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Rates of Deposition, Uplift and Erosion in the Swiss
Molasse Basin, Estimated from Sonic - and Density - Logs

by
B. KAELINL2, L. RYBACH! and E.H.K. KEMPTER3

Abstract

Deposition/subsidence and uplift/erosion are key processes in the development of sedimentary basins. For
paleogeothermal reconstructions the estimation of the total burial depth (including sections now eroded) is
needed. The amount of erosional discordance can be inferred from compaction, which in turn can be estima-
ted from borehole data, by extrapolation from sonic and density logs.

Sonic and density logs from different localities in the Swiss Molasse basin were evaluated to yield porosity-
depth profiles. From these, compaction parameters for different lithologies like sandstones, shales and lime-
stones were determined, assuming exponential decrease of porosity with depth. The results were then used to
calculate subsidence/uplift diagrams for the localities studied, by taking the effect of compaction into ac-
count.

According to compaction trends, late to post-Tertiary erosional gaps in the central Swiss Molasse basin range
from about 4 km at Schafisheim in the north to as much as 8.5 km for the overthrusted Molasse at Thun-1 in
the south — much larger than expected from pre{fious views based on regional geology. The sediments were
deposited at rates of 0.1 to 0.6 mm/a.

According to subsidence/uplift diagrams of different sites, the sediments of the northern and southern parts
of the Molasse basin compacted differently: The southern part is characterized by at least two separate major
subsidence phases. The younger one is presumably caused by overthrusting of the Subalpine Molasse unit.
The influence of lateral tectonic stress on compaction still needs to be investigated. The same holds true for
effects of early cementation, overpressure and secondary porosity due to corrosive subsurface fluids.

Introduction

Attempts to delineate oil and gas prospective areas require an understanding of the evo-
lution of the sedimentary basin in question. Deposition/subsidence and uplift/erosion
are key processes in basin development. For paleogeothermal reconstruction, especial-
ly in the context of using maturity trends of organic matter, the estimation of total bu-
rial depth (including sections now eroded) is needed. The amount of erosional discor-
dance can be inferred from compaction trends, which in turn can be estimated from so-
nic and density logs. The key to this approach is the observed general dependence of
porosity on burial depth. It is customary to approximate the decrease of porosity with
depth by an exponential function (see e.g. MAGARA, 1978).

In a first attempt to estimate possible patterns of uplift/erosion and of erosional gaps,
the following procedure was applied: Sonic and density logs from different boreholes
in the Swiss Molasse basin were processed by standard techniques to yield porosity-
depth profiles, ignoring possible effects of lateral stress and/or anomalous pore pres-
sures on compaction at this stage. From these profiles, compaction parameters were de-
termined for different lithologies, such as sandstones, shales and limestones. The re-
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sults were then used to construct subsidence/uplift diagrams for the localities studied,
by taking into account the effect of compaction. From the diagrams, the timing of sub-
sidence/uplift events can be estimated as well as the rates of uplift and erosion.

The purpose of this paper is to outline an approach for the reconstruction of compac-
tion trends and for the construction of compaction-corrected burial history diagrams,
using selected examples from the Swiss sector of the Molasse Basin.

Determination of Porosity/Depth Trends

The starting base (lithologic-stratigraphic profiles, sonic (BHC) and density (LDT)
logs) was taken for the drillholes Weiach and Schafisheim, which are part of a radioac-
tive waste disposal reconnaissance study, from WEBER et al. (1986), and for the gas ex-
ploration drillhole Thun-1. The data of SWISSPETROL AG were accessible through
the «Bundesamt fuer Energiewirtschaft».

The approach used in this study is outlined in Figure 1 which shows the different steps
of the procedure applied. Maximum burial depth can be estimated from sonic travel
time-depth profiles or from porosity-depth profiles.

The object of the present study is the Swiss Molasse basin in the northern Foreland of
the Alps. Figure 2 shows the western end of the Molasse basin. The dotted areas repre-
sent the Tertiary formation of the Molasse Basin and the Rhine Graben (after HOME-
WOOD et al., 1986). The sites of the investigated drillholes are indicated by solid dots.

Determination of Sonic Transit Time and Bulk

Density from Sonic and Gamma-Gamma-Log

Estimates of Porosity from

Sonic Transit Time and Bulk Density

le
\ i |
Determination of Compaction Parameter Determination of Maximum Burial Depth
for Various Lithologies from Sonic Transit Time or Porosity

Initial Porosities

Compared to Published Values

too small ?

Calculation of Burial History

Diagrams for Various Boreholes

Figure 1 Different steps of the approach to determine maximum burial depth and burial history.
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Figure 2 The Swiss Molasse basin and its geological framework, with the location of the investigated
drillholes Weiach, Schafisheim and Thun-1.

Standard procedures were applied to determine porosity from density (gamma-gam-
ma) and sonic logs. The following equations were used:

q)'_—'(pm'plog)’l(pm'pl) (1)

for processing the density log. Here is @ (in decimals) the rock porosity, pm the matrix
density, piog the bulk density as measured by the log, and ps the density of the pore
fluid. Further for the sonic log

D = (At - Aty) / (At - At,) (2)

where Atjog is the sonic travel time measured by the log (in pus/m), Aty the sonic travel
time in the rock matrix, and At the sonic travel time in the pore fluid. These equations
contain reference values of sonic travel time and density for rock matrix and pore fluid
(Atm, Ats; pm, p1); these values (for different lithologies) were taken from DRESSER
ATLAS (1982).

Since two independent indications of porosity are available at any given depth (one
from the sonic and another from the density log), the correlation method of HEGARTY
et al. (1988) can be used to estimate average porosity. This method works with a best fit
of the bulk density/sonic travel time function and with the correlation (1:1 in the ideal
case) between the porosities determined from sonic and density logs The method yields
the average porosity at the depth in question.
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Figure 3 shows the porosity/depth-dependence at the Weiach drillsite in six lithologies.
The same six lithologies were distinguished throughout this study. The figure also
shows the stratigraphic column of the Weiach drillhole. The sequence contains at least
seven unconformities of different magnitude, with 3-4 of them representing major ero-
sional gaps.

Average Porosity (%)
0 10 =20 30 40 50 60 70

ot b bev b b boarn b
e® o ™ .... L]
<] A = .
. W e . i Tertiary
- L. 2 T P O e S P S Tl T
250 — —
_o e -
@® B Malm (Upper lJurassic)
T e o i
o Y :
500 — —
- - Dogger T
| + ++i+ L k&
5 ® o i Liassic
e~ o L I
e Red o < -
4
’E 1 o . i Triassic
~—r ] -
'EL i i Upper Rotliegendes
[ i .
a
T B Autunian (Permian,
1250 — = - des)
= Lower Rotliegendes
] © Marl | N v
d e’ o Limestone R :
] e Sand i
1500 — < Anhy‘irlte -
- < Dolomite L
N Y + Claystone .
5 B Stephanian
7] L : o B
1750 — ~~~~ Major Unconformities — (Upper Carboniferous)
i “~7~ Regional Unconformities of :
1 €. less significance regarding
1 e erosional gaps [:
2000 LI L N T O O O g
Basement

Figure 3 Stratigraphic column and porosity/depth dependence at the Weiach drillsite. These six lithologies
distinguished are used througout the whole study.

It is customary to approximate porosity/depth data sets by an exponential law (MAGA-
RA, 1978):

d(z) = O, exp(-z/CK) (3)
12



where z is the depth (in m), ®(z) the porosity as a function of the depth, @, the initial
porosity (i.e. the porosity at z = 0), and CK the characteristic depth (m). Equation (3)
gives porosity as a function of burial depth and contains two specific parameters: The
surface porosity ®o and the characteristic depth CK. Both parameters depend on li-
thology.

Determination of Compaction Parameters for Different Lithologies

The parameters ® and CK are indicative of compactional trends. They have been de-
termined for six different lithologies, from the three investigated boreholes in the Swiss
Molasse basin. Figure 4 shows the porosity/depth data set for autochthonous Tertiary
sandstones; TABLE 1 shows the compaction parameters ®p and CK found for the six
lithologies. The compaction parameters were determined by best fit lines.
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Figure 4 Porosity/depth dependence for a particular lithology: Autochthonous Tertiary sandstones.
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Table 1 Compaction Parameters ®, and CK for Different Lithologies

Marl : 1 6560 = 1610
Limestone 5 + 1 14400 = 2570
Sand 17 & 2 2080 * 80
Anhydrite 16 £ 10 1390 £ 1200
Dolomite 48 + 48 580 £ 220
Claystone/Shale 8 £+ 1 7030 £ 1550

Determination of Maximum Burial Depth/Amount of Erosion

Table 1 shows @ values for the lithologies marl, limestone and shale which are — in
comparison to published values — much too low. Also, the «surface» porosity for
sandstones is much lower than the value of 40% which should be expected (HOUSE-
KNECHT, 1987). Therefore it must be concluded that the rocks investigated in this study
were at greater burial depths at one time in their geologic past than they are at present;
their relatively low porosity must be the result of considerable extra burial. Or else, o-
ther factors, not accounted for at the present stage, must have contributed to this excee-
dingly low porosity, such as lateral tectonic stress or diagenetic effects, related to ano-
malous pore pressures.

The difference between present-day depth and maximum depth of burial was determi-
ned by the following procedure: The porosity/depth profiles were plotted on a logarith-
mic scale and shifted along the z axis to minimize the difference between measured and
reference profiles (for the same lithology). The difference A(z) between measured and
theoretically expected depth is defined by equ. (4):

AGz) = (1/n) é(ln D, (z,+Az)~ In®, (z +Az)) @)

where A(z) is the difference in function of depth z (m), n the number of porosity values
measured for a particular lithology, z the variable depth in that particular lithology, zo
the depth (m) from surface for the particular lithology, Az; the difference between the
depth of the measured ® value and the zg, ®me(Zo + Azi) porosity measured at the
depth (zo + Az), and ®w(z + Az) the theoretical porosity at the depth (z + Az;), ac-
cording to a particular porosity-depth function.

The depth differences (maximum depth minus present depth) by minimizing A(z)
found are shown on Figure 5. The compilation of the maximum amounts of erosion as
calculated is given in Table 2.

Having determined the erosional gaps for each borehole, the parameters ®p and CK
can be calculated for the different lithologies. The ®¢ values correspond now to the va-
lues reported in the literature (HEGARTY et al., 1988; ISSLER & BEAUMONT, 1989;
SCLATER & CHRISTIE, 1980; SCHMOCKER & HALLEY, 1982; SCHOLLE & HALLEY,
1983). More details are given in KAELIN (1990).
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Figure 5 The maximum amount of erosion, as calculated by using lithologydependent parameters, publi-
shed by HEGARTY et al. (1988), ISSLER & BEAUMONT (1989), SCLATER & CHRISTIE (1980),
SCHMOCKER & HALLEY (1982), SCHOLLE & HALLEY (1983).
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Table 2 Tertiary Erosional Gaps, Derived from Porosity/Depth Profiles

Weiach Tertiary, Mesozoic & Permocarboniferous 3885

660

Schafisheim Tertiary & Mesozoic 4355 = 385
Thun-1 Tertiary, overthrusted 8490 = 680
Tertiary, autochthonous ’ 6650 = 500

Mesozoic -370 £ 230

Subsidence Curves, Taking into Account the Effect of Compaction

Subsidence curves show the burial history of sedimentary formations as they move to
their present depth through time. The effect of compaction can significantly influence
the subsidence rate (see Figure 6). The effect of compaction can be considered by ta-
king into account the thickness decrease of a given sedimentary interval during succes-
sive stages of burial. For example, a sedimentary layer with an original thickness of
1600 m near the surface is reduced to 1000 m thickness at depth (now between -5 and -6
km).

Age (

60

1
1 Sand
| Shale
j Limestone
- Dolomite
. Compaction accounted for & -
4 - - - Uncorrected for compaction B

T T T T T T e T T e 4000

Figure 6 Burial history curves with and without correction for compaction (schematic).

The problem in calculating the effect of compaction is to determine the correct depth
of the base of a particular sedimentary interval. The following procedure was used: It
can be assumed, that the amount of solid material (represented by the solid height hy)
remains constant during burial; i.e. only the pore volume decreases. Equ.(5) relates h;
to the porosity/depth function ®(z), according to the classical paper of PERRIER &
QUIBLIER (1974):
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y
h, = J; (1 =P(z))d: (3)

where h; is solid height (m), z; the depth to the top and z; to the bottom of a particular
layer (m), and ®(z) the porosity (as decimals) as a function of depth z.

In the approach outlined in this paper an exponential porosity/depth function accor-
ding to equ.(3) was used. Inserting equ.(3) to equ.(5) yields, after integration, equ.(6):

hs = (2, - 2,) + ®, CK [exp(-z,/CK) - exp(-z,/CK)] (6)

This non-linear equation cannot be solved analytically to yield the unknown z,. After
some rewriting, equ.(7) results:

f(x) =x + ®, exp(-x)-k=0 (7)

with K =X+ @, exp(-x)
k = (h/CK) + (z,/CK) + &, exp(-z,/CK)
X = z,/CK.

Equ.(7) can be solved by numerical iteration (finding the root, i.e. the value of x at
which f(x)=0). The regula falsi method was applied for this purpose.

After having determined z; for a given layer, the procedure is repeated for the neyt dee-
per layer (the top of which is at z;). The process is repeated until the base of the sedi-
ments is reached.

Figures 7-9, p. 18-20 —
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Results

Figures 7, 8 and 9 show simplified subsidence curves, taking into account the effect of
compaction. Pronounced subsidence and uplift phases can be seen. Figure 7 (Weiach)
shows the general subsidence/uplift pattern in the northeast part of the Swiss Molasse
basin: Slow and continuous subsidence from Permocarboniferous to Jurassic times;
onset of rapid sedimentation/subsidence about 30 m.a. ago, followed by uplift starting
about 12 m.a. ago (NAEF et al., 1985). A possible phase of rapid subsidence and
uplift/erosion during Late Permian time (KEMPTER, 1987) is ignored at this stage. Fi-
gure 8 (Weiach) shows the change of subsidence/uplift rates during the last 30 m.a. In
Figure 9 the overthrusting of the Subalpine Molasse units in the southern part of the
Swiss Molasse basin is represented similar to a subsidence/sedimentation phase.

From the subsidence/uplift curves the rates of subsidence and uplift as well as their
change during the geologic past can be determined. These results are compiled in Table 3.

Table 3 Average Subsidence/Uplift Rates during the Tertiary

Weiach 28.5-225 0.60
22.5-16.5 0.05
16.5-11.5 0.16
11.5- 2.0 0.41
Schafisheim 28.5-22.5 0.52
22.5-16.5 0.13
16.5-11.5 0.13
11.5- 2.0 0.48
Thun-1 28.5-22.5 0.55
22.5-16.5 0.13
16.5-11.5 0.13
11.5- 7.0 0.59
70- 20 0.53
Conclusions

* According to compaction trends, late to post-Tertiary erosional gaps in the central
Swiss Molasse basin range from about 4 km in the north to as much as 8.5 km for the
overthrusted Molasse in the south — much larger than expected from previous views
based on regional geology.

* The sediments were deposited at rates of 0.1 to 0.6 mm/a.
* Subsequent uplift, starting about 12 m.a. ago, averaged about 0.5 mm/a.
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* According to subsidence/uplift diagrams of different sites, the sediments of the
northern and southern parts of the Molasse Basin compacted differently: The south-
ern part is characterized by at least two separate major subsidence phases. The
younger one is presumably caused by overthrusting of the Subalpine Molasse unit.

The influence on compaction of lateral tetonic stress and of diagenetic effects in re-
lation to anomalous pore pressures still needs to be investigated.
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