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Abstract. We analysed the long-term variations in grain-sistribution in sediments from Gasfjarden, a fjord-
like inlet in the southwest Baltic Sea, and explopmtential drivers of the recorded changes insthdiment
grain-size data. Over the last 5.4 thousand yéajsiff the study region, the relative sea leveréased with 17

m, which was caused by isostatic land uplift. Asomsequence, Gasfjarden was transformed from an ope
coastal setting to a semi-closed inlet surroundgdnbmerous small islands on the seaward side. To
guantitatively estimate the morphological changeG&asfjarden over the investigated time period tanfirther

link the changes to the grain-size distributionaglat digital elevation model (DEM)-based opennadex was
calculated. The highest values of the opennessédadivere found between 5.4 and 4.4 ka BP, whicicates
relatively high bottom water energy. During the sameriod, the highest sand content (~0.4%) anidlait ratio
(~0.3) in the sediment sequence were recordedr Afteka BP, the average sand content was halvel.2%%

and the silt/clay ratio showed a significant desieg trend over the last 4 ka. These changes weemadfto be
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associated with the gradual embayment of Gasfjaasaepresented by the openness indices. Thdasiltéatios
exhibited a delayed and relatively slower changmpared with the sand content, which indicates difie
grain-size sediments responses differently to th@nges in hydrodynamic energy. Our DEM-based cbasta
openness indices have proved to be a useful toghferpreting the temporal dynamics of sedimenignain-

size.

1 Introduction

Sedimentary grain-size distribution provides impaottinformation regarding depositional conditiomsl dhas
been widely analysed in both modern samples andnsedl cores (e.g., Tanner, 1992; Yang et al., 2008;
Virtasalo et al., 2014). Grain-size distribution generally governed by sediment inputs and hydradya
energy conditions. The higher the energy conditidhe larger proportion of coarse grains (Dearibh@97;
Jonsson et al.,, 2005). Water depth, wind direcaod strength, basin morphometry, as well as maremad
constructions such as dam-building, could influebottom water hydrodynamics and may lead to differe
characteristics in grain-size distributions. ThdtiBeSea is connected with the North Sea through rtarrow
Danish Straits. Although tidal activity can stronghfluence grain-size distribution in coastal g, as shown
by Zhang et al., (2002), the tidal amplitude reeakrdn the Baltic Sea is only a few centimetres (Bknand
Stigebrandt, 1990) and therefore its impact onmsedt grain-size is not considered in this regiostdad, wind
conditions and coastal morphometry are considevedet important factors that influencing the seditagn
grain-size distribution in the Baltic Sea coastahe (Lehmann et al., 2002; Jonsson et al., 200&jakhdani
and Reker, 2007).

During the Holocene, the Baltic Sea has experierseegral stages modulated by global sea-level d@sang
well as isostatic land uplift (Bjorck, 1995; Andrénal., 2011). As the Late Weichselian ice shettated, land

uplift during the deglaciation and the Holoceneutesl in shoreline displacements in the coastakgaf the
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Baltic Sea. A maximum of 60 m decline in relatieadevel (RSL) has been recorded over the laghexsand
years (ka) in the Baltic Sea (Passe and Ander@0§), leading to basin isolations and long-terrmnges in
the coastal morphometry (Eronen et al., 2001). Ningl., (2016) further pointed out these changehke coastal
morphometry variations may potentially be linkedhavariations in grain-size distributions in theidovest of
Baltic Sea.

To examine the impact of coastal morphometry chargye grain-size distribution in a long-term perspes
quantifying the morphological changes, e.g., wdtgth and cross-section areas could be useful eiicly this
quantification is data-demanding, since it requikphigh-resolution bathymetry data, 2) right cresstion area
and 3) sedimentation rates. However, all these daga difficult to obtain and makes the quantifioati
impossible. Alternatively, through using digitaleeation maps, Lindgren (2011) proposed a geographic
information system (GIS)-based wave fetch indexnee filter factor, to estimate coastal morphomefrige
result of the quantified coastal morphometry waantb to be significantly correlated with bottom wate
dynamics (Persson and Hakanson, 1995) and deep-watever time (Persson and Hakanson, 1996). Taere
also other GIS-based indices existing for descgiltioastal openness and wave exposure (Ekebom 2088B;
Tolvanen and Suominen, 2005) and these GIS-bas#iibd®have also been applied to investigate sedémen
grain-size distributions from lakes and coastalezmofHakanson, 1977; Lindgren and Karlsson, 201a)vever,
these aforementioned indices are restricted toctiepé modern coastal morphometry and have nobget
employed in a paleoenvironmental context.

In this study, we proposed an openness index Wigitgal Elevation Model (DEM) data and this apprbamwmuld
provide an opportunity to estimate long-term cdasi@arphometry variations for the Holocene. Furtheren we
innovatively used the coastal openness index fainggize data interpretations. The aim of the stisdip: (1)

present a method for quantifying openness chamgeedstal region that experienced large relatieeleseel as
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well as shoreline changes, and (2) link the esgdhaipenness index with the long-term sediment ¢giaie

distribution.

2 Materials and methods

2.1 Study area and digital elevation model

Gasfjarden is a semi-enclosed fjord-like inlet lecaon the southeast Swedish Baltic Sea coast1B)glt has a
restricted water exchange with the open Baltic tBeaugh a narrow and shallow straibQ0 m wide, <20 m
deep) in the east, which hinders sediment trandpetiween the inlet and open waters. The surfaca afe
Gasfjarden is 22 kfrand the mean and maximum water depths are 10 n5hmd, respectively. The RSL has
decreased by 17 m in the region over the last &.4dka result of isostatic land uplift (Fig. 2) ahd present
land uplift rate iS11.5 mm yi* (Psse & Andersson 2005). The catchment of Gasfigis characterised by very
thin soils (<1 m) and exposed pre-Cambrian bedrdekble land is sparsely distributed in the lowlarahd
vegetation mainly consists of coniferous foresg(Hib). Small-scale human activities existed in rbgion as
early as 2 ka ago, although substantial expansisrobcurred since the 1700s (Karlsson et al., 2Qitfy et al.,
2016). In the shallow waters of the inlet, sandigpes can be found in addition to the rocky coBlsé sediment
accumulating in the inlet most likely originatesrr the terrestrial environment through erosion, foch land-
run and river transport, instead from the openiB8&ea. Sediment accumulation rate over the 180 j@ars is
generally less than 1.5 mmyin the deep basin (Ning et al., 2016).

The Light Detection And Ranging (LiDAR)-based DEMtd of the study region (Fig. 1c) were obtainednfro
the Swedish mapping agency, Lantmateriet (http:fw@ntmateriet.se/). The horizontal and verticabtations
of the DEMs are approximatelyr® and 0.1 m, respectively. The data are in the hedational coordinate

system (SWEREF99 TM).
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2.2 Chronology and grain-size analysis

Sediment cores were collected at Station VG31 $2133" N, 16°34'58.4" E) in August 2011 on the R/V
Ocean Surveyor. A 6 m sediment sequence was obtained and thelgme- model was established through a
combination of*%Pb,**"Cs and AMSY¥'C dating methods (Ning et al., 2016). For the gsiiie analysis, organic
carbon, calcium carbonate, and biogenic silica wersoved from the sediment samples using procedwres
Van Hengstum et al. (2007). To obtain enough migenac material, a mixed sediment sample of aboug,13
with core sections of a maximum of 7 cm (coverilgp years), was used. The sand particles (>63 pmg we
sieved, dried and weighed. The mass fraction ofl seas calculated by dividing the dried sand weigith the
original dry sample weight before any chemicaltiment. The mass fraction of clay (<2 um) and &68 um)
from particles less than 63 pm were obtained witliecomeritics Sedigraph IIl Particle Size Analysarthe

Department of Geology, Lund University, Sweden.

2.3 Openness index

The calculation of the openness index (Fig. 3) besn modified on the basis of the method described
Lindgren (2011) and the fetch-length method of Ekebet al. (2003). The following steps for estimgtin
openness index variations were taken in ArcGIS:10.3

1) The coring site was identified in the DEM.

2) Using the coring site as starting point, two séts89° circles of radiating lines were created. Gaeof
radial lines was towards the east (seaward) andtter was towards the west (landward), with an
interval of A degree (generated by the Python scripts in Supgiei®1). The length of the radiating
lines was set as 8 km and the interkalas set as 1-5, 10 and 15°. The radial lines krh8vere used
as they can reach offshore open water. The raidies lwith a 5° interval but with different shifting

angled) (1-4°) were also created (Fig. 3a).
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3) The RSL changes with a 100-year interval were agpi the present-day DEM. For every 100 years, a
new DEM was generated and the RSL changes werd base age-RSL relationship in Fig. 2.

4) For every 100 years, the grid cells in the gendr&®EM were classified as sea or land based on the
elevation.

5) The raster DEMs were converted to land and seagpaby for vector calculation in ArcGIS, and the
radiating lines generated in Step 2) were dividegd smaller segments when the lines were interdecte
by the land polygons.

6) The lines originating from the coring site and tbhame into contact with the land were selected (see
Figs. 4 and 5). The seaward and landward openndi®s were calculated as the average length of the

selected radiating lines.

3 Results and Discussion

3.1 Estimated openness indices under different scaios

The openness indices with different intervals hagen estimated in order to determine an optimaiwai for
applying this index for the study region. The seaand landward openness indices, calculated véthahd 10°
intervals, exhibited relatively large year-to-yedeviations, compared with the indices using thatietly
smaller degree intervals (Fig. 6). The calculatattivard and seaward indices using the 15° intemeakt the
maximum 7 % and 20 % larger than the 1° intervahnacio. Only minor differences (maximum 5 %) were
observed between the openness indices calculaiaed (s 2 and 3° intervals. Generally, the largegrde
intervals, such as 5°, 10° and 15°, resulted irefenadial lines; as a consequence, the weightdaf/arery long

or short radial lines on the average length willrélatively larger compared with the estimationngssmaller

intervals. Therefore, the associated uncertaiiti¢ise estimated openness index will be larger wiséng radial
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lines with larger intervals. The high frequency radial lines, e.g., using a 1° interval, ensurekigher
possibility for capturing the details of the coastpenness variability. Furthermore, potential effeof shifting
angles (angle between the north and the neareistl fa) were tested and Figure 7 showed the céme§®
intervals of radial lines with shifting angles of  4°. The results demonstrated that using diffeshifting
angles can cause substantial differences in tihmatstd openness indices when the radial intervalsedatively
large. However, if the interval is set as 1°, chagghe shifting angle from 0° to 4° would resuitopenness
indices with very small differences in consideratiof relative changes in the positions of all radiaes.
Therefore using low degree interval such as 1°cfdculating the openness indices is preferred aodld be
recommended for other similar studies, although ¢bmputing time would be longer than higher degree
intervals. The landward and seaward openness mdigere differentiated although they both reflect
morphological changes of the inlet over the lagtia. The seaward openness index reflected morgatety
the embayment process in comparison with the lardlwpenness index, as the most distinct changeiseof
inlet was from the sill in the east. The landwapkmness index, reflecting offshore distance, caldd be
important for considering sedimentary grain sizpegially if information describing the past prdva wind
direction becomes available. Seaward and landwpethrtess indices have demonstrated a continuoumelecl
over the last 5.4 ka (Fig. 6), caused by isostatid uplift and the embayment process. The decrgasite of
the seaward openness index was generally more gmoad during 5.4-4.4 ka BP than during 4.4-0.1 Ra B
contrast, the decline in the landward opennessxindgs relatively smoother and no drastic transitieas

recorded .4 ka BP.

3.2 Implications for sediment grain-size distributons

The openness indices calculated with 1° intervdl @hshifting angle were plotted along with theigrsize data

(Fig. 8). Correlations fy between the openness indices and grain sizeralage between 0.47 and 0.65 (p<0.01)
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(Table 1). This suggests changes in coastal opsraresmportant factor influencing the sedimengain size.
Both the seaward openness index and sand conténthédighest values between 5.4 and 4.4 ka BPthend
is a synchronous large decline in seaward opersiedssand content around 4.4 ka BP (Fig. 8). Thithdu
indicates a connection between the depositionalr@mwient and coastal openness variations. The marim
sand content at the core site was dily4%, suggesting a relatively low bottom water e@glocompared with
open Baltic Sea waters (Jonsson et al., 2005). i@ipnethe closer to the shore, the more coarsargda
sediments can be deposited. However, the sedimem@dsfiarden became more and more fine-grainettheas
coring site became shallower and closer to theesldoser to present time, see Figs. 5 and 8), lwhias a
result of less exposure and an increasingly pretekication (reflected by the openness index). r&sent, the
sea-floor outside Gasfjarden is characterised mdysasediments, whereas gyttja clay is depositedh&
sheltered Gasfjarden (Al-Hamdani and Reker, 200§ modern grain-size difference between the adreside
and outside Gasfjarden is linked to the differeptirodynamic statuses. The relatively higher sandtest
during 5.4 and 4.4 ka BP may also be associateld thé increased sand transport when Gasfjardenahad

relatively larger cross-sectional area. Based oaratysis of 201 sites along the Swedish coastackenised by

complex bathymetry, Lindgren and Karlsson (2011pcheded that the mean critical depth separating the

depositional areas from the erosion and transpegsais located at 19 m. At present, our corelsitea water
depth of 31 m. The relatively deeper water depgldifeent dominated by transport, instead of erosioggther

with sheltered condition resulted in the low sandtent.

Erosion from the surrounding islands since 5.4 &a imost likely occurred, but could be rather liohites these
islands are mostly rocky with little soil cover.niay, however, result in a flux of relatively caargrains to the
coring site during the land-uplift. As the upliftqeess close to be linear (see Fig. 2), we migheeixto see a
rather linear change in the grain size data asguthie land uplift played the dominant role. Howewtke sand

content and silt/clay ratios exhibit strong yeafyé@r variations, which indicates other factorsitfend uplifting
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could also participate in influencing grain-sizetdbution. For instance, coarse grains, such ag,sz@n also be
transported to the coring site through storm evemms intense wave action, sea ice or drifting seadw
However, their impacts are not explicitly includadthe openness indices. Furthermore, the recolalep:
variability in the sand content within the last leriinium may be linked with catchment disturbancenfhuman
activities (Karlsson et al., 2015; Ning et al., 8p1

The silt/clay ratios can also reflect bottom wagrergy, with higher values indicating higher energpditions.
The silt/clay ratio wagD.3 between 5.4 and 4.0 ka BP, and exhibited dramus decline from 4.0 ka BP. The
different pattern between the silt/clay and sandtemt, particularly during the period when Gasfgirdvas
relatively open, between 5.4 and 4.0 ka BP, sugdesiat different grain-size sediments respondeifitly to
the changes in hydrodynamic conditions in this oegiThe decrease of sand content from 5.4 to 4.BKka
indicates a decline in bottom water velocity. Hoese the declined bottom water velocity was probpatilll
high enough to maintain the silt/clay ratios, dsand clay might have responded similarly to tharges in
hydrodynamics. The different grain-size classepaed differently to hydrodynamic changes were atsirted
in two coastal sites in Italy (Molinaroli et al.0@9), where positive correlations between currehbaeities and
silt (8-63 um) and fine sand (63-10pm) fractions were found in the two lagoons. Thenges in landward
openness, which reflect the offshore distance, seefollow the silt/clay ratios fr= 0.65). In our data, the
silt/clay ratios exhibited a significant decreastrend (p<0.01, Mann-Kendall test) between 4.0 @ridka BP,

which indicates a long-term impact of decreasedtab@penness on the grain-size distribution.

4 Conclusions

Our DEM-based calculations of coastal openness@sdiave shown to be a useful tool when interpydting-
term sedimentary grain-size data. A high relatiga Evel was linked with large coastal opennesstagider

hydrodynamic energy, which in turn was well refeetin the seaward openness index. The higher vafuasth
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sand content and the seaward openness index veenelee in the early part of the record, indicatingt coastal
morphology (presented by openness index) stromglyenced sand distribution. The differences inperal

dynamics of sand content and silt/clay ratios iat#icdifferent grain-size sediments responds dififiyeto

hydrodynamic energy. . The significant declineilticay ratios between 4 and 0.1 ka demonstrateti & long-
term impact of coastal openness on this finer gsaa sediment distributions. Our DEM-based openiadex
can be easily applied to other coastal settingshiéize experienced large sea-level changes over filme index
could also be further used in predicting future atyics by combing information about sea-level chargea

warmer future.
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Tables and Figures

Table 1. Correlation fy matrix for the grain size data and the calculaeenness indices

Index Sand Silt/clay
Landward openness 0.48 0.65
Seaward openness 0.47 0.56
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Figure 1 (a) Overview of the Baltic Sea region anthe location of Gasfjarden; (b) vegetation in the tsidy region and

the coring site (white filled circle) and (c) digial elevation model of the study region.
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Figure 4 lllustrations showing the variations of saward radial lines intercepted with land over the &st 5.4 ka years.

(a) 0.1 ka BP (b) 2.5 kaBP (c) 3.5 ka BP (d) 4 I&P (e) 4.5 ka BP (f) 5.4 ka BP.



Figure 5 lllustrations showing the variations of landward radial lines intercepted with land over thelast 5.4 ka. (a) 0.1

ka BP (b) 2.5 ka BP (c) 3.5 ka BP (d) 4 ka BP (e)>ka BP (f) 5.4 ka BP.
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Figure 8 Comparison of the calculated openness inmbs (with T interval and 0° shifting) with the measured grain size

from the sediment.
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