fig ure 6; the ver ti cal scale is ex ag ger ated 45 times



dis rupted by an ep i sode of foredune in sta bil ity in the cen tral part 
of the plain around 5.4 ± 0.9 ka BP. The in ner struc ture and
mor phol ogy of this ridge com plex to gether with OSL ages in di -
cate that ini tial foredune ridges have been sub ject to re-blow ing, 
form ing blow outs and si nu soi dal dunes, whereas the ac tive
shore line was nearby, prob a bly no far ther than about  200 m
(Fig. 1C). This foredune in sta bil ity and re-blow ing ep i sode
could be cor re lated with a short-term but clear in crease in mag -
netic con cen tra tions in Leekovosoo la goonal gyttja de pos its.
Ac cord ing to the age-depth model this in crease is dated to
~5.5 cal. ka BP (Fig. 7), and may be re lated to colder and prob -
a bly more storm ier con di tions at that time. Pol len-based an nual
mean tem per a ture re con struc tions from north ern Eu rope in di -
cate colder an nual tem per a tures of around 5.3 cal. ka BP
(Seppä et al., 2009). Sommer et al. (2009) showed that the re -
gional ex tir pa tion of the Eu ro pean pond tur tle, a tem per ate spe -
cies in tol er ant of cold sum mers, hap pened in Fennoscandia at

about 5.5 cal. ka BP, prob a bly due to a cold spell. Ev i dence for
a large re gional cool ing at 5.8–5.1 cal. ka BP has been re ported
from the North At lan tic and cen tral Eu rope (Oppo et al., 2003;
Magny and Haas, 2004; Moros et al., 2004; Vollweiler et al.,
2006), and from the strong sig nal in the Green land
glaciochemical prox ies (Mayewski et al., 1997). 

Foredune ridges that formed dur ing the last 3.0 ka BP show
high rel a tive el e va tions in the cen tral part of zone D and at the
end of the pres ent-day backshore (Fig. 4). The for ma tion of
higher ridges to gether with a de creased progradation rate and
in creased time for the for ma tion of a sin gle ridge (Ta ble 3) may
be re lated to de cel er ated land up lift com bined with LIA-type cli -
ma tic events and hu man im pact. Reimann et al. (2011) de -
scribed three LIA-type foredune mo bi li za tion and in sta bil ity pe ri -
ods in the south ern Bal tic re lated to ma jor cli mate shifts to wards 
cooler and storm ier con di tions at 2.9 cal ka BP, 600 AD and
1600 AD dur ing the last 3000 years. In the Leekovosoo Ba sin
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Fig. 6. De tailed ra dar im ages along the pro file 1 (Fig. 1C)

A – ra dar pack ages M and L, and hy per bolic re flec tions within pack age M; B – two po si tions where land ward-dip ping re flec tions of likely
ae olian or i gin (ra dar pack age A) were de tected; the high-am pli tude re flec tion is due to ground wa ter ta ble; C – typ i cal sea ward-dip ping

pat tern of re flec tions within ra dar pack age M; the ver ti cal scales are ex ag ger ated 3.3 (A), 7.0 (B) and 3.4 (C) times



peat de pos its formed at about 3.0–1.6 cal ka BP are char ac ter -
ized by a high de gree of scat ter in mag netic con cen tra tions, in -
di cat ing two ep i sodes of higher in put of wind-blown ma te rial
(Fig. 7). Un for tu nately, we failed to date the high ridge in the
cen tral part of zone D due to very wide equiv a lent dose dis tri bu -
tion and there fore can not re late the re sults to any cli ma tic
events. The de vel op ment of the youn gest foredune ridge is
strongly in flu enced by in creased hu man im pact, in clud ing
coastal pro tec tion in the Narva River mouth since the sec ond
half of the 18th cen tury (Mar tin and Schwartz, 1991) and de vel -
op ment of the Narva-Joesuu re sort.

Al though OSL ages were found to be use ful for clar i fy ing the 
progradation his tory of the foredune plain, their use for es ti ma -
tions of past sea level is rather dif fi cult. Com par i son of OSL dat -
ing se ries with ra dio car bon dated rel a tive sea level curves in di -
cates that large stan dard de vi a tions com pli cate the use of OSL
ages in high-res o lu tion shore dis place ment stud ies. More over,
the dif fer ence be tween OSL-dated backshore up per lim its and
mean rel a tive sea lev els in the shore dis place ment curve is not
con stant but in creases with time (Fig. 2). Lin den et al. (2006)
noted a sim i lar trend when com par ing the ra dio car bon-dated
Litorina Sea level curve with OSL ages in Norrbotten, Swe den.

CONCLUSIONS

The Narva-Joesuu foredune plain con sists of ~100 par al lel
coastal foredune ridges built of well-sorted fine sand and un der -
lain by gently (~7°) sea ward-dip ping sandy beach de pos its. The 
dis tal part of the plain con sist ing of at least 15 ridges formed
dur ing the re gres sion phase of the Ancylus Lake/Early Litorina

Sea, con sti tut ing a bar rier for the Leekovosoo la goon be hind it.
Most of the ridges, with an av er age progradation rate of
0.26 m/yr, formed in con di tions of fall ing rel a tive sea level dur -
ing the Litorina re gres sion and were sep a rated from the older
foredune suc ces sion by a hi a tus re lated to the Litorina trans -
gres sion at 8.5–7.3 cal. ka BP. In the high est cen tral part of the
plain the foredune growth was in ter rupted by foredune in sta bil -
ity and a re-blow ing ep i sode dated to 5.4 ± 0.9 ka BP, which
may cor re late with more pro nounced re gional cool ing at
5.8–5.1 cal. ka BP in the North At lan tic and cen tral Eu rope. Dur -
ing the last 3000 years, the foredune progradation rate de -
creased to 0.19 m/yr prob a bly due to the de cel er at ing land up lift 
and in creased hu man im pact.

The OSL dat ing of the foredune plain is use ful for re con -
struct ing the Ho lo cene progradation his tory of the
Narva-Joesuu foredune plain, but large stan dard de vi a tions
com pli cate its ap pli ca tion to high-res o lu tion rel a tive sea level
re con struc tions. Fu ture stud ies on more de tailed chro nol ogy
and the in ner ar chi tec ture of the foredune plain could con trib ute
to better un der stand ing of the long-term coastal pro cesses and
Ho lo cene de vel op ment of the area.
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Fig. 7. Lithological com po si tion, mag netic pa ram e ters and ra dio car bon dates of the Hoovi se quence from the Leekovasoo mire
ac cord ing to Lepland et al. (1996) to gether with the age-depth model and in di ca tion of zones re lated to higher in put 

of fine-grained wind-blown ma te rial

All ra dio car bon dates in the age-depth model were cal i brated us ing IntCal09 cal i bra tion curve (Reimer et al., 2009) and pre sented 

with 1s con fi dence level; lo ca tion of the Hoovi se quence is shown in Fig ure 1C
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