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Abstract Interpretation of Holocene sediments 1s often used for reconstruction of sea-level development 1n
the frame of global warming subsequent to the last glaciation ca. 10000 vears ago. Sea-level curves are fixed
by sea-level index pomts. The uppermost sequence of unconsolidated sediments 15 characterised by highly
differential compaction to about 20 m depth. Such compaction lowers the sea-level index points. This paper
presents a novel method and software to calculate decompaction of any layered sequence of unconsolidated
near surface sediments. Consequently depositional positions of sea-level index points are calculated. Applica-
tion of the method to reconstruct the compaction behaviour of typical sediment sequences in the south-western
Baltic Sea shows compaction effects of the order of several meters. Examples from a cross section and a core

log respectively are presented.
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INTRODUCTION

Decompaction calculations are common in relation to
sediment basin analysis. Especially in the frame of ex-
ploration for natural gas or oil, compaction modeling 15
under improvement until today (e.g. Athy 1930; Audet
1995; Goulty 1998; Hart e al. 1995; Springer 1993).
But since these calculations are performed at depths of
several hundreds to thousands meters, they do not apply
to near surface sediments, where compaction effects
are different. The most important difference 1s related
to variations of laver-dependent density. Deeply buried
consolidated sediments show relatively small bulk
density vanations of around 1.8 g/cm?® (sandstone) to
2.8 g/eny® (chalk). In contrast, near-surface sediments
show higher density vaniations, ranging from 1 g/lcm?®
(peat) to 2.5 glem? (ull).
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Quantitative knowledge of compaction effect of
near surface sediments 1s important for various ap-
plications. For example, when vsing organic deposits
to reconstruct the sea-level development (e.g. Lampe
2005}, not only the absolute ages of these samples (usu-
ally derrved by *C-analyses) but also the exact depth
at the time of deposition need to be known in order to
plot sea-level index points in depth-time diagrams. Fur-
thermore, different compactability of unconsolidated
sediments 1n flood-basins and deltas leads to shifting of
river channels and hence influences the alluvial archi-
tecture (e.g. Berendsen & Stouthamer 2000). Finally,
sedimentation rates and accommodation space seems
mncreased if older sediments are compacted.

In this paper we present a solution to calculate the
effect of compaction on unconsolidated sediments
and demonstrate the applicability of the approach



by presenting results from the south-west Baltic Sea
coast. The work 15 based on a diploma-thesis (Sch-
medemann 2006), in which a decompaction method
and software were developed. The program 1s named
DeLos 2.0 (Dekompaktion von Lockersedimenten)
and 15 capable of calculating decompaction from core
logs, cross sections, and stacked 3D-models of layer
surfaces. With this software it 1s possible to model
and visualize changes in layer geometnies caused by
load-dependent effects.

STUDY AREA

The study area 1s located on the southwestern Bal-
tic Sea, 1 the Ménchgut Peninsula of the 1sland of
Fiigen (Germany) (Fig. 1). The cross section N-N'
and the core log LN33 provide the data to be used
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Fig. 1. Study area on the island of Riigen/ Germany at south
western Baltic Sea.

in Delos 2.0. The stratigraphic sequence comprises
the Holocene and the uppermost layvers of the Pless-
tocene. The late Pleistocene and Holocene evolution
of the Ménchgut Peninsula 15 described in detail by
Hoffmann and Barnasch (2005). Morphologically the
pemnsula is dominated by Pleistocene deposits (mainly
till) which formed headlands. During the Holocene
evolution of the Baltic Sea the headlands were partly
eroded and cliffs developed. Long-shore transport led
to the formation of barriers, stretching from north to
south. The sediment sequence in the subsurface of
the barriers compromises a lodgment till at the base,
overlain by (glaci-) fluvial sands and limnic to Huvial
mud or silt. A widespread peat-layer follows in the
sequence and indicates the groundwater rise prior to
the Litorina transgression which 1s interpreted at the
top of the Holocene. The overlying brackish sequence
comprises organic mud, silty fine sand and locally
medium sand of various shallow water facies. The
uppermost laver 1s made up of fine sand representing
dunes or terrestrial peat.

METHODS

To reconstruct paleo-thicknesses from present thick-
ness we use a simple model. It assumes an open pore
space, s0 fluids are well described by hydrostatic
assumptions. Furthermore, sediments are made up
of a solid part with constant volume at all depth and
a variable pore space which decreases by increasing
overburden. For the decompaction calculation, first
order sediment compaction parameters are needed. The
compaction parameters are: initial porosity, compac-
tion constant and sediment grain density.

Initial porosity of sediments is the ratio of pore
space to bulk volume at the time of sedimentation. High
initial porosities mean high potential for compaction
(Allen 2000). Compaction constant is the fraction of
pore space reduction (relative to total pore space) per
unit increase i overburden. Thus 1t 1s an empirical
coefficient describing the compressibility of the laver.
A high compaction constant compared to a small one
results in more loss of porosity at an equal overburden
{Allen 2000).

The sediment solid density 1s the average density
of all mineral grains the sediment type contains. Every
sediment type has a charactenistic combination of those
three values.

The compaction parameters can be determined by
analysis of density logs. Such density logs contain
sediment spectfic drv density (pg.) and bulk density
(Prax) measurements (taken as closely as possible) at
different overburden values. Equation (1) calculates
the porosity () for the density pairs. Usually 1000 kg/
m® can be assumed for water density (poge).
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The resulting porosity values scatter around an
exponential curve in an overburden—porosity plot. The
exponential curve can be transformed to a linear form.
Then a linear regression vields the compaction constant
(b) as slope. while the ordinate crossing equals the
initial porosity (@g). This allows the determination of
errors as well. The equations (2) and (3) can be used
for determunation of the compaction parameters from
the overburden (x) — porosity (v) pairs. The sample
number equals unit “n”.
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The pairs of dry density (py,) and bulk density
(Pyas) can also be used for determination of solid
density (p,,;,) and its error. This is shown in
equation (4).

P —(Pui =P ) P
e -
B I=(0 0k — Pyl

The error of the mean solid density equals the stand-
ard deviation of all computed solid densities from the
dataset. The solid density of sediment is later used for
caleulation of bulk density at any overburden.

Best results were achieved when the overburden
was expressed in units of effective stress. The effec-
tive stress is the difference between bulk stress and
hydrostatic stress, The hydrostatic stress is subtracted
from the bulk stress to correct the bulk stress for as-
cending forces due to buoyancy. Equation (5) is used
to calculate the effective stress (p) as a function of
depth (z). Gravitational acceleration (g=9.81 m/s?)
and water density (p, .. are assumed to be constant.
The bulk density (p.) is calculated as equation (6)
demonstrates.

(5) P = [BPpitle ~ 8P e (adapted from
L Allen 2000}
Bulk density (p,,,) is dependent of solid density
(Pusia). water density (p,...) and porosity ().

(6) Prutic = Pootia (1 =P Poyrer (D)
Equation (7) vields the porosity (g) from initial
poresity (@), compaction constant (b) and effective

stress (p).

{-b*g) 13L|i.1.‘[]‘ml.i from Hart et al, 1995)

(7) @ =0

Now at any depth and thus any effective stress the
sediment porosity can be calculated. For higher ef-
ficiency, the decompaction calculation proceeds from
top to bottorm.

The following specifications are illusirated (Fig. 2).
Due to nonlinear porosity development with increasing
depth it is recommended to divide the geologic layers
into sublayers. To achieve desirable calculation accu-
racy, each layer should be thin cnough that porosity
differences between top and bottom of the sublayers
becomes negligibly small. The sequence decompaction
starts by selecting that sublayer within the preseni—day
sediment sequence, which was earth surface at the de-
sired ancient time slice. For this purpose, one pointer is
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Fig. 2. Schematic diagram for the decompaction process.

set Lo the position of the ancient surface and a second
pointer to the bottom of the same geologic layer. Then
the bottom pointer is moved upwards until the porosity
difference between top and bottom pointers becomes
negligibly small. The porosities at the pointer posi-
tions are computed using equations (5} to (7). 1f the
sublayer is selected, equation (8) is used to determine
the thickness of its solid fraction (T,;,,) from its recent
thickness (T) and its recent porosity ().

(8) T =T*(1-9)

The thickness of the solid fraction is the thickness
of the sublayer without any pore space. Thus it is as-
sumed to be constant at any effective stress. Because
the first selected layer was the ancient earth surfuce, the
ancient porosity equals the initial porosity. Equation
(9) computes the ancient sublayer thickness {T,) from
ancient porosity (g,) and the thickness of the sublayer
solid fraction (T,.;.4)-

|
] —"PH

For any further sublayer the ancient porosity has to
be calculated using equations (5) to (7). Such sublay-
ers are buried by the already decompacted sublayers.
When the ancient sublayer thickness is determined, it
is added to the bottom of the ancient sublayer stack.
Then the upper pointer in the present—day sequence
is set to its lower counterpart and the lower pointer is
set again to the bottom of the geologic layer to find
the next sublayer. As soon as the specific geologic
layer is completed, the sum of all its decompacted
sublayers represents the decompacied geologic layer.
The decompaction calculation continues with adapted
sediment parameters until the very bottom of the whole
sequence is reached.

{-9} Td = T:Lru'l'r-l' .



COMPACTION BEHAVIOUR AND PROCESS-
ES OF SEDIMENT TYPES

Brief descriptions of the sediment types involved are
provided below.

Lodgement till 1s an unsorted sediment deposited
right beneath a glacier. In the study area this type of
sediment 1s Weichselian. It is calcareous due to re-
worked Upper Cretaceous sediments and occurrence
of erratic blocks descending from the north and north
eastern areas. This sediment 15 highly pre-compacted,
due to the high load of the 1ce sheet. Hence no further
compaction 1s expected from loads caused by a ca. 20
m thick sequence of Holocene sediments. Due to its
lowermost position and rough topography, this sedi-
ment strongly influences thicknesses and occurrence
of vounger layers.

Clay 1z characterized by high grain surface areas
in relation to its volume. For this reason clay typi-
cally occurs with high mnitial porosities as well as high
compaction constants. This sediment 15 often located
at depressions of the underlyving lodgement till, which
indicates a former periglacial ice lake.

Silt, sand. The compactability of silt and sand
generally decreases with increasing grain-size, due to
higher mass to surface ratio. These types of sediments
could represent a glaciofluvial environment long before
the Litorina transgression as well as developing beach
ridges at different evolution stages of the Baltic Sea.

Mud. If clastic sediments are enriched in organic
compounds they are referred as mud. Depending on
the depositional environment mud can be separated
mto lacustrine or marine mud. The compactability of
mud depends on the organic carbon content: increasing
orgamic carbon content mcreases the compactability.
In addition gaseous enrichments which occur due to
chemical decay of organic content mnfluences the com-
pactability of orgamic sediments. This results in a high
vanability of initial porosity and compaction constant
of mud. Mud indicates a water depth of some meters
and thus the transgression phase at the study area.

Peat 1s made up of partially decayed plant remains.
Peat compaction 1s highly vanable in dependence of
tissue resistance of the plant remains. Peat grows in
water saturated environments almost levelled to ground
water surface. Therefore peat 1s an important mndicator
for ancient water levels. The density 1s almost the same
as water. Consequently peat shows no autocompac-
tion as long as 1t 15 not subyected to any overburdens.
Peat compacts to a much higher extent than any other
sediment type. Even a lowering of groundwater level
leads to peat compaction. because the uppenmost peat
sections are no longer subjected to buoyancy forces.

As already mentioned, chemical decay 15 a major
impact to peat development. It was stated that signafi-
cant amounts of carbon compounds are released from
plant remains by chemical decay (Succow & Joosten
2001). The decay rate depends on the appearance of
reactant materials as well as on temperature (Nadon
1998). Therefore calculated 1nitial peat thicknesses
from present—day peat thickness are only minimum
assessments, because 1t 1s unknown how mich material
was lost due to chemical decay.

Peat indicates a nsing groundwater level and thus
the beginming of the Litorina transgression at the study
area.

Used compaction parameters. The sediment
dependent compaction parameters-were used for de-
compaction calculation (Table 1). Only for two sedi-
ment types (lacustrine and marine mud) were sufficient
density data available. For those types compaction
parameters were obtained by analysis of density logs as
described and thus determination errors can be quanti-
fied. The other values were estimated by experience
or taken from literature (Schmedemann et al. 2005).
Therefore no errors for those values are available. For
best results it 1s recommended that for every drilling to
be decompacted only sediment parameters measured
on location to be used. Otherwise results could be cor-
rupted by spatially varying sediment properties.

Table 1. Sediment compaction parameters used in decompaction modelling.

Sediment type Initial porosity [%a] C.0111pa<E'c11f;1:{3:Dmtant Solid density [g/cm?]
Lodgement till 10 1.00E-05 2.65
Clay 82 8.00E-03 210
Salt 56 1.30E-04 2.65
Fine sand 34 7.72E-03 214
Sand 34 7.72E-03 214
Coarse sand 34 7.72E-03 2.65
Grevel 50 1.00E-04 2.65
Marine mud 72 (+/-0.39) 1E-03 (+/- 3 E-04) 2.5 (+-0.16)
Lacustrine mud 89 (+-0.4) 6E-03 (=/- 3 E-04) 24 (+-011)
Peat 90 1.70E-02 1.00
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RESULTS

Compaction behavior of sediments in core log
LN33

The core log LIN33 (Hoffmann 2004) 1s part of cross
section N-N" (Hoffmann 2004) described below. The
depth of laver surfaces is shown at 6 time steps (Table
2). At each time step the deposition of the respective
top layer was just completed. The last time step equals
the present—day laver sequence. The mentioned depths
are related to the present—day m.s 1. at that region. The
time steps are defined by facies change. Hence the time
step borders comprise not the same tume intervals, due
to changing sedimentation rates.

Tatle 2. Depth of layver surfaces [m.s1] of core log LN33 (data base: Hoffmann 2004).

Detailed analyses of the silt layer shows that its
compaction 15 negligibly small. It experienced an
almost compaction-free accumulation. That 1s visible
by the straight line, which resample earths surface at
the time as this layer was build. The surface of the silt
layer was lowered only by 2 cm since the time it was
covered by lacustrine mud.

The compaction development of the lacustrine mud
layer 1s mainly characterized by the covering lavers. As
long as peat grows atop the lacustrine mud no surface
lowering of the lacustrine mud layer happens. Thus is
because peat produces no effective stress 1n a water
saturated environment. As mud deposition started,
the mud stresses the subjacent layers. This could be
recogmized in lowering of the surface of lacustrine
mud. As sand replaced mud
sedimentation, the higher

Time step 1 2 3 4 5 6 density of sand compared
Layer to that of mud led to an
Peat 0.40 increasing rate of surface
Sand 020 020 lowering of the lacustrine
Mud 243 _3.85 _3.85 mud layer. Its total lowenng
Peat -2.38 -3.66 -5.00 -5.00 15 77 cm. This means 75 cm
-4.70 -4.70 -5.02 545 =545 of total lowering are caused

Silt 5.68 568 | 568 568 | 570 | -570 | bycompaction ofthe lacus-

A reconstruction of the compaction development
at drll site LN33 is shown (Fig. 3). Time steps are
divided to produce a higher resolution for analyzing
compaction effects within the layer sequence. Start-
ing at the left border, we look back to that time as
the first centimeter of the whole sediment sequence
was deposited. Everv step to the right adds 1 cm of
sediment atop the sequence. At the

trine mud laver and 2 cm are
caused by compaction of the underlying silt, as already
mentioned. The lacustrine mud 1s covered by 232 cm
of peat at its mitial thickness. Due to compaction the
peat surface 15 lowered by 262 cm 1n total. 187 cm of
total surface lowering is caused only by compaction of
peat itself. The rest 15 mainly caused by compaction of
the underlving lacustrine mud. Fusther, the lowenng

same time the laver thicknesses are
corrected for compaction effects.
To the very right the preseni—day
sediment sequence 1s drawn. Due to
the high resolution actually no steps
are visible. In this way stepwise
lowering of laver borders affiliates
to contmuous lines, which demeon-
strates the compaction, had driven
lowering of layer surfaces. The line
which borders the sediment sequence
to the top 1s always the earth’s sur-
face. Because every step adds 1 cm
of sediment, the time axis shows an
uneven time scale. This 1s due to a
variable sedimentation rate.

In general. the rate of compaction = = (=0 ]
decreases by decreasing sedument Lt Lt ot et !
porosity. This 1s indicated by fatten- E

ing of the layer surfaces with time
and thus increasing overburden.
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Fig. 3. Model of compaction development at drill site LN33.



rate does not Hlatten constantly but shows an increasing
value as sand replaces mud sedimentation. This 15 due
to a higher sand density compared to that of nud.

The total surface lowering of the mud laver is
142 cm. The thickness decrease of the mud itself
however, contributes only & cm to that amount, 1.e.
app. 6 percent. Thus 134 cm or 94 percent of mud
surface lowerning 1s caused by compaction of subjacent
lavers, especially the peat layer. Due to mitially strong
compaction of subjacent peat, the bottom of the mud 15
lowered slightly faster than sedimentation; the newly
developed sedimentation space 1s not fully occupied.
In that way the surface of the mud layer was lowered
while mud sedimentation was still going on. The result
of this action 1s a lowerng of mud deposition level,
begimning at —2.38 m ms.l to —2.43m ms.l at the
end of mud sedimentation. While this time period an
mnitial mud layer thickness of 123 cm was build up.
It should be mentioned, that mud already compacts
while 1t 15 deposited. This effect 15 accounted as well
by DeLos 2.0. The sand layer, which buries the mud
laver, supplies the most stress to the subjacent lavers.
This 1s caused by 1ts hugh density as well 1ts remarkable
thickness of 405 cm. The present—day top laver 1s made
up of peat. which causes no compaction to subjacent
lavers at all. This 15 due to its neutral behavior with
respect to effective stress.

ey 1]

i [ ]

Capthan

I
s P

Fig. 4. Comparison between two fictitious peat lenses em-
bedded in sand. Both lenses are known with the same center
thickness, the spikes are interpolated.

Compaction behavior and geometry change of
sediments in cross sections

By decompaction of many adjacent core logs a decom-
paction of a cross section can be performed. This allows
for a plausibility check as whether a cross section may
have existed as calculated (by DeLos 2.0 or not. just
by geometric appearance. This 1s demonstrated for a
fictitious example where both peat lenses are embed-
ded m sand and only their center thickness is known
(Fig. 4). So their spikes are free for interpolation. If
the lens geometry 1s interpolated in the left way as
often seen in geologic cross sections, the decompacted
peat lens has a hill like appearance which 1s hard to
explain. If instead a parabolic lens shape is assumed,
as on the night side of the figure, the decompacted peat
lens shows an almost horizontal surface which 1= more
consistent with common peat fonming processes.

Cross section N-N" (Hoffmann 2004; section 0
m—1260 m)

The cross section N-IN" 15 pictured at 1ts decompacted
and present—day state (Fig. 5). The time slice for the
decompacted state equals the time as peat sedimenta-
tion was just finished. At the center of the cross section
the till layer shows a depression. At this depression
a lacustrine mud, peat. marine mud and sand were
deposited. Here the focus 1s on the peat laver which
was deposited direct onto till at the margins of the
depression. As mentioned above, till 1s incompactable
at given circumstances. This means that the points of
the peat-till contact were not moved due to compac-
tion. Based on standard peat forming processes it 1s
assumed, that peat surfaces m this region are highly
correlated to groundwater development. According
to tlus, the peat surface should be as horizontal as the
groundwater surface was. So the peat—spikes should
be almost at the same height level and be connected by
a more of less honzontal surface at the decompacted
state (Fig_ 5).

The stress related decompaction calculation per-
formed by DeLos 2.0 1s indeed able to reconstruct the
palec—surface of the peat layer as it was assumed. The
short wave roughness of the modeled peat surface 1s
due to small errors in drawing the present—day cross
section. The long wave roughness 1s caused by differ-
ent possibilities. On the one hand 1ts possible that the
mnterpolations between the core logs are incorrect, on
the other hand sediment properties could show spatial
variability, which influences their compactabality.
These errors are amplified by the amount of calculated
compaction effect. Such errors are large 1n highly
compacted lavers.
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Fig. 3. Cross section N-N7 at state of decompacted peat
layer and today.

INTERPRETATION

In the field of reconstruction of the sea level develop-
ment from sea—level—ndex points, the consideration of
compaction effects could lead to significantly different
ESL curves. This 15 due to the fact that the often used
*C—analyses are dependent on organic enriched sedi-
ments, which 1n turn are well compactable as shown.
Even O5L—dated sediments. which are usually less
compactable, could be affected by compaction. This
happens if well compactable material occurs within
the subjacent sediment sequence. RSL curves which
are corrected for compaction would show a faster sea
level rise than uncorrected curves. In the study area
the decompacted elevation level of the peat deposited
prior the transgression 1s increased for the given ages.
Thus the sea level had to be higher than previously
thought at those times. Another aspect in this field 1s
the possibility that 1solated water bodies. postulated
by dafferent water levels could show the same water
level after consideration of compaction. In our study
there were examples m which compaction lowered
the altitude of a sea-level-index point by almost 7 m.
Without decompaction this sample was an outlier. After
decompaction it fits perfectly into the dataset.

70

Consideration of compaction with respect to the
development of niver systems could help to explamn
the development of flood plains and nver deltas. Due
to permanent shifting of river channels in the course of
deltaic evolution and very effective sediment differen-
tiation, such areas are charactenized by highly vaniable
layer geometries. Because of less compactable sand
deposited witlun the river channels and high compacta-
ble flood plain deposits, these setting results in highly
variable compactability. Permanent sedimentation of
clastic and therefore dense sediments leads to compac-
tion of this variable compactable ground and affects in
this way the river profile 1 different ways.

Relatively dense sediments compacts their highly
compactable underground very intensive. The top
of those layers are lowered as well, if the bottom
boundary lowering rate of the denser sediment layer
exceeds the sedimentation rate at its top. In that case
more accumulation space 1s provided by compaction.
Thus, unusually thick wnits of distinct layers might be

deposited.
CONCLUSIONS

The given examples show that compaction amounts
of till are negligible small. Silt and sand compacts by
only a few centimeters, while the thickness of mmd
layers shrinks tens of centimeters. However the lower
peat compacts on the order of hundreds of centimeters,
while the upper peat at earth surface didn’t compact
at all. Stress related decompaction calculation as done
by DeLos 2.0 1s capable to model reliably the ancient
layer geometry. This were demonstrated by geomet-
fic 1atios in cross section N-N" with respect to the
knowledge of peat formuing processes. The cross sec-
tion decompaction can handle complex relationships
between intercalated layers of different sediment types.
Further the high resolution core log decompaction 1s
capable to reconstruct the compaction history in detail.
At core log LN33 1t tumns out that sedimentation of
dense material like sand onto a high compactable layer
sequence could increase compaction rates again. This
example shows that surface lowening of a given layer
15 dependent not only on 1ts own compactability. It also
has to be handled with respect to subjacent layers as
well as the overburden.

The differential compaction of any given layer
sequence of unconsolidated sediments can be handled
by DeLos 2.0. That is possible, because the compaction
behavior of sediments m dependence of the overburden
15 defined by only two values: initial pore space and
compaction constant. Both values can be calculated
by analysis of density core logs. This analysis can be
performed by DeLos 2.0 but this software allows pre-
setting values as well. DeLos 2.0 1s further capable of
performing decompaction not only of 1D and vertical
2D but also of 3D data sets.
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