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Abstract

Sedimentary cover has significant influence on seismic wave travel
times and knowing its structure is of great importance for studying
deeper structures of the Earth. Seismic tomography is one of the methods
that require good knowledge of seismic velocities in sediments and un-
fortunately by itself cannot provide detailed information about distribu-
tion of seismic velocities in sedimentary cover. This paper presents
results of P-wave velocity analysis in the old Paleozoic sediments in area
of Polish Lowland, Folded Area, and all sediments in complicated area of
the Carpathian Mountains in Poland. Due to location on conjunction of
three major tectonic units — the Precambrian East European Craton, the
Paleozoic Platform of Central and Western Europe, and the Alpine oro-
gen represented by the Carpathian Mountains the maximum depth of
these sediments reaches up to 25000 m in the Carpathian Mountains.
Seismic velocities based on 492 deep boreholes with vertical seismic
profiling and a total of 741 vertical seismic profiles taken from 29 seis-
mic refraction profiles are analyzed separately for 14 geologically differ-
ent units. For each unit, velocity versus depth relations are approximated
by second or third order polynomials.
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1. INTRODUCTION

The structure of the sedimentary cover in the area of Poland is very complex
due to complicated geological structure of three major tectonic units: the
Precambrian East European Craton (EEC), the Paleozoic Platform of Central
and Western Europe (PP), and the Alpine orogen represented by the Carpa-
thian Mountains (Pozaryski et al. 1982, Znosko 1975, 1979; Berthelsen
1992, 1998). All these units differ in tectonic age, geological history and de-
velopment, and require individual analysis on P-wave velocities. Such dif-
ferentiated layer of sediments has great influence on seismic wave travel
times and good knowledge of seismic velocity distribution is crucial for
global and regional tomography.

The thickness of the sedimentary cover varies from 300 m in NE Poland
to about 16000 m in area of Trans European Suture Zone and 25000 m in
the Carpathians (Skorupa 1974, Czuba et al. 2002, Grad et al. 1990, 1991;
Janik et al. 2011). The structure of sediments is well studied for layers of
Tertiary and Quaternary, Cretaceous, Jurassic, Triassic, and Permian by over
100000 geological boreholes from which over 1000 boreholes had vertical
seismic profiling done (VSP; Grad and Polkowski 2012). Range of borehole
surveying is limited to approximately 5000 m in depth (the deepest borehole
in Poland, Kuzmina-1, has 7541 m depth; Moryc and Lydka 2000). Below
that level other sources have to be introduced, such as deep seismic refrac-
tion. Poland is very well covered with seismic refraction profiles from mul-
tiple experiments:

0 POLONAISE’97 (Guterch ef al. 1999): P1 (Jansen et al. 1999), P2 (Ja-
nik ef al. 2002), P3 (Sroda ez al. 1999), P4 (Grad et al. 2003a), P5 (Czuba

et al. 2001).

0 CELEBRATION 2000 (Guterch et al. 2003): CELOl (Sroda et al.
2006), CEL02 (Malinowski et al. 2005), CEL03 (Janik et al. 2005),
CELO04 (Sroda et al. 2006), CEL05 (Grad et al. 2006), CEL10 (Grad et
al. 2009), CELO6, CEL11, CELI12, CEL13, CEL14, CEL21, CEL22,
CEL23 (Janik et al. 2009).

a SUDETES 2003 (Grad ef al. 2003c): SO1 (Grad et al. 2008), S02, S03,
S06 (Majdanski et al. 2006).

O other profiles: LT-2, LT-4 (Grad et al. 2005), LT-7 (Guterch et al. 1994),
MO07, M09 (Grad et al. 1991), TTZ (Grad et al. 1999).

Seismic refraction profiles provide detailed data about seismic velocities
along profile down to 40-80 km depth, depending on profile length and type
of seismic sources used. To allow combination of data from profiles with da-
ta from boreholes with VSP and to remain compatible with the result form
previous analysis for shallower sediments, the “virtual boreholes” are intro-
duced being vertical velocity to depth relations taken from 2D velocity mod-
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Fig. 1. Location map of boreholes used in this study on the background of the geo-
logical division of Poland (Sokotowski 1968). Dark blue dots symbolize boreholes
reaching old Paleozoic outside the Carpathians, light blue dots symbolize boreholes
in the Carpathians, green dots symbolize “virtual boreholes” (see text for explana-
tion) from seismic refraction profiles, light green rectangle marks part of P4 profile
from Fig. 2, blue circles marks boreholes locations shown in Fig. 2.

els for certain location among profile paths. “Virtual boreholes™ can be cal-
culated at any location on the profile and in this paper they are calculated for
every 10th km of all profiles within the territory of Poland (Fig. 1). Data
from “virtual boreholes” is later analyzed in the same manner as standard
geological borehole with VSP (Grad and Polkowski 2012).

To keep the compatibility with previous analysis, the same division for
regional and local units is taken (Sokolowski 1968). The area of Poland is
divided into 4 regional units and a total of 14 local sub-units (Fig. 1) includ-
ing: A — East European Craton, B — Polish Lowland (B; — marginal syn-
clinorium, B, — Pomorze-Kujawy anticlinorium, B; — Szczecin—to6dz
synclinorium, B4 — northern fore-Sudetic monocline), C — Folded Area (C, —
Sudety Mts. and fore-Sudetic block, C, — Upper Silesian block, C, — south-
ern fore-Sudetic monocline, C4 — Miechow synclinorium, Goleniow anticli-
norium, Holy Cross anticlinorium; C. — San elevation, C; — Lublin
synclinorium), D — Carpathians (D, — Outer Carpathians, Dy, — Silesian unit,
D, — Magura unit and Inner Carpathians).
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Locations of boreholes providing velocity information for old Paleozoic
sediments for East European Craton, Polish Lowland, and Folded Area, loca-
tions of boreholes providing velocity information for Carpathian sediments
and locations of virtual boreholes taken for further analysis among the re-
gional division are shown on the map in Fig. 1. As can be noted from this
figure, the distribution of boreholes is not uniform. Especially, in units B,
and B;, where sedimentary cover is very thick, no boreholes reach the old
Paleozoic sediments. Fortunately, this area is well covered with virtual bore-
holes due to high density of seismic profiles there.

The goal of this paper is to provide, together with previous results (Grad
and Polkowski 2012), complete knowledge about velocity-depth relations for
the whole area of Poland, individually for 14 separate units, for all sedi-
ments: Tertiary and Quaternary, Cretaceous, Jurassic, Triassic, Permian, old
Paleozoic, and all Carpathian Sediments. All these relations can be used in
the future for creating 3D model of P-wave velocities of entire crust in Po-
land, which is of great importance for studying deeper structures with differ-
ent methods, including seismic tomography, surface wave inversion and
receiver function. Additionally, it could be used for gravity, magnetic, and
heat flow analysis.
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Fig. 2. Section of the upper crust beneath refraction seismic profile P4. Colors corre-
spond to P-wave velocity; thick red line marks floor of sediments, white lines with
borehole symbols show locations of boreholes (with depth range) located close to
the profile line, green dashed lines show locations and ranges of “virtual boreholes”
in the old Paleozoic sediments.
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2. VSP AND REFRACTION DATA

For this study, a total of 833554 m of vertical seismic profiles from 498
boreholes were analyzed, including 299295 m of VSP in old Paleozoic
sediments in the area of East European Craton, Polish Lowland, and Folded
Area, and 534259 m from the Carpathian Mountains (all sediments). Addi-
tionally, to cover areas and depths not reached by boreholes, 29 seismic re-
fraction profiles were processed. To allow common processing for borehole
VSP data and refraction data “virtual boreholes” are introduced. Figure 2
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Fig. 3: (a) Distribution of
borehole amount with
length in the old Paleo-
zoic sediments outside
the Carpathians, n= 316,
total length 299295 m;
(b) Distribution of “vir-
tual borehole” amount
with length in the old
Paleozoic sediments out-
side the Carpathians,
n =688, total length
2862618 m; (c) Distri-
bution of borehole a-
mount with length in all
Carpathian  sediments,
n=182, total length
534259 m; (d) Distribu-
tion of “virtual bore-
hole” amount  with
length in Carpathian
sediments, n =53, total
length 604 226 m.
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presents part of refraction profile P4 with “virtual boreholes” in old Paleo-
zoic sediments and locations with depth of geological boreholes located
close to the profile path. To equalize importance of refraction and borehole
data sets “virtual boreholes” are taken from profiles every 10th km 741 “vir-
tual boreholes™ are analyzed and provide 3 466 844 m of virtual VSP, includ-
ing 604226 m in the Carpathians. Figure 3 shows histograms of analyzed
lengths of boreholes VSP for both standard and “virtual boreholes” sepa-
rately outside the Carpathians and in the Carpathians.

Sediments in the Carpathians are well mixed, fractured, trusted, and
folded, creating flysch deposits that are composed of different age rocks
(Tertiary and Quaternary, Cretaceous, Jurassic). Structure of these deposits,
and even older rocks, makes them very difficult to differentiate, so in this
paper all Carpathian sediments are analyzed together.

To allow further analysis, all data were recalculated (interpolated) to
provide velocity data with 1-m interval (Grad and Polkowski 2012) and clas-
sified to units A, By, B,, B3, By, C,, Cy, C,, Cy, Ce, Cg, D,, Dy, D¢, and layers
Tertiary and Quaternary, Cretaceous, Jurassic, Triassic, Permian, old Paleo-
zoic, Carpathian Sediments.

3. VELOCITY-DEPTH ANALYSIS

In this paper, 17 velocity versus depth relations are provided, including 1 re-
lation for the old Paleozoic sediments for the East European Craton (unit A),
4 relations for the old Paleozoic sediments in the Polish Lowland (units B,
B, B;, and By), 5 relations for the old Paleozoic sediments in the Folded
Area (units C,, C,, C., Cy, C,, and Cy), and 3 relations for all sediments in the
Carpathians (units D,, Dy, and D.). Additionally, 3 relations for combined
units B; + B, + B; (part of the Polish Lowland with deepest old Paleozoic
sediments), C4 + C. + C; (part of the Folded Area with deepest old Paleozoic
sediments), and D, + D, + D, (whole Carpathians, all sediments) are pre-
sented. All relations are calculated using the same three step method (Grad
and Polkowski 2012), here described briefly.

Firstly, from the whole data set containing information about depth, ve-
locity and belongingness to layer and unit for both real and “virtual bore-
holes* values for requested unit and layer are selected (for example, old
Paleozoic in unit B; or all sediments in unit D,). In Figures 4 and 5 these are
shown as thin blue (for real boreholes) and green (for “virtual boreholes”)
lines.

Secondly, moving averages of velocities are calculated with depth.
Length of moving averages window is set to 50 m. This step is necessary to
event weight of large amount of data at low depths with significantly smaller
amount of data at greater depths. In Figures 4 and 5, the moving average is
shown as a thick red line.
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Fig. 5. P-wave seismic velocities for all Carpathian sediments. The dashed black line

shows split between two polynomials range — see Table 1 for details. Other explana-
tions as in Fig. 4.

Fig. 4. P-wave seismic velocities for the old Paleozoic sediments measured in bore-
holes (thin blue lines) and “virtual boreholes” (thin green lines) along with moving
of velocities average with depth (thick red lines) and fitted polynomial (thick black
lines). Polynomial coefficients are provided in Table 1. Division into geological
units corresponds to Fig. 1. See text for more explanation.
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Table 1
Velocity [m/s] — depth [m] formulas for sedimentary cover in Poland
. Coefficients of Amount
Unit V@) =a+ bz + 2 +de? Depthrange | ¢ 4212 used
NB: 90
a=(3713.91+8.17) x 10° _ .
A | b=(3330.38+28.14) x 10°* E 7397705m ﬂ;j 9171318111
¢ =(-1696.92 % 20.49) x 10 P :
LR: 167039 m
a = (4015.50 = 3.96) x 10° R Reighist
B, | b=(2454.40+10.69) x 10* : .
o= (90810 2 6.05) x 10° L:12000m | LB:25827m
: : LR: 201183 m
NB: 11
a=(3496.23 + 8.36) x 10° . ;
B, |b=(3276.80+18.12) x 10°* ILJ llgggom ﬂs_’ 39155 .
¢=(~1123.87 +8.38) x 10°® ' m '
LR: 733880 m
NB: 2
a = (4008.77 £ 3.36) x 10° _ :
B, | h=(1926.90+7.71) x 107 U:17m NR,'lm
49201 £3.72) % 10° L:15083 m | LB: 1070 m
¢ : : LR: 599516 m
NB: 10
a=(3835.62+5.53) x 10° _ .
B, | b=(1597.08+20.18) x 10°* E 61;)97;““ IE;’;;IS o
¢=(-939.99 + 15.95) x 10 $oeP :
LR: 39481 m
a=(4124.86 = 6.49) x 10" Uiom ng *138
C, | b=(5142.60+31.59)x 10°* L 2486 LB 6861 m
c=(-389.17+3.22) x 10”7 Laaeom :
LR: 28306 m
a=(2917.78 + 12.24) x 10° U2 ng ;1
C, |b=(77771£7.78) %107 L. 2239 LB: 10199 m
¢ =(~798.76 = 10.38) x 10”7 ' m ‘
LR: 3530 m
a=(4422.02 % 5.45)x 10° Ul g
C. | b=(2309.69 +24.60) x 10°* L. 5200 LB- 19890 m
¢ =(~1627.97 +23.29) x 10°® ' m ‘
LR: 56098 m
a=(4592.94 = 4.85) x 10° Uom ng ?(7)0
Cq | b=(2026.58 +14.56) x 107" ) ;
93573 £9.16) x 10° L:10382m | LB: 16854 m
c : : LR: 531541 m
a=(42180.95 £ 29.76) x 10”! U-om Eﬁf éé
C. | b=(2520.55+10.14)x 10* L: 8557 LB- 1430
c=(-1314.63+7.24) x 10°® S /m Pt
LR: 105376 m

to be continued




SEISMIC VELOCITIES IN DEEP SEDIMENTS IN POLAND 707

Table 1 (continuation)

Unit Coefficients c2>f \ Depth range Amount
Vizy=a+bz+cz'+dz of data used
a = (4288.87 £3.55) x 10" _ NB: 83

Cr | b=(2077.59£9.96) < 10°* U3lom ) NR: 75

¢ (76290 = 5.89) x 10°* L:11089m | LB: 113576 m
i LR: 396668 m

a=(2276.41 + 11.40) x 10 U:0m

b=(261.32 +5.85) x 107 : )

= (-158.23 £ 629) x 10°° L:365m Eg; Z(z)

D, |a=(3016.23+4.35)x 10" LB: 213734 m
b=(4220.82+12.72) x 10 U: 566 m LR 118150 m
c=(-2088.78 £9.98) x 10°* L: 24620 m :
d= (345446 +22.16) x 10"
a=(2877.34+12.93) x 10° U: 0
b=(1191.07 +29.85) x 107 om .
c=(-261.42+14.45)x 10° L: 1385 m EE: gf

Dy | a=(3648.06+6.53)x 10° LB 221191 m
b =(2909.68 + 19.36) x 10* U:1386m | 1B 500400 m
c=(-1361.34+1541)x 10 L: 24198 m :
d=(225.89 +3.47) x 107
a=(2706.20 + 7.28) x 10° U-0
b=(1871.75 = 16.80) x 10~ om .
c=(-501.60 £8.13) x 10°° L1379 m Eg; gg

D. | a=(3936.66+5.38) x 10" LB- 99334 m
b=(3110.79 £ 17.30) x 107" U 1380m | 'R 976676 m
c=(~1729.00 £ 15.07) x 10°® L:20891 m :
d=(330.72 +3.76) x 1072

B, | a=(3903.843.58) x 10° _ NB: 52

B, | b=(2330.96%8.24)x 10°* [LJ 115701§13 R

By | c=(-68849+3.97)x10" : ™ | [R. 1532579

. m

Cs | a=(44291.22+3041)x 10" U0 N

C. |b=(201543+873)x 10" om .

Co | o= (792444525 x 10° L: 11089 m | LB: 131860 m

LR: 1033585 m

D, | a=(3797.94+5.63) x 10° NB: 182

DL | b=(2741.71+14.79) x 107 U:1500m | NR: 53

D" c=(-1233.88+10.76) x 10 L:24620m | LB: 534259 m

¢ | d=(1925.83+22.79) x 10" LR: 604226 m

Explanations: U — upper depth limit of function domain, L — lower depth limit of
function domain, NB — number of boreholes in the unit, NR — number of virtual
boreholes in the unit, LB — total length of boreholes in the unit, LR — total length of
virtual boreholes in the unit. Last 3 relations are given for combined units
B, + B, + B; (part of the Polish Lowland with deepest old-Paleozoic sediments),
Cyq+ Ce + C; (part of the Folded Area with deepest old Paleozoic sediments), and
D, + Dy, + D, (whole Carpathians, all sediments).
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Lastly, the final velocity versus depth formulas is calculated by fitting
polynomials to moving averages. For the area of East European Craton,
Polish Lowland, and Folded Area, second order polynomials are used. For
the Carpathians where total thickness of sediments exceeds 20 000 m and all
sediments are analyzed, two polynomials are introduced to better fit data at
full depth range: second order for 500-1500 m of sub surface sediments, and
third order for deeper sediments. Both polynomials are intersecting, so the
overall result is a continuous function, but not a smooth function. In Fig-
ures 4 and 5 velocity versus depth result polynomials are shown as thick
black lines. All polynomials and their coefficients are given in Table 1.

Note that depth values increase downward and zero corresponds to ter-
rain level.

Figure 4 shows data and analysis results for the old Paleozoic sediments
in the East European Craton, Polish Lowland, and Folded Area, while Fig. 5
shows the data and analysis results for the Carpathian sediments.

In areas of the East European Craton, the Polish Lowland, and the Fold-
ed Area P-wave seismic velocities in the old Paleozoic sediments increase
slowly with depth, reaching up to 5500-6000 m/s at depths of 8000-
11 000 m. Calculated moving averages are smooth and second order poly-
nomials fit them very well. The largest velocity increase with depth can be
observed in unit C,, where the old Paleozoic sediments reach only the
2500 m depth.

In the Carpathians, where all the sediments are analyzed, a significant
increase of velocity with depth, from about 2000 m/s at the surface to about
4500 m/s at 1000 m depth is observed. For deeper sediments, velocity in-
creases slower with depth and for depths over 15000 m the speed remains
almost constant, not exceeding 6000 m/s.

4. SUMMARY AND CONCLUSION

Velocity versus depth formulas presented in this and previous paper (Grad
and Polkowski 2012) provide full knowledge of P-wave velocities in the
whole sedimentary cover in Poland. In this paper, VSP data was combined
with seismic refraction profiles data to provide velocity versus depth rela-
tions for the old Paleozoic sediments in the area of East European Craton,
Polish Lowland and Folded Area, and for all Carpathian sediments. Thick-
ness of sediments in Poland reaches up to about 25000 m, but P-wave ve-
locities do not exceed 6000 m/s, making knowledge about seismic velocities
in sediments very important.

To provide verification of the presented results, velocity versus depth re-
lations for combined units B; + B, + B; (part of the Polish Lowland with
deepest old Paleozoic sediments), Cq4 + C.+ Cr (part of the Folded Area with
deepest old Paleozoic sediments), and D, + Dy+ D, (whole Carpathians, all
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sediments) were calculated and compared to similar studies from other deep
sedimentary basins: the Baikal Southern Basin and the Southernwest Siberia
(Suvorov and Mishen’kina 2005), the German Basin and the North Sea
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Fig. 6. Comparison of results for combined units B, + B, + B3 (part of the Polish
Lowland with deepest old Paleozoic sediments, thick blue line), C4 + C. + C; (part of
the Folded Area with deepest old Paleozoic sediments, thick green line), and
D, + Dy+ D, (whole Carpathians, all sediments, thick red line) with similar studies
from other deep sedimentary basins: the Baikal Southern Basin, and the
Southernwest Siberia (Suvorov and Mishen’kina 2005), the German Basin and the
North Sea Basin (Nielsen et al. 2005), the Donbas Foldbelt (Grad ef al. 2003b), and
two deep boreholes: Kola Superdeep Borehole (KSDB) in Kola Peninsula in north-
eastern Russia and Kontinentales Tiefbohrprogramm Borehole (KTB) from Germa-
ny (Smithson ef al. 2000).
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Basin (Nielsen et al. 2005), and the Donbas Foldbelt (Grad et a/. 2003b). All
these results show some similarities: velocities are £300 m/s with similar ve-
locity gradients in the whole depth range. Additionally, two deep boreholes:
Kola Superdeep Borehole (KSDB) in Kola Peninsula in northeastern Russia
and Kontinentales Tiefbohrprogramm Borehole (KTB) from Germany
(Smithson et al. 2000) are compared to results from this paper. The KSDB
borehole is drilled through ca. 12 000 m of the Precambrian rocks including
ca. 7000 m of the Proterozoic supracrustal rocks and ca. 5000 m of the Ar-
chean gneisses, while KTB is located in a terrain of Hercynian metamorphic
rocks in southern Germany and reaches over 9000 m deep. Because of that,
velocities in those boreholes are much bigger than velocities in the sediments
in Poland. All comparisons are presented in Fig. 6.

Comparison of the velocity versus depth relations for combined units can
lead to an interesting observation: the velocity-depth relation for part of the
Folded Area (Cq4 + C. + Cy) is shifted by ca. 2500 m in relation to two other
combined units (B, + B,+ B3, D, + D,+ D,), which are almost identical. This
shift might be a result of an uplift of this area in tectonic history. Material
might have been deposited deeper and later, after it was compacted, the
whole area might have been uplifted so now it has characteristic velocities
for deeper sediments. Scherbaum (1982) made similar observation in Ger-
many. This effect might also be a result of local anisotropy between vertical
velocity (to which VPS measurements are sensitive) and horizontal velocity
(measured by refraction). This could be a very interesting topic for further
analysis.
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