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Abstract: In this paper, a detailed overview of the Holocene evolution of the North Dvina river (ND)
delta (southern White Sea) is presented; it is based on radiocarbon dating, geomorphological and oth-
er field surveys, and plant macrofossil and palynological data. We have identified three main stages
of the delta evolution: estuary erosional (Allered — 5700 cal BC), lagoon or tidal-marsh (5700 cal BC
— 3700 cal BC) and fan-delta accumulative (3700 cal BC — present). These stages are correlated with
local climatic curves, sea level changes, glacioisostatic raise curve and Baltic Sea stages. A variety of
landforms has been identified and dated within the delta. These results help to explain the spatial and
temporal patterns in the prehistoric human occupation of this area.

Keywords: North Dvina River delta, White Sea, Holocene, geochronology, radiocarbon dating, land-
forms, palaecoenvironmental reconstructions, land evolution.

1. INTRODUCTION

Large deltas entering cold tidal seas provide an oppor-
tunity to reconstruct the development of frontier land-
forms over time. This is an area of fluvial-marine interac-
tion, with mosaic landscape and specific organic-rich
sediments and sometimes deltas became inhabited by
prehistoric people communities. Therefore deltas provide
detailed archives for the studies of chronology of various
palacoenvironmental changes such as sea level oscilla-
tions, river dynamics, shoreline evolution, peat bog de-
velopment, people adaptation etc.

Since 2005, we performed a detailed radiocarbon da-
ting and palacoenvironmental studies of the North Dvina
(ND) river delta and adjacent areas (Zaretskaya, 2006;
Zaretskaya et al., 2008; 2009). The main goal of this
research was to reconstruct the Holocene chronology and
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palacoenvironmental history of the ND delta as a case
study of such a landscape evolution, and as an area of
ancient people settling.

2. STUDY AREA

The ND delta is located in the northeastern part of Eu-
rope where the North Dvina river enters the White Sea
(Fig. 1A). Nowadays this is a lobe-type fan delta with
many river arms and islands. Its surface area is 1100 km?,
the maximum length — 45 km (Lupachev, 1984) and its
maximum elevation is 6-7 m a.s.. Two big cities with
well developed transport system — Arkhangelsk in the
east and Severodvinsk in the west — make it easier to
access the study area by truck, bus or regular boat.

During LGM (18-16 kyr BP) the White Sea was cov-
ered by ca. 2 km thick ice (Demidov et al., 2006). There
is a hypothesis of an ice-dammed lake affecting this area
during the deglaciation period (Belling-Allered) (Demi-
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Fig. 1. Study area: the North Dvina River delta on a map (A) and sampling sites with GIN- laboratory numbers on the ND delta chart (B).

dov et al., 2006; Lavrov and Potapenko, 2005), though in
the field we still could not see any traces or deposits of
such a lake. The time of complete deglaciation of the
White Sea and the opening of the White Sea Gorge (Gor-
lo in Russian, a strait connecting the White and Barents
seas) is still not well known (Demidov et al., 2006). Pal-
ynological and diatom data obtained in 1960s indicates
the presence of marine diatoms in the Allerad sediments
within the ND delta (Pleshivtseva, 1977).

A tectonic pattern of the North Dvina delta area is still
polemical. There are two controversial theories:
1) The ND delta is located within the southeastern end
of the huge Kandalaksha-Dvina rift, which runs in
the NW-SE direction from Kandalaksha inlet across
the central part of the White Sea to Dvinsky inlet.
This rift has been experiencing continuous subsid-
ence during the Holocene (Zhivotovskaya, 1960;
Avenarius, 2004). The flanks of this rift are, per con-
tra, rising due to the glacioisostatic uplift. This theo-
ry was based on morphostructural data (Avenarius,
2004) and a finding of the Early Holocene buried
peat in a borehole in Arkhangelsk city at the depth of
17.5 m (Zhivotovskaya, 1960; Nikonov, 1977; Ko-
shechkin, 1979).
This is an area of recent continuous uplift due to the
rise of the Arkhangelsk swell of crystalline basement

2)
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(Zykov et al., 2008). Facts which support this theory
are 1) pattern of Quaternary deposits in this area; 2)

North Dvina river channel pattern (a bend marking a

border of the swell).

From our point of view, this contradiction between
these two hypotheses is caused by a lack of geological
and geochronological data for this area. Our new data
allows us to propose another type of tectonic movements
within this area.

3. METHODS

The main method was the radiocarbon dating of peat
bogs of different origin, composition, depth and size,
widely spread over the delta and adjacent areas. We have
dated more than 50 samples of peat, gyttja, loamy peat
(lagoon deposits), and wood (Table 1) collected from 30
sampling sites all over the area (Fig. 1B). The stratigra-
phy of relatively dry peat bogs was studied in the excava-
tions and outcrops; wet mires were sampled with the help
of the Russian corer TBG-1 (Figs. 4 and 5).

Radiocarbon dating was performed in the convention-
al '*C laboratory within the Laboratory of Isotope Geo-
chemistry and Geochronology in the Geological Institute
of Russian Academy of Sciences (Moscow), using the
standard methods of pretreatment and calculations
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Table 1. Radiocarbon dates obtained within the North Dvina River delta and the adjacent areas, with plant composition of dated samples and cali-
brated age ranges; Dates TIn-125 and Tin-126 from Koshechkin et al., 1977.

Lab (GIN) Geographical Dated organic Calibrated age range | Calibrated age range
No | Field number code coordinates matter (with plant Depth (m) 1C date (1o) (20)
) composition) (68.2%) (95.4%)
7 Tin126 buried peat 17.70 91152100 | 8470 - 8240BC (68.2%) | 8650 - 7950BC (95.4%)
N64 47188 ) ] ] | 8470~ 8200BC (94.1%)
2 |spos3amt  |1ats8 | RoediS: ayttia 330340 | 9070360 | 8320- 82308C (882%) | ‘ot 01080 (1300
8310 - 8200BC (60.2%)
3 |sDogatiad 14165 |jod o0 loamy peat 470480 | 903070 | 8110 -8090BC (2.3%) §;53§_'7%%6§§g(gé6gﬁj))
: 8040 - 8010BC (5.8%) Bh
z Tin125 buried peat 17.25 83702170 | 7550 - 7310BC (68.2%) | 7590 - 7170BC (95.4%)
5 |SDoBOTAZ | 14007 |peetel peat 210225 | 8610660 | 7710-7570BC (68.2%) | 7760 - 7530BC (96.4%)
7030 - 6930BC (26.8%)
N64.64880 6920 - 6870BC (12.6%)
6 |sostias  |1ates | Nor D0 mosswoodpeat  |420430 | 7950260 | 220" SURE RO | 7050- 6690BC (95.4%)
6720 - 6710BC (2.0%)
7 [sDoga3mt  |tater [Nt STTD g ragmites oamy | 134136 | 6920240 | 5840 - 5745BC (68.2%) | 5890 - 5720BC (95.4%)
N64 54607 Phragmites-repleted 5470 - 5440BC (16.8%)
8 |RIKASIA14  |13376m  |{oo > o0! lagoon deposits with | 3.50 6400+30 | 5430 - 5400BC (9.5%) | 5470 - 5320BC (95.4%)
' saltish water diatoms 5380 - 5320BC (42.0%)
SD0%45/A2 N6463778 Phragmites-repleted 5220 - 52008C (8.8%)
9 g | N D978 Fhra 136138 | e200sd0 | " EOE GO0 | 5300- 50408C (95.4%)
N64.63763 . ] 5210- 5190BC (6.1%) | 5290 - 5270BC (14%)
10 [SDOGUAT | 14168 |Noo oo plant detritus 148150 | 6180840 | Jer" o Con | 5230 500086 (4 0
11 |RIKASIA14 | 13376k | hok-54007 Phragmites-repleted | 5 g 5070£40 | 4910 - 47908C (68.2%) | 4960 - 4720BC (95.4%)
E40.22030 lagoon deposits
12 |sDosatiaz 14163 | Not03%60 pine-birch peat 320330 | 5860440 | 4785-4690BC (68.2%) | 4830 - 4610BC (95.4%)
SDOSA/AT Phragmites-repleted | - 4340- 4310BC (26 8%) ]
13 14169 o 080062 | 5440840 | 30" R (10N | 4360 - 42308C (95.4%
Phragnites oamy 4350 - 4220BC (85.2%)
N64 54607 4210 - 41608C (6.9%)
14 [RKASIA13  |13375  |goc >0 i[t):)at(lagoondepos- 324 5410840 | 4330 42458C (882%) | 4130 41108 (1 0ot
4100 - 4070BC (2.3%)
N6451975 . 3940 - 3870BC (7.8%)
15 [SD093AT  |14159  |Noo T2 birch peat 435445 | 4950850 | 3780-3660BC (68.2%) | 5510 sesons (o7 6%
N64 47533 ] ] | 3760 - 3620BC (86.3%)
16 [SD0932AT | 14157 |NecdTo%s wood peat 2526 4870840 | 3695 - 36358 (882%) | ycon yuono oo
3370 - 3330BC (42.5%) | 3500 - 3460BC (6.7%)
17 |KORODMAS 13381 | Mot 20200 peat 175 4570+30 | 3220 - 3180BC (14.8%) | 3380 - 3310BC (46.2%)
: 3160 - 3130BC (10.9%) | 3240 - 3100BC (42.4%)
o4 63523 330 - 32308C (20.0% 0
18 |SDOSM2AT | 14166 loamy peat 340350 | 4430470 | 3170-3160BC (1.7%) | 3340 - 2910BC (95.4%)
E40.35748 3120 - 2920BC (46.5%)
loamy peat (lagoon
N64.54002 deposits) with ] 3000 - 3060BC (65%) | 3330 - 3220BC (7.2%)
19| SDO93S/A 14160 | £39 53151 Phragmites and 4.20-430 | 436060 | 3030 2900BC (61.7%) | 3120 - 2880BC (88.2%)
saltish water diatoms
loamy peat (lagoon o o
N64.62278 peat (lagoor 2840 - 2810BC (6.4%) | 2860 - 2800BC (12.4%)
20 |LASOMAY  |1330 | Nor0o2TE deposits) with saltsh | 2.25 4060850 | G oo | 2760 - 24708 (83.0%
water diatoms
Phragmites-birch
N64 54607 ! 2470 - 2270BC (88.2%)
21 |RKasyA12  |13374 | Nor 00T loamy peat with 2571259 | 3880840 | 2460- 22908 (B82%) | ey mp00ie 1 o
saltish water diatoms
N64.47707 loamy peat (lagoon . 1930 - 1860BC (29.9%) ) o
2 |soos22im (14014 | RodTTT i 220230 | 3580840 | ja20” 17700 (3 | 1970~ 1740BC (95.4%
23 | SD0932AT 14156 gggg;ggj Sphagnum peat 155165 | 3490£40 | 1880 - 1750BC (68.2%) 119722%' 11759%%%(?;95;/"))
B - . 0
N64 50837 ) 1740 - 1710BC (12.9%)
20 |SDos2ot  |1atss | R0t Phragmitespeat | 195200 | 3370840 | 170" jEORC (0 | 1750- 15308C (95.4%)
N64.54607 Sphagnum with green R ) o 1610 - 1570BC (2.7%)
25 |RKASYAM0  |133712 | Rer 00T ot 211212 | 320040 | 1505- 1430BC (B82%) | 5y’ 15005 (63,75
2% |sooupiz  |1at72 | Nor09838 driftwood (twigs)  [1.00-1.17 | 303060 | 1390 - 1210BC (68.2%) | 1430 - 1110BC (95.4%)
27 |sposaeiAr  |14171 | N64.63838 driftwood (twigs) | 1.00-117 | 3010+80 | 1390 - 1120BC (68.2%) | 1430 - 1010BC (95.4%
E40.32116
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Table 1. Continuation

Lab (GIN) Geographical Dated organic Calibrated age range | Calibrated age range
No | Field number code coordinates matter (with plant Depth (m) | *C date (1o) (20)
() composition) (68.2%) (95.4%)
loamy peat (lagoon
N64.63567 peat (lagoo 1310 - 1190BC (55.8%) | 1390 - 1110BC (94.4%)
28 | LASOMA 13393 E40.10415 SV‘:Ft’grsggtvg'::ssa"‘Sh 1.80 2090£40 | 1480 1130BC (12.4%) | 1100 - 1080BC (1.0%)
loamy peat (lagoon 1190 - 1180BC (2.7%) i o
29 | SD0924/A1 LI ol deposits) with 190200 | 2900+40 | 1160 - 1140BC (3.6%) ]ggg;ﬁgg@%g%;
: Phragmites 1130 - 1010BC (61.9%) 1%
30 [RKASIAT  |133690  |joo oo Sphagnumpeat | 1.60 2800+80 | 1050 - 840BC (68.2%) | 1200 - B00BC (95.4%)
N64 54607 1060 - 740BC (92.1%)
31 |RKASIAT 13369 |jod oot Sphagnum peat 160 2690+80 | 930-790BC (68.2%) | 690 - 660BC (1.3%)
: 650 - 590BC (1.9%)
: : 810~ 750BC (49.3%) | 820 -730BC (55.2%)
32 | LASOM2 13391 Eiggggg? ’: :I{;mﬁsefg;mﬁz 1.08-1.10 | 2570440 | 690-660BC (11.4%) | 690 -660BC (13.8%)
: 640 - 590BC (7.5%) | 650 - 540BC (26.4%)
750 - 630BC (18.9%)
N64 54607 670-640BC (6.3%) | 770 - 680BC (23.0%)
33 |RIKASIA6 13368 |poo oot Sphagnum peat 131132 | 250880 | iSRRI | 0 00RC (o)
560 - 410BC (41.1%)
N64.53192 organo-mineral gyttja 750 - 680BC (10.9%)
34 | SD0923AT 1153 | N with saltish water | 2.95-3.05 | 2370+50 | 520-380BC (68.2%) | 670-630BC (3.1%)
: diatoms 600 - 360BC (81.3%)
N64 64880 400 - 90BC (94.3%)
35 | SDOS41AT i | oo Sphagnum peat 195205 | 2200870 | 370-190BC(88:2%) | 707506 (130
N64.63898 loamy peat (lagoon y 360 - 270BC (42.2%) )
3 |SDOBOUAZ 14012 |jeg o e 088070 | 2200840 | 300" 300 ety | 390~ 1708C (96.4%)
N64 53582 organo-mineral gyttja 360 - 280BC (29.1%)
37 | SD0922IAT 14151 o e (lagoon deposits) with | 1.10-120 | 2160£50 | 240-150BC (32.1%) | 370 -50BC (95.4%)
' saltish water diatoms 140 - 110BC (7.0%)
loamy peat (lagoon
N64.66272 deposits) ’ ) 0 0
38 | LASOM3 13302 | Nooolrs b phmaamitesang | 130133 | 2000840 | 100-30AD (882%) | 170BC (95.4%) G0AD
saltish water diatoms
N64.62661 loamy peat (lagoon i o 0
39 | SDOB17/AT 14008 | oo e 1.35 201030 | 45-25AD (68.2%) | 100BC (95.4%)70AD
40 | 'SD080SIA1 taos | Noratss peat 210220 | 1960450 | 40-90AD(68.2%) | 100BC (95.4%) 140AD
N64 54607 ] 20-10BC (3.6%) .
4 |RKASIAS  |13367 | Nor 00T Sphagnum peat 105106 | 1060840 | 0" 00 ) | S0BC (96.4%) 1304D
N64.62661 loamy peat (lagoon g )
42 |SD0BITIAZ (14009 |Noe 5250} i 162165 | 1860:40 | 80-110AD (68.2%) | 6OAD (95.4%)250AD
90AD (1.1%) 100AD
43 | SD0B12AT taoto | Noa03309 peat 128130 | 182030 | 150729000 ggm 120AD (91.9%) 260AD
: 1%) | 300AD (2.5%) 320AD
N6451826 loamy peat (lagoon ] 170-190AD (39%) | 80AD (1.8%) 110AD
44 | SDOI3TIAT 14161 E39.64148 deposits) 1.70-180 | 1760+70 | »10_390AD (64.3%) | 120AD (93.6%) 430AD
N64 49657 : : 660 - 720AD (48.6%)
45 | 'SD080BIA1 14005 |Noo 7o peatuith Phragmies |090-100 | 1310240 | 520" TR0 0 | 640AD (96.4%) 780AD
N64 63898 690 - 750AD (60.4%) | 670AD (935%) 780AD
46 | SDOB09IAT 14011 E39.87736 peat 043045 | 1260£20 | 760 775AD (7.8%) | 790AD (1.9%)810AD
47 |RKASIA4 (13366 |joo 00 Sphagnumpeat | 0.52-054 | 1080+60 | 890- 1020AD (68.2%) | 770AD (95.4%) 1050AD
N64.64246 loamy peat (lagoon ! 890 - 920AD (17.2%)
48 | SD0821/A1 1oty | N8 e 053055 | 1080240 | g ol (AL | 680AD (95.4%) 103080
N64 53582 organo-mineral gyttja
49 |spos22i2  |1ats2 | Reeootl with saltish water | 0.951.00 | 1050+70 | 890-1040AD (68.2%) | 810AD (95.4%) 1160AD
' diatoms
N64 52633 - 980 - 1060AD (39.7%) .
50 | SDO918/AT g | B Carex peat 100110 | 1000880 | oo PR L) | 890AD (5.4%) 1180AD
N64 52959 890AD (2.0%) 920AD
51 | SD0921/AT 10 | Moo Carex peat 120130 | 970570 | 1010- 1160AD (882%) | o502 (55.4%¢) 122040
N64.53463 ] 1280 - 1330AD (30.5%) | 1220AD (95.4%)
52 | SDO910/AT targg | B Carex peat 075085 | 640380 | {230 taciAD iy o P
N64 53580 1470AD (954%)
53 | SDOS09IAT targr | N300 wood peat 075085 | 1904150 | 1630 - 1960AD (68.2%) A
54 | RIKAS3/AT 13364 | oo 007 shrub turf 011013 |  Modem
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(Zaretskaya et al., 2001; 2007). For calibration, we used
the OxCal program v.3.10 (Bronk Ramsey, 1995; 2000)
and calibration curve IntCal04 (Reimer et al., 2004).

Our geomorphological studies were based on the
analysis of the 1:100,000 topographic maps (Aerogeode-
zia, 2002), the 1:1,000,000 map of Quaternary deposits
compiled by Lavrov and Potapenko (Lavrov and
Potapenko, 2005) and space images (from Google Earth
site). In the field, we mapped various landforms that have
allowed us to compile a sketch-map of the North Dvina
delta and adjacent areas (Fig. 2A). We studied spatial
distribution, morphometry and deposits of these land-
forms. Our conclusions on the origin, age, peculiarities of
evolution of various types of landforms and character of
landscape-forming processes are based on the field data,
GPS navigation results (World Geodetic System 1984)
and stratigraphy and '*C ages of deposits composing the
ND delta and the adjacent areas.

For reconstructions of palacoenvironment, we used
the results of both plant macrofossil and spore-pollen
analyses. Plant macrofossil analysis of all the dated sam-
ples was performed by Olga N. Uspenskaya from the
Institute of Horticulture at the Russian Academy of Agri-

cultural Sciences, and provided not only the plant compo-
sition data of peat and gyttja samples, but also diatom
species showing salt- or freshwater conditions, and the
organic/mineral ratio of the sample (Table 1). This al-
lowed us to reconstruct the scenario of sedimentation,
plant assemblages and ecology, and salinity for lagoon
deposits.

Spore-pollen analysis of two sections (Rikasiha —
3.5 m depth, and Krugly mokh — 5 m depth) has been
performed by Alexandra N. Simakova in the Geological
Institute of Russian Academy of Sciences, using the
standard methods of analysis and diagram construction
(Fig. 3) (Bohncke and Simakova, 2008).

4. RESULTS

Actually, the North Dvina delta is heterogeneous in
landforms and their age, including such a various types as
moraine remains on the Nikolsky Island, Liasomin-
Uglomin Island system composed of beach ridges and
palacolagoons between them, and lowland flat sandy
islands of modern age and fluvial origin.
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Fig. 2. (A) A sketch geomorphological map of the North Dvina River delta: 1 — Mironov mountain palaeocliff; 2 — accumulative sand body (the oldest
beach ridge) in the inner part of marine terrace; 3 — beach ridges forming the terrace and islands; 4 — borders of the delta; 5 — Liasomin-Uglomin
system; 6 — marine terrace (Churka site); 7 — proposed area of lagoon extension. (B) — rates of prograding of ND delta into the White Sea.
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Landform types

Within the ND delta and adjacent areas, three main
types of Late Pleistocene-Holocene landforms were dis-
tinguished: Late Pleistocene moraine, Holocene marine
and fan-delta landforms.

Late Pleistocene landforms are presented mostly by
moraine - hummocky uplands alternating with depres-
sions, partially flattened by sea activity, with a 20-m high
scarp steeply dropping to the White Sea shore (Fig. 2B).
The moraine is widespread over the delta surroundings

(50-60 m a.s.l.) and sometimes within it (“inselberg”
moraine 8-9 m a.s.l. on the Nikolsky Island). Depressions
on the moraine surface are mostly occupied by Holocene
peat bogs of varying thickness (Fig. 4), and are sub-
meridionally elongated. Moraine is composed of diamic-
ton — hard clay-loam with gravel and boulders.

Other landforms and deposits are of the Holocene age.
Landforms are presented mostly by series of sandy beach
ridges within the western part of the delta, and by a 20 m
high palaeocliff (Fig. 2A). This palaeocliff bordering the
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delta in the south, and the biggest beach ridge are the
oldest Holocene landforms within the study area. Sea-
wards there is a marine terrace (20-25 km long,
10-12 km wide and 5-8 m a.s.l.) composed of a series of
younger sub-parallel beach ridges (Fig. 2A) alternating
with narrow and shallow bogs. Prograding of this terrace
into the White Sea occurred in the NW direction.
Deposits composing these landforms are of different
origin and structure. Marine transgression sediments are
represented by blue-gray solid wet clays and loams,
sometimes with sand, sometimes with pebbles and boul-
ders (when coastal erosion had been reworking moraine
in the course of transgressions). They occur both inside
and outside the delta, overlying moraines in former White
Sea ingressive inlets, and underlying lagoon deposits
within the ND river mouth. Lagoon deposits are repre-
sented by stinking grayish or brownish loams or gyttja
with organic matter (remnants of Phragmites roots etc.),
usually underlying mire sediments (Fig. 5). Mires and
composing deposits (peat of various composition and
preservation rate) are particularly widespread over the
delta and adjacent areas. These are continuous vast and
deep swamps overlying moraines and marine clays, or
long, tight and shallow bogs between beach ridges, some-
times overlying lagoon deposits on the Liasomin and
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Uglomin islands, and directly lying on the marine sands
on the terrace. Beach ridges and dunes which sometimes
formed upon them are composed of fine to coarse beach
sand.

All these landforms are influenced by modern ero-
sional processes, incised by plenty of rills, temporal
streams and arms. The eastern part of the marine terrace
was strongly modified by human activity in 1930s while
construction of the Severodvinsk (Molotovsk) city and
special channels for submarine exit from the docks.

Radiocarbon dates

To reconstruct a time record and sequences of pro-
cesses forming the ND delta we used radiocarbon dates
obtained on samples related to all types of analyzed land-
forms and deposits. All dates with sample composition
and calibrated age ranges are presented in the Table 1. To
work with such a huge radiocarbon data set, we used
“Sum probability distribution” operation from OxCal
3.10 program (Bronk Ramsey, 1995; 2000; Reimer et al.,
2004); we consider that the obtained diagram can reflect
the stages of the ND delta development, separating vari-
ous chronological phases and periods. In the analysis, we
did not include dates obtained from continuous core pro-
files because they do not reflect real stages of the whole
area development (Fig. 6B).

Palynological data

Spore-pollen analysis of two peat cores (Rikasiha and
Krugly moh) resulted in the reconstruction of consecutive
transition of plant communities over the Holocene within
the North Dvina delta (Fig. 3).

In the early Holocene (ca. 9000 '“C BP, 8300-8200
cal BC), forest-tundra swampy landscapes predominated
over this area, with relatively dry and cool climate.

At the end of Boreal period, sparse coniferous-birch
forests and eutrophic bogs formed the landscapes, which
is characteristic for the first postglacial transgression time
in this area (Pleshivtseva, 1977).

At the beginning of the Atlantic period (ca. 7950 '*C
BP, 7000-6700 cal BC), forest landscapes expanded.
Spruce-pine communities predominated, and they had
been transforming into pine-spruce-birch complexes with
rare broadleaf species and alder during the Holocene
climatic optimum. In the late Atlantic optimum (ca. 5860
“C BP, 4800-4700 cal BC), a maximum of broadleaf
pollen is fixed, which is well correlated with spore-pollen
data from South Scandinavia (Bradshaw et al., 2000),
Kola Peninsula (Lebedeva, 1977; Kremenetsky et al,
1998), Pechora lowland (Bratuschak, 2005), Onega inlet
shore (Koshechkin et al., 1977) and North Dvina depres-
sion (Pleshivtseva, 1977; Baranovskaya et al., 1977).

At the beginning of Subboreal (ca. 3200 '*C BP,
1500-1400 cal BC), forest-tundra landscapes (sparse
pine-spruce-birch forests with tundra communities) began
to predominate. At ca. 3000 "“C BP (1300-1200 cal BC)
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Sphagnum peat bogs expanded over the area, adjacent
areas and Kola Peninsula (Lebedeva, 1977; Kremenetsky
et al, 1998; Velichko et al., 1994). In the late Subboreal
(ca. 2200 "*C BP, 400-200 cal BC), north taiga vegetation
replaced forest-tundra landscapes. Peaks of Sphagnum
bogs and FEricaceae occurred within the middle sub-
boreal and in the second half of Subatlantic time.

At the beginning of the Subatlantic time, north-taiga
spruce-pine forest communities began to predominate,
with some broad-leaf species. At the second half of the
Subatlantic, they transformed into pine-larch and pine-
spruce forests alternating with tundra communities, and at
the end of Subatlantic time — into pine forests.

5. DISCUSSION: RECONSTRUCTION

According to our data, we can distinguish three stages
of the North Dvina river mouth development over the
Holocene: 1) “estuary” stage (Late Glacial age — early
Holocene), 2) “lagoon” stage (middle Holocene), and 3)
“fan delta” stage (second half of the Holocene — till now).
For more convenient presentation of our reconstruction,
we used the Baltic Sea Holocene stages adapted to Bar-
ents and White Seas (Koshechkin, 1979; Kaplin and
Selivanov, 1999) (Fig. 6A). In the following text, we
mostly cite calibrated ages; for correlation of radiocarbon
dates and calibrated ages please see Table 1 and Fig. 6.

Estuary stage

Based on published data (Demidov et al., 2006; Ple-
shivtseva, 1977) and our field observations we suppose
that the start of estuary stage took place during the degla-
ciation in Allered. At that time, the North Dvina river
mouth and adjacent areas represented a moraine flatplain;
we did not find any evidence indicating the existence of
an ice-dammed lake within this area 13-11 kyr BP
(Demidov et al., 2006; Lavrov and Potapenko, 2005).

Late Glacial age

When the White Sea Gorge (Gorlo straight) became
free of ice and the water exchange between Barents and
White Seas established, the White Sea level became equal
with the level of the World Ocean ca. 120 m below the
modern shoreline (Koshechkin, 1979). Hence, the erosion
base level of the North Dvina River was ca. 100-120 m
lower than the modern one and glacioisostatic rise of
Scandinavian shield started, so we suppose a huge and
deep (even catastrophic) incision of the North Dvina into
the moraines, and after the early Holocene White Sea
transgression and regression — into the marine deposits.
The depth of this incision could exceed 50 m (according
to the difference in absolute heights between moraine
surface and bottom of Holocene deposits in the core #2
(Koshechkin, 1979) in Arkhangelsk (Fig. 4).
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Portlandia-Littorina transgression (Younger Dryas —
Preboreal)

We have no dates for this period, and our conclusions
are based on morphostratigraphy, lithological data and
image analysis.

When the Portlandia transgression started ca. 11,000
'4C BP (Kaplin and Selivanov, 1999; Fig. 6A), the prima-
ry glacial landscape of the North Dvina river mouth and
adjacent areas got drowned. Ingression inlets formed
along, and marine deposits (blue-gray clays) accumulated
in moraine depressions, and the heights (uplands) had
been smoothing: we usually found marine blue-gray clays
underlying peat deposits when drilling bogs southwards
of the modern ND delta (Fig. 4B), and there is evidence
of marine clays and loams with special fauna under the
buried peat in the Arkhangelsk core (Koshechkin, 1979).
A huge estuary-type inlet existed at the place of the mod-
ern delta, with dissected shoreline and numerous islands.

Littorina regression (Boreal): 8470-7310 cal BC

For this period, we have radiocarbon dates, and spore-
pollen and palaeobotanic data (Table 1; Figs. 4B and 6).

Two radiocarbon dates have been earlier obtained on
buried peat from the Arkhangelsk core (Koshechkin et
al., 1977): 9115100 (TIn-126, 8240-8470 cal BC) and
8370+£170 (TIn-125, 7310-7550 cal BC) at the depth of
17.5 m. Other three dates: 9070+60 (GIN-14158, 8230-
8320 cal BC) 9030+70 (GIN-14165, 8010-8040, 8090-
8110, 8200-8310 cal BC), 8610+60 (GIN-14007, 7500-
7710 cal BC) have been received for our samples origi-
nating from core bottoms in the mires westwards and
southwards from the modern delta (Mironov mountain
and Kud’mozero), and on the Nikolsky Island within it
(Table 1 and Fig. 4A). All the dated mires are located
within the LGM moraine depressions — palaeoinlets of
the Portlandia-Littorina Sea.

As it is well seen in the profile (Fig. 4B), the sub-
synchronous dates are located at different depths, and,
consequently, at different levels relative to the modern
sea level. We have the following explanation of this phe-
nomenon: as it was considered above, before the first
Holocene White Sea transgression, a deep North Dvina
river incision took place. After the start of Portlandia
transgression, this part of the river bed was being filled
by marine deposits, and synchronously marine clays
deposited within the ingression inlets. During the Littori-
na regressive stage, the North Dvina river was incising
again, and we suppose that overgrowing oxbow lakes in
abandoned palaecochannels could have formed within its
valley, and on the moraines the palaeoinlets were syn-
chronously overgrown by mires. These processes could
be strengthened (or intensified) by tectonic processes:
glacioisostatic rise of river flanks, and a “tool bend”
along a line “Mironov Mountain — Kud’mozero —
Nikolsky Island” (Fig. 4B).
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After that, in the depressions of the hummocky mo-
raines peat accumulation have been continuing on the
marine clays and oxbow peat layer within the ND river
valley had been buried by marine deposits during the
further Folas and other transgressions.

Folas transgressive — regressive phase (Bore-
al/Atlantic): 7710-5745 cal BC

We have no chronological data for this period, only
boundary dates 861060 BP (7710-7570 BC) and
6920+40 BP (5840-5745 BC) bracketing its lower and
upper chronological limits (Fig. 6, Table 1).

Morphological data can tell us that during the trans-
gressive period a palaeocliff had been forming in the
moraines of Mironov Mountain and southwards the mod-
ern terrace, and on the Nikolskiy Island, while peat ac-

cumulation had been proceeding in the mires on their
surfaces. We suppose that these cliffs could start forming
during the Portlandia-Littorina phases, and during the
Folas they almost reached their modern pattern.

Lagoon stage

Tapes-Trivia phase (middle — late Atlantic): 5745-2490
cal BC

This was a long (ca. 6900-4000 '*C BP) period of
higher water stand and/or weak oscillation of sea level.

Since ca. 6900 BP, between Rikasiha site and Nikol-
skiy Island (Fig. 2A), a series of shallow lagoons with
saltish water existed within the area of the modern ND
mouth. This is confirmed by dates and composition of
deposits in appropriate sections (Fig. 5). Probably, a
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consequent series of subsynchronous lagoons, and then
huge tidal marshes existed in this area, with sand bars or
islands between them, and the main discharge of the
North Dvina passed through the modern Korabelny arm
(Fig. 2A). Actually, lagoons can “survive” within very
limited environmental conditions concerning water depth
and salinity and time of their development: the increase
of water salinity can cause changes into marine condi-
tions, and the decrease of water level — overgrowing and
paludification. That is why the firs “stop” or interruption
of lagoon development took place ca. 5400 BP (4330 cal
BC), ending the Tapes stage (sedimentary record and
dates, Figs. 5, 6B), and the last and final — ca. 4000-3800
BP (2840-2290 cal BC) (Trivia stage), when the first
beach ridge formed within the ND mouth and screened
off the lagoons from the White sea.

Fan delta stage

Trivia-Ostrea phase (end of Atlantic — Subatlantic):
3780 cal BC — present time

Toward the beginning of Trivia phase (ca. 5000 "“C
BP) to the west from the modern ND mouth a vast open
marine harbor formed, southerly bounded by Mironov
Mountain cliff. This was a time of the ocean level rise
stabilization and decrease of the glacioisostatic uplift rate
(Koshechkin, 1979; Kaplin and Selivanov, 1999). Within
the western part of the study area it manifested in for-
mation of a fan delta (or advanced delta) composed of
series of beach ridges (Fig. 2A).

Beach ridges are located in the western part of the
modern delta and are characterized by different morphol-
ogy, dimensions and direction, and generally had been
forming since ca. 5000 BP till now. The oldest date was
obtained within the Churka unit (Fig. 2A) on the bottom
peat between the moraine scarp (palacocliff) and the first
beach ridge and is 4950+50 (GIN-14159, 3780-3660 cal
BC) and seaward the bottom peat date behind it is
4570+30 (GIN-13381, 3370-3330 cal BC), bracketing its
age within this short time span (3520-3370 cal BC). This
oldest beach ridge is a huge accumulative sand body
(width = 100 m, 1 = 3-4 km), and is strongly modified by
human activity since middle Neolithic till now (Fig. 2A).
A huge and long-term Neolithic settlement has been
found on this sand body: our reconstructions show that
the shoreline existed here quite a long time (3370-1770
cal BC) allowing ancient people to accustom to living at
the sea shore, fishing and hunting marine mammals.
Since 3530440 BP (GIN-14014, 1930-1770 cal BC) fur-
ther consecutive beach ridges have been forming, break-
ing off the possibilities of seaside occupation by ancient
tribes.

Other beach ridges had been formed further later: the
next one is dated back at 3530+40 BP (GIN-14014, 1930-
1770 cal BC). That is, at the Churka site a time gap in
beach ridge formation took place between 4570430
(3370-3330 cal BC) and 3530440 BP (1930-1770 cal
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BC), probably pointing out the Trivia-Ostrea stages tran-
sition (Fig. 6).

The next beach ridge series are related to Liasomin-
Uglomin Island system which represented earlier a mono-
lithic body. These are sandy sub-parallel ridges alternat-
ing with shallow lagoons while advancing into the White
Sea (Fig. 2A), now overgrown by mires. The height of
the ridges is increasing seawards, from older to younger
ones. The youngest beach ridge is dated back at 1080+40
BP (GIN-14013, 890-1020 cal AD).

Later on, ca. 3530+40 BP (1930-1770 cal BC), beach
ridges continued to form in the Churka site and west-
wards, and since then went synchronously with Li-
asomin-Uglomin system. Rates of seaward advance of
Churka terrace were lower than those of island system
(Fig. 2B), and heights and widths of Churka ridges de-
creased seawards: the most debris that was being dis-
charged by North Dvina river into the White Sea first
deposited further west, but later on, while the Liasomin-
Uglomin Islands were growing, it was captured by this
system.

The advance of the ND delta into the White Sea is
still in progress due to the high rate of sediment discharge
— 10.1 milion of tons per year (Sokolov, 1952), but its
course has been changed by human influence.

6. CONCLUSIONS

1) During the Holocene, the North Dvina river mouth
had been transforming from the huge and deep estu-
ary through lagoons and tidal marshes into the lobe-
shaped fan delta with many arms and islands.
Occurrence of buried organic sediments at the depth
of 17.5 m and other facts which earlier were consid-
ered as evidence of the tectonic subsidence of the
delta, could be explained by deep erosional cut in the
early Holocene.

Estuary (erosional) stage of the ND river mouth
development lasted from the early Holocene till ca.
5745 cal BC, and was interrupted by a short accumu-
lation period (8470-7310 cal BC). This resulted in
the development of ingression inlets, huge moraine
scarp formation and “canyon-type” deep river bed
incision.

Lagoon (tidal marsh) stage lasted from ca. 5745 till
2290 cal BC, and resulted in the start of modern delta
framework formation and accumulation of tidal-
marsh deposits. This stage had been interrupted by
beach ridges formation which closed water interac-
tion of lagoons with the White Sea basin.

Delta stage started about 3780 cal BC and continues
until present times. It resulted in formation of a prop-
er delta (fan delta) and the beach ridges sequence at
its western side. On the first western beach ridge, a
large Late Neolithic settlement of marine hunter-
gatherers existed between ca. 3370 and 1770 cal BC.

2)

3)

4)

5)
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