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Streszczenie

Praca doktorska prezentuje heurystyczng procedurg ztozona z metod stuzacych do identyfikacji struk-
tur sejsmogennych w chmurze zlokalizowanych zjawisk sejsmicznych. Zaproponowana procedura sktada
si¢ z algorytmdéw nienadzorowanego uczenia maszynowego oraz optymalizacji statystycznej umozliwia-
jacej zwigkszenie dokladnosci identyfikacji klastréw w chmurze zjawisk sejsmicznych. Znajomos$¢ lo-
kalizacji klastréw jest niezbgedna do oceny ryzyka sejsmicznego oraz efektywnosci prac w goérnictwie

podziemnym oraz przy szczelinowaniu hydraulicznym.

Gtéwnym celem rozprawy doktorskiej jest prezentacja uniwersalnosci zaproponowanego rozwiaza-
nia identyfikacji struktur sejsmogennych dla emisji sejsmicznej wywotanej réznymi czynnikami antro-
pogenicznymi. W rozprawie wskazano na skuteczno$¢ metody dla klasteryzacji zjawisk sejsmicznych
indukowanych eksploatacja gérnicza wegla kamiennego w kopalni Bobrek, szczelinowaniem hydrau-
licznym na polu geotermalnym Soultz-sous-Forets oraz szczelinowaniem hydraulicznym zwiazanym z
wydobyciem gazu tupkowego na polu Wysin. W celu zaprezentowania mozliwo$ci proponowanego al-
gorytmu przedstawiono wyniki przetwarzania dla syntetycznego modelu chmury zjawisk sejsmicznych.
Utworzenie modelu lokalizacji zjawisk sejsmicznych zostato zainspirowane rzeczywistymi danymi, od-
zwierciedlajacymi faktyczne wystgpowanie zjawisk mikrosejsmicznych podczas szczelinowania hydrau-

licznego.

Procedura stuzaca identyfikacji struktur sejsmogennych obejmuje dwie metody: zapadania (ang. col-
lapsing) oraz klasteryzacje. Metoda zapadania powoduje zmniejszenie rozproszenia chmury zjawisk
sejsmicznych, ktore jest spowodowane przez bledy lokalizacji. Metody klasteryzacji oparte na ggsto-
$ci danych umozliwiaja wyznaczenie obszaréw o zwigkszonej intensywnosci wystgpowania zjawisk w
stosunku do otoczenia. Dodatkowo, wykorzystano techniki umozliwiajace precyzyjne wyznaczenie ob-

jetosci chmury zjawisk sejsmicznych.

W badaniach pokazano, ze zastosowanie metody zapadania oraz klasteryzacji opartej na gestosci zja-
wisk umozliwia obliczenie dokladniejszej i bardziej realistycznej objetosci zaburzonej struktury sejsmo-
gennej. Przetworzenie danych mikrosejsmicznych z kopalni Bobrek pozwolito zidentyfikowaé klastry
zjawisk sejsmicznych, ktére sa zwiazane zaréwno z wczesniej eksploatowanymi pokltadami jak i z lokal-
nymi nieciaglosSciami tektonicznymi. Dla przetworzonego rozkladu zjawisk sejsmicznych na polu Wysin
zidentyfikowano klastry, ktérych kierunek jest bardziej zblizony do kierunku maksymalnego naprezenia
poziomego niz dla orginalnych danych. Wykazano roéwniez, ze skaty maja tendencj¢ do preferencyjnego

pekania w obszarach bardziej kruchych. Uzycie metody zapadania, klasteryzacji oraz analizy czaso-



przestrzennej ewolucji klastréw na polu Soultz-sous-Forets pozwolilo wskaza¢ zjawiska sejsmiczne po-

tencjalnie zwiazane z hydraulicznym przeplywem ptynu.

Stowa kluczowe: sejsmicznos¢ indukowana, struktury sejsmogenne, klasteryzacja, metoda zapada-

nia



Abstract

The dissertation introduces a heuristic procedure for identifying seismogenic structures in a cloud of
localized seismic events. The proposed procedure consists of unsupervised machine learning algorithms
and statistical optimization technique to enhance the accuracy of cluster identification in a cloud of se-
ismic events. Understanding the location of clusters is essential for assessing seismic risk and evaluating
the effectiveness of operations in underground mining and hydraulic fracturing.

The main objective of the dissertation is to demonstrate the universality of the proposed solution for
identifying seismogenic structures in seismic emissions caused by various anthropogenic factors. The
dissertation demonstrates the effectiveness of the proposed method for clustering seismic events induced
by coal mining operations at the Bobrek mine, hydraulic fracturing at the Soultz-sous-Forets geothermal
field, and hydraulic fracturing associated with shale gas production at the Wysin field. To showcase the
algorithm’s capabilities, the results of processing a synthetic cloud model of seismic events are presented.
This synthetic model was inspired by real data reflecting the actual occurrence of microseismic events
during hydraulic fracturing.

The procedure for identifying seismogenic structures includes two methods: collapsing and cluste-
ring. The collapsing method reduces the scattering of the cloud of seismic events, which is caused by
localization errors. Density-based clustering methods allow the determination of areas with increased
event intensity relative to the surroundings. Additionally, the research utilized algorithms aimed at pre-
cisely determining the volume of the seismic event cloud.

The research demonstrated that the application of the collapsing method and density-based clustering
enables the calculation of a more accurate and realistic volume of the disturbed seismogenic structure.
Processing microseismic data from the Bobrek mine allowed the identification of seismic event clusters
associated with both previously exploited seams and local tectonic discontinuities. For the processed
distribution of seismic events in the Wysin field, clusters were identified whose direction is more ali-
gned with the direction of maximum horizontal stress than in the original data. It was also shown that
rocks tend to preferentially fracture in more brittle areas. The use of the collapsing method, clustering,
and spatiotemporal analysis of cluster evolution in the Soultz-sous-Foréts field identified seismic events

potentially associated with hydraulic fluid flow.

Keywords: induced seismicity, seismogenic structures, clustering, collapsing



Struktura pracy

Niniejsza rozprawa doktorska sktada si¢ z 8 rozdziatéw. W rozdziale 1 znajduje si¢ wprowadze-
nie oraz tezy badawcze. Cel pracy jest omdwiony w rozdziale 2. W rozdziale 3 przedstawiono skrétowo
metodyke badan. W rozdziale 3.1 oméwiono metod¢ zapadania. Rozdziat 3.2 stanowi opis metod identy-
fikacji struktur sejsmogennych, na ktére sktadaja si¢ metody klasteryzacji chmury punktéw w przestrzeni
tréjwymiarowej (3D). W rozdziale 3.3 przedstawiono uzyte metody obliczania objetosci struktury wy-
znaczonej przez lokalizacje zjawisk sejsmicznych.

Wiasciwa treS¢ rozprawy doktorskiej zostala przedstawiona w 4 publikacjach naukowych indekso-
wanych w bazie Web of Science, ktdre sa przedstawione w zatacznikach. W rozdziale 4 oméwiono pu-
blikacje, bedace cyklem artykuléw naukowych stanowiacych realizacj¢ postawionych tez badawczych.
Rozdziat 5 stanowi podsumowanie uzyskanych wynikéw badan przez doktoranta. Spis pozycji literatu-
rowych znajduje si¢ w rozdziale 6. O§wiadczenie wspdtautorow publikacji dotyczace udziatu procento-
wego, jak rowniez wyszczegolnienie udziatu doktoranta zostaly przedstawione w rozdziale 7. Pelna tres¢
artykuléw zostata zamieszczona w formie zatacznikéw (rozdziat 8).

[Z1] Elzbieta Weglinska, Andrzej Lesniak. 2024. A novel approach to identifying seismogenic
structures and estimating reservoir volume based on synthetic cloud of seismicity induced by hydraulic
fracturing. Acta Geodaetica et Geophysica, doi: 10.1007/s40328-024-00442-1

[Z2] Andrzej Lesniak, Elzbieta Sledz, Katarzyna Mirek. 2020. Detailed Recognition of Seismoge-
nic Structures Activated during Underground Coal Mining: A Case Study from Bobrek Mine, Poland.
Energies 13(18), 4622, doi: 10.3390/en13184622

[Z3] Elzbieta Weglinska, Andrzej Le$niak. 2021. Induced Seismicity and Detailed Fracture Map-
ping as Tools for Evaluating HDR Reservoir Volume. Energies 14(9), 2593, doi: 10.3390/en14092593

[Z4] Elzbieta Weglinska, Andrzej Lesniak, Andrzej Pasternacki, Pawet Wandycz. 2024. Mapping
a fracture network formed by hydraulic fracturing in a shale gas reservoir. Geology, Geophysics and
Environment 50(3), 213-230, doi: 10.7494/geol.2024.50.3.213
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1. Wprowadzenie

Znajomo$¢ lokalizacji zjawisk sejsmicznych jest kluczowa dla identyfikacji struktur sejsmogennych.
W pracy zaprezentowano integracje metod majacych na celu jak najdoktadniejsze okreslenie miejsca
wystepowania tych struktur w gérotworze.

W pracy doktorskiej zatytutowane;j: ''Identyfikacja struktur sejsmogennych na podstawie analizy
indukowanej emisji sejsmicznej z wykorzystaniem algorytméw uczenia maszynowego'' postawiono

nastgpujace tezy badawcze:

— Zastosowanie metody zapadania zjawisk mikrosejsmicznych indukowanych podczas szczelinowa-
nia oraz eksploatacji podziemnej z16z powoduje zwigkszenie doktadnosci identyfikacji struktur

generujacych wstrzasy

— Integracja metod zwigkszajacych doktadnos$¢ lokalizacji z nienadzorowanym uczeniem maszyno-
wym pozwala na zwigkszenie mozliwosci identyfikacji klastréw w chmurze emisji mikrosejsmicz-

nej

— Zapadanie zjawisk mikrosejsmicznych i identyfikacja klastréw z wykorzystaniem metod ucze-
nia maszynowego umozliwia wyznaczenie objegtoSci aktywnej struktury zaburzonej przez proces

szczelinowania

W rozprawie doktorskiej pokazano uniwersalno$¢ zaproponowanego algorytmu dla emisji sejsmicz-
nej spowodowanej ré6znymi czynnikami antropogenicznymi. Wykazano, ze zaprezentowana metoda iden-
tyfikacji struktur sejsmogennych moze by¢ skutecznie stosowana w ré6znych chmurach emisji sejsmicz-
nej. W prezentowanej rozprawie doktorskiej przedstawiono skuteczno$¢ metody dla zjawisk sejsmicz-
nych indukowanych eksploatacja gérnicza wegla kamiennego (Les$niak i in., 2020; Weglifiska i Le$niak,
2022), szczelinowaniem hydraulicznym zwiazanym z udostgpnianiem zbiornika geotermalnego (We-
gliiska i LeSniak, 2021) oraz wydobyciem gazu tupkowego (Weglifiska i in., 2024). Praca opiera si¢ na
czterech publikacjach, ktére zostaly przedstawione w logicznej kolejnosci. W pierwszej kolejnosci omé-
wiono artykutl zawierajacy analize z uzyciem danych syntetycznych (Wegliniska i Les$niak, 2024). Kolejne
publikacje dotycza realizacji tez badawczych dla rzeczywistych chmur emisji sejsmicznych indukowa-
nych goérnictwem podziemnym (Le$niak i in., 2020) oraz szczelinowaniem hydraulicznym (Wegliniska i
Lesniak, 2021; Weglinska i in., 2024).
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2. Cel pracy

Prezentacja proponowanej metody identyfikacji struktur sejsmogennych zostata w pierwszej kolej-
nosci zilustrowana w oparciu o dane syntetyczne, co pozwolilo na zaprezentowanie poprawnosci zasto-
sowanych algorytméw. W dalszej czeSci przedstawiono rezultaty zastosowania tych metod przy eksplo-
atacji gérniczej wegla kamiennego, szczelinowaniu hydraulicznym zwiazanym z udostgpnianiem zloza
geotermalnego oraz wydobyciem gazu tupkowego.

Celem pracy bylo:

— Zwigkszenie doktadnosci klasteryzacji chmury zlokalizowanych zjawisk sejsmicznych z uzyciem

metody zapadania

— Identyfikacja klastréw zjawisk sejsmicznych zlokalizowanych przy: eksploatacji wegla kamien-
nego w kopalni Bobrek w Bytomiu, szczelinowaniu hydraulicznym na polu geotermalnym Soultz-
sous-Forets w pétnocno-wschodniej Francji oraz na polu Wysin zlokalizowanym w wojewddztwie

pomorskim

— Integracja metody zapadania, klasteryzacji opartej na gestosci zjawisk oraz obliczania objetosci

chmury punktéw
Oryginalne osiagniecia doktorantki:

— Dokonano krytycznego przegladu literatury §wiatowej omawiajacej problematyke identyfikacji

struktur sejsmogennych wewnatrz chmury indukowanych zjawisk sejsmicznych

— Zaproponowano algorytm pozwalajacy na zwigkszenie efektywnosci klasteryzacji wewnatrz

chmury emisji mikrosejmicznej

— Zidentyfikowano strefy sejsmogenne na podstawie chmur emisji zarejestrowanych przy: eksplo-
atacji wegla kamiennego w kopalni Bobrek, szczelinowaniu hydraulicznym na polu geotermalnym

Soultz-sous-Forets oraz na polu Wysin

— Wykonano poréwnanie zidentyfikowanych stref sejsmogennych w szczelinowanym otworze Wy-
sin 2H/2Hbis zestawiajac je z mapami prawdopodobiefistwa wystegpowania danej klasy wskaznika

kruchosci

— Zaproponowano metod¢ automatycznego doboru promienia sasiedztwa przy klasteryzacji zjawisk

sejsmicznych

12



— Wykonano oceng efektywnosci zintegrowanych metod na syntetycznych danych sejsmicznosci in-

dukowanej

— Wyznaczono objeto$¢é chmury zjawisk sejsmicznych po zwigkszeniu rozdzielczoSci chmury oraz

odrzuceniu zjawisk uznanych za szum

13



3. Podsumowanie metod badawczych

W tym rozdziale oméwiono metody zastosowane w trakcie badan. W rozdziale 3.1 przedstawiono
metod¢ zapadania, ktdra jest technika optymalizacji statystycznej, majaca na celu zwigkszenie rozdziel-
czoSci chmury zjawisk sejsmicznych. Kolejno w rozdziale 3.2 przedstawiono metody klasteryzacji opar-
tej na gestosci zjawisk- algorytmy DBSCAN i HDBSCAN. Rozdziat 3.3 stanowi opis metod stuzacych

do wyznaczania objetoSci chmury zjawisk sejsmicznych - otoczki wypuklej i ksztaltéw alpha.

3.1. Metoda zapadania

Lokalizacja Zrédet zjawisk mikrosejsmicznych jest obarczona btgdem wynikajacym m.in. z uprosz-
czonego modelu predkosci lub bledéw w wyznaczeniu czaséw lub kierunké6w przybycia poszczegélnych
fal sejsmicznych. Powoduje to perturbacje zlokalizowanych Zrédet w stosunku do ich rzeczywistych po-
zycji. Metoda zapadania (ang. collapsing) jest technika optymalizacji statystycznej, ktéra stuzy zmniej-
szeniu rozproszenia chmury lokalizacji zjawisk sejsmicznych wynikajacych z btedéw lokalizacji (Jones
i Stewart, 1997).

Mimo ze metoda zapadania zostala orginalnie przedstawiona dla wyznaczenia struktur zwigzanych
z sejsmicznoscia wulkaniczna (Jones i Stewart, 1997), moze ona by¢ stosowana w kazdej chmurze zlo-
kalizowanych zjawisk sejsmicznych, gdy bledy lokalizacji sa znane.

Metoda zapadania wykorzystuje informacje o lokalizacjach zjawisk sejsmicznych oraz btedéw ich
wyznaczenia. Btad lokalizacji przedstawiany jest w postaci elipsoidy bigdu (Havskov i Ottemoller, 2010).
Orientacja przestrzenna elipsoidy uzalezniona jest od wzajemnego potozenia hipocentréw i czujnikow.
Objetosé elipsoidy zalezy od btedow poszczegdlnych parametréw dla okre§lonego poziomu ufnosci.

Idea relokalizacji Zrédta zostala schematycznie przedstawiona na Rysunku 3.1. Algorytm dziata w

nastgpujacy sposob:

— Dla kazdej lokalizacji Zrédta (zielony punkt) oblicza sig¢ elipsoidg btedu przy zatozeniu okreslo-

nego poziomu ufnosci

— Sposréd wszystkich zjawisk lezacych wewnatrz danej elipsoidy (niebieskie punkty) wyznacza sig¢

Srodek cigzkos$ci (czerwony krzyzyk)
— Lokalizacja rozpatrywanego zjawiska przesuwana jest w kierunku srodka cigzkosci

Relokalizacja metoda zapadania Zrédet odbywa si¢ w granicach wiasnych elipsoid biedéw, ktérych

polozenie nie zmienia si¢. Procedurg zapadania wykonuje si¢ iteracyjnie dopdoki populacja translacji nie

14



Relokalizacja

Rysunek 3.1: Schemat relokalizacji Zrédta wewnatrz elipsoidy biedu

przyjmie formy rozktadu x? z trzema stopniami swobody. W celu weryfikacji tej zaleznosci przeprowa-
dza si¢ test Kotmogorowa-Smirnowa, ktéry poréwnuje zgodno$¢ rozktadu empirycznego z rozktadem
teoretycznym x>.

Rozmieszczenie zrelokalizowanych Zrddet z reguty charakteryzuje si¢ mniejsza dyspersja prze-
strzenng (Jones i Stewart, 1997).

W literaturze opisano kilka wariantéw oryginalnej metody zapadania (Asanumaiin., 2001; Asanuma
i in., 2005; Asanuma i in., 2008). W ramach mojej pracy badawczej skupiam si¢ na zastosowaniu jej

podstawowej, oryginalnej wersji.

3.2. Metody identyfikacji struktur sejsmogennych

Do identyfikacji struktur sejsmogennych w chmurze zjawisk sejsmicznych wybrano metody, ktére

spetnialy nastepujace kryteria:

— Sa dostosowane do trgjwymiarowych danych punktowych
— Nie wymagaja znajomosci z gory zatozonej liczby klastrow

— Sa dostosowane do danych obarczonych szumem

Takie zatozenia spelniaja metody klasteryzacji oparte na gestosci zjawisk, ktore naleza do metod nie-
nadzorowanego uczenia maszynowego. Zgodnie z zatozeniami tych metod klastry to regiony, w ktérych
gesto$¢ punktéw jest wyzsza niz poza nimi. Jedna z najbardziej znanych metod grupowania gestoscio-
wego to metoda DBSCAN (ang. Density-based spatial clustering of applications with noise) zapropo-
nowana w 1996 roku (Ester i in., 1996), wykorzystywana obecnie rowniez w sejsmologii (m.in. (Cesca i
in., 2014; Woodward i in., 2018)).

Algorytm DBSCAN posiada dwa parametry wejSciowe, od ktérych zalezy wynik klasteryzacji:

— Promieni sasiedztwa (oznaczany jako Eps lub ¢) - definiuje maksymalna odlegto$¢ pomigdzy zja-

wiskami nalezacymi do tego samego klastra
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— Minimalna liczba zjawisk niezbednych do utworzenia klastra (oznaczana jako MinPts)

Zgodnie z zalozeniami metody, warto§¢ parametru MinPts powinna by¢ przynajmniej o 1 wigksza od
wymiarowosci zbioru danych. Dobér wartoSci parametru ¢ jest bardziej problematyczny (m.in. (Karami
i Johansson, 2014; Starczewski i in., 2020). Zbyt niska warto$¢ promienia sasiedztwa moze skutkowac
klasyfikacja znaczacej czesci zbioru punktéw jako szum. Zbyt wysoka warto§¢ promienia moze prowa-
dzi¢ do zanikania granic migdzy klastrami, skutkujac ich scaleniem i brakiem zdolnosci do rozréznienia
odrebnych grup danych. W pracy (Weglifiska i LeSniak, 2024) zaproponowano metode automatycznego
wyznaczania parametru € dla danych dotyczacych lokalizacji zjawisk sejsmicznych, ktéra zalezy od bie-
dow lokalizacji zjawisk. Warto$¢ € obliczamy jako warto§¢ Srednia maksymalnych dtugosci potosi ze

wszystkich elipsoid btedu.

Sasiedztwo jest zbiorem punktéw, ktére lezy w odlegloSci mniejszej lub rownej € od danego punktu.
Rozrézniamy 3 typy punktéw w zbiorze danych: punkty rdzeniowe, punkty graniczne oraz szum. Punkt
rdzeniowy to taki punkt, ktéry posiada liczbe sasiadéw wigksza lub réwna wartosci MinPts. Punkt gra-
niczny posiada liczbe sasiadow mniejsza niz MinPts, ale nalezy do sasiedztwa innego punktu rdzenio-
wego. Szumem nazywamy punkt, ktéry nie jest rdzeniowy ani graniczny.

Rozpoczgcie procesu klasteryzacji w metodzie DBSCAN polega na identyfikacji punktéw rdzenio-
wych. Nastepnie okreSla si¢ wszystkie punkty w promieniu €, ktére spetniajg kryterium minimalne;j
liczby sasiadéw i dodawane sa do tworzonego klastra. Wszystkie punkty potaczone gestos$ciowo z punk-

tem rdzeniowym przypisywane sa do tego samego klastra.

Czesto za konkurencyjna metode uwaza si¢ algorytm HDBSCAN (ang. Hierarchical Density-Based
Spatial Clustering of Applications with Noise) (Campello i in., 2013), ktéry jest modyfikacja metody
DBSCAN. Metoda ta wymaga tylko jednego parametru wejSciowego. Jest nim minimalna liczba punk-
tow niezbedna do utworzenia klastra. Algorytm HDBSCAN przeksztatca orginalng metode DBSCAN
w algorytm klasteryzacji hierarchicznej. Buduje on hierarchiczna struturg wszystkich mozliwych kla-
stréw dla réznych wartos$ci odleglosci sasiedztwa i wyodrgbnia klastry o najlepszej stabilnoSci (Mclnnes
i in., 2017). Stabilnos$¢ klastréw w metodzie HDBSCAN jest parametrem, ktéry $wiadczy o tym jak
dlugo klaster istnieje w hierarchii zanim zostanie potaczony z innym klastrem lub zostanie podzielony.
Algorytm HDBSCAN charakteryzuje si¢ wigksza ztozonoscia obliczeniowa niz DBSCAN (Stewart i
Al-Khassaweneh, 2022).

3.3. Metody obliczania objetosci aktywnej struktury

Rekonstrukcja stref sejsmogennych jest trudna ze wzgledu na duza ztozonos¢ i réznorodnos¢ geome-
trii. Aby méc zobrazowac ksztalt zbioru i obliczy¢ objeto$¢ aktywnej struktury na podstawie lokalizacji
zjawisk sejsmicznych uzyto algorytméw otoczki wypukltej (ang. Convex Hull) (Graham, 1972) i ksztat-
téw alpha (o) (ang. Alpha Shapes) (Edelsbrunner i Miicke, 1994).

Pierwszym krokiem do rekonstrukcji sieci spekan jest triangulacja Delaunay’a dla wszystkich punk-

téw w przestrzeni. Triangulacja Delaunay’a jest metoda dzielenia zbioru punktéw 3D na tetraedry w taki
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sposéb, ze zaden punkt nie znajduje si¢ w sferze opisanej na tetraedrze. Na brzegach triangulacji tworzy
si¢ otoczke wypukta lub ksztalt alpha.

Otoczke wypukla zbioru definiujemy jako najmniejszy wielokat wypukly zawierajacy ten zbidr. Gra-
nica zbioru jest wielokatem, w ktérym zadna krawegdZ graniczna nie przecina si¢ ani nie wyklucza zad-
nego punktu. Algorytmy wykorzystywane do wyznaczenia otoczki wypuktej to m.in.: algorytm Grahama
(Graham, 1972), Jarvisa (Jarvis, 1973), Quickhull (Eddy, 1977; Bykat, 1978; Green i Silverman, 1979;
Barber i in., 1996). W prezentowanej pracy doktorskiej uzywano algorytmu Quickhull.

Ksztatt alpha (o) jest uogdlnieniem otoczki wypuktej dla zbioru punktéw (Edelsbrunner i in., 1983).
Ré7ni si¢ od otoczki wypuktej tym, ze nie musi byé wypukly i moze zawieraC puste przestrzenie (Ca-
pinha i Pateiro-Lépez, 2014). Ksztalt o pozwala odwzorowac bardziej ztozone ksztatty niz otoczka wy-
pukta (Edelsbrunner i Miicke, 1994) i pozwala na bardziej precyzyjne dopasowanie do ksztattu danych
niz ksztalt utworzony przez otoczke wypukla. Parametr o odpowiada za stopieri szczegétowosci odtwo-
rzenia krawedzi zbioru punktéw. Dla skoniczonego zbioru w R3 o jest liczba rzeczywista nalezaca do

przedziatu 0 < o < co. Gdy a@ — oo mamy do czynienia z otoczka wypukta.
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4. Omoéwienie publikacji wchodzacych w sklad rozprawy

Przedstawiona rozprawa doktorska jest wynikiem nowatorskich badan, ktérych wyniki zostaty opu-

blikowane w 4 czasopismach naukowych indeksowanych w bazie Web of Science.

[Z1] Weglinska i Lesniak 2024
Elzbieta Weglinska, Andrzej Lesniak. 2024. A novel approach to identifying seismogenic structures

and estimating reservoir volume based on synthetic cloud of seismicity induced by hydraulic fracturing.
Acta Geodaetica et Geophysica, doi: 10.1007/s40328-024-00442-1

Procentowy udzial autoréw: Elzbieta Weglinska: 80 %, Andrzej Lesniak: 20%

Udziat doktoranta polegal na: zaplanowaniu badan, wykonaniu przegladu literatury, utworzeniu mo-
delu sejsmicznosci indukowanej, przygotowaniu figur, napisaniu tekstu manuskryptu, czgSciowym przy-
gotowaniu kodu, obliczeniu objgtosci struktur sejsmogennych, analizie i interpretacji uzyskanych wyni-

kow.

[Z2] Les$niak i in. 2020
Andrzej Lesniak, Elzbieta Sledz, Katarzyna Mirek. 2020. Detailed Recognition of Seismogenic

Structures Activated during Underground Coal Mining: A Case Study from Bobrek Mine, Poland. Ener-
gies 13(18), 4622, doi: 10.3390/en13184622

Procentowy udziat autoréow: Andrzej Lesniak: 45% , Elzbieta Sledz: 35% , Katarzyna Mirek: 20%

Artykut zostat opublikowany pod panieriskim nazwiskiem - Sled?

Udziat doktoranta polegal na: przygotowaniu danych, czgSciowym przygotowaniu kodu i tekstu ma-
nuskryptu, realizacji obliczent metody zapadania, klasteryzacji zjawisk sejsmicznych, analizie map gor-

niczych, przygotowaniu figur, identyfikacji struktur sejsmogennych, analizie wynikéw i ich interpretacji.

[Z3] Weglinska i Lesniak 2021
Elzbieta Weglinska, Andrzej Lesniak. 2021. Induced Seismicity and Detailed Fracture Mapping as
Tools for Evaluating HDR Reservoir Volume. Energies 14(9), 2593, doi: 10.3390/en14092593
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Procentowy udzial autoréw: Elzbieta Weglinska: 60% , Andrzej Lesniak: 40%

Udziat doktoranta polegal na: przygotowaniu danych, wykonaniu przegladu literatury, czgSciowym
przygotowaniu kodu, napisaniu tekstu manuskryptu, realizacji obliczei metody zapadania, klasteryzacji
zjawisk sejsmicznych, czaso-przestrzennej analizie klastréw, przygotowaniu figur, analizie i interpretacji

wynikow, obliczeniu objetosci struktur sejsmogennych

[Z4] Weglinska i in. 2024

Elzbieta Weglinska, Andrzej Lesniak, Andrzej Pasternacki, Pawet Wandycz. 2024. Mapping a frac-
ture network formed by hydraulic fracturing in a shale gas reservoir. Geology, Geophysics and Environ-
ment 50(3), 213-230, doi: 10.7494/geol.2024.50.3.213

Procentowy udzial autoréw: Elzbieta Weglinska: 50%, Andrzej Lesniak: 30%, Andrzej Paster-
nacki: 10%, Pawet Wandycz: 10%

Udziat doktoranta polegat na: przygotowaniu tekstu manuskryptu, wykonaniu przegladu literatury,
przygotowaniu figur, czgSciowym przygotowaniu kodu, realizacji obliczenn metody zapadania, klastery-

zacji zjawisk sejsmicznych, opracowaniu wynikéw, analizie i interpretacji uzyskanych wynikéw.
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Dodatkowo wyniki zaprezentowane w pracy doktorskiej zostaly przedstawione przez doktoranta na
migedzynarodowych konferencjach naukowych:

Elzbieta Wegliniska, Andrzej Lesniak, Andrzej Pasternacki, Pawet Wandycz. Mapping of structures
formed by hydraulic fracturing based on microseismic events location. EGU General Assembly 2023

Elzbieta Weglinska, Andrzej Lesniak. 2022. Comparison of microseismic locations scatter reduc-
tion methods and unsupervised machine learning algorithms for automatic detection of seismogenic
structures in a Polish hard coal mine. Rockbursts and Seismicity in Mines

Andrzej Lesniak, Elzbieta Weglinska, Katarzyna Mirek. 2021. Identification of tectonic structures
based on tremors in Bobrek Coal Mine using a collapsing method. EAGE GeoTech

Elzbieta Weglinska, Andrzej Le$niak. Enhancing Precision in Seismogenic Structure Identification
and Reservoir Volume Estimation Through Synthetic Seismic Cloud Analysis. 39th General Assembly

of the European Seismological Commission [abstrakt przyjety na konferencje: wrzesieri 2024]
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4.1. Weglinska E., Lesniak A. 2024

Pierwszym celem badari opublikowanych w artykule bylo zaproponowanie metody identyfikacji
struktur sejsmogennych na podstawie zlokalizowanych zjawisk sejsmicznych majac do dyspozycji hi-
pocentra oraz btedy ich lokalizacji. We wstepie artykutu zrobiono przeglad dotychczasowych metod
uzywanych do wyznaczania klastréw zjawisk sejsmicznych. Przeprowadzono analiz¢ wytacznie tych
metod, ktére spetniaja trzy kluczowe kryteria: sg przystosowane do pracy z chmurami punktéw tréjwy-
miarowych (3D), nie wymagaja wcze$niejszego okreSlenia liczby klastréw, a takze sa zdolne do prze-
twarzania danych zawierajacych szum. Te metody zostaly rowniez sklasyfikowane w oparciu o rodzaje
danych wymaganych do ich wykorzystania.

Drugim celem byto przedstawienie metody estymacji objetosci aktywnej struktury zaburzonej przez
proces szczelinowania. Jedna z metod obliczania objgtosci stymulowanego zbiornika (SRV) jest wyzna-
czenie objetosci chmury zawierajacej wszystkie zjawiska sejsmiczne (Mayerhofer i in., 2010). Jednakze,
SRV rzadko odzwierciedla prawdziwa objetos¢ produkcyjng zbiornika (Umar i in., 2021).

W celu przedstawienia efektywnosci zaproponowanego algorytmu zaprezentowano wyniki na syn-
tetycznym modelu zjawisk sejsmicznych. Aby utworzyé model, poczatkowo stworzono struktury, ktére
maja symulowaé peknigcia wynikajace z sejsmicznosci podczas szczelinowania hydraulicznego. Zostaty
one utworzone wzorujac si¢ na rzeczywistych strukturach jakie sa tworzone podczas eksperymentéw
szczelinowania hydraulicznego (Maxwell i in., 2015).

W artykule zaproponowano rekonstrukcje sieci spekant w gérotworze poprzez integracje metody za-
padania (Jones i Stewart, 1997), DBSCAN (Ester i in., 1996) oraz metodg ksztattéw alpha (Edelsbrunner
i Miicke, 1994). Uzycie metody zapadania miato na celu zmniejszenie rozproszenia chmury hipocentréw.
Na zapadnigtej chmurze zjawisk sejsmicznych uzyto algorytmu DBSCAN aby znaleZ¢ klastry charakte-
ryzujace si¢ wyzsza gestoscia zdarzen w poréwnaniu z ich otoczeniem. Po odrzuceniu punktéw zakla-
syfikowanych przez metode klasteryzacji jako szum, obliczono objeto$¢ chmury poprzez wyznaczenie
ksztattow alpha. Objetos¢é chmury po zastosowaniu zaproponowanej 3-etapowej procedury byta 14 razy
mniejsza niz objgtos¢ orginalnej, nieprzetworzonej chmury. Taka analiza prowadzi do bardziej realistycz-
nej oceny objetosci oraz ujawnia liniowe struktury, ktére odgrywaja kluczowa role w ekstrakcji gazu. W
przysztosci umozliwia to takze bardziej perspektywiczne lokalizowanie odwiertéw oraz podejmowanie
decyzji dotyczace stymulacji zbiornika.

W omawianym artykule zaproponowano réwniez metode automatycznego doboru parametru klaste-
ryzacji €, ktora zalezy od bledow lokalizacji. Metoda wyznaczenia tego parametru opiera si¢ na bledzie
elipsoidy kazdego zdarzenia sejsmicznego. Spos6b wyznaczenia tego parametru zostal opisany w roz-

dziale 3.2 tej rozprawy.

4.2. Lesniak A., Sledz E., Mirek K. 2020

Celem badani byla identyfikacja klastrow zjawisk sejsmicznych utworzonych lub reaktywowanych
na skutek dziatalno$ci gérniczej zwiazanej z wydobyciem wegla kamiennego w kopalni Bobrek na Scia-

nie 3 poktadu 503. W przypadku zjawisk sejsmicznych indukowanych w trakcie podziemnych robét
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gbrniczych, ogdlnie rozréznia si¢ dwa typy zdarzen sejsmicznych — zdarzenia zwigzane z eksploatacja
gbrniczg oraz zdarzenia pochodzenia gérniczo-tektonicznego (Stec, 2007). Aby zidentyfikowac te grupy
zjawisk mozliwie doktadnie, pierwszym krokiem byto zwigkszenie rozdzielczosci chmury zjawisk sej-
smicznych za pomoca metody zapadania. Po uzyciu tego algorytmu na catym zbiorze danych, chmura
reprezentujaca hipocentra byta bardziej heterogeniczna, co objawia si¢ wystgpowaniem lokalnych za-
geszczen o ksztattach podobnych do prostych linii i ptaszczyzn o réznych orientacjach.

Aby sprawdzié, czy pojawianie si¢ wstrzasOw pokrywa si¢ czasowo z pracami gérniczymi, wyko-
nano analiz¢ czaso-przestrzenna. Rozklad hipocentréw zostal przedstawiony w miesigcznych interwa-
fach wraz z biezaca pozycja frontu robdt. Na podstawie tej analizy zauwazono, ze liczba zjawisk sej-
smicznych znacznie wzrosta w momencie przekroczenia frontu wydobywczego z osia Niecki Bytom-
skie;j.

W celu automatycznego znalezienia klastrow w zapadnigtej chmurze zjawisk sejsmicznych, uzyto
algorytmu HDBSCAN. Zastosowanie tej metody pozwolito zidentyfikowac struktury liniowe i ptasz-
czyznowe. W celu interpretacji lokalizacji utworzonych struktur, w artykule przedstawiono takze mapy
wczesniej eksploatowanych poktadéw jak i lokalizacje chodnikéw. Pionowe struktury liniowe znajduja
si¢ ponizej dwdch wczesniej eksploatowanych poktadéw. Klastry o prawie pionowym przebiegu moga
by¢ interpretowane jako lokalne nieciagtosci tektoniczne, ktére zostaly aktywowane w wyniku dziatal-
nosci gérniczej. Ich wystgpowanie byto wczedniej postulowane przez Marcaka i Mutke (Marcak i Mutke,
2013) i byto kojarzone z wystgpowaniem fleksur w basenie bytomskim. W basenach tego typu mozna
spodziewad si¢ wystgpowania systemow pekniec o réznej skali o prawie pionowym przebiegu, a zatem
prostopadle do osi basenu i wybranego poktadu (Li i in., 2018). Wydzielone struktury poziome cechuje
podobne potozenie i orientacja przestrzenna do wczesniej eksploatowanych pokladéw. Zmniejszenie
rozproszenia chmury w tym przypadku umozliwito na bezpoSrednie powiazanie poziomych struktur z

chodnikami gérniczymi starych, glebszych poktadéw eksploatacji wegla.

4.3. Weglinska E., Lesniak A., 2021

Pierwszym celem badan zaprezentowanych w artykule bylo oszacowanie objgtosci zbiornika geo-
termalnego typu HDR (hot dry rock) na podstawie analizy zjawisk mikrosejmicznych zlokalizowanych
podczas stymulacji pola Soultz-sous-Forets we wrze$niu 1993 roku. Drugim celem bylo okreSlenie, ktére
ze zjawisk sejsmicznych moga by¢ bezposrednio powiazane z przeplywem zattaczanego ptynu szczeli-
nujacego (okreslane jako "mokra sejsmicznos$¢") (Maxwell i in., 2015).

W ramach analizy chmury zlokalizowanych zjawisk sejsmicznych, podjeto prébg wydzielenia kla-
strow. Cho¢ w przesztosSci przeprowadzono juz wiele badain majacych na celu zidentyfikowanie struktur
w tej chmurze, to ich wyniki byty czesto fragmentaryczne. Dotychczasowe badania chmury zjawisk sej-
smicznych koncentrowaly si¢ na znalezieniu dominujacego trendu wystgpowania klastréw oraz analizie
mechanizméw ich powstawania.

W celu jak najdokladniejszego oszacowania zasiggu zbiornika oraz zidentyfikowania struktur, ktére
moga by¢ zwiazane z przeptywem ptynu szczelinujacego, zaproponowano 3-etapowa procedure. Pierw-

szym etapem bylo wykonanie metody zapadania dla catej chmury zjawisk sejsmicznych w celu zwigk-
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szenia jej rozdzielczoS$ci. Zjawiska, ktére nie zostaly przesunigte w wyniku tej metody i nie zawieraty
zadnych zdarzen w elipsoidzie btedu, zostaly uznane za izolowane i zidentyfikowane jako szum. Kolej-
nym krokiem byto wykonanie automatycznej klasteryzacji korzystajac z metody DBSCAN. Znalezione
klastry reprezentujg regiony o wysokiej gestosci wystgpowania zjawisk sejsmicznych. Zaktada sig, ze
prawdopodobnie odzwierciedlaja one pgknigcia wywotane przeptywem ptynu lub zaburzenia naprezen
poza gtéwnymi Sciezkami przeptywu. Orientacja wykrytych klastréw wewnatrz chmury mikrosejsmicz-
nej odpowiada kierunkowi N-S do NNW-SSE wigkszosci naturalnych peknigé wykazanych przez Genter
1in. (Genter i in., 1997). Najwiekszy zidentyfikowany klaster zawiera w przyblizeniu tg sama strukture,
ktéra zostata opisana jako Evans Line (Evans i in., 2005).

Aby okreslié, ktore klastry wykryte przez DBSCAN maja potaczenie hydrauliczne, przeprowadzono
analiz¢ czasowo-przestrzenng ewolucji klastrow. W ramach tej analizy zbadano rézne czynniki, takie
jak tempo wzrostu klastra mierzone liczba zdarzen zebranych w klastrze, odlegto$¢ od otworu, rozmiar
klastra i czas jego pojawienia si¢. Zbadano charakter pojawiania si¢ zjawisk w klastrach, rozrézniajac te,
ktére pojawialy si¢ stopniowo, od tych pojawiajacych si¢ nagle. Przyjeto zalozenie, ze stopniowe poja-
wianie si¢ zdarzen sejsmicznych wskazuje na zwiazek z przeplywem ptynu, natomiast nagle pojawienie
si¢ klastra czgsto wiazalo si¢ ze zmianami naprezen tektonicznych. Cho¢ proponowana metoda nie iden-
tyfikuje bezposrednio mokrych zjawisk sejsmicznych, dostarcza kluczowych wskazéwek do identyfikacji
zdarzen potencjalnie zwigzanych z hydraulicznym przeptywem ptynu.

Ostatnim etapem analizy bylo oszacowanie objetosci zbiornika za pomoca algorytmu otoczek wy-
puktych. Przyjmuje sig, ze objetos¢ zbiornika mozemy obliczy¢ jako objetosé chmury mikrosejsmicznej
(Mayerhofer i in., 2010). Chmura ta zawiera zaréwno zdarzenia zwiazane z przeptywem zatlaczanego
ptynu, jak réwniez zdarzenia wynikajace z wczesniej istniejacych naprezen tektonicznych w danym ob-
szarze. W artykule zaproponowano obliczenie objgtoSci jako sum¢ objetosci wszystkich otoczek wypu-
ktych dla klastréw, ktére prawdopodobnie sa zwiazane z mokra sejsmicznos$cia. Objetos$¢ stymulowa-
nego zbiornika uzyskana z tych klastréw jest okolo 5 razy mniejsza niz objgtoS¢ catej orginalnej chmury
mikrosejsmicznej. Nalezy zauwazy¢, ze rzeczywista objgto$¢ zaangazowana w przenoszenie ciepta jest
nieco wigksza, poniewaz istnieje potaczenie migdzy poszczeg6lnymi klastrami. Algorytm ten nie umozli-
wia jednak obliczenia objetosci Sciezek taczacych te klastry, a obliczona objgto$¢ reprezentuje minimalng

objetos¢ zawierajaca prawdopodobny system mokrych szczelin.

4.4. Weglinska E., Lesniak A., Pasternacki A., Wandycz P., 2024

Szczelinowanie hydrauliczne indukuje zdarzenia mikrosejsmiczne (Maxwell, 2013). Na podstawie
lokalizacji tych zdarzen mozliwe jest zidentyfikowanie szczelin w gérotworze. Mapowanie szczelin jest
kluczowe dla oceny skutecznosci stymulacji zt6z. Aby zbadac orientacj¢ peknigé, konieczne jest zbada-
nie geometrii rozktadu zdarzen sejsmicznych (Williams-Stroud i Billingsley, 2010). W artykule zostata
przedstawiona analiza lokalizacji zjawisk mikrosejsmicznych zarejestrowanych podczas szczelinowania
hydraulicznego, przeprowadzonego w czerwcu 2016 roku w otworze Wysin-2H/2Hbis. Gléwnym celem
analiz byla identyfikacja struktur powstatych w wyniku szczelinowania hydraulicznego oraz poréwnanie

ich orientacji z kierunkiem regionalnego maksymalnego naprezenia poziomego (Stmax)-
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W celu identyfikacji struktur, ktére moga zawiera¢ potencjalne szczeliny, w artykule zaproponowano
3-etapowa procedurg wyznaczania struktur liniowych. W pierwszym kroku zostata uzyta metoda zapa-
dania, ktéra pozwala na minimalizacj¢ rozproszenia zjawisk sejsmicznych, ktérych rozproszenie wynika
z bledéw lokalizacji. Nastepnie zostala uzyta metoda klasteryzacji HDBSCAN, ktéra w sposéb automa-
tyczny wydziela klastry o zwigkszonej gestosci zjawisk w stosunku do otoczenia i rozpoznaje szum. W
pracy pokazano wyniki klasteryzacji dla tego samego parametru wejSciowego na chmurze zjawisk przed
zastosowaniem procedury zapadania (na orginalnych danych) i na chmurze po procedurze. Zidentyfiko-
wane klastry sq uwazane za mozliwe struktury, ktére pojawity si¢ w obszarze szczelinowania. Klastry
znalezione w orginalnej chmurze zjawisk sejsmicznych nie przedstawiaja zadnych oczywistych struktur
ze wzgledu na duze rozproszenie zjawisk. Aby zbadaé, ktére klastry zidentyfikowane przez HDBSCAN
moga odpowiada¢ liniowym strukturom obliczono elipsoidy rozproszenia, czyli elipsoidy o minimalne;j
objetosci, zawierajace wszystkie punkty w kazdym klastrze. Wyznaczenie elipsoid rozproszenia umozli-
wia okreSlenie kierunk6éw struktur na podstawie dtugosci pétosi elipsoidy. Aby zbadac, czy struktura jest
wydtuzona w jednym kierunku, oblicza si¢ wspétczynnik wydtuzenia (Zhou i in., 2019) na podstawie
dtugosci potosi elipsoid.

W przypadku normalnego rezimu naprezefi, kierunek rozwoju i propagacji peknig¢ powinien odpo-
wiadac kierunkowi Spmax (Zoback, 2007). Klastry utworzone po procedurze zapadania maja kierunek
bardziej zblizony do Sgmax. Asymetria rozwoju peknigé, ktora nie byta widoczna w rozktadzie zdarzen
przed procedura zapadania, znacznie wzrosta. W przetworzonej chmurze, jednoskrzydlowa natura roz-
woju sieci peknig¢ w kierunku NNW jest widoczna, szczegdlnie w koiicowych etapach szczelinowania
hydraulicznego.

Aby przeprowadzié¢ walidacj¢ wynikéw, w szczeg6lnos$ci metody zapadania, zestawiono lokalizacje
zjawisk sejsmicznych z wynikami badan sejsmicznych 3D. Na podstawie parametréw geomechanicz-
nych obliczonych w otworze Wysin-1, okreSlono klasy prawdopodobiestwa wskaZnika kruchos$ci w
domenie LMR (Ap — pp) (Boyd i in., 2010), a nastepnie oszacowano prawdopodobiefistwo wystapienia
danej klasy wskazZnika kruchosci na catej przestrzeni. Mapy te zostaty przedstawione dla pierwotnych
lokalizacji zdarzeni oraz dla zdarzen po ich relokalizacji na przekrojach tej samej gtgbokosci. Dla or-
ginalnych zjawisk nie jesteSmy w stanie okresli¢, czy wystgpuja one w strefach bardziej kruchych czy
plastycznych. Rozktad lokalizacji zjawisk po procedurze zapadania wskazuje, ze skaly maja tendencje
do preferencyjnego pgkania w obszarach bardziej kruchych. W kontekscie sejsmologicznym, niskie war-
tosci indeksu kruchosci moga réwniez wskazywac na obszary, gdzie generowanych bedzie mniej trzgsien
ziemi, ale dojdzie do wigkszego nagromadzenia energii. W obszarach o wyzszych indeksach kruchosci

mozna spodziewaé si¢ wigkszej liczby drobnych trzgsien ziemi (Perez-Altamar i in., 2017).
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5. Podsumowanie

W pracy doktorskiej zaproponowano orginalne rozwiazanie stuzace do identyfikacji struktur sej-
smogennych w chmurze zlokalizowanych zjawisk sejsmicznych. Wyniki analiz przeprowadzonych przez
doktorantke zostaty opublikowane w artykutach, ktére znajduja si¢ w zatacznikach.

Najwazniejsze wnioski przedstawione w publikacjach:

1. Zastosowanie metody zapadania umozliwia bardziej jednoznaczne identyfikowanie klastréw w
chmurze zjawisk sejsmicznych. Dzigki zmniejszeniu rozproszenia chmury, klasteryzacja jest bar-
dziej efektywna (Weglifiska i Lesniak, 2021; Lesniak i in., 2020; Wegliiska i Le$niak, 2024; We-
glinska i in., 2024).

2. Przetworzenie oryginalnej chmury zjawisk sejsmicznych, indukowanych przez eksploatacje wegla
kamiennego w kopalni Bobrek, pozwala na identyfikacj¢ klastrow zjawisk sejsmicznych, ktére
sa zwiazane zaréwno z wczesniej eksploatowanymi poktadami, jak i z lokalnymi nieciagloSciami

tektonicznymi (LeSniak i in., 2020).

3. Zastosowanie metody zapadania oraz klasteryzacji opartej na gestoSci zjawisk umozliwia oblicze-
nie doktadniejszej i bardziej realistycznej objgtosci struktury sejsmogennej. Dzigki zmniejszeniu
rozproszenia zjawisk sejsmicznych oraz odrzuceniu zjawisk uznanych za szum, wyznaczona ob-
jetos¢ jest mniejsza niz dla danych nieprzetworzonych (Weglifiska i Les$niak, 2021; Wegliriska i
Lesniak, 2024).

4. Wzrasta zgodno$¢ orientacji klastréw wyznaczonych w chmurze zjawisk sejsmicznych po proce-

durze zapadania na polu Wysin z kierunkiem S (Weglinska i in., 2024).

5. Rozktad lokalizacji zjawisk po procedurze zapadania na polu Wysin wskazuje, ze skaty maja ten-

dencje do preferencyjnego pekania w obszarach bardziej kruchych (Weglifiska i in., 2024).

6. Uzycie metody zapadania, nienadzorowanego uczenia maszynowego oraz analizy czasowo-
przestrzennej ewolucji klastréw na polu Soultz-sous-Forets pozwala wskazaé zjawiska sejsmiczne

potencjalnie zwigzane z hydraulicznym przepltywem plynu (Weglinska i Le$niak, 2021).
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Abstract

Precise imaging of formed fractures and delineation of a reservoir’s boundaries within a
scattered seismic cloud is complicated by inaccuracies in event location. Accurate estimate
of stimulated reservoir volume (SRV) is key to evaluate fracturing performance. When
reservoir volume is assessed based on dispersed locations, values tend to be overestimated.
The aim of the article was to calculate SRV via seismicity induced during the course of hy-
draulic fracturing, solely on the basis of hypocenters and location errors. The methods for
three-dimensional (3D) reservoir reconstruction combine the collapsing method, density-
based spatial clustering of applications with noise, and alpha-shape estimation technique
using synthetic data. The method we proposed for calculating reservoir volume based on
the location of microseismic events allows for a more precise and realistic estimation. The
SRV obtained using the proposed approach is approximately 14 times smaller than that
obtained from the original cloud.

Article highlights

e The paper presents a new approach to more precisely identify seismogenic structures
and estimate reservoir volume.

e The study introduces a methodology that significantly reduces the overestimation of the
stimulated reservoir volume.

e To assess reservoir details and identify structures, only locations and errors of micro-
seismic events were utilized.
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1 Introduction

In studies of tectonic and seismic risks, accurately determining the position and shape of
seismogenic structures is essential (Wu and Zhao 2013). Several widely used clustering
techniques have been applied in the analysis of seismic activity. Various cluster identifi-
cation methods have been categorized according to the features required for their imple-
mentation. Only those that met the following assumptions, i.e. have been adapted to a
three-dimensional (3D) point cloud, do not require the number of clusters requested and
deal with noise in the data, were selected.

The foundational techniques for clustering seismic events predominantly rely on either
spatial coordinates of the events or their temporal attributes. Frohlich (1987) proposed a
clustering approach based on the incidence of aftershocks and the temporal clustering of
nearby deep earthquake events. Ouillon et al. (2008) introduced an enhanced pattern rec-
ognition technique that reconstructs the 3D structure of active fault networks using spa-
tial locations of earthquakes by refining the traditional k-means clustering method so as to
take into account the full spatial covariance tensor, which produces fault-like, anisotropic
clusters and determines the best plane segments representing the data’s spatial structure.
To detect faults Ouillon and Sornette (2011) clustered events using only the locations of
seismic events, assuming that earthquakes indicate the presence of such tectonic structures.
They began by distinguishing between clustered seismic events and uncorrelated seismicity
based on the distribution of tetrahedra volumes created by the closest neighboring events
in original and randomised catalogs. Recognizing the spatial complexity of fault networks,
they defined faults as probabilistic anisotropic kernels, incorporating knowledge about dis-
continuous tectonic deformation and observed geometries of faults and earthquake clusters.
Kamer et al. (2020) used the bottom-up clustering method, which first involves creating
each point as a separate cluster and then reducing complexity by means of optimally merged
substructures. Liu et al. (2021) assumed the existence of a spatial relationship between the
location of events and the boundaries of the fractures. One possible means of estimating the
plane parameters from 3D points containing an unknown amount of noise involves extract-
ing the fracture planes from microseismic events.

A number of methods take into account the coordinates and timing of seismic events.
One such approach is the ST-DBSCAN algorithm proposed by Birant and Kut (2007) and
applied in seismological data (i.e., Zhang et al. 2022), which is an extension of the density-
based spatial clustering of applications with noise (DBSCAN) (Ester et al. 1996) method
through the addition of a time dimension, thus enabling spatial-temporal clustering based on
spatial distance and time intervals.

Some methods require information about the location, time, and magnitude of seismic
events. SM-DBSCAN (Georgoulas et al. 2013) is based on DBSCAN method, which incor-
porate the idea of accumulated seismic mass to isolate clusters of seismic events in both
time and space. The advantage of this approach is that it can find clusters of any shape, while
one of its limitations is that outcomes are greatly influenced by the choice of the cumulative
seismic mass parameter. Schaefer et al. (2017) introduced the Smart Cluster Method based
on the OPTICS technique (Ordering Points to Identify the Clustering Structure) (Ankerst et
al. 1999), which modifies search behavior by taking into account such factors as earthquake
density, completeness magnitude, and individual earthquake magnitudes. It further refines
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its approach using spatial anisotropy data as well as both temporal and spatio-temporal
sub-clustering.

The clustering focal mechanism devised by Kagan (1991) seeks to distinguish between
groups of earthquakes that exhibit varying rupture styles and directions. Kagan’s research
provided a standard for comparing the similarity of double-couple earthquake focal mecha-
nisms. Custodio et al. (2016) introduced a novel algorithm that simultaneously clusters focal
mechanisms and hypocenters, effectively identifying the alignment between hypocenter lin-
eations and focal mechanisms.

Several methods identify structures through the use of waveforms. The utilization of
multiplets for clustering purposes has been demonstrated in the literature. Multiplets refer
to a group of closely spaced and similar focal mechanism seismic events. Niitsuma et al.
(2002) employed multiplet-clustering techniques to analyze the microstructure of a seis-
mic line during the course of hydraulic fracturing. Arrowsmith and Eisner (2006) proposed
an algorithm that groups doublets into multiplets with graph theory. In turn, the Grow-
Clust method (Trugman and Shearer 2017) involves simultaneous relocation and clustering
based on waveform similarity. Cesca (2020) developed a set of software tools based on the
DBSCAN algorithm. This toolkit enables multidimensional clustering that takes into con-
sideration a variety of attributes such as origin time, focal mechanism, and waveform simi-
larity. Petersen et al. (2020) proposed a Clusty toolkit designed to cluster earthquakes using
waveforms recorded by a network of seismic stations. This approach takes into account the
following data: the earthquake catalogue, waveform data, and station metadata.

A number of methods have also been developed that identify seismogenic structures
that are based solely on the location of events and their errors. The collapsing procedure
(Jones and Stewart 1997) is a statistical optimization technique that allows for moving
events within an ellipsoid, and which is determined on the basis of the location error. This
technique increases the resolution of the seismic event cloud that was previously disturbed
by the location error. The collapsed cloud of events might better represent the true spatial
distribution of event foci without the influence of location errors. Bossu (2000) presented a
simplified version of the collapsing method. The assumption is that for a specific hypocen-
ter, any seismic events within its uncertainty ellipsoid are localized to the same structure.
Asanuma et al. (2001) proposed a more complex collapsing procedure with location move-
ments influenced by the shape of the distribution within the confidence ellipsoid and which
considers three structural types: point, line, and plane. Kamer et al. (2015) proposed a con-
densation algorithm, i.e. a strategy for reducing the scatter of the seismic event cloud. This
method involves condensing events characterized by greater uncertainties onto those with
lower uncertainties. The aim of the condensation approach is to shift the entire weight of the
worst-located events and remove them from the seismic catalogue. This method reduces the
size of the dataset while preserving the spatial information.

This paper presents a novel method for identifying clusters among recorded microseis-
mic events. One of the objectives of this article is to show possible ways of identifying
structures with limited available information. The selected methods depend on the data we
have, specifically the coordinates of the events and their associated location errors. To test
the effectiveness of the methods, we decided to use synthetic data. We employed modeled
data consisting of the location of microseismic events and associated errors. In this paper,
we propose a reconstructed 3D fracture network that combines the collapsing method (Jones
and Stewart 1997), DBSCAN (Ester et al. 1996), with the alpha-shape method (Edelsbrun-
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ner and Miicke 1994). The objective of the collapsing technique is to simplify the point
cloud, where the positions of specific events are diffused by uncertainties. In addition, we
employed the DBSCAN algorithm to identify structures characterized by a higher density
of events relative to their surroundings. We also proposed a method for automatically select-
ing the clustering parameter, which depends on location errors. The alpha-shape algorithm
will assist us in determining the volume delineated by seismic event locations. Although
the algorithms in question had been previously used separately for different purposes in
seismology, our study is the first to integrate these methods for the purpose of delineating
seismogenic structures based solely on hypocenters and their associated errors.

Another goal of the research was to provide a more reliable estimate of stimulated reser-
voir volume (SRV). The volume affected by seismic activity can be estimated as the volume
of the microseismic cloud (Mayerhofer et al. 2010). This volume is calculated by examining
microseismic events triggered by a combination of hydraulic fractures and reactivated natu-
ral fractures. However, SRV rarely represents the true production volume of the reservoir
(Umar et al. 2021). During the hydraulic fracturing process, two primary mechanisms are
present that may result in the formation or reactivation of natural fractures. These microseis-
mic events can be induced by fluid pressure (referred to as ‘wet’ microseismicity linked with
a fluid-filled fracture network) or by stress factors (distant dry events linked with nonfluid-
filled fractures) (Maxwell et al. 2015). By excluding disconnected events when analyzing
fracture geometry we can safeguard against the risk of overestimating reservoir efficiency
(Maxwell et al. 2015). In our study, we calculated the fractured zone volume by applying the
alpha-shape algorithm to a point cloud. Before performing this procedure, we reduced the
event dispersion and eliminated points that were deemed noise. We evaluated the volume
results derived from the cloud of located events, followed by those from the collapsed cloud,
and from the cloud processed using our suggested procedures.

2 Induced seismicity model

Understanding and modelling induced seismicity has become an increasingly vital feature
of geoscientific research, particularly in the case of such activities as hydraulic fracturing
(Zhao and Young 2009; Rutqvist et al. 2015). To construct an induced seismicity model,
we initially created structures (Fig. 1) intended to represent the fractures resulting from
seismicity during hydraulic fracturing. The formulation of this model was inspired by actual
data from fracturing processes, as is demonstrated by, among others, i.e. Abdulaziz (2013),
Erokhin et al. (2013), Swigch et al. (2017), Zoback and Kohli (2019). Our model was con-
structed on the basis of the geomechanical situation caused by hydraulic fracturing (Max-
well et al. 2015). Some events were modelled on structures intended to represent cracks that
water had reached during the fracturing process. Events of varying quantity were modeled
for each structure. Subsequently, they were dispersed in random directions, with values
drawn from a normal distribution that had a mean of 0 and a specified standard deviation.
The information about number of events and standard deviation for each structure is shown
in Table 1. In addition to the already dispersed cloud of earthquakes, noise was introduced
completely randomly within the area delineated by the extreme coordinates of the remain-
ing events. Dispersed events that are added to the model, and which are not related to any
fracture, constitute dry events that occur due to changes in mechanical stress. In total, the
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Fig. 1 True fracture network model (a) 3D view; (b) Plane view
Table 1 Number of events and variance for each structure
Fracture Number 1 2 3 4 5 6 7 8 9
Number of events 300 50 30 30 35 35 30 30 40
Standard deviation [m] 15 20 15 15 20 15 15 15 15

model contains 600 events, and is shown in Fig. 2. We assumed that the sensor network
(Fig. 3) is similar to the actual positioning of sensors during hydraulic fracturing operations
(i.e. Swiech et al. (2017), Wandycz et al. (2019). The designed seismic monitoring network
consists of 24 three-component geophones placed within a borehole. In Fig. 4, the local-
ization error of each event is represented in the form of an error ellipsoid, as described by
Havskow and Ottemoller (2010). The modeling approach mimics the process of obtaining
localization errors in procedures for real data. We assume a homogeneous medium, where
the spatial orientation of the error ellipsoid depends on spatial configuration of the sensors
in relation to the source location and the size depends on the partial errors in the measured
values (times and angles of incidence of the P wave). The volume of the ellipsoid illustrates
the level of confidence with which the emission source is located within the ellipsoid. In
our analysis, the distribution of microseismic events was conceptualized and processed as a
three-dimensional point process, thus enabling a more precise spatial characterization and
examination of seismogenic structures. Although time and magnitude might appear as intui-
tive attributes for seismic data clustering, they present certain inherent limitations in our
context. It is not accurate to assume that all events occurring on a single fault share the same
magnitude. In reality, seismic events manifest on the same structure across a wide range of
magnitudes. Typically, one major event occurs followed by a series of smaller ones, which
makes clustering based on magnitude unfeasible. Ideally, events of varying magnitude
should occur on every structure according to the Gutenberg-Richter distribution (Gutenberg
and Richter 1944). In the context of hydraulic fracturing, it is also an oversimplification to
assume that events on a single structure occur simultaneously. Rather, at any given moment,
events radiate across various structures. Therefore, neither time nor magnitude can serve as
reliable attributes for the clustering of our seismic data.
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3 Reservoir reconstruction methods

To reconstruct a real model of seismogenic structures and assess the volume of the reser-
voir, a multistage procedure was proposed, which is presented in Fig. 5. Based on the dis-
turbed locations of seismic events and knowledge of the seismic network, error ellipsoids
were calculated for each event. The next step, the collapsing procedure, was performed to
enhance the resolution of the seismic cloud and simplify its image. In the collapsed cloud,
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Fig. 4 Error ellipsoid for each event location (a) 3D view; (b) plane view

the authors implemented the DBSCAN algorithm for automatic cluster detection. The final
step involved determining the alpha shape for the cloud after eliminating the noise. Details
of each procedure will be discussed in the following sections.

3.1 Collapsing

The collapsing method, first introduced in 1997 (Jones and Stewart 1997), continues to be
employed as an effective technique for mitigating scatter in seismic event locations. The
method was later performed on seismicity accompanying hydrofracturing operations con-
ducted at the Hot Dry Rock site (Fehler et al. 2001), but it can be used wherever we want to
simplify the seismic event cloud. Furthermore, the effectiveness of the collapsing method
has been demonstrated in various studies (e.g., Le$niak et al. 2020; Li et al. 2019; Weglinska
and Les$niak 2021), solidifying its status as a reliable approach to refining seismic event
location data.

One basic step that must be taken before embarking on this procedure involves determin-
ing any errors associated with the localization process resulting from the simplified structure
of the velocity of the propagation medium and the inaccuracy of the selected seismic events.
These errors lead to uncertainty regarding the located sources, blurring the true image of the
emission cloud. The aim of the collapsing method is not to determine the exact location of
events, but rather to focus on refining the spatial distribution and reducing perturbation. It
operates as a post-processing step following the initial source location (i.e., Douglas 1967;
Waldhauser and Ellsworth 2000; Grigoli et al. 2021).

The key step in the collapsing process involves establishing error ellipsoids for seismic
events based on the location method used. Assuming random errors with a normal distribu-
tion, the error ellipsoids are determined at a specific significance level, typically at 99.5%.
The resulting distribution of collapsed events exhibits greater regularity and reduced spatial
dispersion compared to the original perturbed cloud. It reflects a clearer spatial distribu-
tion of the tremor foci, less affected by location error. In general, the collapsing method
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significantly improves the resolution of the seismic event cloud by providing more accurate
information on the underlying seismic activity. According to Jones and Stewart (1997),
the location of events following relocation corresponds, in statistical terms, to the location
of events prior to relocation. This means that it offers the simplest representation of the
spatial distribution of the sources, while taking into account the location error. The proce-
dure gradually shifts emission sources towards local source densities, but does so, which
is important to note, within the boundaries of their respective error ellipsoids established
during the source location step. This iterative relocation process continues until the popula-
tion distribution adopts a chi-square distribution with three degrees of freedom. The results
of applying the collapsing method to all events are presented in Fig. 6. The empirical and
theoretical distributions are compared in Fig. 6a-c, where the x-axis represent the length of
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Fig. 6 (a)-(c) comparison of theoretical and empirical distributions, (d)-(f) location of the seismic cloud.
The empirical distribution function is represented by the red dashed curve, while the theoretical distribu-
tion function is a blue solid curve. The comparison of cumulative distribution functions was prepared for
the Kolmogorov-Smirnov test
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the displacement vector. The empirical distribution of the displacements obtained during
the performed perturbation is presented by red dashed curve. Given that each coordinate
of the perturbation vector is a random variable following a normal distribution, the squared
length of displacement vector—being the sum of the squared coordinates—adheres to x>
distribution with three degrees of freedom. This assertion can be substantiated through the
Kolmogorov-Smirnov statistical test. In this test, we compare the empirical cumulative dis-
tribution function against the theoretical cumulative distribution function of the chi-square
distribution, thereby validating the distribution characteristics of the perturbation vector’s
length. The distribution of events in each iterative step is presented in Fig. 6d-f.

3.2 Clustering

DBSCAN (Ester et al. 1996) is a widely applied clustering algorithm in many areas, includ-
ing seismology (i.e. Cesca et al. 2014; Woodward et al. 2018). It is known for its abil-
ity to identify clusters of varying shapes and its explicit characterization of noise. It has
been demonstrated to be robust to outliers, which is particularly beneficial when handling
noisy seismic data. The operation of the DBSCAN algorithm requires specifying two cru-
cial parameters: the € value, which defines the neighborhood distance, and the minimum
number of points (minPts) needed to form a cluster. In the DBSCAN algorithm, a point’s
density is determined by counting the number of points within distance ¢ of that point’s
location. Points can be assigned to one of three categories: the core point, the border point,
or noise. Points that have densities exceeding the minPts threshold are categorized as core
points. All observations that meet the criteria are combined with each other to form a single
group. Observations that are not core points but lie within distance € are included in exist-
ing groups. Points that belong to a group and have less than minPts within € are labelled as
border points. If a data point lacks any neighbouring data points within the epsilon radius
it is considered noise. The result of the method is largely dependent on the parameters
selected. According to the authors of the method, we choose the minimum number of points
in a cluster as the data dimension plus one. However, there is always a problem when it
comes to choosing the best € parameter (i.e. Karami and Johansson 2014; Starczewski et al.
2020). In our study, we proposed a heuristic for selecting clustering parameter €. The radius
within which we look for the minimum number of points will depend on the data in such a
way that there is no need to manipulate the results. Our idea of choosing this value will be
determined as follows: based on the error ellipsoid of each seismic event we calculated the
semi-axes of the ellipsoid and took the average value from the maximum semi-axis of each
error ellipsoid. The procedure for calculating this parameter is as follows:

Given error ellipsoid E; for each seismic event ; , let a; ,b; ,¢; denote the semi-axes of F;
. The maximum semi-axis for a given event 7 is M;, such that:

Mi = max (a,;,b,;,cl-) (1)

The average of these maximum semi-axes across all seismic events (N being the total num-
ber of events) then can be calculated as follows:

N
1 Z
i=1
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In this way, ¢ provides a statistically grounded measure for selecting the radius within
which we seek the minimum number of points for clustering. The unit of the € match the
unit of distance in the dataset.

For our model data, we adopted a minimum number of 4 points for a cluster and calcu-
lated the ¢ parameter as 11 m.

The clustering results for parameters minPts=4 ande =11 are presented in the earth-
quake cloud, both before (Fig. 7) and after the collapsing procedure (Fig. 8). The cluster
sizes for both clouds are presented in Table 2 (for the original data) and Table 3 (for the
collapsed data).

Prior to the collapsing algorithm, clustering analysis of the seismic cloud identified 11
clusters ranging in size between 4 and 9, and classified 543 points as noise. For the same
clustering parameters, 25 clusters were identified in the cloud after collapsing, ranging in
size from 4 to 76, and 108 points were classified as noise. Applying clustering with the same
parameters to both clouds of events makes it possible to observe that prior to the cloud’s
collapsing, the algorithm was unable to distinguish the modeled structures. In the collapsed
cloud, the structures are clearly visible. It should be emphasized that not all identified clus-
ters represent modeled fractures. These clusters also contain events occurring on the long
structure (structure 1), which partially includes events from the horizontal drilling borehole.
On the other hand, there are clusters separated by DBSCAN that contain only events from
induced fractures.

3.3 Alphashapes

The final stage of the analysis detailed in this article involved estimating the stimulated
reservoir volume using the Alpha Shape algorithm (Edelsbrunner et al. 1994). Generally,
the dimensions of the microseismic cloud are used to assess the stimulated reservoir volume
(SRV). This parameter helps assess the efficiency of the hydraulic fracturing process, under-
stood as the size of the generated fracture network (Mayerhofer et al. 2010). The accuracy of
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Fig. 7 Cluster identification using the DBSCAN algorithm for original locations of seismic events
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Fig. 8 Cluster identification using the DBSCAN algorithm for collapsed locations of seismic events

the SRV is directly contingent upon the quality of the microseismic data collected (Yang et
al. 2018). However, the assemblage of microseismic locations tends to be diffused and scat-
tered due to location inaccuracies, which then results in an overestimation of regions with
microseismic activity (Maxwell et al. 2015). This analysis was carried out to demonstrate
how important it is to reduce the scattering of point clouds for assessing the volume of the
fractured zone.

The Alpha Shape is a generalization of the Convex Hull algorithm (Graham 1972). Alpha
Shapes have the ability to cover nonconvex shapes and structures that contain voids. These
shapes offer a more accurate representation of the true configuration of a point cloud, par-
ticularly when the distribution of data points lacks regularity or the global form deviates
from convexity. This makes Alpha Shapes a sophisticated tool for accurately capturing and
rendering complex geometrical data patterns. The alpha parameter in the Alpha Shape is
a crucial value that determines the level of detail in the shape of a point cloud. Alpha is a
positive real number that specifies the radius of the disks (1/alpha) utilized to explore a set
of points in order to construct the shape (Edelsbrunner et al. 1983; Edelsbrunner and Miicke
1994). The alpha parameter was selected in such a way as to calculate the volume of the
cloud as accurately as possible, while including all registered events. For our data, the alpha
value is 55. For each of the three event clouds, alpha shapes were calculated using the same
alpha parameter. Figure 9a illustrates the alpha shapes of the initial microseismic cloud. The
volume of each cloud is listed in Table 4. The volume of the primary cloud, delineated by the
microseismic events, is 5.4995e+06 m>. Figure 9b shows the alpha shapes for the collapsed
cloud and the calculated volume is 1.3496e¢+06 m>. When the collapsed cloud is denoised
after the DBSCAN procedure, the volume of the cloud is 4.0720e+05 m?>. The alpha shapes
for the collapsed and clustered cloud are shown in Fig. 9c.

The volume of the reservoir determined by the locations of seismic events has visibly
decreased. It is important to point out that the final reservoir model includes events that
are noise, which were randomly located close to events from the borehole axis or fractures
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and were collapsed. For this reason, the volume calculated on the basis of the final model
might also be overestimated, but not as significantly as when not employing the proposed
procedure.

4 Discussion

The results presented in the previous section demonstrate the application of our proposed
algorithm. Despite the many methods used in seismology to delineate seismogenic struc-
tures, no algorithm has to date been devised that can identify structures when only locations
and their errors are available. Although each of the above methods has been used indi-
vidually, their combination allows for the more unambiguous identification of seismogenic
structures. The approach proposed by the authors aims to find clusters of seismic events.
This methodology incontestably simplifies the cloud and subsequent clustering, and all the
parameters needed for the algorithms are calculated on the basis of error ellipsoids of each
event.

One fact that needs to be emphasized is the importance of simplifying the cloud of
seismic events dispersed by location errors. As introduced earlier, there are two methods
of event dispersion reduction: the collapsing method and condensation. Weglinska and
Lesniak (2022) employed unsupervised machine learning methods to compare the effect
of both methods on the cloud of seismic events. Their study demonstrated that the collaps-
ing method is much more effective in simplifying the cloud, which is why we adopted this
approach in our study.

To highlight the difference between the clustering of the original cloud and the collapsed
version, the clustering results were evaluated in both cases. Cluster validation techniques
provide a measure of confidence in the results and offer insights into the reliability and sta-
bility of the formed groupings. One parameter that can provide information on the clustering
quality is the percentage of points considered as noise. A high noise percentage typically
indicates a higher level of outliers or irrelevant data points, which can interfere with the
accuracy and reliability of cluster formation. As such, careful manipulation of this param-
eter is necessary to ensure the effectiveness of clustering techniques, particularly when deal-
ing with complex and heterogeneous datasets. In the original cloud, the percentage of points
recognized as noise was 90.5%, while in the case of the collapsed cloud it was only 18%.

The Density-Based Clustering Validation (DBCV) index, introduced by Moulavi et al.
(2014), serves as a metric for evaluating the quality of clustering. It does this by analyz-
ing two key aspects: intra-cluster density and inter-cluster separation. Intra-cluster density
refers to the compactness of points within a cluster, with closer points indicating higher den-
sity. Conversely, inter-cluster separation examines the extent of distinction between clus-
ters, where higher values denote well-delineated clusters. The objective of the DBCV index
is to achieve minimal intra-cluster distances while ensuring maximal separation between
different clusters. The high DBCV index value signifies well-defined clusters that are both
internally cohesive and distinctly separate from one another, an indication of an effec-
tive clustering arrangement. For the data cloud prior to the collapsing process, the DBCV
index stands at 0.09, indicating a lower distinction and density. After collapsing, the index
improves significantly to 0.66, reflecting a more robust clustering with clear delineation and
internal density.
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Fig. 9 Alpha shapes for (a) the original cloud of disturbed events; (b) the collapsed cloud; (c) the col-
lapsed cloud after DBSCAN

Table 4 Calculated volume of Cloud of seismic Original Collapsed Col-
each cloud based on Alpha Shape  oyents lapsed and
clustered
Volume [m’] 5.4995¢+06  1.3496e+06  4.0720e+05

We presented an algorithm for identifying structures and calculating SRV based on the
locations of induced seismicity and the errors in their determination. To evaluate the effec-
tiveness of the proposed method, an alpha shapes projection is presented along with the
highlighted original structures in Fig. 10. After executing a three-step procedure, the res-
ervoir area is reduced to its main structures. This enables the establishment of a more pes-
simistic scenario when estimating the size of the deposit.

As mentioned in Chap. 2, we solely utilized a geometrical model without taking into
account the magnitude and timing of the events. Using time, although informative for under-
standing the sequence of seismic activity, may not directly influence the delineation of SRV.
In real data, time data allows for the correlation of seismic events with specific stages of the
hydraulic fracturing operation, such as the pumping phases. In real induced seismicity data,
the SRV can be influenced by the magnitude of seismic events because higher magnitude
events can be detected over greater distances due to their stronger signals (Zimmer 2011).
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Fig. 10 Plane view of alpha shapes for (a) the original cloud of disturbed events; (b) the collapsed cloud;
(c) the collapsed cloud after DBSCAN. The colorful lines represent the fracture network model

5 Conclusions

Ensuring accurate imaging of formed fractures and reconstructing the extent of the reservoir
within a dispersed seismic cloud both pose a challenge due to inaccuracies in event loca-
tion. We proposed a three-step procedure for identifying seismogenic structures with limited
available information as well as for calculating a fractured zone. Our analysis was based
solely on the located hypocenters and their location errors. By employing the collapsing
method we were able to simplify the pattern of the seismic event cloud. We demonstrated
that applying this method beforehand facilitated our efforts to identify structures in subse-
quent steps. Clustering made it possible to separate those areas with increased event inten-
sity relative to the surrounding area and noise. We presented a method for automatically
selecting clustering parameter based on the size of errors that occur in the data. This made it
possible to differentiate clusters without the user’s intervention in the clustering parameters.

The method we proposed for calculating the reservoir volume based on microseismic
event location allows for a more precise and realistic estimation. This helps avoid overes-
timating the volume of the reservoir. We showed that after simplifying the cloud using the
collapsing method, the estimated reservoir volume is 4 times smaller than that calculated
for the original cloud of events. The volume of the collapsed cloud, after discarding noise
identified by DBSCAN, is 14 times smaller than the original cloud. The area of the reservoir
after using three-step procedure is being reduced to its main fissures, when connectivity
exists. Our refined analysis, which leads to a more realistic volume estimation, reveals linear
structures that play a crucial role in gas extraction. It also allows for better well location in
the future and safer decisions regarding reservoir stimulation.

Although our approach was inspired by the experimental setups of hydraulic fracturing,
particularly those used for shale gas exploration, this technology can be applied anywhere
that hydraulic fracturing is conducted, or wherever there is a need to identify structures
based on seismic events.
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Abstract: In rock mass disturbed by mining activity, distortions in the stress balance may lead to
seismic energy being emitted in reactivated seismogenic structures. One way of increasing the
imaging resolution of these seismically active structures is through relocation, which itself can be
achieved using the cloud collapsing method. This method partially eliminates perturbations in the
location of seismic energy sources concerning the actual positions of these sources. It enables events
to be grouped into spatially ordered structures that may correspond to actual tectonic structures,
such as fractures, fissures, or faults. We present the results of applying the collapsing method in
mining seismology using a cloud of located events recorded during mining activity at one of the
coalfaces in the Bobrek hard coal mine. The relocation procedure was applied to all the foci of events
recorded during mining activity on face 3/503 between April 2009 and July 2010. In the relocated
point cloud, two types of the linear structure responsible for generating events are automatically
distinguished using the HDBSCAN algorithm: structures directly related to mining activity and
structures associated with local tectonics. The location of the separated structures of the first type
corresponds to the range of coalface 3/503 and the shafts delimiting earlier mined seams 507 and
509 located below. The isolated structures of the second type, with almost vertical orientation,
are associated with existing zones of discontinuity that become seismically active as a result of mining
activity. The identified structures lie near the biggest events recorded, which is evidence that these
structures may correspond to real discontinuity zones.

Keywords: mining seismicity; collapsing method; reactivated faults

1. Introduction

Underground mining of mineral resources (e.g., hard coal) or energy resources (e.g., crude oil,
natural gas, or geothermal energy) leads to changes in stress distribution in mining areas. These changes
can trigger dynamic phenomena in the form of seismic events of varying degrees of energy. In the
case of underground hard coal mining, some surveys were conducted in many coal-mining areas and
reported in the last several decades, e.g., [1-6]. The research on the registered seismic events was
conducted mainly to increase the safety of underground work and minimize the adverse impact on the
surface [7]. The registered events were analyzed in terms of the causes of its occurrence and its governing
mechanisms. Various ways of categorization of the seismic phenomena accompanying exploitation
have been proposed. Alber et al. [3] observed at least three different event types characterized by
modes of failure, e.g., fault activation, remnant pillar punching, and beam failure. The other studies
suggested the key importance of dynamic and static stresses on the character of induced events [9].
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The more general classification is based on the observed bimodal distribution of seismic energy [10-12],
which in general indicates two types of seismic phenomena associated with mining. The first type
includes low and medium energy seismic events, which most often occur in the immediate vicinity of
longwall faces or exploited chambers, usually as a result of mining activity. A characteristic feature of
the mechanism behind these phenomena is the high share of non-shear components. The second type
comprises medium and high energy phenomena associated with the renewal of old fractures and faults.
The shear components dominate in this type of seismic phenomena. Their location is closely connected
with the position of renewed seismogenic structures and may be located at a greater distance from
coalfaces than the first type of phenomenon [13,14].

In many underground mines, including the Bobrek hard coal mine in southern Poland that is
described in the article below, both categories of seismic events occur. Numerous seismic phenomena
directly induced by the fracturing of the rock mass occur in areas of mining activity and in the case
of this mine are concentrated above the mine coal seam or directly below it. The sources of the
second group of phenomena recorded during the course of mining activity are located significantly
(over 500 m) below the exploited coal seam. Due to the mechanism of their sources, these phenomena
are mainly associated with a fault network whose existence is postulated based on tectonic and
structural studies as well as on the genesis of individual geological structures. Their existence and
location can only be inferred indirectly from seismic events.

For an effective study of the seismic events, the key factors are the precise location of event
sources, identification of their source mechanisms, and separation of internal heterogeneities (clusters)
inside the registered cloud of phenomena. The location of seismic sources using master event and
double-difference relocation techniques and determination of their mechanism are currently standard
techniques and are widely used in mining [15,16]. In turn, the separation of clusters in the cloud
of located event sources is a difficult but necessary task to better understand the nature of dynamic
phenomena. It enables the separation of spatial structures responsible for intensive seismic events and
the location of zones particularly endangered by large seismic phenomena [17-19].

This article is a case study from the Bobrek mine, Poland. Its main goal is to determine the
structures responsible for the generation of seismic events. For this purpose, it was necessary to
increase the resolution of the cloud of localized seismic sources (so-called seismic cloud). The authors
employed a well-known collapsing algorithm to increase the latter’s resolution to map the structures
responsible for the generation of seismic phenomena [20]. The three-step processing procedure that
we proposed involved collapsing a cloud of seismic sources in seam No. 503, evaluation of the time
slices of this cloud, as well as automatically isolating active microtectonic structures (e.g., fissures and
fractures) recognized in this cloud. As the research shows, this procedure allows phenomena to be
grouped into more spatially ordered structures such as lines or planes. These may correspond to actual
tectonic structures such as fractures, fissures, or faults.

First, we will discuss the geological structure in the Bytom Basin area in which the Bobrek Coal
Mine is located, together with the structural and geomechanical factors that contribute to high seismic
activity both in this and in neighboring areas. This part will be followed by a short description of the
collapsing method applied to the seismic sources and hierarchical density-based spatial clustering
of applications with noise algorithm (HDBSCAN). Due to the significant impact that seismic event
location errors have on the collapsing procedure, we also addressed the problem of identifying errors
in the location of events recorded during the advance of the coalface. In the next part of the article,
the author presents data recorded during the mining of seam 503 as well as the results of their relocation
following the application of the collapsing procedure. Based on the above, the next section identifies
structures with a simple, linear geometry that are responsible for generating some of the events.
These results were then set against the earlier results of seismicity studies in this area. In the discussion,
we present the benefits of the analyzed method in studies of mining-induced seismicity, as well as
their limitations.
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2. Geological Structure and Seismicity in the Area Covered by the Study

The occurrence of mining tremors depends on many factors, including the geological and tectonic
structure, the location of the coalface, and past exploitation. The interaction of these factors has a
significant impact on the formation of tremors.

The Bytom Basin forms a wide trough along the W-E axis and constitutes part of the Paleozoic
Variscan structure, which has been cut up by numerous faults. The Bytom Basin is an asymmetrical
and relatively shallow trough with a complex structure. Its axis runs latitudinally from West to East
near the north-eastern flank. As a consequence, the layers in this flank have quite steep angles of
collapse, which range from 8 to 20 degrees, while in the southern flank they do not exceed 3 degrees.
The complex structure of the basin is additionally disturbed by a network of faults, mainly running
in NW-SE direction and perpendicular to them, the planes of which have different projections and
angles of inclination. Large faults with throw values of between several meters and almost 300 m are
accompanied by a network of smaller faults with throw values ranging in size from several dozen
centimeters up to approximately 20 m.

The geological profile in the vicinity of the coal seam 503 is shown in Figure 1. Carboniferous
formations in the studied area reach a thickness of up to 550 m and contain numerous coal seams of
varying thickness, up to a maximum of 12 m. A characteristic feature of the carboniferous period is its
cyclical structure expressed by the alternating occurrence of sandstone, silt, claystone, conglomerates,
and coal. These rocks differ in terms of their elastic properties and compressive strength. For example,
sandstone has higher strength parameters than claystone and coal. One additional factor that has a
decisive impact on the geomechanical properties of rocks is tectonics in all its forms (faults, joints,
cleavage, and other inhomogeneities), which significantly reduces the strength of the rock massif [21].
Geomechanical parameters: volume density, frictional angle, cohesion, Young’s modulus, Poissons’s
ratio, splitting tensile strength, and tension of geological layers are presented in Table 1.

27.1m sandstone

3.5m sandy shale
2.35m clay shale

2.95m coal seam 503

5.85m clay shale
. 52m coal seam 504

18.15m sandstone

Figure 1. Geological profile in the vicinity of the coal seam 503 (based on data from Bobrek Mine).
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Table 1. Geomechanical parameters of geological layers.

Volume Frictional Cohesion Young's Poisson’s  Splitting Tensile Tension
Density Angle Modulus Ratio Strength
plE] @ [deg] c[MPal  E[GPal vI] R, [MPa] R [MPa]
Sandstone 2510 25.3 11.3 18 0.27 3.3 35.7
Sandy shale 2690 25 7.2 11.2 0.24 2.1 22.5
Clay shale 2600 24 6 10 0.25 1.9 19.2
Coal 1290 24 3.3 3.6 0.24 0.5 15.8

In the past, the Bytom Basin had been an area of very intensive hard coal mining. In the 1990s,
production was scaled back significantly and exploitation of zinc-lead ore was brought to an end,
as a result of which the rate of subsidence decreased together with the number of high-energy events.
However, the Bytom Basin is still an area where mining activity continues to have a negative impact
on the surface and continues to generate seismic events.

The propensity for rock bursts to occur in a rock mass depends on the geomechanical properties
of the rock. It was found, for example, that an area was particularly susceptible to tremors when thick
benches of strong rock, such as sandstone or mudstone, are located in the vicinity of a deposit [22].
Another influential factor is old tectonic stresses occurring in the rock, which have led to changes in
geomechanical properties, increasing or decreasing their propensity for rock bursts.

In the Upper Silesian Coal Basin, events caused by coal mining activity are concentrated in several
areas, one of which is the Bytom Basin. The susceptibility of a rock mass to rock bursts is explained in
different ways.

Studies have revealed a close relationship between mining activity and low energy events,
while more powerful events are associated with the tectonics of the Upper Silesian Coal Basin.
The widespread occurrence of rock bursts in the Bytom Basin was initially explained as being the result
of increased stresses in the syncline folds. However, it seems that the higher risk of rock bursts in these
basins is due to the compaction of rocks, whereas in the past all three principal tectonic stresses were
compressive in character [22].

Stec [12,23] proposed a general classification of the seismic events in this area, which involved
dividing them into three groups. The first group consists of events with a slipping and shearing foci
mechanism. Events of this type occur during progressive mining as a result of fractures in the seam
of thick and compact rock complexes with high rigidity and strength parameters. The second group
consists of events characterized by foci with a non-shearing mechanism. Such events are located
directly in the coal seam and in the vicinity of active coalfaces. The third group comprises "regional"
events, characterized by the highest energy, which usually occur far from areas of active mining activity.
Their foci have a slip mechanism that is normal or reversible in character. The most common cause
of these events is the interaction of tectonic and residual stresses existing in the analyzed area with
mining-induced stresses.

The exploitation area of the Bobrek mine encompasses the region of the Bytom Basin (Figure 2),
one of the three areas where the majority of mining events were recorded, including high energy
events with local magnitudes of up to 4.0. During the mining of face 3 in seam No. 503 (3/503), the first
events were observed in April 2009. The area remained seismically active until 8 July 2010. Most of the
recorded events were low energy tremors. However, four higher local magnitude events were also
registered: 2.9 (20 May 2009), 3.7 (16 December 2009), 3.0 (5 February 2010), and 2.8 (11 March 2010).

Marcak and Mutke [24] analyzed events recorded by mining seismological stations during mining
of coalface 3/503. These authors concluded that tectonic stresses were of key importance in the
distribution of seismic events. It was also observed that higher energy events began to occur as the
coalface reached the axis of the Bytom Basin. The hypocentres of high energy events were located at a
depth of 300 m to 800 m below the mined seam. At the same time, it was noted that once they had
passed through the Bytom Basin, the energy produced by these events weakened and the depth of
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their hypocentres also decreased. The latter still occurred below the mined seam, but at a depth of
less than 200 m. Furthermore, the authors showed that high-energy events occurring in the vicinity
of the Bytom Basin had a different character to the phenomena typical of the Upper Silesian Coal
Basin. The mechanism of these phenomena is associated with slipping in reverse faults, and the
nature of the phenomena indicates a relationship between them and tectonics. These results were
partially confirmed in the work of Koztowska et al. [25]. In this article, the authors analyzed a 3.7 local
magnitude event that occurred on 16 December 2009, during the course of mining coalface 3/503.
The event mechanism indicates a reverse fault with an almost vertical plane. Numerical models that
took into account current and past mining activity indicate that the phenomenon is associated with
tectonics. However, mining activity affected a change in the stresses present in the local tectonics,
which in turn triggered a fault process or the formation of a new fault on the weakening plane.

Poland _..--,,

Upper Silesian Coal Basin

BOBREK MINE

%2 Area of Bobrek Mine
[F1] Seam coal 503 panel no. 3
-=—Direction of exploitation

=~
Axi~ -‘E."ﬂ{{

o 10 20 30 km
—

Figure 2. Location of the Bobrek mine area against the background of the Upper Silesian Coal Basin.

3. The Processing Method

To precociously identify seismically active microtectonic structures, the authors proposed applying
the collapsing method [20,26,27] followed by automatic detection of clusters in the cloud of collapsed
sources using the HDBSCAN method [28]. This two-step procedure is used to help identify the
microtectonic structures responsible for the emission of some of the tremors accompanying the
stimulation and exploitation of hydrothermal reservoirs and hydrocarbon deposits. The flowchart
describing the processing steps is presented in Figure 3.

The location of emission sources involves some level of error, mainly due to the simplified velocity
structure of the propagation medium and seismic event picking errors. This causes perturbation of
localized sources in relation to the actual positions of these sources and blurs the undisturbed image
of the seismic cloud. The purpose of collapsing is to limit at least partially such blurring and reduce
perturbation. So, the collapsing is not used for the location of the events’ sources. It is recommended
as a step implemented after the source location step regardless of the method (single event location,
JHD, double difference, and others [29]). It is not used to locate events but to decrease the seismic
cloud dispersion and recognize its internal structures [30].

The key to implementing the collapsing procedure is determining the ellipsoid error for seismic
events according to the used location method. Assuming that the errors are random with normal
distribution and that the measurement is not burdened with a permanent error caused by, for example,
defective measuring equipment or significant differences in conditions around the ellipsoid sensors,
one can find the error ellipsoids of the located source for a particular significance level a, e.g., 99.5%.
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Figure 3. The flowchart of the processing steps. Details of each step are described in the text.

The collapsing procedure gradually shifts events towards local sources” densities. What is
important to note is that the relocation of each event takes place within its error ellipsoid, in relation
to which the source’s location was established. Shifted hypocentres create a new set of locations.
The entire relocation procedure is repeated in the same way for each subsequent iterative step until the
translation population assumes the form of a chi-square distribution with three degrees of freedom [20].
The relocation of sources takes place within the boundaries of the error ellipsoid, and thus the new
distribution of the sources (following the collapsing process) may reflect the actual spatial distribution
of the foci of events undisturbed by the location error. This distribution is usually characterized
by greater regularity and less spatial dispersion [20]. There are several variations of the original
collapsing method. Asanuma etal. proposed a modification of the first version of the collapsing method,
where the structure of the cloud depends on the distribution of locations within confidence ellipsoid [31].
Additionally, in the modified collapsing procedure, location movements depend on the dimensionality
on the estimated original structures. In other publications, Asanuma et al. presented [30,32] another
modification of the collapsing method that uses mutual coherency of waveforms and establishes the
similarity of events. Here in the paper, we use the original collapsing method.

The HDBSCAN algorithm that is used in the next turn recognizes the clusters, i.e., parts of the
seismic cloud with abnormally high densities of the collapsed sources. This algorithm identifies the
so-called cluster cores as those seismic sources in the vicinity of which (i.e., closer than the pre-set limit
value e—radius of the neighbourhood) a sufficient (greater than or equal to the pre-set limit value)
number of adjacent sources are located. To the cluster cores defined in this way are attached new
sources that are closer than the pre-set value from any of the core sources. Sources not qualified for any
cluster are referred to as noise.

The method of source clustering described in this way fails when naturally visible clusters have
different densities because grouping is performed using the defined limit radius value ¢. To avoid this,
a number of radius values ¢ are used in the HDBSCAN algorithm, and the clusters identified by this
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method are looked at among stable clusters. An additional parameter used in the HDBSCAN algorithm
allows to identify as relevant only clusters containing the number of points greater than the set
parameter value. This allows to reject unimportant clusters with small numbers. In the last step of the
procedure, from among the clusters separated in this way we choose only those characterized by linear
geometry. They will depict active, linear tectonic structures, usually of natural origin. Other clusters
with a more complex geometry will correspond to source clusters in zones with complex tectonics
disturbed by mining activities.

4. Data

Data on the location of events and the progress of mining work in the Bobrek mine used in the
article were published on the IS-EPOS platform [33]. A total of 2995 events were recorded and located
in the period between April 2009 and July 2010. They were registered as a result of the exploitation
of coalface 3/503. The hypocenters of these events occurred at various depths, ranging from 300 m
below ground level to more than 2300 m below ground level. The local magnitude of these events
ranged between 0 and 3.7. The most powerful event had a local magnitude M; = 3.7 that occurred on
16 December 2009. This mining-induced tectonic event was associated with the local tectonic structure
of the Bytom Syncline [25].

The Bobrek mine seismic network consists of 27 geophones with a recording band above 1 Hz. Itis
composed of 21 uniaxial and 6 triaxial geophones, all with a sampling frequency of 500 Hz. Most are
located at the level of the exploited seam (approximately 750 m below the surface), two at sea level,
and one at surface level. During the analyzed period, individual geophones were serviced and repaired.
As a consequence, only those geophones that were operational on the day a particular event occurred
were included in the location.

The locations were determined using the classical method for locating event sources based on
uniaxial (vertical) sensors and triaxial sensors according to the registration times of the first seismic
signal. An approximate model of medium velocity in the area of seam 503 was adopted, for which
the velocity of longitudinal wave propagation (used for localization) was 3850 m/s. The location of
geophones, along with the location of the sources of all registered seismic events, is presented in
Figure 4. Coordinates in this figure and the following figures are in the local coordinate system “Sucha
Gora” used in the Polish Coal Mines.

all events recorded (IV 2009 - VIl 2010)
v triaxial geophones
¥ uniaxial geophones
[ Jerrorellipsoid for 1 event

[ lerrorellipsoid for 2 event
500

-3000 w

Figure 4. The seismic network of the Bobrek mine with events registered between April 2009 and July
2010. Uniaxial geophones are marked with red triangles and triaxial geophones with blue triangles.
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Figure 5 features a histogram showing the seismic activity for each month. This histogram indicates
that seismic activity changed during the period in which the mine was in operation. From December
2009 to May 2010, the number of events increased significantly, especially when compared to the
months preceding this increase. This coincided with the moment when the active coalface crossed
the Bytom basin axis. Additionally, the number of seismic events whose sources were located below
and above seam No. 503 were indicated. Face 3 of this seam lies at a depth of approximately 700 m
below the surface and, as such, the majority of the events were generated below this depth and only a
small (roughly 10%) number occurred above. The number of events below the seam was calculated by
taking into account the depth of the coalface at the end of each period. Most of the events occurred
below seam 503. During this period, a small number of events were also recorded in the seam roof.
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Figure 5. The number of events for each month between April 2009 and July 2010.

As has already been noted [24], the highest energy events took place 300-800 m below the mining
level and were located at a short distance from the axis of the Bytom Basin.

The distribution of the event cloud is shown in monthly time intervals together with the current
position of the active coalface in Figure 6A—O. The coalface progressed at an average rate of 50 m from
month to month. In each sketch, the blue line indicates the position of the coalface at the beginning
of the selected time interval, and the red line the position at the end. Additionally, in Figure 6A,0,
the green rectangle shows the whole area of mining work. The mining works proceeded from north to
south perpendicular to the axis of the Bytom basin. The axis of the Bytom basin was crossed in April
2010, 2 months before mining of the seam came to an end.

It can easily be seen that in the early months of mining activity, seismic events were relatively low
and occurred mainly between 500 and 1000 m below the seam. In the next 6 months of mining at the
seam, the events were similar to one another in terms of both intensity and the average depth of the
source location. Starting from September 2009, there was a significant increase in event intensity as
well as a gradual decrease in the location depth of the sources. In the last 2 months of mining activity
(Figure 6N,0), events occurred relatively close to the seam, where coal was being mined.
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the coalface at the beginning and end of the interval. The green rectangle shows the whole area of

mining work.
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5. Results

After visualization, the second step of the processing procedure was an evaluation of the error
ellipsoids for localized sources [34]. The orientation of the error ellipsoid is determined by the spatial
configuration of the sensors in relation to the source location. The size of the ellipsoid is established by
the partial errors in the measured parameters. To determine the error ellipsoid, it was assumed that the
error in the time of the P wave was, depending on the signal quality, 4 ms. However, greater accuracy
was achieved with good quality signals, dropping to as low as 2 ms. The sensor location error parameter
was estimated at 0.1 m. In addition to the two types of error mentioned above, the magnitude of
the location error is also affected by the simplified velocity model for the center of seismic wave
propagation, both in terms of the inaccuracy of the geometric structure and the variable speed values.
Sample error ellipsoids for the location of the foci of two events occurring at different depths at the
adopted significance level are shown in Figure 4.

All the foci of seismic events recorded during the analyzed period underwent relocation procedure
to decrease the dispersion of the cloud.

First, the location of the events after the final fourth iteration is shown in Figure 7.
The compatibility of the theoretical and empirical distributions was checked in each iteration using
the Kolmogorov-Smirnov test. In the final 4™ iteration, the difference between distributions was so
small, that the result of the compliance of the empirical distribution with the theoretical distribution
test was positive.

collapsed events

0 - *  20.05.2009

1 o *  16.12.2009

05.02.2010

-500 - * 11.03.2010
£E.-1000 |

N

-1500
-2000 -

1000 7000

0
E -500
N -1000  -5000

Figure 7. Seismic cloud after collapsing procedure. The figure shows also the location of the foci of the
four largest events recorded during mining of the seam.

The event cloud following relocation set against the background of both seam 503 and two deeper,
previously mined seams 507 and 509 are shown in Figure 8. Following the collapse of the sources,
most phenomena were concentrated below the seam where mining activity was taking place (blue line)
in the vicinity of the previously mined seams (lines green and orange). A specific image is likewise
formed by the foci of numerous events grouped in narrow zones with a vertical or almost vertical
course. They occur near the axis of the Bytom basin, the course of which is marked with red arrows.
A relatively small number of events occurred above seam 503. One important trend to note is the
sharp drop in the number of events that occurred once the basin axis was crossed, first above the seam,
and then below it.
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Figure 8. Vertical cross-section of seam 503 and previously mined seams 507 and 509 located below

along with the location of event sources after relocation as well as the axis of the Bytom basin.

Generally speaking, following relocation, the cloud representing the foci of events is more
heterogeneous, as is manifested in the occurrence of local densities of various shapes. Most often they
assume a shape similar to straight lines and planes with different orientations.

Based on the results presented above, an attempt was made to identify clusters using a cloud of
seismic events displaced by means of the collapsing method in the data set taken from the entire period
of mining activity (Figure 9A,B). The clusters were identified automatically using the HDBSCAN
algorithm. In Figure 9A, a light blue color indicates events that were considered as noise— they were

not classified in any of the clusters. The other colors represent separate clusters. The goal was to
identify distinct groups arranged along straight lines or on planes.
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Figure 9. (A) Automatic cluster detection using HDBSCAN; (B) Clusters that may correspond to
tectonic structures (marked with a black ellipse) and directly related to mining activity (marked with a

red ellipse).
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6. Interpretation

The clusters identified in the seismic cloud by the HDBSCAN method allow the easier interpretation
of the possible structures emerged in the mining area. Based on the identified clusters, the linear
and planar structures were chosen (Figure 9B). The separated structures are associated with areas
characterized by a rectilinear course with an above-average density of events. They are associated
with real places of intensive seismic event that run along fracture zones with weakened rock mass.
In Figure 9B, clusters marked with a black ellipse with an almost vertical course can be interpreted as
local tectonic discontinuities that have been activated as a result of mining activity. Their occurrence
was previously postulated by Marcak and Mutke [24] and was associated with the occurrence of
flexures (monoclinal fold) in the Bytom basin. In basins of this type, we can expect the occurrence
of fracture systems of varying scale with an almost vertical course and thus perpendicular to the
axis of the basin and the selected seam [35]. The structures shown in Figure 9 are characterized by a
depth of occurrence of between 500 m and 1400 m ppm, i.e., they are located below the two exhausted
seams. The results in Figure 9 for the first time allow to directly identify and locate the position of
main tectonic structures responsible for an intensive seismic event. It makes the presented findings
significant and new. The previously published results only postulated the existence of such structures
but because of the significant dispersion of seismic cloud (irrespectively of the method used for source
location), it was difficult to identify them.

The cluster marked with a red ellipse with a more or less horizontal direction runs parallel to
the active coalface and progress in tandem with its progress. Significantly, they occur deeper than
exploited seam 503, namely in the immediate vicinity of exhausted seams 507 and 509. Figure 10
presents, against the backdrop of seams 503, 507, and 509, the location of the collapsed cloud and the
range of exploited face 3/503 as well as the location of the shafts delimiting the exploited faces of seams
507 and 509.

2000 — [ ]seam507
[ lseam5s09
[ |seam503

sidewalls of seam 507

sidewalls of seam 509
1000 — ///’] [ lorgwall 3/503
- +  events

-2000 —

-3000 —

-4000 | | | |
-8000 -7000 -6000 -5000 -4000

Figure 10. Flat projection of the boundaries of seams 503, 507, and 509; the range of exploited face
3/503; and the location of the shafts delimiting the exploited faces in seams 507 and 509. The black
points show the location of the cloud of phenomena following the collapse.
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The criterion for selecting these clusters from among the automatic detection clusters was the
number of points in the cluster and if they are arranged along straight lines or on planes.

The shafts of exploited seams (lines marked in green and orange) roughly demarcate the zones
located below exploited seam 3/503, where the continuity of the rock mass was disturbed as a result
of mining activity prior to the exploitation of seam 503. These disturbed zones were the site of
an intensive seismic event faithfully depicted by the spatial distribution of seismic event sources
(Figure 10). The horizontal structure marked with a red ellipse in the cloud of phenomena in Figure 8
has similar positions and spatial orientations to the shafts of earlier exploited seams 507 and 509.
Such compliance is very good for structures closer to seam 509. The reduction of cloud dispersion
allowed in this case to directly link the linear seismogenic structures with the mining shafts of old,
deeper coal exploitation.

As has already been noted in the case of mining-induced events, two types of seismic events are
generally distinguished—mining-induced events and events of mining-tectonic origin [12]. Mining and
tectonic seismicity are caused by the interaction between, on the one hand, mining activity, both current
and in the past, and, on the other, locally existing seismogenic zones such as faults as well as areas
affected by mining activity. Mining seismicity is associated with events located near active mining
excavations. The vertical structures isolated from the event cloud were linked above with relatively
large fracture zones, which in turn are connected with the flexure of the Bytom basin. These structures
include three of the four events with energy greater than 107 ] registered during mining of face 3/503
(Figure 7).

These events are located at relatively great depths, which indicates that they are of mining-tectonic
origin rather than being induced by mining activity alone. They form part of the linear structures
in the event cloud isolated in Figure 9, which are located below the shafts surrounding the faces of
seams that have been mined. In this, one can directly map the tectonic structure responsible for the
generation of the strong events as well as lower energy events generated by such structure.

The above observations suggest that vertical or nearly vertical linear structures identified after
collapsing the cloud of phenomena correspond to actual zones of rock mass discontinuity activated
during mining. The event recorded during the mining of face 3/503 activated these faults, leading to a
series of numerous events with energy emitted over a wide range. In turn, horizontal linear structures
located near the exploited seams correspond to the rock mass zones directly affected by the mining of
hard coal deposits in the region of the Bytom basin axis. Deeper horizontal structures, which have also
been activated by mining and, like vertical structures, occur near the basin axis, may be associated
with discontinuities and stress distribution in the synclinal region, as is mentioned by Marcak and
Mutke [24].

7. Conclusions

The presented case study from a deep coal mine shows that the applied collapsing method allows
to increase the precision of identification of the structures associated with seismic zones in the cloud
of seismic event sources. According to the authors of this method, the source cloud after relocation
corresponds, in statistical terms, to the original cloud before relocation, in the sense that it provides
a picture of the spatial distribution of sources acceptable within the framework of location error.
Both distributions clearly differ in their degree of heterogeneity. After the collapse, this heterogeneity
increases significantly and, as a rule, there is a clear tendency towards a concentration within the cloud.
These clusters are identified with seismically active zones such as systems of fractures and fissures,
faults, and areas affected, e.g., by mining activity. Because seismogenic zones are often associated with
areas of high-stress concentration, collapsing makes it possible to verify certain hypotheses regarding
the distribution of tectonic stress in a deformed rock mass.

Precise imaging of structures in a blurred seismic cloud is difficult and subjective. The collapsing
operation makes it possible to reduce the degree of subjectivity when identifying structures and as a
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consequence increase the reliability of the method itself. The presented example from the Bobrek coal
mine fully acknowledges the existence and location of such structures.

The more numerous the set of registered phenomena and the greater the seismic activity, the more
effective the collapsing method is. In the case of seismic events registered in underground mines, the
main triggering factor is the mining of the deposits. The site where these deposits are mined gradually
moves in accordance with the established mining plan. The method used in this article makes a positive
result possible if the zones of each seismogenic zone are imaged via at least several dozen phenomena.

The results presented in this article helps to understand why it is necessary to increase the precision
when mapping seismogenic zones in a rock mass. On the collapsed cloud, clusters were automatically
detected using the HDBSCAN algorithm. As the example presented in this article shows, these mapped
zones can be connected with stress concentration sites as well as discontinuities and damaged zones.
Compared with other geophysical methods for mapping discontinuities and monitoring dynamic
changes in underground mines, seismology supported by appropriately selected processing methods
(as shown above) ensures the widest range and increased resolution.

The results presented here will be of great interest to all involved in mining. Understanding the
tectonic structures responsible for generating seismic shocks in mines should be crucial because it can
help predict future events induced by mining activity and tectonics. They obstruct the coal exploitation
process and influence the price of the excavated coal and finally the cost of the produced energy.
The presented findings are significant for the safe and efficient extraction of coal in underground mines.
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Abstract: The main goal of this paper was to estimate the heat exchange rock mass volume of a hot
dry rock (HDR) geothermal reservoir based on microseismicity location. There are two types of rec-
orded microseismicity: induced by flowing fluid (wet microseismicity) and induced by stress mech-
anisms (dry microseismicity). In this paper, an attempt was made to extract events associated with
the injected fluid flow. The authors rejected dry microseismic events with no hydraulic connection
with the stimulated fracture network so as to avoid overestimating the reservoir volume. The pro-
posed algorithm, which includes the collapsing method, automatic cluster detection, and spatiotem-
poral cluster evolution from the injection well, was applied to the microseismic dataset recorded
during stimulation of the Soultz-sous-Forets HDR field in September 1993. The stimulated reservoir
volume obtained from wet seismicity using convex hulls is approximately five times smaller than
the volume obtained from the primary cloud of located events.

Keywords: HDR; induced microseismicity; geothermal reservoir; collapsing; clustering; dbscan;
SRV

1. Introduction

Monitoring microseismicity in geothermal reservoirs is a useful tool for estimating
the spatial distribution of fractures and evaluating fluid flow paths [1-3]. When fluid is
injected, the fluid pore pressure changes causing a variation in effective stress, which can
lead to rock failure [4]. Microseismic events identify the location of fractures generated or
reactivated by injection [5]. When interpreting microseismic events recorded during hy-
draulic fracturing, it is important to understand what mechanism they were caused by
[6]. During hydraulic fracturing, two mechanisms can result in the creation or reactivation
of natural fractures. Microseismic events can be induced by fluid pressure (i.e., ‘wet’ mi-
croseismicity associated with a wet fracture network) or stress mechanisms (remote dry
events associated with dry fractures) [6]. Wet microseismic events occur when the injected
water reaches the preexisting fractures causing an increase in the fluid pressure. They are
linked with a continuous slip as flow propagates. Dry events are induced by very quickly
transferred mechanical stress change. They often occur in the vicinity of the hydraulic
fracture tip [6]. The physical details of wet and dry events were studied by Maxwell [6].

One of the goals of hot dry rock (HDR) reservoir analysis is to estimate preferential
fluid flow paths. It is important to distinguish dry volumes of a rock mass with a system
of fractures that are not in any hydraulic connection with the stimulated fracture network.
Excluding disconnected systems of fractures when interpreting fracture geometry can
help avoid overestimating HDR reservoir performance [6]. Typically, the size of a micro-
seismic cloud is used to estimate the stimulated reservoir volume (SRV). However, the
cloud of microseismic locations is blurred and dispersed due to location errors, which in
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turn leads to an overestimation of microseismically active regions [6]. In the last few dec-
ades, significant improvements have been made to resolve structures within such clouds
[7,8].

In this paper, an attempt has been made to evaluate SRV by investigating the volume
of wet microseismicity, connected as a result of stimulation. The authors evaluated the
percentage of wet events associated with fluid flow. It was assumed that the reservoir
volume was directly proportional to the amount of wet microseismicity. The proposed
algorithm includes the collapsing method [2], automatic cluster detection, and spatiotem-
poral cluster evolution from the injection well and was applied to the microseismic dataset
recorded during stimulation of the Soultz-sous-Forets HDR field in September 1993. To
increase the resolution of a seismic cloud, the collapsing method was applied. Based on
relocated events, the seismic events were automatically divided into clusters using den-
sity-based spatial clustering of applications with noise algorithm (DBSCAN) [9]. Auto-
matic cluster identification makes it possible to recognize parts of increased intensity of
collapsed events—both wet and dry types. The spatiotemporal evolution of detected clus-
ters was investigated to identify both events between which there was a possible hydrau-
lic connection and events in which there was no connection. The latter usually appear as
a distant, separated cluster. The convex hull algorithm [10] was used to estimate the SRV.

2.1993 Soultz EGS Stimulation Injection Test and the Microseismic Data
2.1. The Soultz Geothermal Site

The Soultz-sous-Forets geothermal site is located in northeastern France, along the
western edge of the Rhine Graben, a part of the West European Palaeogene Rift System
[11]. This region is characterized by the occurrence of high-temperature gradients. The
reservoir region in Soultz is situated between 2 to 4 km in granitic rock mass [12]. This
granite is classified as an uplifted horst block [13]. It is estimated that the main granite
body is a 331 + 9 million years Hercynian monzogranite [14]. It is composed of phenocrys-
tals of alkali feldspar in a matrix of quartz, plagioclase, biotite, and amphibole [15]. The
crystalline basement is overlain by an approximate 1400 m layer of Triassic to Tertiary
sediments [5]. More geological details are described in [11,16,17].

The site is located in a minor natural earthquake zone [18]. The region of Soultz has
been investigated by many authors using microseismic, geophysical, geological, and hy-
draulic data [15,19-21]. Analysis of the cores and borehole geophysical logs indicated sig-
nificant fracturing in the granitic massif with the main orientation of the fracture system
NNW-SSE [22,23]. Although most of the fractures are naturally permeable, the permea-
bility values are very low. This is due to sealing with hydrothermal deposits, such as cal-
cite, silica, and clays [24].

Different parameters were used to study the stress field in the region of Soultz [25-
28]. The orientation of the maximum horizontal principal stress (SH;,4,) up to a depth of
5 km is in the range of 170° N to 180° N [26], but is characterized by the presence of inho-
mogeneities in some depth intervals through major fracture zones [29].

2.2. Injection Test

During stimulation of the geothermal reservoir around the GPK-1 well in September
1993, 25,000 m? of fresh water was injected at a rate of up to 40 L/s and pressure of up to
10 MPa (Figures 1 and 2) [30]. In the September test, more than 10,000 microseismic events
were recorded with three downhole 4-axis detectors (#4550, #4616, and #4601) and a hy-
drophone deployed in well EPS1 [31]. The frequency band of the detectors ranged from
10 Hz to 1 kHz, and the signals were digitized with a 5 kHz sampling frequency [31]. The
borehole was open from the casing shoe at a depth of 2850 m and down to a depth of 3400
m [32]. Major intervals of water flow outlets from the well were located at measured
depths of 2850-2900 m, 3090-3100 m, 3230-3240 m, and 3320-3325 m [33]. It was reported
[34] that the most intensive seismic activity migrates from the top of the outlet point (2850—
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2900) toward deeper levels when the flow rate and the wellhead pressure were increased.
The injection created a nearly vertical cloud of microseismicity with the following rough
size: 0.5 km in width, 1.2 km in length, and 1.5 km in height [35]. The test revealed that
the permeability and transmissivity increased [31,34].
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Figure 1. Fluid injection flow rate in GPK-1 Soultz 1993 injection test.
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Figure 2. Wellhead pressure of GPK-1 Soultz 1993 injection test.

2.3. Microseismicity

Data on the location of events and seismic stations are available on the IS-EPOS plat-
form [36]. The company CSMA located a total of 10,743 events during the period of 2-22
September 1993. All the coordinates were converted in order to indicate distances from
the GPK-1 wellhead. The distances shown on the X-axis indicate the distances from the
well to the east and the Y distances to the north. Depths are expressed in true vertical
depths. The locations of microseismic events and detectors are presented in Figure 3. The
positions of the 4-component detectors are marked with red triangles and a hydrophone
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with a blue triangle. The direction of the minimum horizontal stress (SH,;;,) is shown in
Figure 3B. The moment magnitude of these events ranged between -2.4 to 0.8.
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Figure 3. (A) Distribution of hypocenters of induced seismicity during the September 1993 injection test (black points) set
against the background of the borehole network. The hydrophone is marked with a blue triangle and 4-component detec-
tors with red triangles. (B) View from the top with the GPK-1 wellhead marked with a green triangle. The direction of the
minimum horizontal stress is represented by SH,;,.

The event rate was over 1000 per day (Figure 4). The link between the daily number
of events and the injection flow rate is clearly demonstrated. Initially, the hypocenters of
seismic events were located near the casing shoe at a depth range of 2800-3000 m [32]. At
the end of the stimulation, the microseismic cloud reached a distance of 800 m from the
injection well [37]. During the first days of the stimulation, seismicity extended down-
wards and was radially distributed. A few days after the stimulation began, the micro-
seismic cloud expanded vertically and horizontally [32]. The microseismicity cloud grew
gradually during the stimulation, with events distributed along subvertical planar struc-
tures [21,38,39]. The dominant structural trends inside the cloud range from NW-SE to N-
S [32]. Jones et al. [32] mapped depth slices through the seismic data and showed the pres-
ence of several distinct strike directions for different sections of the seismic cloud, which
suggest variation in the jointing patterns.
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Figure 4. Daily number of microseismic events during the September 1993 test.

A lot of research has been conducted with the aim of finding structures inside this
cloud of hypocenters. Most of these studies have been fragmentary in character and have
only focused on selected structures. Phillips [3] performed a relative relocation of two
chosen clusters and grouped events based on S-waveform shapes. Following their reloca-
tion, both clusters collapsed into well-defined patterns, consisting of two intersecting and
terminating planar patches. The early activity inside these clusters indicates their link with
permeable zones. Moriya et al. [35] analyzed the microseismicity cloud from the Septem-
ber 1993 test using high-resolution mapping methods, including the collapsing method,
and the multiplet analysis method. Their analysis, based on microseismic multiplets, re-
vealed that the fracture system was formed by the interconnection of fractures ranging in
dimension from 4 to 26 m in the maximum principal direction of the existing tectonic
stresses. They also claimed that the permeability of the system is enhanced by shear slip-
page and linking to more permeable fractures. The next set of results, provided by Moriya
et al. [40], were drawn from an analysis of microseismic multiplets using the coherency
function. They pointed out that multiplets were usually observed in the initial stage of the
experiment. They concluded that seismic activation of fractures was caused by a small
increase of pore pressure and extend to over several hundred meters. Evans et al. [21]
applied the collapsing method to the cloud of microseismicity and claimed that it contains
mainly linear and planar structures. They distinguished structure that appears from the
proximity of a flow inlet at the beginning of the injection to 350 m downwards. A col-
lapsed image of this structure suggests that it is tubular in shape due to a + 50 m horizontal
location error. After the application of multiplets and clustering, the structure appears to
be a subvertical, NNW-SSE striking fracture zone 10-20 m in width.

So far, research of the cloud of hypocenters recorded during the 1993 stimulation has
focused on finding the dominant trend of such structures and their mechanism. In this
article, the authors discussed which localized events can be related to the injected fluid
flow, which is crucial for determining the performance of a geothermal reservoir.

3. Detailed Fracture Mapping

To accurately identify the extent of the geothermal reservoir and structures that may
be related to the injection fluid flow, the authors proposed a 3-step procedure. During
each step, some events were rejected from further analysis. Rejected events are treated as
noise and authors assumed them to be related to dry fractures with no connection to the
main reservoir. They were induced by changes in the pre-existing tectonic stresses.

The first step, i.e., the application of the collapsing procedure, was intended to in-
crease the resolution of the seismic cloud. Following the collapsing method, those events
that were too distant location-wise from the others were rejected. In the next step, the
authors performed the automatic cluster detection algorithm, i.e., DBSCAN. The cluster-
ing result made it possible to reject from further analysis events that occurred in spatial
isolation from existing clusters and consider them as noise. The spatiotemporal evolution
of detected clusters was studied with the aim of distinguishing between events possibly
connected hydraulically and those that occur suddenly and are remote. A flowchart de-
scribing wet microseismicity identification is shown in Figure 5. Details of each procedure
will be discussed in the following sections. The final step in the analysis is a convex hull
algorithm, the purpose of which is to estimate the SRV.
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Figure 5. Flowchart describing wet microseismicity identification.

3.1. Collapsing Method

The reservoir structure was assessed by examining induced microseismicity. The first
step increasing the resolution of the seismic cloud was the collapsing algorithm. The col-
lapsing method has been used to reduce location error in the seismic cloud since 1997 [2].
This statistical optimization technique simplifies the seismic cloud structure originally
blurred by location error. The key step in the collapsing procedure involves establishing
the error ellipsoids for all seismic locations. The ellipsoid size is determined by partial
errors in the measured parameters. Events are shifted towards local source densities in-
side their error ellipsoids iteratively until the translation vector takes the form of a x2 dis-
tribution with 3 degrees of freedom. The distribution of sources after collapsing may re-
flect the real distribution of the hypocenters not affected by location error. The collapsing
procedure exhibited an ability to delineate seismic structures in volcanic seismicity [2],
mining seismicity [41], and induced seismicity from geothermal reservoirs [21].

The results of applying the collapsing method to all of the hypocenters recorded dur-
ing the September 1993 injection test is shown in Figure 6A. If an event did not move
during the algorithm, it meant that it did not contain any other events inside their uncer-
tainty ellipsoid. These 1110 events (Figure 6B) were excluded from further analysis. After
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2000 |
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their relocation, some structures inside the seismic cloud are more distinctive. In general,
the collapsed cloud of hypocenters is more heterogeneous. This means that there is a ten-
dency towards events within the cloud to concentrate. To resolve the microseismic struc-
tures inside the collapsed cloud, clustering was performed on displaced points (Figure
6C).
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Figure 6. Results of applying the collapsing method on the microseismic cloud. (A) All hypocenters of events after the
collapsing procedure. The black dots represent events that moved during the collapsing algorithm, while the red dots
denote events that did not change their positions. (B) Events that did not change their location during the relocation. (C)
Events that changed their location during the collapsing procedure.

3.2. Density-Based Spatial Clustering of Applications with Noise

According to density-based clustering approaches, clusters are regions where the
density of points is much higher than outside the clusters [42]. One of the most commonly
used density-based clustering algorithms is density-based spatial clustering of
applications with noise (DBSCAN). This algorithm was proposed in 1996 [9] and is still
widely used today [43-46]. One of the advantages of this method is the ability to extract
clusters of arbitrary shape in dense regions and recognize noise points. The undoubted
advantage of the algorithm is that there is no need to specify the number of groups to be
found. The algorithm works assuming that points are assigned to the same group if they
are density-reachable from each other.

The DBSCAN algorithm requires estimating two parameters: the minimum number
of points and the radius. After conducting a clustering series with different parameters,
the optimal results were obtained with the assumption that a minimum of 30 events
within a neighborhood radius of 50 m constitues a cluster. The neighborhood radius value
was chosen based on the distance of the data set using k-nearest neighbour distance graph.

The result of applying the DBSCAN algorithm to the relocated microseismic cloud is
presented in Figure 7. The DBSCAN algorithm was able to identify 8 clusters and 1048
noise points. The points marked in gray represent noise and were rejected for further
analysis. The points in other colors indicate particular clusters. Detected clusters have
different shapes, sizes, and population numbers. The population in each cluster is listed
in Table 1. These clusters represent high-density regions of event occurrence. It is assumed
that they symbolize fractures created as a result of fluid flow or as disturbances of
concentrated stress and pressure away from the fluid flow path. The method of
distinguishing between clusters according to wet and dry seismicity is described in the
next chapter.
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Figure 7. Results of the DBSCAN algorithm, whereby a cluster is deemed to comprise a minimum
of 30 events within a neighborhood radius of 50 m.

Table 1. Population in each cluster.

Cluster
2 4 7
Number 3 5 6 8
Nr of
. 7446 449 250 101 185 56 44 54
points

4. Spatiotemporal Evolution of Clusters

Fracture network connectivity is a key factor shaping generated microseismicity,
stimulated rock volume, and production [47]. To find which clusters detected by DBSCAN
are possibly hydraulically connected, the spatiotemporal evolution of clusters was ana-
lyzed. The spatiotemporal evolution of a collapsed and clustered cumulative microseismic
cloud is presented in daily intervals in Figure 8. Additionally, the minimum, maximum,
and mean values for injection rate and wellhead pressure for each day are shown. The
different colors of the seismic events indicate that they belong to a different cluster.
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Figure 8. Three-dimensional view of the spatiotemporal evolution of a cumulative collapsed seismic cloud. The colors of
events match the colors representing clusters in Figure 7. The minimum, maximum, and mean values for injection rate
and wellhead pressure for each day are shown. (A) 2.09.1993 (B) 3.09.1993 (C) 4.09.1993 (D) 5.09.1993 (E) 6.09.1993 (F)
7.09.1993 (G) 8.09.1993 (H) 9.09.1993 (I) 10.09.1993 (J) 11.09.1993 (K) 12.09.1993 (L) 13.09.1993 (M) 14.09.1993 (N) 15.09.1993
(0) 16.09.1993 (P) 17.09.1993 (Q) 18.09.1993 (R) 19.09.1993 (S) 20.09.1993 (T) 21.09.1993 (U) 22.09.1993.

Various factors were investigated as part of the spatiotemporal analysis: the cluster
growth rate measured by the number of events gathered in the cluster, the distance from
the injection well, the size of the cluster, and the time of its appearance. The absolute num-
ber of daily events divided by clusters is shown in Figure 9. This histogram shows only
those events that the DBSCAN algorithm classified into clusters. The clusters growth rate
are presented in Figure 10A-H. These graphs show the daily percentage growth of each
cluster in relation to the maximum number of events in a given cluster. The colors in Fig-
ures 8-10 match the colors representing clusters in Figure 7. The authors analyzed
whether events in clusters occur gradually or suddenly. It was assumed that if seismic
events appeared gradually, they were related to the fluid flow. However, when the ap-
pearance of a cluster was sudden, it tended to be associated with a change in tectonic

stress.
900 T T T T T T T T
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800 | cluster 2 _|
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5 500 | .
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_g 400 - 4
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Figure 9. Daily number of seismic events divided by clusters. This bar chart shows only those
events that the DBSCAN method classified into clusters.
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Cluster 1

Each of the detected clusters was analyzed in order of their appearance. The highest
number of points is contained in the light blue cluster—about 80% of all points subjected
to cluster detection. It is not assumed to be a single fracture. This area consists of many
smaller structures that are very close to one another, which may indicate a connection
between them. Throughout the stimulation period, this structure grew uniformly on both
sides of the well. The first events inside this cluster occurred near the casing shoe at a
depth of 2800 m and migrated downwards. After 4 days, events were observed at shal-
lower depths. This structure was approximately 1 km deep, 0.5 km wide, and 0.8 km long.
An analysis of the depth of occurrence of the biggest detected cluster, its position in rela-
tion to the GPK-1 well (origin of the coordinate system), and the rate of growth, lead to
the conclusion that the events inside this cloud occurred as a result of contact with fluid
flows.

The second cluster that appears in the seismic cloud is the one marked in light green.
It contains less than 5% of all the points that were subject to the automatic clustering al-
gorithm. Its rate of growth is variable, but not rapid. The first events classified as part of
this cluster appeared along with an increase in the injection rate. They took place when
the largest cluster was growing, and were located very close to it. This may indicate a
hydraulic connection between these clusters.

The third cluster, marked in red, containing approximately 2.5% of all clustered
events, appeared as an expanded light green cluster after an increase in the injected fluid.
This may indicate the presence of a fluid flow path between them.

The next chronological structures are marked in pink and heather. They consist of
1% and 2% of the entire population of points that underwent clustering, respectively.
Events inside these structures began to occur after the next injection rate increased and as
the range of the biggest cluster with a hydraulic connection to the well increased. This
may suggest that these events represent a case of wet seismicity.

The sixth structure farthest from the borehole and which at the same time had one of
the fastest growth rates is shown in brown. This cluster has no connection to the well or
to the structures that can be permeable. This means that it could not have arisen as a result
of flowing water. It can be concluded that events inside this cluster were triggered by
tectonic stress changes.

The next cluster, marked in yellow, appeared in its entirety at a time when the injec-
tion rate was at its height. It is located in close proximity to the structure which the authors
considered wet. The structure composed by these events may be permeable.

The fastest rate of point growth occurred in the dark green cluster. Less than 1% of
all the points are located in this structure. The first observed events in this structure oc-
curred when the injection flow rate increased. This fact may indicate that events within
that cluster will be classified as wet.

Cluster 2 Cluster3

Sep2  Sep5

— — y . . .
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Figure 10. Daily rate of growth of each cluster in relation to the maximum number of events in a given cluster. (A) cluster
1, (B) cluster 2, (C) cluster 3, (D) cluster 4, (E) cluster 5, (F) cluster 6, (G) cluster 7, (H) cluster 8.

In order to assign to each cluster to its presumed origin—tectonic or directly related
to the fluid flow—a spatiotemporal analysis of the evolution of the clusters was per-
formed. The cluster that had rapid growth was temporally and spatially separated and
had no close connections with other neighboring clusters; it is probably of tectonic origin
due to changes in stress in the rock mass. The clusters inside which the events appeared
gradually along with the increasing injection rate are probably related to the fluid flow.

5. Discussion

Despite many studies conducted to find structures within the microseismic cloud
recorded during injection in Soultz in 1993, the research presented in this paper was the
first attempt to divide the entire cloud into clusters. The authors attempted to determine
which of the localized seismic events may be involved in heat transfer. The methodology
proposed by the authors does not explicitly identify wet microseismic events but provides
a premise for the identification of events that may be associated with the flowing fluid.

It is important to note that the Soultz reservoir is naturally fractured. The big complex
structure may be formed of smaller natural discontinuities, which as a result of fracturing
combine into larger structures according to the percolation process. These natural discon-
tinuities are potential paths for fluid flow [15]. The orientation of detected clusters inside
microseismic cloud appears to be in agreement with the N-S to NNW-SSE direction of
most natural fractures demonstrated by Genter et al. [22]. The largest detected cluster
(cluster 1) contains approximately the same structure described by Evans et al. [21]. The
structure identified as Evans Line [21] ranging from a flow zone to 300 m downwards is
considered to be permeable, supporting significant flow.

The distinction between wet and dry microseismic events was based on the spatio-
temporal evolution of clusters and the rate of point growth in them. The authors consid-
ered the possibility that events inside the brown cluster may have been triggered by stress
mechanisms. These events will not contribute to the SRV due to the absence of any hy-
draulic connection. The remaining detected clusters may indicate the presence of perme-
able structures. The authors calculated that about 80% of all localized events can be char-
acterized as wet microseismicity. A flowchart describing wet microseismicity identifica-
tion and the number of events in each processing step is presented in Figure 5.

The last step in the analysis presented in this article involved estimating the stimu-
lated reservoir volume using the convex hull algorithm. The volume engaged by seismic
activity can be approximated as a volume of the microseismic cloud [48]. The convex hull
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of the original microseismic cloud —before the 3-step procedure was performed —is pre-
sented in Figure 11A. The volume of the primary cloud defined by the microseismic events
is 7.6x108 m3. The authors proposed only calculating the SRV of those clusters that can be
in a hydraulic connection with the well. The convex hulls for each cluster are shown in
Figure 11B. The authors assumed that the stimulated reservoir volume is the sum of the
volumes of all convex hulls. The volumes of each structure are shown in Table 2. The sum
of the volumes of the structures identified as possibly permeable is equal to 1.4x108 m3. It
is important to note that the real volume engaged with the heat transfer is slightly greater
because there is a connection between particular clusters. With this algorithm, it is impos-
sible to calculate the volume of paths connecting individual clusters. The calculated vol-
ume is the smallest volume containing the wet fracture system.
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2500 2500
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= =
£ 3000 £ 3000
ot} af}
A A
3500 3500
500 500
v 0 0 0
500 5 2000 500 . 2000
Y [m] 2 Y [m] '
X [m] X [m]
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Figure 11. Convex hulls for the clouds of microseismic events (A) Convex hull for the microseismic cloud after location.
(B) Convex hulls for each cluster that can be permeable.

Table 2. Volumes of structures identified as possibly permeable.

Cluster
2 3 4 5 7 8
Number
Vol
([’n‘:;]“e 125%x 108 511x10° 3.63x 105 692 x 105 1.33 X 10 1.66 x 105 2.13 x 10°

The dominant source mechanism during hydraulic fracturing is shear slip, which is
represented by a double-couple source model. This mechanism is triggered by an increase
in the pore pressure reducing normal stress along existing fractures [49]. Some events oc-
cur near the tips of generated fractures and are characterized by significant non-shear
(tensile opening and closing) components [6]. Although new fractures are inevitably cre-
ated by a non-shear mechanism during stimulation of the geothermal reservoir and
should be related to the volume of the stimulated rock mass, a large number of shear
mechanism events are also connected to the fluid flow. Dry microseismic events resulting
from the disturbance of stresses are characterized by a shear stress mechanism. However,
when only the source mechanism is examined, it cannot be unequivocally determined
whether shear or tensile fracturing are associated with wet microseismicity [6,50]. This
analysis does not always produce good results. Hence, for this reason a different analysis
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was performed in this article. Instead of resorting to the source mechanism, only localized
seismic events were used to extract wet microseismicity. These events were subject to re-
location, clustering, and spatiotemporal evolution.

6. Conclusions

The microseismicity detected during hydraulic stimulation in the Soultz HDR field
in September 1993 provides a basis for making a rough estimation of the number of events
associated with fluid flow. To calculate the stimulated reservoir volume, the authors pro-
posed an algorithm comprising the collapsing method, DBSCAN automatic cluster detec-
tion, and spatiotemporal cluster evolution from the injection well. The use of the collaps-
ing method made it possible to simplify the hypocenter cloud and exclude points that
were too distant from others. Clustering provided a platform for detecting areas with an
above-average intensity of seismic events. However, this method could not be used to
distinguish between wet and dry events. Therefore, the next step was a spatiotemporal
analysis of detected clusters. Various factors were investigated in this analysis: the rate of
cluster growth measured by the number of events, the distance from the injection well,
the size of the cluster, and the time of the appearance. This approach allowed the authors
to identify seven clusters containing events that can be related to the wet fracture system.
These structures were deemed to be the preferential paths for the fluid flow.

When the volume of a geothermal reservoir is estimated according to the extent of
the recorded microseismic events, this volume is overestimated. The microseismicity
cloud contains events that are related to the flow of the injected fluid as well as events
resulting from pre-existing tectonic stresses in the area. The stimulated reservoir volume
obtained from wet systems of fractures, excluding paths connecting individual clusters
using convex hulls, is approximately five times smaller than the volume obtained from
the entire microseismic cloud.

The method proposed by the authors to identify events directly associated with the
hydraulic fracture network can be applied to any geothermal reservoir. Accurately iden-
tifying dry fractures is crucial for correctly estimating the volume of a geothermal reser-
voir containing only hydraulically connected fracture systems. The results presented in
the article are significant from the perspective of evaluating HDR reservoir performance.
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Abstract: Microseismic monitoring is an important technique that can be used to identify fractures in rock mass.
The aim of this article is to identify, on the basis of the location of microseismic events, structures formed by
hydraulic fracturing in the Wysin-2H/2Hbis horizontal well from the Baltic Basin in northern Poland, and to
compare the patterns of these structures with the direction of regional stresses. The authors proposed a novel
multi-step workflow for finding these structures. To be able to delineate the structures from microseismic events
with greater accuracy, a collapsing algorithm was used. Then, based on the Hierarchical Density-Based Spatial
Clustering of Applications with Noise (HDBSCAN) clustering algorithm and the elongation coefficient of each
cluster, probable fissures were identified and compared against the maximum horizontal stress direction. In ad-
dition, based on the 3D seismic data from the Wysin and the calculated geomechanical parameters in the moni-
toring well, the probability classes of brittleness indices in the LMR (Ap-up) parameter domain were determined.
A comparative analysis was performed between the two variants of microseismic event location (before and after
the collapsing procedure) and the estimated probability of a given class of brittleness index. The comparison of
the event location with the 3D seismic data was used to validate the results before and after collapsing due to the
high resolution of the seismic method. It is shown that the collapsed events appeared in more rigid regions, where
more energy release is expected.

Keywords: fracture network, shale gas, microseismicity, collapsing, HDBSCAN, Baltic Basin

INTRODUCTION is carried out by pumping fracturing fluid under
high pressure into a well to create new fractures

Hydraulic fracturing (HF) is a technique that al-  or enlarge pre-existing fractures in the rock. Cre-
lows fractures to be created in a rock formation ation of hydraulic fractures or reactivation of ex-
to stimulate the flow of oil or gas. This process isting fractures by hydraulic stimulation induces
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microseismic events (Maxwell 2013). Based on
the location of microseismic events, it is possible
to identify fractures in the rock mass. Fracture
mapping is key to estimating stimulation effec-
tiveness. To infer the orientation of the cracks,
the geometry of the distribution of the seismic
events must be investigated (Williams-Stroud &
Billingsley 2010). Two types of seismic phenome-
na have been interpreted as occuring during hy-
draulic fracturing: wet and dry microseismicity
(Maxwell 2014, 2015a, 2015b). In order to correct-
ly interpret the structures formed, it is necessary
to distinguish phenomena that are directly cre-
ated by the flow of fracturing fluid (so-called wet
microseismicity). The fracturing operation causes
a stress change or stress transfer in the rock mass,
resulting in seismic emissions even at large dis-
tances from the well (so-called dry microseismic-
ity). It is necessary to distinguish between these
two types of events to avoid overestimating the
volume of the reservoir, because dry events are
not hydraulically connected to pore-pressure in-
duced fracturing.

This paper presents an analysis of microseis-
mic event locations recorded during HF per-
formed from June 9, 2016 to June 18, 2016 in the
Wysin-2H/2Hbis horizontal well. The main goal
of the paper is to determine the fractures formed
by hydraulic fracturing and compare the patterns
of these fractures with the direction of region-
al maximum horizontal stress. The authors de-
veloped a novel workflow that uses microseismic
event locations to identify linear structures which
may be formed by hydraulic fracturing. To mini-
mize the dispersion of the location of events that
results from location errors and thus increase the
resolution of the cloud of seismic events, a collaps-
ing method (Jones & Stewart 1997) was used. The
collapsing procedure produced a more clustered
character from scatter event locations. This allows
the identification of structures from which seis-
mic emission occurs, such as cracks or fissures in
the rock mass. Using the HDBSCAN (Hierarchi-
cal Density-Based Spatial Clustering of Applica-
tions with Noise) unsupervised machine learning
method (Campello et al. 2013), clusters were then

identified inside the seismic events cloud that may
correspond to fractures formed in the rock mass.
The biggest advantages of this method are its abil-
ity to identify noise and find clusters of different
shapes, and its lack of a need to assume the num-
ber of clusters. The structures formed were com-
pared with the direction of maximum horizontal
stress. To identify potential fractures from all de-
lineated clusters, only those that are linear were
selected by calculating the elongation coefficient
based on the semi-axis length of the point disper-
sion ellipsoid in the cluster.

In this paper we present the results of the relo-
cation of seismic events after using the collapsing
procedure; then, automatic detection of clusters
using HDBSCAN is presented. Two seismic event
locations (variants before and after applying the
collapsing procedure) are compared with the re-
gional stress direction. To validate the locations
of microseismic events, a comparative analysis is
performed between these two variants of the mi-
croseismic cloud, and the estimated probability of
a given brittleness index is shown.

GEOLOGICAL SETTING

Wysin-2H/2Hbis is a horizontal well located in
the village of Wysin in the northern part of Po-
land (see Fig. 1) in the Peri-Baltic Syneclise (Zare-
ba & Danek 2018), situated in the western region
of a Lower Paleozoic basin, referred to as the Bal-
tic Basin. This basin is part of the northernmost
section of the Polish segment on the Baltica con-
tinent, which is also known as the East Europe-
an Craton (EEC) (see Fig. 2). The geological struc-
ture of the Baltic Basin includes a sequence of
sediments, ranging from Paleozoic (where shale
gas and oil exploration is possible) to Mesozoic
(EIA 2013). Figure 3 shows the geological sequence
of the study area. About 4 km below the surface,
there are Cambrian sandstones and shales over-
lying Ordovician marly limestone, mudstone, and
siltstone, and Silurian shales interbedded with do-
lomitic limestones (Lopez-Comino et al. 2018).
The Pelplin Claystone Formation was hydraulical-
ly fractured.
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WYSIN-2H/2HBIS
HYDRAULIC FRACTURING

The Wysin-2H/2Hbis experiment consist-
ed of eleven stages during which fracking
was performed. In each stage, six perfora-
tion shots were carried out. During the hy-
draulic fracturing operation conducted from
June 9 to 18, 2016, 565 microseismic events
were located. All coordinates are presented
in the PUWG1992 (EPSG 2180) system. Fig-
ure 4 shows the Wysin-2H/2Hbis injection
well, the location of geophones, and localized
seismic events in the various stages of frac-
turing. The 18 triaxial geophones were de-
ployed in the Wysin-1 vertical monitoring
well. The fracturing was carried out using
the “plug and perf” method. This method is
a HF technique that involves isolating frac-
tured parts of the well from the previously
fractured zones using plugs after completion
of each stage. The stages located in the SE sec-
tion, which is the deepest part of the horizon-
tal well, were fractured first. The HF process
was conducted between 1600 meters (stage 1)
and 500 meters (stage 11) from the monitor-
ing array deployed in Wysin-1 well (Wandycz
et al. 2019).

Wysin-1 is a vertical hydraulic fracturing
monitoring well with a total depth 0f 4,040 m
(Zareba et al. 2021). In Wysin-1, XRMI imag-
es (Pasternacki 2017) were reinterpreted to
identify “breakout™type structures, on the
basis of which it was possible to determine
the azimuth of maximum horizontal stress.
The breakouts are borehole failure features
that are characterized by their fixed, perpen-
dicular orientation with respect to the direc-
tion of the maximum stress, normal to the
axis of the well (Bell & Gough 1979, Zoback
2010). Figure 5 shows the distribution of fail-
ure azimuths in the Silurian-Ordovician in-
terval in the Wysin-1 well. The red line in-
dicates the interpreted SH,_,  direction,
whose azimuth is 150°N *15° because it is
assumed to be perpendicular to the breakout
azimuth.
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METHODS USED TO MAP
LINEAR STRUCTURES

To identify structures that could be potential in-
duced hydraulic fractures, the authors proposed
a three-step procedure for separating linear struc-
tures. Each of the three methods used has an im-
portant function in identifying structures. The
collapsing method involves minimizing the scat-
tering of events created by localization errors. The
HDBSCAN algorithm applied as the second step
in the procedure can find groups of points with
increased intensity of occurrence in relation to
their surroundings. The last step of the procedure,
the calculation of scatter ellipsoids for each clus-
ter detected by HDBSCAN, makes it possible to

Located events

h A

Collapsing

l

HDBSCAN

Does the event
belongtoa
cluster?

Noise

Fig. 6. Flowchart describing linear structures identification

Yes

Cluster

Not-linear
structure

determine the dominant direction of each struc-
ture for comparison with the direction of regional
stress. Below is a description of each of the three
methods used. A flowchart describing identifica-
tion of linear structures is presented in Figure 6.

Collapsing

The locations of seismic events are generally sub-
ject to error, which is due to a simplified veloci-
ty model or errors in first-break picking. This re-
sults in the locations in the seismic cloud being
scattered. To discover the pattern of seismicity,
the dispersion of events must be minimized. To
identify fractures created by hydraulic fracturing,
a collapsing method (Jones & Stewart 1997) was
used to increase the resolution of the seismic cloud.

Minimum-volume
ellipsoid

Is the structure
elongated in one
direction?

No Yes

Linear
structure
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This method enables a more tightly clustered
character to be obtained from scattered event lo-
cations, thus allowing seismogenic structures to
be identified. These structures can be pre-existing
features related to tectonic deformation, such as
cracks or fissures in the rock mass and associated
with seismic emissions.

The first step required in the collapsing method
is to determine the error ellipsoid for each seismic
event. Under the assumption that errors are ran-
dom and have a normal distribution, the error ellip-
soids can be determined for each event by assum-
ing a statistical significance level. The collapsing
algorithm involves the gradual relocation of emis-
sion sources in the direction of local centers’ den-
sities. The relocation of each event takes place only
inside its error ellipsoid. Relocation is performed
iteratively until the translation population takes
the form of an x’ distribution. This allows new lo-
cations of events to be obtained that are equivalent
to original locations in a statistical sense. All the
details of the algorithm’s operations are described
in more detail by its authors (Jones & Stewart
1997). While the collapsing method was original-
ly presented for seismological data (Jones & Stew-
art 1997), it has also been adapted for microseis-
mic data, e.g. (Evans et al. 2005, Le$niak et al. 2020,
Weglinska & Lesniak 2021, 2024).

HDBSCAN algorithm

The HDBSCAN (Campello et al. 2013) automat-
ic cluster detection method was used to identi-
ty structures formed or reactivated by hydraulic
fracturing. The algorithm was used on the seismic
cloud after the collapsing procedure. In this meth-
od, like in all algorithms in the group of density-
based clustering algorithms, e.g., (Ester et al. 1996,
Ankerst et al. 1999), clusters are groups of events
whose density is higher than that of points outside
clusters (Kriegel et al. 2011). The algorithm iden-
tifies so-called cluster cores as seismic sources in
whose vicinity (closer than the predetermined ep-
silon value (g) - the radius of the neighborhood)
there is a minimum number of neighboring hy-
pocenters. New hypocenters that are within eps
distance of any of the core sources are attached
to the cluster cores. Hypocenters that are not
included in any of the clusters are defined as
noise. HDBSCAN has the advantage over other

algorithms in the group of density-based cluster-
ing algorithms that it requires only one parameter,
which is the minimum number of points forming
a cluster. HDBSCAN builds a hierarchy of all pos-
sible clusters for different values of neighborhood
distance and extracts clusters with the best stabil-
ity. This method was chosen from other cluster-
ing methods because of its ability to identify noise
and find clusters of different shapes, and it does
not need to assume the number of clusters.

Mapping linear clusters on the basis of
HDBSCAN

To check which clusters identified by HDBSCAN
might correspond to linear structures, scatter el-
lipsoids were calculated, i.e., minimum-volume
ellipsoids containing all points in each cluster.
This method makes it possible to determine the
directions of structures based on the length of
the ellipsoid’s semi-axis (I, 1,, [,). To investigate
whether a structure is elongated in one direction,
an elongation coefficient (E) (Zhou et al. 2019) is
calculated on the basis of the lengths of the ellip-
soids’ semi-axes. Assuming that for each ellipsoid
the lengths of the semi-axes fulfill the condition
I, 2 I, > I, the elongation coefficient is defined as:

p=b
ll
RESULTS

The first step of the scattering reduction procedure
was an evaluation of the error ellipsoids for all hy-
pocenters. The spatial orientation of each ellipsoid
is determined by the relative position of the event
location and the geophones. The size of the ellip-
soid depends on the error in determining the loca-
tion for the chosen confidence level. The error el-
lipsoids for the location of the hypocenters of two
sample events at a significance level of 99.8% are
shown in Figure 7. The collapsing procedure in-
volves iteratively moving events toward the center
of gravity inside the ellipsoid until the translation
vector achieves a x’ distribution with three degrees
of freedom. In each iteration, the Kolmogorov-
Smirnov test of the correspondence of the empir-
ical distribution with the theoretical distribution
X’ is performed.

Geology, Geophysics and Environment, 2024, 50 (3): 213-230
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In the fourth iteration, the goodness of fit of
empirical and theoretical distributions was ob-
tained. The goodness of fit of theoretical and em-
pirical distribution for the first and the last iter-
ation is shown in Figure 8A and B respectively.
If, for the entire cloud, the source displacement
fulfills this condition, the seismic cloud after re-
location statistically corresponds to the original
cloud before relocation. The relocated seismic
cloud illustrates the spatial distribution of sourc-
es allowed within the location error. The relocated
seismic cloud after using the collapsing algorithm
is shown in Figure 9.
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It can be noted that the distribution of collapsed
events is more heterogeneous than before the pro-
cedure. A clustering of points along linear struc-
tures is evident. On the basis of collapsed events,
the unsupervised HDBSCAN machine learning
method was used to identify clusters that could
correspond to induced hydraulic fractures. From
the cloud of seismic events, the algorithm extract-
ed clusters with an increased density of events rel-
ative to the surroundings. A minimum number of
10 events per cluster was imposed. The number of
events needed to form a cluster was chosen based
on tests of different values of this parameter.
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A larger number of events results in mutu-
al aggregation of clusters, while with a smaller
number the algorithm did not find linear clus-
ters. The result of the HDBSCAN algorithm is
a hierarchical representation of all possible clus-
tering, i.e., for all potential radius values (¢). The
HDBSCAN hierarchy is presented in Figure 10 in
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-3500 |
-3600
-3700 |

Z [m]

692600

692400
692200
692000
Y [m] 691800

a simplified form; it shows cluster-wide changes
depending on the eps value, and the most stable
clusters are outlined in red. HDBSCAN identified
12 clusters and 212 noise points. These clusters
have different shapes, dimensions, and popula-
tion sizes. The population in each cluster is listed
in Table 1.
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Fig. 9. Result of applying the collapsing method to the microseismic cloud
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Fig. 10. Cluster hierarchy after applying the HDBSCAN algorithm for all possible radius values. The most stable clusters are

outlined in red
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Table 1

Events population in each cluster
Cluster number 1 2 3 4 6 7 8 9 10 11 12
Number of events 19 14 19 10 23 44 36 11 14 59 91 13

The result of applying the HDBSCAN algo-
rithm to the set of microseismic events after the
collapsing procedure is shown in Figure 11. The
hypocenters marked in grey represent noise, while
the hypocenters in other colors indicate individu-
al clusters. To illustrate the need to apply the col-
lapsing procedure, the Figure 12 shows the result
of the detection of clusters in the original seis-
mic cloud using the same parameters as for the
collapsed cloud. Clusters identified in this point
cloud do not present any obvious structures due
to dispersion of events.

In the case of a normal stress regime, the direc-
tion of crack development and propagation should
follow the direction of SH,_, (Zoback 2010) that
is observed for the distribution of events in the
seismic clouds before (Fig. 13) and after apply-
ing the collapsing procedure (Fig. 14). The results
after collapsing are characterized by organization
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into discrete clusters. The directions of these clus-
ters are more consistent with SH_, . On the oth-
er hand, the asymmetry of fracture development,
which was not evident in the distribution of events
before collapsing, increased significantly. After re-
processing, the single-wing nature of the fracture
network development in the NNW direction is
visible. In particular, this is best seen for later stag-
es of hydraulic fracturing.

The identified clusters are considered as pos-
sible structures that developed in the fracturing
area. In Figure 15, each identified clusters’ scat-
ter ellipsoid is presented, which is a minimum-
volume ellipsoid that contains all points in the
cluster.

It was assumed that the structure should be
elongated in one direction to indicate a potential
fracture, i.e., the length of one half-axis must be
greater than the other half-axes.
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Fig. 11. Results of applying the HDBSCAN clustering algorithm to the locations of collapsed events
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Fig. 12. Results of applying the HDBSCAN clustering algorithm to the original locations of seismic events
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Based on the elongation ratio of the structures  ellipsoids for each cluster with the regional max-
(see Table 2), it was concluded that the potential ~imum horizontal stress, the projection of clusters
fractures might correspond to cluster numbers 3,  described by the ellipsoids in the horizontal plane
6,79, 10, 11, 12. To compare the directions of the  is shown in Figure 16.
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Table 2
Lengths of the semi-axes and the elongation coefficient for each ellipsoid
Cluster number
Param-
eter
1 2 3 4 5 7 8 9 10 11 12
I 10.415 | 37.230 | 18.368 | 7.596 4.591 2.970 | 31.163 3.838 6.354 | 32.782 | 25.145 | 14.166
13 68.108 | 44.988 | 44.991 | 16.880 | 25.219 | 34.711 | 52.849 | 18.310 | 13.890 | 41.127 | 43.540 | 27.353
I 72.193 | 55.598 | 95.766 | 18.038 | 42.486 | 77.680 | 111.661 | 21.646 | 36.948 | 114.633 | 120.630 | 39.010
E 0.943 0.809 | 0.4698 | 0.936 0.594 0.447 0.473 0.846 0.376 0.359 0.361 0.701
692800
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L cluster 1
T cluster 2
o cluster 3
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Fig. 16. Minimum-volume ellipsoids containing all events in each cluster and the direction of the regional maximum horizontal

stress (top view)

DISCUSSION

The results presented above illustrate an attempt
to identify linear structures based on seismic
event locations. To perform a validation of our
results using the proposed procedure, the results
were compared with the 3D seismic image, which
has a much higher resolution than seismicity

cloud. The seismic data before and after collaps-
ing were compared against the Wysin 3D seismic
survey (a full description of the processing and the
interpretation can be found in the unpublished
PhD thesis by Pasternacki (2017)). The data were
subjected to a standard seismic processing proce-
dure that applied pre-stack time migration. These
results made it possible to perform simultaneous
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pre-stacking inversion (Pendrel & Dickson 2003),
thus the Z, (P-wave impedance) and Z; (S-wave
impedance) attributes could be obtained. A de-
tailed discussion of the operation of simultane-
ous inversion is presented by Veeken (2007) or
Ma (2002). Simultaneous inversion provides in-
formation on rock properties, i.e., porosity, wa-
ter saturation, and lithology. The resolution of the
results of such an inversion is higher than in the
original seismic image due to the broadening of
the spectrum in the higher frequency range based
on acoustic profiling measurement data. Simulta-
neous inversion is used directly to determine the
physical properties of rocks based on estimates of
their elastic parameters. For surface seismic, these
are acoustic impedance (Z,), Poisson’s ratio, den-
sity (p), and S-wave impedance (Z). Density esti-
mation from seismic sections requires the use of
a seismic volume containing good-quality seismic
reflections from the 40-55° angle range. Due to
the limited range of offsets in the data in question,
it was not possible to perform seismic inversion
to identify the density-defining factor. In recent
years, a number of benchmark cross-plots have
been developed that estimate the relationship be-
tween elastic moduli and lithological formation
based on seismic reflection data (Goodway et al.
1997, Perez 2013). Transformation of obtained vol-
umes after prestack seismic inversion Z, (Z, = V,p,
where V, is compressional velocity, p is density)
and Z (Z; = Vip, where V; is share wave velocity)
to the Ap-up space (where A and p are Lame pa-
rameters) allows the partial interpretation of these
parameters, even in the present situation, where
the pre-stack inversion failed to produce a p vol-
ume due to above mentioned quality concerns in
reflection angles beyond 40°. LMR (Ap-pp) anal-
ysis provides quantitative information determin-
ing lithology, porosity, or reservoir fluid filling
(Goodway et al. 1997). The analysis of P-wave im-
pedance with respect to the ratio of P-wave veloc-
ity to S-wave velocity can be used to interpret geo-
mechanical parameters. However, interpretation
of changes in these parameters is more easily done
with LMR analysis.

To test the effectiveness of the collapsing
method for localized events in the Wysin-2H/
2Hbis experiment, the hypocenters were plotted

against a 3D seismic image. Based on the re-
sults of geomechanical parameter calculations
for geophysical measurements in the Wysin-1
borehole (Poisson coefficient, Young modulus,
geomechanical brittleness coeflicient) (Perez
& Marfurt 2013), the probability classes of the
brittleness index in the LMR parameter domain
were determined (Boyd et al. 2010) based on the
borehole data. Based on the Z, and Z; attributes,
the probability of a given brittleness index was
estimated for the whole space. Figures 17 and
18 show the probability classes of a given range
of the brittleness index on a color scale, where 1
indicates rocks with low susceptibility to frac-
turing, and 4 indicates brittle rocks with higher
susceptibility to fracturing. Brittleness maps are
shown for 4 depth sections, labeled A-D. Above
each map, the depth range of events is shown.
The first value refers to the minimum depth of
event occurrence, the middle value is the depth
cut by the parametric model, and the last is max-
imum depth of event occurrence. The map la-
beled A covers the deepest area, while the let-
ter D labels the shallowest surface. Brittleness
maps are shown for the original event loca-
tions and the relocated event locations at cross-
sections of the same depth. It can be noted that
for the original locations of events, we are un-
able to determine whether they occur in more
brittle or ductile zones. The distribution of col-
lapsed events, some of which coincide with re-
gions identified as more brittle shows that there
is a tendency for rock to fracture preferentially in
these areas. In a seismological context, low brit-
tleness index values can also be characterized as
areas where less earthquakes will be generated,
but more energy accumulation will occur there.
In areas with higher brittleness indices, more
small earthquakes can be expected. Comparing
the two results before and after the collapsing
procedure, it can therefore be assumed that the
observed asymmetry of later stages of hydrau-
lic fracturing may be related to the transition of
the Wysin-2H/2Hbis well to a zone less prone to
fracture development. In particular, anomalies
“b” and “c” can be interpreted as barriers to frac-
ture development in the south direction, while
anomaly “a” is bypassed by microseismic events.
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Fig. 17. Probability classes of the brittleness index on microseismic location data before the collapsing procedure: a, b, ¢ — anom-
alous index values (description in the text). The numerical values above each map refer to minimum depth of event occurrence,
depth cut by the parametric model, and maximum depth of event occurrence. Event locations contained within the specific depth
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Fig. 18. Probability classes of the brittleness index superimposed on microseismic location data after the collapsing procedure:
a, b, c - anomalous index values (description in the text). The numerical values above each map refer to minimum depth of event
occurrence, depth cut by the parametric model, and maximum depth of event occurrence. Event locations contained within the
specific depth interval are shown with black dots. The class 1 indicates rocks with low susceptibility to fracturing, while 4 indi-
cates brittle rocks with higher susceptibility to fracturing
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CONCLUSIONS

Precise imaging of fractures in a scattered seismic
cloud is difficult due to event location errors. To
identify fractures created during HF, the authors
proposed an integrated approach comprising the
collapsing method, HDBSCAN clustering, and de-
lineating the linear structures based on the elonga-
tion coefficient. These methods were demonstrated
on microseismic events located during the fractur-
ing of the Wysin-2H/2Hbis well. The use of the col-
lapsing method made it possible to reduce the dis-
persion of the cloud of seismic events that results
from location errors. Clustering made it possible to
separate the areas with increased intensity of events
relative to the surrounding area and noise. Deter-
mination of the scatter ellipsoid for each separated
cluster enabled calculation of the elongation fac-
tor, on the basis of which the linear structures were
identified. Of the 12 detected clusters, 8 of them can
be considered linear structures. The direction deter-
mined by the longest semi-axis of the ellipsoid for
each structure was contrasted with the direction of
maximum horizontal stress. These structures were
identified in the earlier stages of fracturing. This
approach made it possible to distinguish structures
suspected of transporting shale gas. It is important
to note that the identified structures do not need
to be individual fissures; they can include a series
of smaller ones. However, they are located close
enough to each other that clustering methods iden-
tify them as one large structure. Distinguishing the
structures that may be responsible for fluid flow is
key to estimating the effectiveness of fracturing. The
probability of a given brittleness index was estimat-
ed as a technique for recognizing brittle and duc-
tile regions. Comparing the brittleness maps with
the seismic cloud before and after collapsing, there
appears to be some correlation where the locations
after applying the algorithm appeared in more rig-
id regions. These are areas where we expect more
energy release. The results presented in this paper
have significant implications for the interpretation
ofinduced seismicity resulting from hydraulic frac-
turing. Accurate delineation of structures based on
the location of microseismic events is key to deter-
mining the extent of fracturing. The integrated ap-
proach proposed by the authors for fracture identifi-
cation can be applied to any induced seismicity data.

This study is part of the project “Appraisal of mi-
croseismic monitoring techniques of hydraulic frac-
turing and development of optimal processing and in-
terpretation methodologies” (SHALEGASMICROS),
funded by the Polish National Center for Research
and Development within the Program Blue Gas.
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ly providing downhole data and seismic data for re-
search purposes. We are very much indebted to the
Schlumberger and the Halliburton Landmark Solu-
tions companies for provision of geophysical data
interpretation and processing software through the
University Software Grants Programs. This research
was supported by AGH University of Krakow, Fac-
ulty of Geology, Geophysics and Environmental Pro-
tection as a part of the statutory project.
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