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Abstract
We use the peak frequency method to estimate effective P- and S-wave quality factors (QP and QS) based on the recorded 
waveforms of microseismic events. We analyze downhole datasets recorded during the hydraulic stimulation of the two 
unconventional gas reservoirs located in the northern part of Poland. The effective attenuation is lower in the deeper res-
ervoir consistent with higher compaction. In both cases, we observe high QS values relative to QP which is consistent with 
attenuation coefficients of saturated reservoirs.
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Introduction

Microseismic monitoring is usually used to map source loca-
tions and mechanisms of microseismic events induced by 
hydraulic fracture or stress changes in the reservoir, in which 
there is a gas production (Maxwell et al. 2010; Duncan and 
Eisner 2010). However, the microseismicity also provides 
information on the medium properties as the seismic waves 
travel through the reservoir (Grechka et al. 2012). This infor-
mation can be used to assess the reservoir, improve microseis-
mic imaging or to design optimal microseismic monitoring.

One of the fundamental properties of the reservoir that 
can be recovered from seismic wave propagation is seismic 
attenuation quantified by quality factor (Q). Attenuation can 

be described as the frictional energy loss per cycle (Aki and 
Richards 2002), and it is routinely measured in VSP experi-
ments (e.g., Rutledge and Winkler 1989) or estimated from 
sonic logs (e.g., Liner 2014). Drwiła et al. (2019) showed that 
incorporating attenuation measurements is also an important 
factor in the calculation of the moment magnitudes of the 
recorded events. In addition, the quality factor obtained from 
microseismicity can be also of use in the performance evalu-
ation of the monitoring networks (Wandycz et al. 2018).

Eisner et al. (2013) proposed derived theory to predict 
the peak frequency of observed microseismic event wave-
forms and showed it is consistent with surface and downhole 
monitoring datasets. Wcisło and Eisner (2016) developed 
the peak frequency methodology further and developed a 
new methodology to obtain more accurate results both on 
downhole monitoring dataset and for the surface monitoring 
(Wcisło et al. 2017).

In this study, we measure effective attenuation in two 
unconventional gas reservoirs located in the northern part 
of Poland in the vicinity of the Lubocino and Wysin villages. 
Both experiments were recorded with downhole monitoring 
arrays.

Geological settings

The research area is located in the western part of a Lower 
Paleozoic basin known as a Baltic Basin, which is located 
in the northernmost part of the Polish segment of the 
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Baltica continent, also referred to as an East European 
Craton (EEC). The Baltic Basin is filled by the sedimen-
tary sequence ranging in age from the Cambrian to the 
Silurian. The Cambrian is represented mainly by ter-
rigenous sediments deposited during the opening of the 
Tornquist Ocean (e.g., Golonka 2007). Due to the latest 
Cambrian erosional event, the lack of the Upper Cam-
brian sediments is a widely observed phenomenon. Dur-
ing the Ordovician times, present-day western edge of the 
EEC acted as a passive margin. Because of low subsid-
ence rates, the Ordovician period is represented by a thin 
sequence, rarely exceeding 100 m, predominantly com-
posed of mudstones and carbonates. The docking of the 
Avalonia microcontinent along the western edge of the 
EEC at the end of the Ordovician resulted in formation 
of a foredeep in front of the Caledonian orogeny and sig-
nificant increase in subsidence rates (e.g., Poprawa et al. 
1999; Poprawa 2006a, b). The foredeep was filled up with 
a thick sequence (up to 2000 m) of Silurian fine-grained 
terrigenous sediments. According to published paleofacies 
maps (Modliński et al. 2010), sedimentations continued 
during the Devonian and Carboniferous times. However, 
due to the Carboniferous erosional episode linked with 
the Variscan orogeny (e.g., Matyja 2016), these rocks are 
only partially preserved in the narrow zone along the west-
ern edge of the EEC. Except that zone, within the Bal-
tic Basin, the Silurian rocks are covered by the flat-lying 
permo-mesozoic sequence starting from Lower Permian 
terrigenous sequence (the Rotliegend) and followed by the 
Upper Permian evaporates (Zechstein). The Mesozoic era 
is represented by mixed terrigenous and carbonate rocks 
deposited during cyclic transgressions and regressions of 
epicontinental seas (Dadlez et al. 1995, 1998).

Dataset description

The datasets used for this study were obtained during 
experiments of the hydraulic fracturing jobs in Northern 
Poland (Fig. 1). Stimulation of two separate gas bearing 
formations was performed in two horizontal wells, Lubo-
cino 2H and Wysin 2H/2Hbis.

The first stimulation experiment took place in Janu-
ary 2013 and was aimed to stimulate approximately 
30-m-thick layer of Lower Silurian and Ordovician strata 
at the depth of around 2800 m in the Baltic Basin Mar-
gin. For this purpose, two wells were drilled in Lubocino 
village: Lubocino 1 and Lubocino 2H. The first explora-
tion well Lubocino 1 was drilled vertically through the 

shale formation. The stimulation process took place in the 
approximately 700-m-long horizontal section of the Lubo-
cino 2H well. The stimulation experiment was divided into 
six stages starting at the toe of the horizontal section and 
progressing to its heel. Connection with the formation was 
achieved using sand jetting in the first stage and a total 
number of 11 perforation shots in stages 2–6. Downhole 
microseismic monitoring consisted of 11 3C geophones 
deployed in the monitoring well Lubocino 1. The whole 
array was spanning approximately true vertical depth from 
2515 m to 2665 m below the surface level. Due to the 
borehole conditions, it was not possible to place receivers 
at stimulation depth (Fig. 2).

The second dataset was acquired during the hydraulic 
fracturing job in the well Wysin 2H/2Hbis in July 2017. 
The stimulation process was recorded by the downhole 
monitoring array which was deployed in a vertical explora-
tion well, Wysin 1. The downhole network consisted of 18 
3C geophones, with the lowest receiver placed at the depth 
of 3700 m below the surface. Spacing between the six 
uppermost receivers was set to 30 m, and between receiv-
ers from 6 to 18, the spacing was set to 15 m, giving a total 
length of the array of 330 m, almost two times longer than 
in the case of the Lubocino array. Unfortunately, it was 
not possible to place the array so that it would span across 
the stimulated interval. The lowest receiver was placed 
approximately at the stimulated interval.

Connection to the formation was performed in 11 stages 
of the hydraulic fracturing in the horizontal section of the 
Wysin 2H/2Hbis well. The whole operation of fracturing 
was located at a distance ranging from 1600 m (first stage) 
to 500 m (last stage) from the monitoring array deployed 
in Wysin 1 well. In each stage of the fracturing, six perfo-
ration shots were performed giving a total number of 66 
perforation shots for the whole operation (Fig. 2).

The locations of the microseismic events recorded dur-
ing the stimulation of the Lubocino 2H were obtained 
using a 1D-anisotropic-layered velocity model constructed 
from the sonic logs for P and S waves available for the 
Lubocino 1 well. During the six stages of the fracturing 
in Lubocino 2H well, 11 perforation shots and 844 micro-
seismic events were located. Moment magnitudes of the 
located events ranged between Mw − 3.5 and Mw − 1.5. 
The vast majority of the located microseismic events come 
from the stages from 4 to 6. Only around 13% of the total 
number of events come from the most distant stages 1–3.

This dataset was the subject of several publications 
(Gajek et al. 2016; Święch et al. 2017; Gajek et al. 2018; 
Wandycz et al. 2018), where more detailed information 
about the processing procedure and interpretation of 
microseismicity can be found.
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Fig. 1  Location of the Lubocino (1) and Wysin (2) well pads (red stars)

Fig. 2  Array geometry along with treatment and monitoring wells. Left side of the picture is Lubocino, right side Wysin. Triangles indicate 
receivers, and diamonds indicate perforation shots. Stages are color coded
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Wysin 2H/2Hbis experiment

For the detection of the microseismic events, we used a sim-
ple STA/LTA (Withers et al. 1998) algorithm that allowed us 
to detect several hundreds of microseismic events. For the 
location of the microseismic events, we used a 1D-isotropic-
layered velocity model constructed on a base of sonic log 
both for P and S waves from the Wysin 1 well (Fig. 3).

As we were not able to properly locate perforation shots 
using a single velocity model, we calibrated the initial veloc-
ity model separately for each stage, based on the perforation 
shots from the corresponding stage. Recorded signals of the 
perforation shots were dominated by the P-wave energy, as 
for most of the cases we were not able to properly pick S 
waves on most of the receivers.

In stages 1 and 2, we were able to locate only 6 and 12 
events, respectively, but for the next stages, the number of 
located events increased to approximately 50 and the high-
est number of the located events was in stage 10, where we 

located 92 microseismic events, giving the total number of 
562 events from all 11 stages of the stimulation (Fig. 4).

Method and theory

Eisner et  al. (2013) showed that effective attenuation 
quantified by quality factors QP and QS for P and S waves, 
respectively, can be estimated from the peak frequency of 
observed microseismic events measured at downhole or sur-
face receivers. These factors can be estimated from a simple 
equation:

where fpeak is the peak frequency of the corresponding seis-
mic wave and the Δt is travel time of the corresponding 
seismic wave from the microseismic event to the receiver. 
This equation is generally valid in a heterogeneous medium 
and provides attenuation factor corresponding to the homo-
geneous attenuation between the source and the receiver 

(1)Q = �fpeakΔt,

Fig. 3  Compressional and shear sonic logs (black and blue, respectively) and layered velocity models (red and black, respectively) of the Wysin 
area. The blue triangles represent the depth of the monitoring receivers; the green line is approximately at depth of the stimulated well

Fig. 4  Map view of the located 
microseismic events from 
Wysin dataset. Events are color 
coded by stage
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(Eisner et al. 2013). Determining accurate measurements 
of attenuation factor Q by using the peak frequency method 
relies on two parameters: the travel time Δt which is depend-
ent on the assumed velocity model and the peak frequency 
measured at the receivers. Figure 5 shows an example ray 
path used for the calculation of the travel times of P and S 
waves in this study.

To measure the peak frequency (fpeak), we can use 
either fast Fourier transform (FFT) or half-period meas-
urement. Wcisło and Eisner (2016) showed in their work 
that the second approach gives a more reliable and con-
sistent measurement of the peak frequency. An example 
of fpeak measurement is illustrated in Fig. 6.

The peak frequency for the P wave was measured on 
the north component for all of the receivers, as in both 
cases this component is nearly parallel to a radial direc-
tion. For the determination of fpeak for the S wave, we used 
horizontal components to consistently measure SH wave. 
Quality factor for each event was calculated as a mean 
value of this parameter estimated on individual receivers.

Results

From the Lubocino dataset, we selected 33 representative 
events with a good signal-to-noise ratio for the measure-
ments of attenuation. Selected events came from stages 1, 
2, 4 and 5. We were not able to select events from stages 3 

and 6 both for P and S waves and from stage 2 for P wave 
as waveforms, for those stages were contaminated by the 
superposition of several waves and obtained fpeak values 
were therefore not reliable. Figure 7 shows an example of 
the P-wave arrival of an event from stage 2 interfered by the 
guided waves.

Event locations ranged from around 300 m distance from 
the nearest receiver for stage 5—650 m for stage 1. The 
mean value of the quality factors slightly increased with 
the distance between events and monitoring array (Fig. 8). 
The P-wave attenuation factor was lowest in stage 5 with 64 
mean value and was slightly higher at 70 and 74 in stages 
4 and 1.

Figure 9 shows the calculated value of QP for five chosen 
events. Each dot represents the value of QP for a specific 
receiver. The scatter of QP is independent of the receiver.

In the case of the S wave, we were able to determine 
the peak frequency on events from all of the previously 
selected stages as the signal is generally higher. Figure 8 
shows that the highest values of S-wave attenuation factors 
are observed in stage 2 with the mean of 90. In stages 1, 
4 and 5, the means of quality factor for S wave are similar 
and equal to 84, 72 and 74, respectively. In the case of the 
attenuation factor for the P wave, results from stage 2 are 
the least reliable because of the guided waves that partly 
interfere with the direct S-wave arrival. We conclude that 
the results from stages 1, 4 and 5 are reliable and we do 
not see any significant trend with the distance.

Fig. 5  1D ray tracing from the true location of the event to each receiver (P waves are represented by red lines and S waves by blue lines). Green 
star is the location of the event, and red dots indicate receivers
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Fig. 6  Particle velocity recording on the downhole instrument (horizontal component) as of the strong microseismic event. The peak frequency 
of the S wave is measured as the time interval between two zero crossings marked by the vertical red lines

Fig. 7  Example of particle velocity recording on a downhole instrument (vertical component) for the event from stage 2 recorded during Lubo-
cino experiment. P-arrival (dashed vertical red line) is followed by the guided waves
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For the measurements of attenuation in the Wysin 
2H/2Hbis well, we were able to calculate a quality factor 
for 99 events for P wave and 94 events for the S wave. We 
selected two partially overlapping subsets of events for the 

measurements of attenuation, as in some of the cases we 
were able to accurately determine the peak frequency only 
for the P wave or only for the S wave. Distance from selected 
events to the monitoring network ranged from 500 m for 

Fig. 8  Calculated quality factor for P wave (circle) and S wave (triangles) from stages 1, 2, 4 and 5 (color coded)

Fig. 9  Example of calculation of the quality factor for P wave, for five events. Different symbols correspond to specific events. Each mark repre-
sents Q value calculated on specific receiver
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events from stage 11 to ~ 1600 m for the most distant event 
recorded during stage 1. Attenuation measurements for these 
events are shown in Fig. 10 and summarized in Table 1. 
We observe that the P-wave quality factor is consistent from 
stage to stage ranging between 90 and 110 with average 
value across all stages of approximately 100. S-wave qual-
ity factor measurements are scattered in most distant stages 
and become more consistent in stages 9–11. QS values range 
from 112 to 135 with an average value of approximately 120 
across all stages.

In Fig. 11, we plotted measured peak frequencies and 
computed travel times for P and S waves for both datasets. 
We observe that in both cases, decay of the peak frequen-
cies follows one line, indicating that the attenuation in both 
hydraulic fractured parts of reservoirs is homogeneous and 
isotropic.

Discussion and conclusions

Using the peak frequency technique, we calculated quality 
factor for P and S waves on two downhole datasets of lower 
Silurian and Ordovician strata from Northern Poland. We 
measure effective quality factors in the fractured interval. 
The observed P-wave and S-wave effective attenuation fac-
tors range from 60 to 90 for the Lubocino dataset. Within 
this dataset, observed increased values of QS in stage 2 are 
most likely caused by the presence of the guided waves 
interfering with the direct S-wave arrival. In the case of the 
Wysin, the observed effective values of attenuation factors 
are higher with P- and S-wave average values of 100 and 
124, respectively. We show that the observed peak frequency 
across both fractured reservoirs is consistent with being 
homogenous and isotropic. Estimated P- and S-wave quality 
factors in both studied datasets are in general agreement with 
the results obtained by other authors (Wcisło and Eisner 
2016; Jyothi et al. 2017; Drwiła et al. 2019). In both cases, 

Fig. 10  Calculated quality 
factor for P wave (circle) and S 
wave (triangles) from all stages 
of fracturing of Wysin2H/2Hbis 
well. Events are color coded by 
stage

Table 1  Quality factor estimates 
for P and S waves in stages for 
Wysin dataset

QP QS

N Mean Min Max N Mean Min Max

Stage 1 1 105 105 105 – – – –
Stage 2 4 107 105 110 – – – –
Stage 3 10 101 95 108 10 119 111 129
Stage 4 14 102 95 110 10 127 118 137
Stage 5 10 98 90 105 11 123 115 127
Stage 6 9 103 100 106 11 124 118 132
Stage 7 12 99 94 104 10 126 116 134
Stage 8 10 99 96 102 10 124 118 130
Stage 9 11 95 90 102 10 125 123 129
Stage 10 10 99 90 109 10 122 117 128
Stage 11 8 99 95 104 12 122 115 129
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we observe elevated values of Q for the S wave relative to 
Q for P wave, which is typical for the highly compacted and 
saturated sedimentary reservoirs (Pham et al. 2002). As the 
lithological composition of the stimulated intervals in both 
experiments is broadly similar, lower attenuation obtained in 
Wysin dataset is most likely related to the increased pressure 
and compaction at lower depths (Carcione 2000).

The low attenuation was one of the key factors that 
increased the detection range for both monitoring networks 
in this basin. In the case of Lubocino where attenuation was 
slightly higher, we were able to detect and locate only a 
handful of events in the distance higher than 500 m. How-
ever, in Wysin monitoring where the attenuation is lower, we 
located almost 100 events at similar distance. This observa-
tion should be taken into consideration at the stage of design 
of the monitoring networks, especially in cases where the 
downhole array is located at significant distances from the 
stimulation area.
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